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BACKGROUND AND PURPOSE
Peptide YY (PYY) and neuropeptide Y (NPY) are involved in regulating gut and brain function. Because gastrointestinal
inflammation is known to enhance anxiety, we explored whether experimental colitis interacts with genetic deletion
(knockout) of PYY and NPY to alter emotional-affective behaviour.

EXPERIMENTAL APPROACH
Male and female wild-type, NPY (NPY-/-), PYY (PYY-/-) and NPY-/-; PYY-/- double knockout mice were studied in the absence
and presence of mild colitis induced by ingestion of dextran sulphate sodium (2%) in drinking water. Anxiety-like behaviour
was tested on the elevated plus maze and open field, and depression-like behaviour assessed by the forced swim test.

KEY RESULTS
In the absence of colitis, anxiety-like behaviour was increased by deletion of NPY but not PYY in a test- and sex-dependent
manner, while depression-like behaviour was enhanced in NPY-/- and PYY-/- mice of either sex. The severity of DSS-induced
colitis, assessed by colonic myeloperoxidase content, was attenuated in NPY-/- but not PYY-/- mice. Colitis modified anxietyand depression-related behaviour in a sex-, genotype- and test-related manner, and knockout experiments indicated that NPY
and PYY were involved in some of these behavioural effects of colitis.

CONCLUSIONS AND IMPLICATIONS
These data demonstrate sex-dependent roles of NPY and PYY in regulation of anxiety- and depression-like behaviour in the
absence and presence of colitis. Like NPY, the gut hormone PYY has the potential to attenuate depression-like behaviour but
does not share the ability of NPY to reduce anxiety-like behaviour.

Abbreviations
DSS, dextran sulphate sodium; EPM, elevated plus maze; FST, forced swim test; MPO, myeloperoxidase; NPY,
neuropeptide Y; NPY-/- mice, homozygous NPY knockout mice; OF, open field; PYY, peptide YY; PYY-/- mice,
homozygous PYY knockout mice; WT, wild type

Introduction
Peptide YY (PYY) and neuropeptide Y (NPY) belong to the
pancreatic polypeptide-fold family of biologically active pep1302 British Journal of Pharmacology (2011) 163 1302–1314

tides, which share a number of structural and functional
similarities. Their biological actions are mediated by five
types of receptors, termed Y1, Y2, Y4, Y5 and y6, which are
coupled to Gi/o signalling pathways (Redrobe et al., 2004;
© 2011 The Authors
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receptor nomenclature follows Alexander et al., 2009). PYY is
secreted post-prandially from endocrine L cells of the
hindgut, and the major circulating form of this peptide,
PYY(3–36), is thought to be a satiety signal (McGowan and
Bloom, 2004; Ueno et al., 2008). PYY(3–36) is able to reduce
food intake in rodents and humans primarily via binding to
autoinhibitory Y2 receptors in the arcuate nucleus of the
hypothalamus (Batterham et al., 2002; McGowan and Bloom,
2004; Ueno et al., 2008), although corticolimbic areas are also
involved (Batterham et al., 2007).
In contrast, NPY is a messenger widely distributed in the
central and peripheral nervous system. Its many functional
implications include the central regulation of energy
balance, cognition, mood, anxiety and stress sensitivity
(Heilig, 2004; Lin et al., 2004; Eva et al., 2006; MoralesMedina et al., 2010). Haplotype-driven expression of NPY in
humans predicts brain responses to emotional and stress
challenges and inversely correlates with trait anxiety (Zhou
et al., 2008). The concentration of NPY in the cerebrospinal
fluid is reduced in patients with post-traumatic stress disorder (Sah et al., 2009), and NPY gene polymorphisms modify
the antidepressant treatment response in depression (Domschke et al., 2010), while NPY gene copy variations are relevant to attention-deficit hyperactivity disorder (Lesch et al.,
2010).
The functional implications of NPY and PYY as signalling molecules have been explored by gene knockout
approaches and, where available, pharmacological antagonism of Y receptors. The phenotype of NPY knockout
(NPY-/-) and PYY knockout (PYY-/-) mice is characterized by
alterations in feeding behaviour and energy homeostasis
(Bannon et al., 2000; Lin et al., 2004; Batterham et al., 2006;
Boey et al., 2006; Karl et al., 2008; Edelsbrunner et al., 2009).
In addition, there are sex-dependent changes in anxietyand depression-related behaviour of NPY-/- mice (Bannon
et al., 2000; Lin et al., 2004; Karl et al., 2008), while the
emotional-affective behaviour of PYY-/- mice has not yet
been addressed. The observations in NPY-/- and PYY-/mice are complemented by distinct alterations of anxietyand depression-related behaviour in Y1, Y2 and Y4 knockout
mice (Redrobe et al., 2003; Tschenett et al., 2003; Eva et al.,
2006; Karl et al., 2006; Painsipp et al., 2008; Tasan et al.,
2009).
NPY and PYY also play a role in the gut–brain axis
beyond the regulation of appetite and energy homeostasis.
For instance, endogenous NPY acting via Y2 and Y4 receptors
seems to depress the afferent input from the acid-challenged
stomach to the nucleus tractus solitarii by a presumably
central site of action (Wultsch et al., 2005). Based on this
finding, we reasoned that PYY and NPY could also contribute to the ability of gastrointestinal inflammation to alter
emotional-affective behaviour. This argument is supported
by the ability of experimental gastritis (Painsipp et al., 2007)
and experimental infection with Campylobacter jejuni
(Goehler et al., 2008) to enhance anxiety-related behaviour
in mice. In addition, NPY itself has an impact on the severity of experimental inflammation, given that NPY-/- mice
are less susceptible to dextran sulphate sodium (DSS)–
induced colitis than wild-type (WT) mice (Chandrasekharan
et al., 2008), an outcome that is reproduced by knockout or
antagonism of Y1 receptors (Hassani et al., 2005) and
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treatment with a NPY antisense oligodeoxynucleotide (Pang
et al., 2010).
Against this background, the present study was set out to
study four specific questions. The first aim was to compare
the phenotype of NPY-/-, PYY-/- and NPY-/-; PYY-/- double
knockout mice as regards their anxiety-and depression-like
behaviour as assessed in the elevated plus maze (EPM) test,
open field (OF) test and forced swim test (FST). The second
goal was to evaluate whether DSS-induced colitis is associated
with changes in anxiety-and depression-related behaviour.
The third aim was to assess whether NPY and PYY play a role
in the effect of DSS-induced colitis to modify anxiety-and
depression-related behaviour. The fourth goal was to examine
whether changes in circulating corticosterone, the final
output of the hypothalamic–pituitary–adrenal axis, could
explain some of the behavioural changes evoked by knockout
of NPY and/or PYY. The study was carried out with female
and male mice, given that affective disorders are more prevalent in women than in men (Gorman, 2006), and there is a
need to overcome the sex bias in experimental neuroscience
(Beery and Zucker, 2011).

