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Neurokinin-1 Receptor-Expressing Neurons in the Amygdala
Modulate Morphine Reward and Anxiety Behaviors
in the Mouse
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Mice lacking the neurokinin-1 (NK1 ) receptor, the preferred receptor for the neuropeptide substance P (SP), do not show many of the
behaviors associated with morphine reward. To identify the areas of the brain that might contribute to this effect, we assessed the
behavioral effects of ablation of neurons expressing the NK1 receptor in specific regions of the mouse brain using the neurotoxin
substance P-saporin. In a preliminary investigation, bilateral ablation of these neurons from the amygdala, but not the nucleus accum-
bens and dorsomedial caudate putamen, brought about reductions in morphine reward behavior. Subsequently, the effect of ablation of
these neurons in the amygdala on anxiety behavior was assessed using the elevated plus maze (EPM), before conditioned place preference
(CPP), and locomotor responses to morphine were measured. Loss of NK1 receptor-expressing neurons in the amygdala caused an
increase in anxiety-like behavior on the EPM. It also brought about a reduction in morphine CPP scores and the stimulant effect of acute
morphine administration relative to saline controls, without affecting CPP to cocaine. NK1 receptor-expressing neurons in the mouse
amygdala therefore modulate morphine reward behaviors. These observations mirror those observed in NK1 receptor knock-out
(NK1

�/�) mice and suggest that the amygdala is an important area for the effects of SP and the NK1 receptor in the motivational
properties of opiates, as well as the control of behaviors related to anxiety.
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Introduction
Substance P (SP) and its preferred receptor, the neurokinin-1
(NK1) receptor, are expressed in many areas of the brain involved
in affective behaviors, including the hypothalamus, amygdala,
and nucleus accumbens (NAcc) (Nakaya et al., 1994). Recent
work has provided evidence that NK1

�/� mice are insensitive to
opiates in models of drug abuse (Murtra et al., 2000; Ripley et al.,
2002). First, in the conditioned place preference (CPP) paradigm,
NK1

�/� mice fail to develop a preference for an environment
paired with morphine treatment, suggesting an impairment of
the rewarding effects of the drug. They also self-administer mor-
phine at lower levels than wild-type controls, and they fail to
show an acute locomotor stimulant effect of the drug or to sen-
sitize to its locomotor effects. These effects are specific to opiates,
because behaviors associated with cocaine are unaffected by the
genetic manipulation. In addition to a loss of the rewarding re-
sponse to morphine, the mice show an impairment of both the
physical and the motivational aspects of opiate withdrawal. De-

spite the loss of the rewarding and addictive properties of mor-
phine, De Felipe et al. (1998) found that the analgesic properties
of morphine were not impaired in NK1

�/� mice in the hotplate
test, indicating that the NK1 receptor is not critically involved in
opiate analgesia. These results therefore suggest that the NK1

receptor plays a critical and specific role in the motivational, but
not analgesic, properties of opiates, whereas it is not critical for
the motivational properties of cocaine.

To gain more information about the location of the effects of
this receptor in these behaviors, we assessed the effects of ablation
of neurons expressing the NK1 receptor on the motivational
properties of morphine. Ablation was achieved using the neuro-
toxin SP-saporin (SAP), a conjugate of SP with the ribosome-
inactivating protein SAP from the seeds of the plant Saponaria
officinalis. Because SAP cannot cross the plasma membrane
alone, conjugation of SAP to SP allows the toxin to enter cells
expressing the NK1 receptor and to reach the ribosomes, leading
to cell death (Wiley and Lappi, 1997). SP-SAP and related com-
pounds have already been used to demonstrate a role for NK1

receptor-expressing neurons in hyperalgesia and chronic pain
(Mantyh et al., 1997; Nichols et al., 1999), the control of ejacula-
tion (Truitt and Coolen, 2002), and the control of respiratory
rhythm and blood pressure (Wang et al., 2002).

The NAcc and amygdala were selected for investigation in a
preliminary study because they express NK1 receptors and have
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been implicated in the mediation of reward behaviors (Nakaya et
al., 1994; Robbins and Everitt, 1996; Di Chiara et al., 1999). Fol-
lowing promising findings, the effects of cell ablation in the
amygdala were assessed more thoroughly in a subsequent set of
experiments. Given the known role of the NK1 receptor in the
modulation of anxiety (Kramer et al., 1998; Rupniak et al., 2000;
Santarelli et al., 2001), these mice were also tested for anxiety
behavior using the elevated plus maze (EPM).

Materials and Methods
Animals. Male mice were used in all experiments. They were housed in
groups of two to five at 21°C and 50% relative humidity, with water and
food ad libitum, except during surgery and behavioral testing. Lights
were programmed on a 12 hr light/dark cycle (lights on at 8:00 A.M.).
Experiments were begun when mice were 6 – 8 weeks old. Wild-type
C57BL/6 mice were purchased from Harlan Olac (Bicester, UK). Wild-
type C57BL/6 � SV/129 mice were bred in-house from male C57BL/6
and female 129S2/Sv mice (Harlan Olac). Heterozygous NK1

�/� and
homozygous NK1

�/� mice were derived from those used by De Felipe et
al. (1998), outcrossed onto an MF1 background (Harlan Olac). The ge-
notype of these mice was verified using PCR of tail-tip DNA. All proce-
dures were performed in accordance with the United Kingdom Animals
(Scientific Procedures) Act of 1986.

Stereotaxic surgery. Substances were delivered bilaterally to discrete
areas of the mouse brain stereotaxically. Injection sites were determined
using a mouse brain atlas (Franklin and Paxinos, 1997) and verified in
preliminary studies. Distances of injection sites from bregma were as
follows (in mm): NAcc, anteroposterior (AP), 1.2; mediolateral (ML),
�1.0; dorsoventral (DV), 4.2; amygdala, AP, �1.5; ML, �2.8; DV, 4.8.