Methods
Experimental animals
All animal care and experimental procedures were approved
by an ethical committee at the Federal Ministry of Science
and Research of the Republic of Austria and conducted
according to the Directive of the European Communities
Council of 24 November 1986 (86/609/EEC). The experiments were designed in such a way that the number of
animals used and their suffering was minimized.
The study was conducted with adult mice of four different
genotypes: WT, NPY-/-, PYY-/- and NPY-/-; PYY-/- double
knockout mice of either sex, all on a mixed C57BL/6:129/SvJ
(1:1) background. Germ-line PYY-/- mice (Boey et al., 2006)
and germ-line NPY-/- mice (Karl et al., 2008), in which the
entire coding sequence including the initiation start codon
was removed, were generated as reported. Double knockout
(NPY-/-; PYY-/-) mice were generated by crossing the single
gene knockout strains and in a second step by crossing the
double heterozygous mice. The presence or deletion of PYY
and/or NPY was verified by polymerase chain reaction (Boey
et al., 2006; Karl et al., 2008). Homozygous male and female
WT, NPY-/-, PYY-/- and NPY-/-; PYY-/- mice were obtained from
the Neurobiology Research Program of the Garvan Institute
of Medical Research (Sydney, Australia) via the Institute of
Pharmacology of the Medical University of Innsbruck (Innsbruck, Austria). No more than three generations of these
homozygous animals were bred at the Institute of Experimental and Clinical Pharmacology of the Medical University of
Graz (Graz, Austria).
The animals were housed in groups of three to five per
cage in cages of size IIL (length ¥ width ¥ height = 26 cm ¥
20.5 cm ¥ 14 cm) under controlled temperature (set point
22°C), relative air humidity (set point 50%) and light conditions (lights on at 6:00 h, lights off at 18:00 h, maximal
intensity 150 lux). Tap water and standard laboratory chow
were provided ad libitum throughout the study.
British Journal of Pharmacology (2011) 163 1302–1314
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Induction of experimental colitis

OF test

Colitis was induced by adding DSS (2%) to the drinking water
(tap water) for 11 days (Mitrovic et al., 2010). The control
animals received normal tap water. The DSS-containing
drinking water was made up freshly every day to avoid bacterial contamination.

The OF consisted of a box (50 ¥ 50 ¥ 30 cm) that was made of
opaque grey plastic and illuminated by 80 lux at floor level.
The ground area of the box was divided into a 36 ¥ 36 cm
central area and the surrounding border zone. The mice were
placed individually in a corner of the OF, and their behaviour
during a 5 min test period was tracked by a video camera
positioned above the centre of the OF and recorded with the
software VideoMot2 (TSE Systems). This software was used to
evaluate the time spent in the central area, the number of
entries into the central area and the total distance travelled in
the OF. A reduction of the central area time and/or the central
area entries was interpreted as an increase in anxiety-like
behaviour.

Experimental protocols
Prior to the behavioural tests, the mice were allowed to adapt
to the test room (set points 22°C and 50% relative air humidity, lights on at 6:00 h, lights off at 18:00 h, maximal light
intensity 100 lux) for at least 2 days. Two different protocols
were used.
Protocol 1 was used to study the effect of DSS-induced
colitis on anxiety-related behaviour in the EPM and OF tests,
depression-related behaviour in the FST, body temperature
and circulating corticosterone in male and female WT, NPY-/-,
PYY-/- and NPY-/-; PYY-/- mice (weights shown in the Results
section). The animals were treated with DSS (2%), added to
the drinking water, for 11 days (days 1–11) or drank normal
tap water (control mice). The behavioural tests were performed on day 8 (EPM test), day 9 (OF test), day 10 (measurement of body temperature) and day 11 (FST). Twenty-eight
minutes after the start of the FST, the animals were killed with
an overdose of pentobarbital (150 mg·kg-1 injected intraperitoneally), which permitted the collection of trunk blood for
determination of the circulating levels of corticosterone and
of the colon for determination of the myeloperoxidase
content 30 min after the start of the FST.
Protocol 2 involved male and female WT, NPY-/-, PYY-/and NPY-/-; PYY-/- mice in the naïve state, which were used
for the determination of basal plasma levels of corticosterone.
In these experiments, blood was sampled by tail incision
(Fluttert et al., 2000).

EPM test
The animals were placed in the centre of a maze with four
arms arranged in the shape of a plus (Belzung and Griebel,
2001). The maze consisted of a central quadrangle (5 ¥
5 cm), two opposing open arms (30 cm long, 5 cm wide) and
two opposing closed arms of the same size but equipped
with 15 cm high walls at their sides and the far end. The
device was made of opaque grey plastic and elevated 70 cm
above the floor. The light intensity at the central quadrangle
was 70 lux, on the open arms 80 lux and in the closed arms
40 lux.
At the beginning of each trial, the animals were placed on
the central quadrangle facing an open arm. The movements
of the animals during a 5 min test period were tracked by a
video camera above the centre of the maze and recorded with
the software VideoMot2 (TSE Systems, Bad Homburg,
Germany). This software was used to evaluate the animal
tracks and to determine the number of their entries into the
open arms, the time spent on the open arms, the total distance travelled on the EPM and the total number of entries
into any arm. Entry into an arm was defined as the instance
when the mouse placed its four paws on that arm. A reduction of the open arm time and/or the open arm entries was
interpreted as an increase in anxiety-like behaviour.
1304 British Journal of Pharmacology (2011) 163 1302–1314

Body temperature
The rectal temperature of the mice was measured with a
digital thermometer (BAT-12, Physitemp Instruments,
Clifton, NJ) equipped with a rectal probe for mice. The
temperature recordings were taken between 13:00 and
13:30 h.

FST
The mice were placed individually in a glass cylinder (diameter: 16 cm, height: 23 cm) containing tap water of 25°C at a
depth of 16 cm, which prevented the mice from touching the
bottom with their paws or the tail. The mice were tested for
6 min, and their behavioural activity was scored by a trained
observer blind to genotype and treatment. The time each
mouse spent climbing, swimming and floating (immobile)
was expressed as a percentage of the test duration. Mice were
considered immobile when they floated passively in the
water, performing only movements that enabled them to
keep their heads above the water level (Cryan and
Mombereau, 2004). An increase in the immobility time (at
the expense of swimming and/or climbing time) was interpreted as an increase in depression-like behaviour. After the
FST, the mice were placed for 6 min under a warming lamp
and then returned to their home cage.

Myeloperoxidase (MPO) levels in the colon
The tissue levels of MPO were used to quantify inflammationassociated infiltration of neutrophils and monocytes into the
tissue (Krawisz et al., 1984). After killing, full-thickness pieces
of the distal colon were excised, shock-frozen in liquid nitrogen and stored at -70°C until assay. After weighing, the
frozen tissues were placed, at a ratio of 1 mg : 0.02 mL, in
MPO lysis buffer (Hycult Biotechnology, Uden, The Netherlands). The composition of this buffer was as follows:
200 mM NaCl, 5 mM EDTA, 10 mM Tris, 10% glycine,
0.1 mM phenylmethylsulphonyl fluoride, 1 mg·ml-1 leupeptide, 28 mg·ml-1 aprotinin, pH 7.4. The samples were homogenized on ice with an Ultraturrax (IKA, Staufen, Germany)
and then subjected to two centrifugation steps at 6000¥ g and
4°C for 15 min. The MPO (donor: H2O2 oxidoreductase, EC
1.11.1.7) content of the supernatant was measured with an
enzyme-linked immunosorbent assay kit specific for the rat
and mouse protein (Hycult Biotechnology). The sensitivity of
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this assay is 1 ng·mL-1 at an intra- and inter-assay variation of
around 10%.

Results

Circulating corticosterone levels

Effect of DSS-induced colitis on rectal
temperature, body weight and colonic MPO
content in female WT, NPY-/-, PYY-/- and
NPY-/-; PYY-/- mice

The plasma levels of corticosterone were determined between
11:00 h and 13:00 h. Blood was collected into vials coated
with EDTA (Greiner, Kremsmünster, Austria) kept on ice. Following centrifugation for 20 min at 4°C and 1200¥ g, blood
plasma was collected and stored at -70°C until assay. The
plasma levels of corticosterone were determined with an
enzyme immunoassay kit (Assay Designs, Ann Arbor, MI).
According to the manufacturer’s specifications, the sensitivity
of the assay is 27 pg·mL-1, and the intra- and inter-assay
coefficient of variation amounts to 7.7% and 9.7%
respectively.

Statistics
Statistical evaluation of the results was made with SPSS 16.0
(SPSS Inc., Chicago, IL). The data were analysed with Student’s t test, one-way or two-way analysis of variance
(ANOVA), as appropriate. The homogeneity of variances was
assessed with the Levene test. In case of sphericity violations,
the Greenhouse-Geisser correction was applied. Post-ANOVA
analysis of group differences was performed with the Tukey
HSD (honestly significant difference) test, when the variances
were homogeneous, and with the Games–Howell test, when
the variances were unequal. In select cases, planned comparisons with one-way ANOVA were performed (Kirk, 1995). Probability values P ⱕ 0.05 were regarded as statistically
significant. All data are presented as means ⫾ SEM, n referring
to the number of mice in each group.

Materials
DSS (molecular weight: 36 000–50 000; MP Biochemicals,
Illkirch, France) was added to the drinking water at a concentration of 2%. Pentobarbital (Sigma-Aldrich, Vienna, Austria)
was dissolved in an aqueous solution containing 20% ethylene glycol and 10% ethanol at a concentration of
120 mg·mL-1.

Rectal temperature was determined on day 10, while body
weight and colonic MPO content were measured on day 11
of the treatment protocol. Two-way ANOVA revealed that the
rectal temperature differed with genotype (F(3,57) = 15.08, P <
0.001) but not with treatment, with a significant interaction
between these factors (F(3,57) = 4.37, P = 0.008). Post hoc analysis showed that the rectal temperature of female PYY-/- and
NPY-/-; PYY-/- mice was higher than that of WT mice
(Table 1). PYY-/- mice presented the highest rectal temperature, exceeding that of NPY-/- and NPY-/-; PYY-/- mice
(Table 1). DSS treatment reduced the rectal temperature in
female PYY-/- mice but not in the other female genotypes
under study (Table 1).
The weight of the animals was measured immediately
before the treatment with DSS and on day 11 of the DSS
treatment, 30 min after the start of the FST. Two-way ANOVA
with repeated measurements demonstrated that the weight of
the female animals depended on genotype (F(3,56) = 14.49, P <
0.001) but not on treatment, without a significant interaction
between these factors. Table 2 shows that the body weight did
not change after DSS treatment.
Treatment with DSS induced colitis as shown by an
increase in the tissue levels of MPO measured on day 11 of
the DSS treatment, 30 min after the start of the FST
(Figure 1A). Specifically, the colonic MPO content differed
with genotype (F(3,56) = 13.67, P < 0.001) and treatment (F(1,56)
= 77.88, P < 0.001), with a significant interaction between
these factors (F(3,56) = 9.62, P < 0.001). Post hoc analysis disclosed that the pre-treatment levels of MPO in female NPY-/and NPY-/-; PYY-/- mice were lower than those in female WT
mice (Figure 1A). DSS treatment increased the levels of MPO
in all female genotypes, except in NPY-/- mice (Figure 1A).
The post-treatment content of MPO in PYY-/- and NPY-/-;
PYY-/- mice was significantly higher (P < 0.01) than that in
WT and NPY-/- mice (Figure 1A).