Mice were anesthetized with inhaled halothane in oxygen (flow rate,
0.6 l/min), at a concentration at which there was no motor response to a
foot pinch but at which breathing rate and depth were normal. They were
placed on a heated pad in a stereotaxic frame (model 900 Small Animal
Stereotaxic Instrument; David Kopf Instruments, Tujunga, CA) fitted
with a Mouse Adaptor (David Kopf Instruments). Rat ear bars (David
Kopf Instruments) were positioned against the skull of the mouse to hold
the head still. The hair over the scalp was trimmed, and the skin was
swabbed with 10% povidone–iodine solution (Betadine Antiseptic Solu-
tion; Seton Healthcare Group, Oldham, UK). A midline incision was
made, exposing the skull. The positions of the Mouse Adaptor and ear
bars were adjusted until the skull was level, before holes (diameter, 1
mm) were drilled through the skull above the injection sites. A 5 �l
Hamilton Microliter Syringe (700 Series; Hamilton Bonaduz, Bonaduz,
Switzerland) fitted with a 22 gauge needle (RN Series; Hamilton
Bonaduz) was attached to the stereotaxic frame via a Universal Holder
(David Kopf Instruments). The needle was moved to the injection site
and inserted slowly into the brain. It was left in position for 5 min before
1.0 �l of the injection solution (see below) was injected over 10 min
(�0.1 �l every minute). After injection, the needle was left in place for an
additional 5 min to allow diffusion of the solution, before it was slowly
removed from the brain. After both injections had been made, the inci-
sion was sutured and dusted with Cicatrin powder (The Wellcome Foun-
dation, Greenford, UK). The mouse was then removed from the stereo-
taxic apparatus, given a subcutaneous injection of 1 ml of sterile saline,
and left in a warm place to recover.

Elevated plus maze. Anxiety levels were assessed using the EPM, which
exploits the conflict between the animal’s innate tendency to explore
novel areas with their aversion for heights and open spaces (Montgom-
ery, 1955; Handley and Mithani, 1984). It consisted of four black Plexi-
glas runways (300 � 49 mm) arranged in a cross shape and connected by
a square central zone (49 � 49 mm). The maze was raised 300 mm above
the floor. Two opposite arms of the apparatus (“closed arms”) had 150
mm high clear Plexiglas walls surrounding the runways, whereas the
remaining two arms (“open arms”) were not enclosed. The maze was
used under low-light conditions (4 lux).

Mice were placed individually on the central portion of the apparatus,
facing an open arm. They were left to explore the apparatus for 5 min and
were recorded using a video camera. At the end of the session, the mice

were returned to the home cage, and the apparatus was thoroughly
cleaned with water.

After recording, the time spent in and the number of entries made into
the arms of the maze were scored. An “entry” was defined as movement
of all four paws into an arm. Time spent in the central zone of the maze
was discounted, with time spent in the open arms of the maze expressed
as a percentage of the total time spent in any arm. The number of entries
into the open arms was calculated as a percentage of the total number of
entries into any of the arms.

Conditioned place preference. CPP was used as a measure of the reward-
ing properties of morphine or cocaine (Bechara and van der Kooy, 1992;
Bardo and Bevins, 2000). The apparatus consisted of two white Plexiglas
compartments (146 � 138 � 141 mm) separated by a central neutral
zone (50 � 138 � 141 mm). One compartment had black horizontal
stripes painted on the walls and floor, and the other had black spots
painted on the walls and floor with a metal grid on the floor.

During the preconditioning phase, each mouse was placed in the ap-
paratus with free access to all compartments for 18 min. The amount of
time spent in each compartment was measured using EthoVision 2.3
(Noldus Information Technology, Wageningen, The Netherlands). Time
spent in the central neutral zone was disregarded. Mice spending �75%
of the remaining time in one of the two compartments were excluded
from the remainder of the experiment. During the subsequent condi-
tioning phase, mice were given intraperitoneal injections of the drug
under test (see below) and vehicle on alternate days for 6 d. Immediately
after injection, they were confined to one of the two compartments for 20
min, with drug and vehicle being assigned to the two opposite compart-
ments in a counterbalanced, unbiased manner. In the final test session,
mice were again allowed to explore both compartments for 18 min, with
the amount of time spent in each being recorded. The apparatus was
cleaned thoroughly with water after use.

The rewarding nature of the drug under test was assessed by calculat-
ing the increase in the amount of time spent in the drug-associated com-
partment after conditioning relative to that in the preconditioning phase
(“CPP score”).

Assessment of locomotor activity. Mice were placed individually in a
square black arena (410 � 410 mm; Columbia Instruments) with 14
parallel infrared beams (27 mm apart and 28 mm above the floor) pro-
jecting across to detector cells on the opposite wall. The number of beam
crosses made in 10 min was used as a measure of locomotor activity. The
apparatus was cleaned thoroughly with water after use.

Immunohistochemistry. At the end of behavioral testing, mice were
terminally anesthetized by an intraperitoneal injection of 0.2 ml of pen-
tobarbitone sodium (Euthatal; 200 mg/ml; Rhône Mérieux, Harlow, UK)
and perfused intracardially with 50 ml of heparinized PBS, followed by
100 ml of ice-cold 4% paraformaldehyde (PFA) (BDH Laboratory Sup-
plies, Poole, UK) in 0.15 M phosphate buffer (PB). Brains were removed
and postfixed for 4 –5 hr in 4% PFA at 4°C. They were then cryoprotected
in 30% sucrose in 0.1 M PB with 0.02% NaN3 at 4°C for at least 12 hr
before being sectioned on a freezing microtome at 40 �m. Sections were
collected in 5% sucrose in 0.1 M PB containing 0.02% NaN3 and stored at
4°C. Immunohistochemistry (IHC) was performed at room temperature
on free-floating sections in 0.1 M PB containing 0.03% Triton X-100
(BDH Laboratory Supplies) and 0.03% normal serum of the animal in
which the secondary antibody was raised (Vector Laboratories, Burlin-
game, CA). Sections were washed in 0.1 M PB three times for 10 min
between steps. Primary antibodies used were raised against the NK1 re-
ceptor (1:10,000; Eurogentec, Seraing, Belgium), glial fibrillary acidic
protein (GFAP) (1:1000; Dako, Glostrup, Denmark), choline acetyl-
transferase (ChAT) (1:1000; Chemicon, Temecula, CA), or neuronal nu-
clei (NeuN) (1:1000; Chemicon). Sections were incubated in the primary
antibody for 18 hr. For the NK1 receptor, primary antibodies were visu-
alized using biotinylated anti-rabbit IgG [heavy and light (H � L)] made
in goat (1:200 for 2 hr; Vector Laboratories), followed by fluorescein
avidin D (1:200 for 1 hr; Vector Laboratories). For GFAP, detection was
achieved using fluorescein anti-rabbit IgG (H � L) made in goat (1:200
for 3 hr; Vector Laboratories). For ChAT, detection was achieved using
fluorescein anti-goat (H � L) made in rabbit (1:200 for 3 hr; Vector
Laboratories). For NeuN, detection was achieved using Texas Red-X goat
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anti-mouse IgG (H � L) (1:200 for 3 hr; Molecular Probes, Leiden, The
Netherlands). Sections were mounted onto Superfrost Plus microscope
slides (BDH Laboratory Supplies) and coverslipped with Prolong Anti-
fade kit (Molecular Probes). Sections were viewed using a Nikon (King-
ston upon Thames, UK) Eclipse E800 microscope and photographed
using a Hamamatsu Photonics (Welwyn Garden City, UK) Chilled CCD
camera (model C5985) connected to a Macintosh PowerPC G3 computer
(Apple Computers, Cupertino, CA) running Vision Explorer VA 1.11
(Graftek Imaging, Austin, TX). Histological findings were compared and
agreed by two observers who were unaware of the behavioral results.

Preliminary investigation: comparison of effects of ablation in nucleus
accumbens and amygdala. Forty-five C57BL/6 mice were used in this
experiment. They were divided into three groups: two received bilateral
injections of SP-SAP (1.0 �l, 1.00 �M; Advanced Targeting Systems, San
Diego, CA) into the NAcc (n � 16) or the amygdala (n � 17). The third
group of 12 mice was used as naive controls. Three mice died during the
experimental procedure.

Five weeks after surgery, all mice were tested for CPP to morphine
sulfate (3.0 mg/kg and 6.67 ml/kg; Sigma, Poole, UK). Three mice
showed preference for one of the two compartments during precondi-
tioning (one from the NAcc group and two from the amygdala group)
and were omitted from analysis. After the behavioral experiment, mice
were perfused, and their brains removed, postfixed, cryoprotected, and
sectioned. IHC for the NK1 receptor was performed on every fourth
section through the brain. The remaining sections were processed for
IHC for GFAP, ChAT, or NeuN. The loss of NK1 receptor immunoreac-
tivity was assessed in each mouse with reference to that of naive animals.
Mice with no visible bilateral loss of NK1 receptor-expressing neurons in
the brain region of interest were excluded from analysis, as were mice
with visible physical damage to the brain or bilateral loss of NK1 receptor
immunoreactivity in any other brain region. In mice injected with SP-
SAP in the NAcc, ChAT immunoreactivity was used as a secondary
marker of NK1 receptor-expressing cells. Sections stained with NeuN and
GFAP were also compared with control mice’s sections. Major decreases
in neuronal nuclear staining or increases in GFAP immunoreactivity
were considered as signs of nonspecific damage caused by the injection
procedure.

Analysis of effects of ablation in amygdala on anxiety and morphine
reward behaviors. Because the C57BL/6 mice used in the preliminary
experiment were found to exhibit highly variable CPP scores to mor-
phine, hybrid C57BL/6 � 129S2/Sv mice (n � 182) were used in this
subsequent experiment, because this strain is similar to that used by
Murtra et al. (2000). They received bilateral injections of SP-SAP (1.0 �l,
1.00 �M; n � 78), SP (1.0 �l, 1.00 �M; n � 28; Sigma), or SAP (1.0 �l, 1.00
�M; n � 40; Advanced Targeting Systems) in the amygdala. The remain-
ing 36 mice were used as naive controls. Five mice died during the exper-
imental procedure. Each of the four groups of mice was subdivided into
two additional groups (SP-SAP: group I, n � 38; group II, n � 37; SP:
group I, n � 15; group II, n � 12; SAP: group I, n � 21; group II, n � 18;
naive, group I, n � 18; group II, n � 18).

Five weeks after surgery, mice in both groups were assessed for anxiety
behavior on the EPM. One day later, mice in group I were given an
injection of sterile saline (10.0 ml/kg) 30 min before locomotor activity
was monitored. Beginning 3–5 d after locomotor assessment, they were
tested for CPP to morphine sulfate (3.0 mg/kg and 10.0 ml/kg). Thirty-
eight animals demonstrated a preference for one of the compartments
during preconditioning and were excluded from the remainder of the
behavioral experiment.

Beginning 1 d after testing on the EPM, group II mice underwent CPP
with saline (10.0 ml/kg). Mice that demonstrated a preference for one of
the two compartments during preconditioning (n � 30) were not re-
moved from the experiment but were assigned to receive the first injec-
tion of saline in one of the two compartments at random. These mice
underwent the entire CPP procedure, but their CPP scores were omitted
from statistical analysis. Three to 5 d after the test session, the locomotor
effects of morphine (10.0 mg/kg and 10.0 ml/kg) were assessed 30 min
after injection. The order of the two tests was swapped between the
two groups to ensure that morphine injections occurred during the
final behavioral test.

After the behavioral experiments, mice were perfused, and their brains
removed, postfixed, cryoprotected, and sectioned. IHC was performed
for the NK1 receptor, NeuN, and GFAP. The position and extent of loss of
NK1 receptor-expressing neurons in the amygdala was assessed in the
brains of mice from the SP-SAP group. Animals were omitted from
analysis unless they had a clear reduction of NK1 receptor immunoreac-
tivity throughout the amygdala on both sides of the brain. Animals with
visible necrosis or bilateral loss of NK1 receptor-expressing neurons in
any other brain region were also omitted. For the remaining three groups
of mice (SP, SAP, and naive), the integrity of NK1 receptor immunore-
activity was checked throughout the brain. In all groups, nonspecific loss
of neurons was assessed in sections processed for NeuN IHC, whereas
gliosis was sought in sections processed for GFAP.