Table 1
Rectal temperature (°C) measured in female and male mice of the wild-type (WT), NPY-/-, PYY-/- and NPY-/-; PYY-/- genotype

Genotype

Female Mice
Control

DSS

Male mice
Control

DSS

WT mice

36.36 ⫾ 0.19

36.69 ⫾ 0.15

37.05 ⫾ 0.21

35.88 ⫾ 0.10++

mice

36.60 ⫾ 0.15

36.63 ⫾ 0.13

35.91 ⫾ 0.05**

35.65 ⫾ 0.09+

mice

37.69 ⫾ 0.07**

37.00 ⫾ 0.14

37.11 ⫾ 0.30

36.30 ⫾ 0.10+

37.01 ⫾ 0.12*

36.88 ⫾ 0.12

36.20 ⫾ 0.21*

36.38 ⫾ 0.21

NPY
PYY

-/-

-/-/-

-/-

NPY ; PYY

mice

+

The animals were treated with dextran sulphate sodium (DSS, 2%) added to the drinking water for 9 days before the recording, while control
mice drank normal tap water. The values represent means ⫾ SEM, n = 8–9. *P < 0.05, **P < 0.01 versus values in WT control mice of the same
sex, +P < 0.05, ++P < 0.01 versus values in control mice of the same genotype and sex.
British Journal of Pharmacology (2011) 163 1302–1314
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Body weight (g) of female and male mice of the wild-type (WT), NPY-/-, PYY-/- and NPY-/-; PYY-/- genotype

Genotype

Female mice
Control

DSS

Male mice
Control

DSS

WT mice

22.09 ⫾ 0.23

21.96 ⫾ 0.22

28.86 ⫾ 0.60

22.99 ⫾ 0.79++
30.71 ⫾ 0.80

mice

24.92 ⫾ 0.53

25.55 ⫾ 0.53

31.88 ⫾ 0.67*

PYY-/- mice

22.28 ⫾ 0.66

23.53 ⫾ 0.83

31.63 ⫾ 0.40*

29.96 ⫾ 0.76

NPY-/-; PYY-/- mice

25.29 ⫾ 0.86

24.82 ⫾ 0.52

29.02 ⫾ 0.96

26.12 ⫾ 0.77+

NPY

-/-

The animals were treated with dextran sulphate sodium (DSS, 2%) added to the drinking water for 10 days before the recording, while control
mice drank normal tap water. The values represent means ⫾ SEM, n = 8. *P < 0.05 versus values in WT control mice of the same sex, +P <
0.05, ++P < 0.01 versus values in control mice of the same genotype and sex.

Figure 1
Colonic myeloperoxidase (MPO) content of female (A) and male (B) mice of the wild-type (WT), NPY-/-, PYY-/- and NPY-/-; PYY-/- genotype. The
animals were treated with dextran sulphate sodium (DSS, 2%) added to the drinking water for 10 days before the recording, while control (CO)
mice drank normal tap water. The values represent means ⫾ SEM, n = 7–8. *P < 0.05, **P < 0.01 versus values in WT control mice of the same
sex, +P < 0.05, ++P < 0.01 versus values in control mice of the same genotype and sex.

Effect of DSS-induced colitis on rectal
temperature, body weight and colonic MPO
content in male WT, NPY-/-, PYY-/- and
NPY-/-; PYY-/- mice
Two-way ANOVA showed that the rectal temperature differed
with genotype (F(3,56) = 9.73, P < 0.001) and treatment (F(1,56) =
17.07, P < 0.001), with a significant interaction between these
factors (F(3,56) = 5.62, P = 0.002). Post hoc analysis showed that
the rectal temperature of male NPY-/- and male NPY-/-; PYY-/-,
but not male PYY-/-, mice was lower than that of male WT
mice (Table 1). DSS treatment led to a significant drop of
body temperature in WT, NPY-/- and PYY-/-, but not NPY-/-;
PYY-/-, mice (Table 1).
The weight of male mice varied with genotype (F(3,56) =
24.67, P < 0.001) and treatment (F(1,56) = 31.21, P < 0.001),
with a significant interaction between these factors (F(3,56) =
4.11, P = 0.01). Specifically, the pre-treatment weight of male
NPY-/- and PYY-/-, but not NPY-/-; PYY-/-, mice was higher
than that of male WT mice (Table 2). The body weight of WT
and NPY-/-; PYY-/- mice, but not of NPY-/- and PYY-/- mice,
decreased significantly after DSS treatment (Table 2).
The induction of DSS-evoked colitis in male mice was
shown by an increase in the tissue level of MPO (Figure 1B).
The colonic MPO content differed with genotype (F(3,55) =
1306 British Journal of Pharmacology (2011) 163 1302–1314

19.00, P < 0.001) and treatment (F(1,55) = 149.70, P < 0.001),
with a significant interaction between these factors (F(3,55) =
13.26, P < 0.001). The pre-treatment levels of MPO did not
significantly differ between the male genotypes. DSS treatment increased the level of MPO in all genotypes, but to a
different extent (Figure 1B). Thus, the post-treatment content
of MPO in WT, PYY-/- and NPY-/-; PYY-/- mice was significantly higher (P < 0.05) than that in WT and NPY-/- mice
(Figure 1B).