Analysis of effects of SP-SAP in the amygdala on cocaine reward. Hybrid
C57BL/6 � 129S2/Sv mice (n � 38) were used in this experiment.
Twenty-two mice underwent bilateral injection of SP-SAP (1.0 �l, 1.00
�M) into the amygdala, and 16 were used as naive controls. Two mice
died during surgery. Beginning 5 weeks after surgery, both groups of
mice were tested for CPP to cocaine hydrochloride (5.0 mg/kg and 10.0
ml/kg; Sigma). None of the mice displayed preference for one of the two
compartments during preconditioning. After the behavioral experi-
ments, the mice were perfused and processed for IHC as above.

Localization of ablated cells in the amygdala. Because the somata of
NK1-expressing cells within the amygdala do not express the NK1 recep-
tor, it is difficult to identify which cells are being eliminated by SP-SAP in
this brain region using IHC. Because the reporter gene lacZ is present in
the cassette inserted into exon 1 of the NK1 receptor gene in NK1

�/�

mice (De Felipe et al., 1998), the product of this gene, �-galactosidase
(�Gal), is expressed in the somata of the same cells that express the NK1

receptor in wild-type animals. These cells can be stained with 5-bromo-
4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal), which, in the pres-
ence of �Gal, forms a visible blue dimer. Furthermore, heterozygous
NK1

�/� mice express NK1 receptors and �Gal in the same cells. The loss
of �Gal-positive somata in these mice was therefore used as a marker of
the cell population ablated by SP-SAP in the amygdala.

Two NK1
�/� and three NK1

�/� mice were used. The NK1
�/� mice

were injected unilaterally in the left amygdala with SP-SAP (1.0 �l, 1.00
�M). Five weeks after injection of the NK1

�/� mice, all five mice were
perfused, and their brains were removed, postfixed, cryoprotected, and
sectioned. Every third section through the brain was stained for �Gal
activity. Sections were washed twice for 10 min in 0.1 M PB. They were
then incubated in X-Gal staining solution (PBS [Dulbecco “A” solution;
Oxoid, Basingstoke, UK], containing 5 mM K3Fe(CN)6 [Sigma], 5 mM

K4Fe(CN)6 [Sigma], 2 mM MgCl2 [Sigma], 0.01% sodium deoxycholate
[Sigma], 0.02% Triton X-100 [BDH Laboratory Supplies], and 2% X-Gal
[Calbiochem, San Diego, CA; 50 mg/ml in dimethylformamide (BDH
Laboratory Supplies)]) overnight at 37°C before two more washes in 0.1
M PB. Sections were mounted onto gelatin-coated slides and left to air
dry. The sections were counterstained by immersion in 0.5% Neutral Red
(Gurr Certistain; BDH Laboratory Supplies) in 1% glacial acetic acid
(BDH Laboratory Supplies) for 2–3 min. Sections were dehydrated
through ethanol solutions of increasing strength and cleared in Histo-
clear (National Diagnostics, Hull, UK). Slides were coverslipped in DPX
mounting medium (BDH Laboratory Supplies) and left to dry before
being observed under bright-field microscopy. The distribution of �Gal-
positive cells was observed in the amygdalae of the mice, and the effect of
SP-SAP in heterozygous mice was determined by comparing injected and
uninjected sides.

Statistical analysis. Data are presented as mean � SEM. In the prelim-
inary experiment, CPP scores from naive and SP-SAP-injected mice were
compared using one-way ANOVAs for each injection site. In the subse-
quent experiment analyzing the effects of ablation of NK1 receptor-
expressing neurons in the amygdala, EPM results were compared be-
tween treatment groups with one-way ANOVAs, followed by post hoc
Tukey comparisons. Results from the CPP and locomotion experiments
were analyzed using two-way ANOVAs with treatment and drug as
between-subject factors, followed by post hoc Tukey comparisons. For
all analyses, the homogeneity of the variance and normality of the
error were verified.
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Results
Histological effects of SP-SAP injection
in the nucleus accumbens and amygdala
In naive mice, the NK1 receptor is visible
on the somata and dendrites of large neu-
rons within the shell and core subregions
of the NAcc (Fig. 1A). Injection of SP-
SAP into the NAcc resulted in a clear loss
of NK1 receptor immunoreactivity in a
circular area of �1 mm diameter around
the injection site (Fig. 1A). However,
mice with ablation of these neurons also
exhibited loss of NK1 receptor-expressing
neurons at the dorsomedial edge of the
caudate putamen (CPu) adjacent to the
lateral ventricle (Fig. 1B). This was pre-
sumably attributable to the toxin flowing
back as the needle was removed from the
brain. There was no visible reduction in
the number of NeuN-labeled nuclei at the
injection site in the NAcc and no increase
in GFAP immunoreactivity, indicating
that there was little nonspecific neuronal
damage at the injection site (Fig. 1C). Be-
cause the proportion of cells expressing
the NK1 receptor in this brain region is
estimated to be low (1–2%), the similar
density of NeuN-labeled nuclei in SP-SAP-
injected and naive mice is unsurprising. In
addition, the ChAT-positive cells of the
NAcc were missing at the site of the lesion
(data not shown). Because ChAT is local-
ized in most NK1-expressing interneurons
of the striatum (Gerfen, 1991; Kaneko et al.,
1993), this indicates that the observed loss of
NK1 receptor immunoreactivity was proba-
bly caused by cell death rather than an in-
ability for the NK1 receptor to be detected
immunohistochemically.

In the amygdala, NK1 receptor immuno-
reactivity is visible in a subnucleus-specific
pattern (Fig. 2A). In the central nucleus, a
diffuse staining of the neuropil is visible,
whereas in the basomedial and medial nu-
clei, a network of clearly stained dendrites
can be seen. Within the basolateral and lat-
eral nuclei, immunoreactivity is low inten-
sity, although one or two immunoreactive
neurons are often observed with clearly
stained perikarya and dendrites. SP-SAP in-
jected into the amygdala caused a loss of
NK1 receptor immunoreactivity. A reduc-
tion in the intensity of staining was seen in
the central nucleus, along with a loss of
stained dendrites and occasional cell bodies
in the basolateral, basomedial, lateral, and
medial nuclei (Fig. 2A). There was no ob-
servable decrease in the number of NeuN-
labeled nuclei at the site of injection and no increase in GFAP im-
munoreactivity (Fig. 2B). In mice injected with SP or SAP into the
amygdala, IHC for the NK1 receptor, GFAP, and NeuN gave similar
results to naive mice (Fig. 2B).

Localization of ablated cells in the amygdala
In the amygdala of NK1

�/� mice, �Gal-positive nuclei were ob-
served diffusely through the basolateral, basomedial, central, and
medial nuclei (Fig. 3A). Stained nuclei were more numerous in

Figure 1. Effects of SP-SAP in the NAcc. A, Sections from the NAcc of a naive and SP-SAP-injected mouse stained immunohis-
tochemically for the NK1 receptor. After 5 weeks, SP-SAP caused a clearance of NK1 receptor immunoreactivity around the
injection site, in both the core (AcbC) and shell (AcbSh) regions. Scale bar, 1 mm. B, Injection of SP-SAP into the NAcc caused the
additional loss of neurons from the dorsomedial edge of the CPu, adjacent to the lateral ventricle (LV). Scale bar, 1 mm. C, Sections
from the NAcc core stained immunohistochemically for the NK1 receptor, NeuN, or GFAP. Loss of NK1 receptor immunoreactivity
at the injection site was not accompanied by nonspecific loss of neurons, as assessed by IHC for NeuN, or gliosis, as assessed by IHC
for GFAP. Scale bar, 50 �m. ac, Anterior commissure.
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the medial nucleus of the amygdala than other subnuclei. In the
amygdala of NK1

�/� mice, fewer �Gal-positive nuclei were seen
than in NK1

�/� mice, but the relative distribution of the stained
nuclei was similar to that seen in NK1

�/� mice. Injection of SP-
SAP into the amygdala resulted in a loss of �Gal-positive nuclei in
NK1

�/� mice (Fig. 3B), suggesting that, although it is difficult to
assess the precise location of the cells ablated by SP-SAP in the
amygdala using IHC, their somata are distributed throughout the
central, basolateral, and medial nuclei of the amygdala, but with a
higher density in the medial nucleus.

Preliminary findings: effects of SP-SAP injection into the
nucleus accumbens or amygdala on morphine reward
In a preliminary study, the effects of ablation of NK1 receptor-
expressing neurons in the NAcc and amygdala on morphine CPP
behavior were compared. Because of the frequent loss of NK1

receptor-expressing neurons from the dorsomedial CPu after in-
jection of SP-SAP into the NAcc, mice from this group were not
excluded on the basis of additional ablation in this brain region.
The NAcc group therefore contained mice that exhibited ablation

of these cells in both the NAcc and the
dorsomedial CPu. The three mice that did
not exhibit ablation in both of these re-
gions were excluded, leaving 11 in this
group. In the amygdala group, one mouse
was excluded on the basis of histological
examination, leaving 15.

Mice with ablation in the NAcc and
dorsomedial CPu exhibited similar de-
grees of CPP to morphine to naive mice
(F(1,20) � 0.39; p � 0.537) (Fig. 4). How-
ever, mice with ablation of NK1 receptor-
expressing neurons in the amygdala ex-
hibited lower CPP scores than naive mice
(F(1,24) � 4.88; p � 0.037) (Fig. 4). Abla-
tion of NK1 receptor-expressing neurons
in the NAcc and dorsomedial CPu there-
fore had little effect on morphine reward
behaviors. However, ablation of these
neurons in the amygdala brought about a
reduction in CPP scores, which suggests a
reduction in the rewarding properties of
morphine in these mice.

Analysis of effects of cell ablation in the
amygdala on anxiety and
morphine reward
Following the observation that ablation of
NK1 receptor-expressing neurons in the
amygdala, but not in the NAcc and dorso-
medial CPu, of mice brought about defi-
cits in morphine reward behavior, a set of
experiments was performed to extend
these findings. The effects of NK1

receptor-expressing neuron ablation on
morphine CPP were compared with vehi-
cle controls to assess the effect of the
morphine-independent aspects of the
task. Control injections of the constituent
molecules of SP-SAP were also attempted.
SP was injected to control for the activa-
tion of NK1 receptors at the site of injec-
tion, and SAP injections were used to con-

trol for the nonspecific effects of toxin administration on cells
other than those that express NK1 receptors. The injection of
both substances also acted as controls for the stress and pain
associated with handling, surgery, and the behavioral tasks un-
dertaken. After surgery, the mice were tested for anxiety behav-
ior, CPP to morphine or saline, as well as the locomotor response
to an acute injection of saline or morphine, to compare the effects
of ablation of NK1 receptor-expressing neurons in this brain re-
gion with the morphine-related behaviors that are disrupted in
NK1

�/� mice.
After histological analysis, 48 mice from the SP-SAP group

were omitted because of incomplete loss of NK1 receptor-
expressing neurons (23 from group I and 25 from group II). No
mice were omitted from the SP or SAP groups.