Effect of DSS-induced colitis on anxiety- and
depression-related behaviour and circulating
corticosterone in female WT, NPY-/-, PYY-/and NPY-/-; PYY-/- mice
The behaviour of female WT, NPY-/-, PYY-/- and NPY-/-; PYY-/mice in the EPM test differed with genotype but not with
treatment (Figure 2, left panel). Two-way ANOVA showed that
the genotype influenced the time spent on the open arms
(F(3,56) = 4.77, P = 0.005), the number of open arm entries (F(3,56)
= 7.93, P < 0.001), the total travelling distance (F(3,56) = 3.34,
P = 0.03) and the number of total entries into any arm (F(3,56)
= 9.35, P < 0.001). However, none of the parameters of the
EPM test was affected by the factor ‘treatment’, nor was there
any interaction between genotype and treatment.
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Figure 2
Behaviour of female (A–D) and male (E–H) mice of the wild-type (WT), NPY-/-, PYY-/- and NPY-/-; PYY-/- genotype in the elevated plus maze (EPM)
test. The animals were treated with dextran sulphate sodium (DSS, 2%) added to the drinking water for 7 days before the EPM test, while control
(CO) mice drank normal tap water. The graphs show the time spent on the open arms (A, E), the number of entries into the open arms (B, F),
the total distance travelled in the open and closed arms (C, G) and the total number of entries into any arm (D, H) during the 5 min test session.
The time spent on the open arms is expressed as a percentage of the test duration. The values represent means ⫾ SEM, n = 8. **P < 0.01 versus
WT control mice of the same sex, ++P < 0.01 versus control mice of the same genotype and sex.

Analysis of the behaviour in the OF test revealed both
genotype- and treatment-related effects (Figure 3, left panel).
Specifically, the time spent in the central area of the OF
differed with genotype (F(3,56) = 52.28, P < 0.001) but not with
treatment, with a significant interaction between these
factors (F(3,56) = 5.20, P = 0.003). The number of central area
entries depended on genotype (F(3,56) = 44.11, P < 0.001) and
treatment (F(1,56) = 22.25, P < 0.001), with a significant interaction between these factors (F(3,56) = 9.24, P < 0.001). In
contrast, the total travelling distance was affected by the
genotype only (F(3,56) = 25.31, P < 0.001), while treatment had
no effect, and there was no interaction between genotype and
treatment. Post hoc analysis disclosed that female NPY-/control mice spent less time in the central area (Figure 3A)
and entered the central area less often (Figure 3B) than female
WT control mice. NPY-/-; PYY-/- control mice likewise entered
the central area less often than WT control mice (Figure 3B),
while PYY-/- and WT control mice did not grossly differ in
their OF behaviour (Figure 3A,B,C). DSS treatment prolonged
the time spent in the central area and the number of central
area entries in PYY-/- mice and lengthened the central area
time in NPY-/- mice but had no significant effect in WT and
NPY-/-; PYY-/- mice (Figure 3A, B).
Depression-like behaviour was assessed with the FST, and
two-way ANOVA revealed that the time of immobility was
related to genotype (F(3,56) = 48.73, P < 0.001) and treatment

(F(1,56) = 17.77, P < 0.001), with a significant interaction
between these factors (F(3,56) = 2.67, P = 0.05). The time of
swimming likewise depended on genotype (F(3,56) = 4.90, P =
0.004) and treatment (F(1,56) = 22.21, P < 0.001), with a significant interaction between these factors (F(3,56) = 4.92, P =
0.004). In contrast, the time of climbing differed only with
genotype (F(3,56) = 44.31, P < 0.001) but not with treatment,
without a significant interaction between these factors. Post
hoc analysis disclosed that the time of immobility in female
PYY-/-, NPY-/- and NPY-/-; PYY-/- control mice was significantly longer than in female WT control mice (Figure 4A).
The prolongation of the immobility time was associated with
a shortening of the swimming time in NPY-/- control mice
(Figure 4B). Treatment with DSS prolonged the duration of
immobility in female WT and NPY-/-; PYY-/- mice, an effect
that occurred at the expense of swimming time, while in
female PYY-/- and NPY-/- mice, no significant effect of DSS
treatment was noted (Figure 4A,B).
Thirty minutes after the FST was begun, the levels of
circulating corticosterone were determined. Given that the
stress associated with the FST causes a rise of circulating
corticosterone, planned comparisons were used to compare
the post-FST plasma levels of corticosterone in control and
DSS-treated mice with basal plasma levels of corticosterone
from a separate group of female animals. The basal levels of
corticosterone in female NPY-/- mice were higher than in
British Journal of Pharmacology (2011) 163 1302–1314
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Figure 3
Behaviour of female (A–C) and male (D–F) mice of the wild-type (WT), NPY-/-, PYY-/- and NPY-/-; PYY-/- genotype in the open field (OF) test. The
animals were treated with dextran sulphate sodium (DSS, 2%) added to the drinking water for 8 days before the OF test, while control (CO) mice
drank normal tap water. The graphs show the time spent in the central area (A, D), the number of entries into the central area (B, E) and the total
distance travelled (C, F) during the 5 min test session. The time spent in the central area is expressed as a percentage of the test duration. The values
represent means ⫾ SEM, n = 8. **P < 0.01 versus WT control mice of the same sex, ++P < 0.01 versus control mice of the same genotype and sex.

female WT mice but did not significantly differ in female
PYY-/- and NPY-/-; PYY-/- mice (Figure 5A). Exposure to the
FST enhanced circulating corticosterone in both control and
DSS-treated female mice of the WT, NPY-/-, PYY-/- and NPY-/-;
PYY-/- genotype. The post-FST levels of corticosterone did not
significantly differ between control and DSS-treated WT,
NPY-/-, PYY-/- and NPY-/-; PYY-/- mice (Figure 5A).
1308 British Journal of Pharmacology (2011) 163 1302–1314

Effect of DSS-induced colitis on anxiety- and
depression-related behaviour and circulating
corticosterone in male WT, NPY-/-, PYY-/and NPY-/-; PYY-/- mice
The behaviour of male WT, NPY-/-, PYY-/- and NPY-/-; PYY-/mice in the EPM test was subject to genotype and treatment
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Figure 4
Behaviour of female (A–C) and male (D–F) mice of the wild-type (WT), NPY-/-, PYY-/- and NPY-/-; PYY-/- genotype in the forced swim test (FST).
The animals were treated with dextran sulphate sodium (DSS, 2%) added to the drinking water for 10 days before the FST, while control (CO)
mice drank normal tap water. The graphs show (A, D) the duration of immobility, (B, E) the duration of swimming and (C, F) the duration of
climbing, these parameters being expressed as a percentage of the test duration. The values represent means ⫾ SEM, n = 8. *P < 0.05, **P < 0.01
versus WT control mice of the same sex, ++P < 0.01 versus control mice of the same genotype and sex.