On the EPM, naive mice spent 37.7 � 4.0% of the time in the
open arms of the maze, and 41.2 � 2.8% of the entries they made
were into the open arms. Naive mice exhibited a clear CPP to
morphine (3.0 mg/kg; F(1,24) � 6.35; p � 0.019; data not shown)
and locomotor stimulation 30 min after an acute injection of

Figure 2. Effects of SP-SAP in the amygdala. A, Sections from the amygdala of a naive and SP-SAP-injected mouse stained
immunohistochemically for the NK1 receptor. After 5 weeks, SP-SAP caused a reduction in NK1 receptor immunoreactivity around
the injection site, particularly in the medial (MeA), basomedial (BMA), and central (CeA) nuclei. Scale bar, 1 mm. B, Sections from
the medial nucleus stained immunohistochemically for NeuN or GFAP. Loss of NK1 receptor immunoreactivity was not accompa-
nied by loss of NeuN immunoreactivity or increases in GFAP immunoreactivity. Injection of SAP alone also failed to bring about loss
of neurons or gliosis at the injection site. Sections from naive mice and SP-injected mice (data not shown) were similar to those
injected with SAP. Scale bar, 250 �m. BLA, Basolateral nucleus of the amygdala.
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morphine (10.0 mg/kg; F(1,22) � 26.3; p � 0.001; data not
shown).

On the EPM, mice with ablation of NK1 receptor-expressing
neurons in the amygdala spent less time in the open arms and
made fewer entries into the open arms than naive mice. When
compared with mice with control injections of SAP or SP into the

amygdala, they tended to spend less time in the open arms and
make fewer entries into them than both control groups (Fig. 5A).
A one-way ANOVA of the time spent in the open arms by three
groups of mice revealed a significant main effect of treatment
(F(2,88) � 5.32; p � 0.007). Post hoc Tukey comparisons revealed
a significant difference in the amount of time spent in the open
arms between mice injected with SP-SAP and SP ( p � 0.006), but
the difference between SP-SAP- and SAP-injected mice narrowly
missed statistical significance ( p � 0.058). There was no differ-
ence in the time spent in the open arms in SP- and SAP-injected
mice ( p � 0.476). A one-way ANOVA of the number of entries

Figure 3. Localization of ablated cells in the amygdala. A, Sections of the amygdala of an
NK1

�/� mouse stained with X-Gal and counterstained with neutral red. �Gal-positive cells are
visible throughout the amygdala, notably in the medial nucleus. Right, Medial nucleus. Arrows
indicate �Gal-positive nuclei. Scale bars: left, 1 mm; right, 250 �m. B, Sections from an
NK1

�/� mouse 5 weeks after unilateral injection of SP-SAP into the amygdala. On the unin-
jected (Naive) side of the brain, �Gal-positive nuclei are present though the central, basolat-
eral, and medial nuclei of the amygdala, but these are absent on the side of the brain injected
with SP-SAP. Right, Medial nucleus. Scale bars: left, 1 mm; right, 250 �m. BLA, Basolateral
nucleus of the amygdala; MeA, medial nucleus of the amygdala; Pir, piriform cortex.

Figure 4. Preliminary findings: effects of NK1 receptor-expressing neuron ablation in the
NAcc and dorsomedial CPu or amygdala on morphine reward behavior. Mean � SEM. CPP
scores after conditioning with 3.0 mg/kg morphine in naive mice and those with ablation in the
NAcc and dorsomedial CPu (NAcc) or in the amygdala. Mice with ablation of NK1 receptor-
expressing neurons in the amygdala, but not the NAcc and dorsomedial CPu, exhibited reduc-
tions in CPP scores. *p � 0.05 versus naive (one-way ANOVA).

Figure 5. Effects of NK1 receptor-expressing neuron ablation in the amygdala on anxiety and
morphine reward and stimulation. A, Mean � SEM time spent in the open arms of the EPM and
mean � SEM number of entries into the open arms of the EPM in mice with ablation in the
amygdala and mice receiving control injections of SP or SAP alone. Cell ablation caused de-
creases in the amount of time spent in the open arms of the maze and in the number of entries
made into them relative to control groups. *p � 0.05; **p � 0.01 versus SP-SAP ( post hoc
Tukey comparisons). B, Mean � SEM. CPP scores in mice conditioned with saline or morphine
(3.0 mg/kg). Mice injected with SP or SAP showed a significant CPP to morphine, whereas those
with ablation of NK1 receptor-expressing neurons did not. *p � 0.05 versus saline. C, Mean �
SEM number of beam crosses in 10 min, beginning 30 min after an injection of saline or mor-
phine (10.0 mg/kg). Mice injected with SP or SAP into the amygdala showed a stimulant effect
of morphine, but this was absent in mice with ablation of NK1 receptor-expressing neurons.
**p � 0.01; ***p � 0.001.
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into the open arms also revealed a significant effect of treatment
(F(2,88) � 4.74; p � 0.011). Post hoc Tukey comparisons revealed
that the number of entries made by mice injected with SP-SAP
was lower than that made by those injected with SP ( p � 0.013)
and SAP ( p � 0.048), but there was no difference in the number
of entries made by the latter two groups ( p � 0.696). Together,
ablation of NK1 receptor-expressing neurons in the amygdala
caused an increase in anxiety as assessed on the EPM, which was
manifest in both the time spent in the open arms of the maze and
the number of entries made into them.

Mice with ablation of NK1 receptor-expressing neurons in the
amygdala exhibited similar CPP scores after conditioning with
morphine and saline. However, the CPP scores achieved by con-
trol mice injected with SP or SAP were higher after conditioning
with morphine than with saline (Fig. 5B). A two-way ANOVA of
CPP scores revealed a significant main effect of drug (F(1,44) �
10.81; p � 0.002) and a significant drug by treatment interaction
(F(2,44) � 3.96; p � 0.026) but no significant main effect of treat-
ment (F(2,44) � 1.83; p � 0.172). Post hoc Tukey comparisons
revealed that CPP scores achieved by morphine- and saline-
conditioned mice injected with SP ( p � 0.038) and SAP ( p �
0.046) differed significantly, but mice with ablation of NK1

receptor-expressing neurons did not display any such difference
( p � 1.000). Mice with ablation of NK1 receptor-expressing neu-
rons in the amygdala did not therefore exhibit a significant CPP
to morphine at a dose of 3.0 mg/kg. However, comparison across
the three treatment groups failed to reveal significant differences
in CPP scores after morphine conditioning ( p � 0.9) or saline
conditioning ( p � 0.1). The observed effect therefore seems to be
attributable to a decrease in morphine CPP scores coupled with
an increase in the scores achieved by mice after saline condition-
ing. This increase in saline CPP scores brought about by ablation
may be caused by the putatively aversive nature of the first injec-
tion being modulated by SP-SAP, possibly via its effect on anxiety
levels.

Mice with ablation of NK1 receptor-expressing neurons in the
amygdala exhibited similar levels of locomotor activity after an
acute injection of saline to control mice injected with SP or SAP.
After morphine administration (10.0 mg/kg), SP- and SAP-
injected mice showed increases in locomotor activity, but this
increase was reduced in SP-SAP-injected mice (Fig. 5C). A two-
way ANOVA revealed significant main effects of drug (F(1,32) �
61.5; p � 0.001) and treatment (F(2,32) � 6.39; p � 0.005) and a
significant drug by treatment interaction (F(2,32) � 5.59; p �
0.008). Post hoc Tukey comparisons revealed that morphine
caused increases in ambulatory locomotor behavior relative to
saline in mice injected with SP ( p � 0.010) and SAP ( p � 0.001),
but this did not occur in SP-SAP-injected mice ( p � 0.285).
Furthermore, locomotor activity levels after morphine adminis-
tration were lower in mice injected with SP-SAP than those in-
jected with SAP (p � 0.007) but not those injected with SP ( p �
0.257).

Ablation of NK1 receptor-expressing neurons in the amygdala
therefore brought about increases in anxiety-related behavior on
the EPM. Additionally, it caused a reduction in the rewarding and
stimulant properties of morphine relative to vehicle controls and
to mice undergoing control injections of SP or SAP alone.

Effects of cell ablation in the amygdala on cocaine reward
Because NK1

�/� mice do not show deficits in CPP to cocaine, the
effects of NK1 receptor-expressing neuron ablation in the amyg-
dala was assessed in an additional group of mice. After histolog-
ical examination, seven mice were excluded from analysis be-

cause of incomplete loss of NK1 receptor-expressing neurons.
Naive mice and those with ablation of NK1 receptor-expressing
neurons in the amygdala exhibited CPP to cocaine (Fig. 6). A
two-way ANOVA revealed a significant main effect of drug
(F(1,46) � 28.3; p � 0.001) but no significant main effect of treat-
ment (naive vs SP-SAP; F(1,46) � 1.10; p � 0.300) or drug by
treatment interaction (F(1,46) � 1.83; p � 0.183). Reward to co-
caine was therefore unaffected by the ablation of NK1 receptor-
expressing neurons in the amygdala, with both naive and SP-
SAP-injected mice demonstrating CPP to cocaine at this dose.

Discussion
These data provide strong evidence for a role of NK1 receptor-
expressing neurons within the amygdala in the mediation of mor-
phine reward behaviors, as well as the modulation of anxiety.
Ablation of NK1 receptor-expressing neurons in the amygdala
brought about changes in EPM behavior characteristic of an in-
crease in anxiety-related behaviors relative to SP- and SAP-
injected controls. The amygdala is known to be involved in the
mediation of behaviors related to anxiety, particularly in the as-
sociation of environmental stimuli with fearful events (Phillips
and LeDoux, 1992). Various studies have demonstrated the in-
volvement of NK1 receptors in this role: maternal separation of
guinea pig pups and immobilization stress in gerbils causes en-
docytosis of the receptor within the basolateral nucleus, which is
blocked by the systemic administration of NK1 receptor antago-
nists (Kramer et al., 1998; Smith et al., 1999; Steinberg et al.,
2002). However, systemic administration of a range of NK1 re-
ceptor antagonists produced anxiolytic-like effects in the gerbil
EPM (Varty et al., 2002), and intra-amygdala injections of the
NK1 receptor antagonist L 760 735 reduce the amount of
separation-induced vocalizations in the guinea pig (Boyce et al.,
2001), observations that are consistent with those in NK1

�/�

mice (Santarelli et al., 2001). These findings differ from the
present observations, which suggest that loss of NK1 receptor-
expressing neurons in the amygdala is anxiogenic. Although this
discrepancy may be attributable to species differences, it is more
likely to be attributable to the different nature of the two ap-
proaches: SP-SAP causes loss of NK1 receptor-mediated trans-
mission as well as coexpressed receptors and neurotransmitters
and interneuronal connections, as opposed to acute pharmaco-

Figure 6. Effects of NK1 receptor-expressing neuron ablation in the amygdala on cocaine
reward. Mean � SEM. CPP scores in naive mice and those with ablation of NK1 receptor-
expressing neurons in the amygdala, after conditioning with saline or cocaine (5.0 mg/kg).
Ablation did not affect cocaine reward.

Gadd et al. • NK1-Expressing Neurons Modulate Morphine Reward and Anxiety J. Neurosci., September 10, 2003 • 23(23):8271– 8280 • 8277



logical blockade (systemic or local) or lifelong loss of NK1 recep-
tors throughout the body.

Ablation of NK1 receptor-expressing cells in the amygdala also
abolished CPP to morphine, whereas it was maintained in both
groups of control mice. Together with the observation that mor-
phine hyperlocomotion was also reduced in these mice, this sug-
gests that NK1 receptor-expressing neurons in the amygdala
modulate behaviors related to morphine reward. This is specific
to morphine because these mice displayed similar cocaine CPP
scores to naive animals, thereby mirroring the observations in the
NK1