effects (Figure 2, right panel). Two-way ANOVA showed that
the genotype influenced the time spent on the open arms
(F(3,56) = 13.83, P < 0.001), the total travelling distance (F(3,56)
= 9.09, P < 0.001) and the number of total entries into any
arm (F(3,56) = 5.74, P = 0.002). The time spent on the open
arms (F(1,56) = 12.73, P = 0.001) and the number of open arm
entries (F(1,56) = 10.92, P = 0.002) were affected by DSS treatment, with a significant interaction between genotype and

treatment for both parameters (time spent on the open
arms: F(3,56) = 6.12, P = 0.001; number of open arm entries:
F(3,56) = 4.74, P = 0.005). Figure 2E illustrates that male
NPY-/- control mice spent less time on the open arms
than male WT control mice. DSS treatment shortened the
time spent on the open arms in male WT mice and reduced
the number of open arm entries in male NPY-/- mice
(Figure 2E, F).
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Figure 5
Plasma levels of corticosterone in female (A) and male (B) mice of the wild-type (WT), NPY-/-, PYY-/- and NPY-/-; PYY-/- genotype. The animals were
treated with dextran sulphate sodium (DSS, 2%) added to the drinking water for 10 days before the FST, while control (CO) mice and mice used
for measuring basal corticosterone levels drank normal tap water. Circulating corticosterone was determined at baseline and 30 min after the
forced swim test had begun. The values represent means ⫾ SEM, n = 8. *P < 0.05, **P < 0.01 versus basal values in WT mice of the same sex,
+P < 0.05, ++P < 0.01 versus basal values in mice of the same genotype and sex, P < 0.05, P < 0.01 versus CO+FST values in mice of the same
genotype and sex.

Assessment of the behaviour in the OF test revealed both
genotype- and treatment-related effects (Figure 3, right
panel). While the time spent in the central area of the OF
differed with treatment (F(1,56) = 13.00, P = 0.001) but not
genotype, without a significant interaction between these
factors, the number of central area entries depended on genotype (F(3,56) = 8.96, P < 0.001) and treatment (F(1,56) = 14.07, P <
0.001), without a significant interaction between these
factors. Likewise, the total travelling distance was affected by
genotype (F(3,56) = 4.44, P = 0.007) and treatment (F(1,56) = 9.89,
P = 0.003), without a significant interaction between these
factors.
Depression-like behaviour as assessed with the FST was
subject to genotype and DSS treatment effects. Thus, the time
of immobility was affected by genotype (F(3,56) = 20.64, P <
0.001) but not by treatment, with a significant interaction
between these factors (F(3,56) = 3.93, P = 0.01). Similarly, the
time of swimming depended on genotype (F(3,56) = 10.43, P <
0.001) but not on treatment, with a significant interaction
between genotype and treatment (F(3,56) = 4.92, P = 0.004). In
contrast, there was no significant interaction between these
factors as regards the time of climbing which differed only
with genotype (F(3,56) = 18.66, P < 0.001) but not treatment.
Post hoc analysis indicated that the time of immobility in
male NPY-/-, PYY-/- and NPY-/-; PYY-/- control mice was significantly longer than in male WT control mice (Figure 4D),
which was associated with a shortening of the swimming
time in male PYY-/- and NPY-/-; PYY-/- control mice
(Figure 4E). Treatment with DSS shortened the time of immobility in male PYY-/- mice, an effect that was associated with
an increase in the swimming time (Figure 4D,E).
The levels of circulating corticosterone, determined at
basal conditions and 30 min after the FST had begun, differed
with genotype and treatment (Figure 5B). The basal levels of
corticosterone in male PYY-/- animals were higher, and those
in male NPY-/-; PYY-/- mice lower, than the basal corticosterone levels in male WT mice. Exposure to the FST enhanced
circulating corticosterone in both control and DSS-treated
male mice of all genotypes under study, but to a significantly
1310 British Journal of Pharmacology (2011) 163 1302–1314

different degree (Figure 5B). Following DSS treatment, the
post-FST concentration of corticosterone in male WT, PYY-/and NPY-/-; PYY-/- mice was significantly higher than that
under control conditions, whereas in male NPY-/- control
mice the FST-evoked increase in circulating corticosterone
was as large as that evoked in male DSS-treated NPY-/- mice
(Figure 5B).

Discussion
The major aim of this study was to evaluate whether knockout of PYY and/or NPY and mild experimental colitis
interacted in modifying emotional-affective behaviour in a
sex-related manner. This goal was addressed by examining
(i) sex-related effects of NPY and/or PYY knockout on
emotional-affective behaviour in the absence of colitis and
(ii) sex- and genotype-related effects of DSS-induced colitis on
emotional-affective behaviour. The major findings of the
study are summarized in Table 3.

Effects of PYY and/or NPY knockout on body
weight, rectal temperature and emotionalaffective behaviour in the absence of colitis
The findings that male NPY-/- and male PYY-/- mice were
heavier than WT mice of the same sex agree in part with
other observations (Batterham et al., 2006; Boey et al., 2006;
Edelsbrunner et al., 2009), which are not entirely consistent
with each other. In addition, the rectal temperature in female
PYY-/- and NPY-/-; PYY-/- animals was higher, and that in male
NPY-/- and NPY-/-; PYY-/- mice lower, than the temperature in
the respective WT animals. It is likely that these differences in
temperature are due to differences in locomotion and bodily
activity. Indeed, the EPM and OF test in the current experiments and a previous study of the circadian activity (Edelsbrunner et al., 2009) disclosed genotype-related differences in
locomotion (total travelling distance). However, these data
have a limited bearing on the present temperature recordings
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Table 3
Summary of findings in female and male wild-type (WT), NPY-/-, PYY-/- and NPY-/-; PYY-/- mice

A. Genotype-related changes of parameters in control mice, relative to WT mice
NPY-/PYY-/Test parameter
Female
Male
Female

NPY-/-; PYY-/Female

Male

Male

Body weight
Rectal temperature
Colonic myeloperoxidase
Anxiety-related behaviour (EPM)
Anxiety-related behaviour (OF)
Depression-related behaviour
Basal corticosterone
B. DSS-induced changes of parameters, relative to control mice
WT
NPY-/Female
Male
Female
Test parameter

Male

PYY-/Female

Male

NPY-/-; PYY-/-Female
Male

Body weight
Rectal temperature
Colonic myeloperoxidase
Anxiety-related behaviour (EPM)
Anxiety-related behaviour (OF)
Depression-related behaviour
Corticosterone post-FST
Increase, decrease. These symbols denote statistically significant changes. The changes in anxiety-related behaviour refer to the time
spent on the open arms (EPM) and in the central area (OF), while the changes in depression-related behaviour refer to the time of immobility
in the FST.

under group housing conditions, given that circadian activity
was recorded under single housing conditions (Edelsbrunner
et al., 2009) and locomotor behaviour of individual animals
on the EPM and OF is determined by their reaction to
novelty.
When studying anxiety-and depression-like behaviour,
both sex- and test-related differences were observed as, for
instance, anxiety-like behaviour on the OF but not EPM was
enhanced by knockout of NPY in female mice whereas, in
male mice, deletion of NPY caused an increase in anxiety-like
behaviour on the EPM but not OF (Table 3). In contrast,
knockout of PYY in addition to NPY cancelled the anxiogenic
effect of NPY deletion alone in female mice (OF), as well as
male mice (EPM). Deletion of PYY alone did not have any
significant influence on anxiety-like behaviour in the EPM
and OF test, either in female or in male mice.
Depression-like behaviour in the FST was enhanced by
knockout of both NPY and PYY, alone or in combination, a
change that was seen in both female and male mice and
characterized by a prolongation of the immobility time at the
expense of climbing time. In analogy with the behavioural
effects of antidepressant drugs, this pattern of effect may
provide a clue to the underlying neurochemical mechanisms.
Antidepressants that act primarily by reinforcing
5-hydroxytryptaminergic transmission increase predominantly swimming behaviour, whereas antidepressants that
act primarily by reinforcing noradrenergic transmission

increase predominantly climbing behaviour (Detke et al.,
1995; Cryan et al., 2005). It would seem therefore that deletion of NPY and/or PYY enhances depression-like behaviour
by an action on noradrenergic mechanisms, a suggestion that
provides a lead for further investigations.
The current findings reveal that deletion of PYY, a gut
hormone, enhances depression-like behaviour in the absence
of a change in anxiety-related behaviour or, in other terms,
that endogenous PYY has an antidepressant action. This discovery adds support to the notion that gut hormones can
influence emotional-affective behaviour as has been noted, for
example, for ghrelin, glucagon-like peptide-1 and glucagonlike peptide-2 (Möller et al., 2002; Kinzig et al., 2003; Lutter
et al., 2008; Iwai et al., 2009). PYY released from endocrine
cells of the hindgut into the bloodstream circulates primarily
as PYY(3–36), which can gain access to hypothalamic and
extrahypothalamic sites in the brain (McGowan and Bloom,
2004; Batterham et al., 2007; Ueno et al., 2008). Although
PYY(3–36) has some selectivity for Y2 receptors (Alexander
et al., 2009), it would be premature to surmise that the antidepressant action of PYY, envisaged from the current data, is
mediated by Y2 receptors. If so, deletion of Y2 receptors should,
like deletion of PYY, enhance depression-like behaviour,
whereas the opposite is the case: Y2 receptor deletion attenuated anxiety- and depression-like behaviour, an effect in which
the amygdala plays a major role (Redrobe et al., 2003; Tschenett et al., 2003; Painsipp et al., 2008; Tasan et al., 2010).
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The finding that knockout of NPY causes a sex- and testrelated increase in anxiety and decrease in locomotion is in
overall agreement with previous reports on the behavioural
phenotype of NPY-/- mice (Bannon et al., 2000; Lin et al.,
2004; Karl et al., 2008). The current study adds that knockout
of NPY enhances depression-like behaviour in a sexindependent fashion. The levels of circulating corticosterone
measured at baseline and post-FST do not support the
conclusion that the pro-depressant effect of NPY and PYY
deletion is related to altered activity of the hypothalamicpituitary-adrenal axis.

Effect of DSS-induced colitis on body weight,
rectal temperature and colonic MPO
DSS (2% in the drinking water) increased the colonic MPO
content by a factor of 1.8–7.9, depending on the genotype.
We consider this effect of DSS to be indicative of a mild
non-necrotic form of colitis because even a 17-fold increase of
the colonic MPO content, as seen with DSS (2%) in the
outbred OF1 mouse strain, was not associated with a change
in the architecture of the colonic mucosa and in the circadian
pattern of activity and ingestion (Mitrovic et al., 2010). In the
present study, DSS failed to significantly alter the body weight
of female mice of any genotype, whereas male WT and
NPY-/-; PYY-/- mice lost some weight during the 11 day course
of DSS treatment (Table 3). In addition, colitis lowered rectal
temperature in female PYY-/- and in male WT, NPY-/- and
PYY-/- mice. This sex difference needs be taken into account
when the sex-related impact of DSS-induced colitis on
emotional-affective behaviour is considered. The oestrous
cycle was not monitored in the present experiments in order
to avoid additional stress, but we consider it unlikely that our
data were significantly biased by this potentially confounding factor, given that the oestrous cycle is largely synchronized across the cages under study (Painsipp et al., 2007).
The magnitude of the effect of DSS to enhance the colonic
MPO content as an index of inflammation depended on both
genotype and sex, given that the DSS-evoked increase in the
colonic MPO content of male WT, PYY-/- and NPY-/-; PYY-/mice was larger than that in the respective female mice. This
particular susceptibility of male mice to DSS-induced inflammation does not apply to NPY-/- mice because deletion of
NPY had a sex-independent anti-inflammatory effect. Thus,
the colonic levels of MPO in female NPY-/- and NPY-/-; PYY-/mice in the absence of DSS treatment were lower than in the
respective WT mice, and the DSS-induced increase in the
colonic MPO content in female and male NPY-/- mice was
much lower than in WT, PYY-/- and even NPY-/-; PYY-/- mice
(Table 3). We can infer therefore that the anti-inflammatory
action of NPY knockout was opposed by the additional
knockout of PYY or, in other terms, that the proinflammatory influence of NPY is antagonized by PYY.
The ability of NPY knockout to attenuate the DSS-evoked
accumulation of MPO in the colon confirms other reports that
deletion of NPY blunts DSS-induced colitis (Chandrasekharan
et al., 2008), an outcome that is reproduced by knockout or
antagonism of Y1 receptors (Hassani et al., 2005) and treatment with a NPY antisense oligodeoxynucleotide (Pang et al.,
2010). An involvement of NPY and PYY in colonic inflammation is suggested by several other findings. For instance, DSSinduced colitis was associated with an increase in the
1312 British Journal of Pharmacology (2011) 163 1302–1314