�/� mouse (Murtra et al., 2000).
The amygdala is known to be of importance in mediating the

conditioned aspects of reward processes, particularly the connec-
tion between the basolateral nucleus and the NAcc, which is crit-
ical in mediating the control of behavior by discrete, reward-
related stimuli (Cador et al., 1989; Everitt et al., 1989, 1991;
Parkinson et al., 2001; Fuchs et al., 2002). A modulation of this
output of the amygdala by neurons expressing the NK1 receptor
could therefore be linked to the observed reductions in morphine
reward. However, although the reinstatement of heroin-seeking
behavior by drug-conditioned cues or drug priming can be abol-
ished by inactivation of the basolateral nucleus (Fuchs and See,
2002), excitotoxic lesions of this nucleus do not impair the acqui-
sition of intravenous heroin self-administration under continu-
ous or second-order schedules of reinforcement (Alderson et al.,
2000), suggesting that the basolateral amygdala may not be nec-
essary for the acute rewarding effects of opiates or for cue-
mediated drug-seeking behavior. Although the loss of the few
NK1 receptor-expressing cells from this region, as opposed to the
cell bodies of the entire region, may explain the discrepancy be-
tween these present findings and those of Alderson et al. (2000), it
is possible that such cells in other subnuclei of the amygdala may
be more crucial. For example, the lateral nucleus of the amygdala
is known to be of importance in CPP to amphetamine (Hiroi and
White, 1991), as well as the conditioned cue preference task (Mc-
Donald and White, 1993). The central nucleus of the amygdala is
also connected to the core of the NAcc and receives dense recip-
rocal dopaminergic afferents from the ventral tegmental area
(Ungerstedt, 1971; Ben-Ari et al., 1975; Wallace et al., 1992): it is
therefore well placed to control the dopaminergic input to the
NAcc and possibly influence reward-related behaviors. Indeed,
blockade of dopamine D2 receptors in this region reduces the
acquisition and expression of CPP to morphine (Rezayof et al.,
2002), whereas acute injection with morphine causes increases in
the expression of SP here (Cantarella and Chahl, 1996). The
mechanism by which loss of the NK1 receptor-expressing neu-
rons in the amygdala brings about reductions in morphine
reward-related behavior therefore remains a matter of specula-
tion. Although there are few visible NK1 receptor-expressing
neurons within the basolateral nucleus in the mouse, dendrites
expressing the receptor are more prominent in the medial and
central nuclei. Staining for �Gal-positive nuclei within the brains
of NK1

�/� and heterozygous NK1
�/� mice supports these find-

ings: their somata are distributed throughout these subnuclei but
are more numerous within the medial nucleus. Although the
existence of only a few neurons does not preclude their impor-
tance in bringing about the observed behavioral changes, the
more extensive cell loss from the medial nucleus of the amygdala
suggests that this area may be of importance in our observations.

The neurochemical identity of the NK1 receptor-expressing
neurons in the mouse amygdala remains unclear. In the basolat-
eral nucleus of the guinea pig, the NK1 receptor is colocalized
with glutamic acid decarboxylase, a marker for GABA, and local

SP microinjections increase the frequency of IPSPs (Maubach et
al., 2001). Interestingly, the CB1 cannabinoid receptor is also
expressed on the GABAergic interneurons of the basolateral nu-
cleus, at least in the rat and the mouse (Katona et al., 2001; Mc-
Donald and Mascagni, 2001). CB1

�/� mice display similar
morphine-related behaviors to NK1

�/� mice (Ledent et al., 1999;
Martin et al., 2000) and an anxiogenic-like profile in the light–
dark box test (Martin et al., 2002), which is similar to that ob-
served on the EPM here. It is possible that the CB1 and NK1

receptors are localized on the same neurons within this nucleus of
the amygdala; these neurons may therefore be central to the sim-
ilar effects of deletion of the NK1 and the CB1 receptors.

An additional area of uncertainty is the origin of the ligand for
the NK1 receptor in the amygdala. Retrograde tracing studies
have demonstrated that the ventrolateral hypothalamus sends a
modest SP projection to the medial nucleus in the guinea pig
(Ricciardi and Blaustein, 1994) and that the rat central nucleus
receives SP projections from the parabrachial and caudal lat-
erodorsal tegmental nuclei (Yamano et al., 1988; Block et al.,
1989; Petrov et al., 1994). SP is also expressed in cell bodies and
fibers within the medial and central nuclei (Roberts et al., 1982;
Cassell et al., 1986; Cassell and Gray, 1989; Malsbury and McKay,
1989): these neurons may make SP synapses onto NK1 receptor-
expressing cells within the same or other subnuclei in the amyg-
dala. Indeed, the presence of a short SP projection from the me-
dial to the central nucleus of the amygdala has been suggested
(Emson et al., 1978).

The behavioral effects of lesions of the tegmental penduncu-
lopontine nucleus in drug-naive rats are similar to those of
NK1

�/� mice: they prevent the acquisition of CPP to morphine,
but not cocaine, without affecting the analgesic properties of
morphine (Bechara and van der Kooy, 1989, 1992; Olmstead and
Franklin, 1993; Parker and van der Kooy, 1995). Although the
direct anatomical connection from this nucleus to the central and
medial nuclei of the amygdala is minor (Hallanger and Wainer,
1988), an intriguing possibility is that these connections contain
SP, either in direct connections or via a polysynaptic pathway,
thus providing a link between the effects of these lesions and the
results presented here. This hypothesis is supported by the obser-
vation that a few of the connections from the tegmental pendun-
culopontine nucleus to the amygdala are cholinergic in the rat
(Hallanger and Wainer, 1988), and, in man, SP is coexpressed
with acetylcholine in this nucleus (Halliday et al., 1990; Gai et al.,
1993).

NK1 receptor-expressing neurons in other areas of the brain
may also be of importance in morphine reward. For example, the
locus ceruleus, which has been implicated in opiate dependence
(Nestler et al., 1994, 1999) and expresses NK1 receptors on its
noradrenergic projection neurons (Moyse et al., 1997; Chen et al.,
2000; Santarelli et al., 2001), may be involved in the effects of the
NK1 receptor. Alternatively, the nucleus basalis magnocellularis
may be of importance, because microinjections of SP here sup-
port place preference and increase dopamine release within the
NAcc (Holzhäuer-Oitzl et al., 1988; Boix et al., 1995; Hasenöhrl et
al., 1998). Additional work is required to assess the role of NK1

receptors in these brain regions, which may act along with those
in the amygdala to modulate the motivational responses to opiate
administration.
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