expression of NPY in enteric neurons (Chandrasekharan et al.,
2008), a reduction of Y1 receptor expression and a loss of the
anti-secretory action of NPY in the colon (Klompus et al.,
2010). In contrast, the colonic levels of PYY were decreased in
rats with DSS-induced colitis (Hirotani et al., 2008). These
experimental data are in line with the observed decrease of
colonic PYY levels in patients with inflammatory bowel
disease (Tari et al., 1988; El-Salhy et al., 1997; Schmidt et al.,
2005), while circulating levels of PYY and NPY are enhanced
(Adrian et al., 1986; Straub et al., 2002).

Interaction of DSS-induced colitis with NPY
and/or PYY knockout in modifying
emotional-affective behaviour
Gastrointestinal inflammation is increasingly recognized to
contribute to alterations in emotional-affective behaviour
(Painsipp et al., 2007; Goehler et al., 2008). While female WT
mice did not change in their anxiety-like behaviour on the
EPM and OF in response to colitis, male WT mice placed on
the EPM were more anxious after DSS treatment. In contrast,
when female NPY-/- and PYY-/- mice were tested on the OF,
colitis had an anxiolytic effect, whereas combined deletion of
NPY and PYY prevented the ability of colitis to alter anxietylike behaviour. It would seem therefore that NPY and PYY
have the potential to modify the effect of colitis on anxiety in
a sex-dependent manner. An aspect worth considering is that,
in NPY-/- mice, colitis had a distinct effect on anxiety-like
behaviour although the severity of colitis in these mice was
significantly attenuated. It remains to be explored whether
DSS- or colitis-induced factors that are of minor relevance to
the severity of inflammation determine the impact of DSS
treatment on brain circuits governing behaviour. The paradoxical observation that DSS-induced colitis attenuated
anxiety-like behaviour in female NPY-/- and PYY-/- mice on
the OF but not EPM remains to be confirmed and further
analysed.
Depression-like behaviour was enhanced by DSS-induced
colitis in female, but not male, WT mice. Knockout of NPY
and PYY prevented the pro-depressant effect of colitis seen in
female WT mice, which supports the conclusion that NPY
and PYY play a role in the ability of colitis to increase
depression-like behaviour, this role being lost when both NPY
and PYY were knocked out together. In female WT and
NPY-/-; PYY-/- mice, DSS-induced colitis prolonged the immobility time in the FST at the expense of swimming time,
whereas in male PYY-/- mice DSS-induced colitis shortened
the immobility time in the FST with a concomitant gain in
swimming time. Although the influence of colitis on
depression-like behaviour differed with sex and genotype, the
alteration of immobility time in exchange with swimming
time suggests that the impact of colitis on depression-like
behaviour involves primarily 5-hydroxytryptaminergic
mechanisms. The effect of colitis to amplify the post-FST
levels of circulating corticosterone did not provide any useful
clues to a specific involvement of the hypothalamic–
pituitary–adrenal axis in the colitis-induced changes of
depression-like behaviour.

Concluding considerations
Five major conclusions are drawn from this study. (i) Like
deletion of the neuropeptide NPY, deletion of the gut
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hormone PYY enhances depression-like behaviour, whereas
anxiety-like behaviour is enhanced by deletion of NPY but
not PYY. (ii) The severity of DSS-induced colitis is attenuated
by knockout of NPY but not PYY. (iii) DSS-induced colitis
modifies anxiety- and depression-related behaviour, effects in
which NPY and PYY appear to be involved. (iv) Sex and
behavioural tests are important factors that determine the
effect of experimental interventions such as colitis and
genetic modifications on emotional-affective behaviour. (v)
While these data demonstrate distinct roles of PYY and NPY
in the regulation of anxiety- and depression-like behaviour in
the absence and presence of colitis, the possibility that developmental compensations may mask the full implication of
PYY and NPY in these functions cannot be discounted.
Experiments involving the combined knockout of NPY
and PYY were carried out to explore whether these two
members of the pancreatic polypeptide-fold peptide family
serve additive, synergistic or antagonistic functions. In
several instances, double knockout of NPY plus PYY cancelled
the effects of knocking out NPY or PYY alone. It would thus
seem that NPY and PYY are functional antagonists, the
actions of which are brought about by different receptors at
different cellular locations. In the brain, postsynaptic Y1 and
presynaptic Y2 receptors mediate antagonistic effects of Y1
and Y2 receptor agonists, for example anxiolytic and antidepressant responses to Y1 receptor stimulation, and opposite
effects due to stimulation of presynaptic autoinhibitory Y2
receptors (Heilig, 2004; Morales-Medina et al., 2010; Tasan
et al., 2010). It remains to be examined whether the gut
hormone PYY, degraded to PYY(3–36), exerts its effects on the
gut–brain axis predominantly via activation of Y2 receptors.
Because brain Y1 and Y2 receptor binding is increased in
NPY-/- mice (Gehlert and Shaw, 2007), it is also possible that
genetic deletion of NPY plus PYY leads to compensatory
changes in other systems in such a way that the phenotype of
NPY-/- and PYY-/- mice is lost.
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