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Abstract

Rationale The 5-HT transporter (5-HTT) is implicated in
the regulation of appetite. Expression of the 5-HTT varies
in the human population, and this variation may determine
both individual differences in feeding and abnormal feeding
behaviours such as eating disorders.

Objectives The effects of 5S-HTT expression on feeding and
satiety were examined in a transgenic mouse model of 5-
HTT overexpression.

Materials and methods We measured free-feeding food
intake and observed the behavioural satiety sequence (BSS)
after food deprivation in mice at baseline and after
administration of the anorectic drug fenfluramine.

Results 5-HTT overexpressing mice were both lighter and
shorter than their wildtype littermates. Despite this size
difference, food intake by transgenic and wildtype mice did
not differ. There was no effect of genotype on the BSS or
on food intake during the test at baseline. Increasing doses
of fenfluramine reduced food intake in a similar manner in
both transgenic and wildtype mice. After 0.3 and 1 mg/kg
fenfluramine, the temporal pattern of the BSS was the same
for both groups, whereas 3 and 10 mg/kg fenfluramine
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disrupted the BSS. In transgenic mice, this disruption was
evident at the 3 mg/kg dose, while in wildtypes, it emerged
only at the 10-mg/kg dose.

Conclusion These data suggest that overexpression of the
5-HTT does not lead to alterations in feeding or satiety in
food-deprived mice but does increase the occurrence of
other non-feeding behaviours in response to the 5-HT
releasing agent fenfluramine.

Keywords 5-HT- 5-HT transporter - Behavioural satiety
sequence - Feeding - Transgenic mice - Fenfluramine

Introduction

Evidence suggests that 5-hydroxytryptamine (5-HT, seroto-
nin) pathways are important in both normal and abnormal
feeding behaviours (for reviews, see Blundell 1992; Steiger
2004; Halford et al 2007; Kaye et al 2005a). The 5-HT
transporter (5-HTT) is an important regulator of brain 5-HT
function as it is responsible for the high-affinity reuptake of
synaptic 5-HT (Blakely et al. 1994). There is a large degree
of variation in the level of 5-HTT expression in the human
population, with 2-3-fold differences in 5-HTT binding
found in healthy populations (Malison et al. 1998; Mann et
al. 2000). A number of commonly occurring polymor-
phisms in the 5-HTT gene have been identified, which may
account for this variation (Heils et al. 1996; Ogilvie et al.
1996; Heinz et al. 2000; Kilic et al. 2003; Ozaki et al.
2003). Variation in food intake and feeding behaviour is
well documented and may be, in part, genetic in origin
(Rankinen and Bouchard 2006). It is therefore possible that
variation in 5-HTT expression may drive both individual
differences in feeding behaviour and represent a vulnera-
bility factor for abnormal feeding behaviour.
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Evidence from human studies suggests that the 5-HTT is
important in regulating feeding behaviours. Administration
of selective 5-HT reuptake inhibitors (SSRIs), which target
the 5-HTT, reduces food intake and induces weight loss in
both obese and lean individuals (Mcguirk and Silverstone
1990; Lawton et al. 1995). Additionally, whilst the primary
use of SSRIs is to treat depression and anxiety, these drugs
are also used clinically to treat bulimia nervosa (Walsh et al.
2004) and to prevent relapse in anorexia nervosa (Kaye et
al 2001), disorders in which disturbances of satiety may be
important. It is also of note that reduced 5-HTT binding
sites, observed in both platelets and brain, have been
associated with eating disorders (Tauscher et al. 2001;
Bruce et al. 2006; Ekman et al. 2006). These results might
be evidence that disordered eating during illness leads to
state-dependent effects; however, other evidence suggest
that these differences in 5-HT expression persist after
recovery (Kaye et al. 2005b; Steiger et al. 2005). Therefore,
alterations of the 5-HT system may be a trait marker for
these disorders and could possibly contribute to vulnerabil-
ity. Finally, gene association studies suggest that poly-
morphic variants of the 5-HTT gene, which are thought to
influence 5-HTT expression, may confer vulnerability to
eating disorders and to obesity, although these findings are
not confirmed (Di Bella et al. 2000; Fumeron et al. 2001;
Matsushita et al. 2004; Monteleone et al. 2006; Sookoian et
al 2007).

Studies in rodents examining a well-validated specific
sequence of behaviours associated with feeding and satiety
[known as the behavioural satiety sequence (BSS); Antin et
al. 1975] support findings in humans. Thus, the anorectic
agent fenfluramine, which releases 5-HT following entry
into the nerve terminal via the 5-HTT, enhances satiety and
reduces food intake in the BSS (Vickers et al. 1996, 1999).
Moreover, inhibitors of the 5-HTT also reduce food intake
and enhance satiety in the BSS (McGuirk et al. 1992;
Halford and Blundell 1996). It is also of interest that the 5-
HTT knockout mouse develops an obese phenotype at
around 3 months (Murphy and Lesch 2008; Holmes et al
2002; Warden et al. 2005).

Given that the 5-HTT is important in regulating appetite
and satiety, as well as in the pathophysiology of eating
disorders (disorders in which there may be changes in
satiety), the current study examined the effects of variation
of 5-HTT expression on feeding and satiety using a recently
reported genetically engineered 5-HTT overexpressing
mouse (Jennings et al. 2006). These mice exhibit a 2-3-
fold higher 5-HTT expression, along with reduced brain 5-
HT levels, compared to their wildtype littermates (Jennings
et al. 2006). Food intake was assessed in free-feeding
animals, and the BSS was measured under baseline
conditions and in response to fenfluramine following food
deprivation.
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Materials and methods
Animals

Male CBAxC57BL6J 5-HTT overexpressing transgenic
(generated as previously described Jennings et al. 2006)
and wildtype littermates [2—5 months, n=8 per group, bred
from wildtype (female), transgenic (male) pairs] were housed
in wildtype/transgenic pairs under a 12-h light/dark cycle
(lights on 0700) in a temperature-controlled environment
(21+£1°C) with ad libitum access to standard mouse food and
water, except where stated under procedures. Home cages
were 16x47x12 cm. The experimenter was blind to
genotype for the duration of the study period. Experiments
were carried out in accordance with the Animals Scientific
Procedures Act (1986) and Home Office regulations.

Animal size

Weights of the mice were taken at the start of each
experiment; this amounted to approximately one measure-
ment per week over the course of 13 weeks. Body lengths
(nose to anus) of mice were measured on day 1 of the study,
at which point mice had reached adult size. Body mass
index was calculated over the course of the study as
follows: weight/length?®.

Habituation and baseline BSS data

Mice were habituated in cohorts of four (two transgenic and
two wildtype) at a time over a period of 12 days during the
second half of the light phase of the light/dark cycle.
During habituation, each mouse was individually placed
into a clear plastic box (17.5 cmx28 cmx25 cm) and
presented with a clear plastic Petri dish lid containing 10 g
of a palatable wet mash (one part expanded diet pellets to
one part tap water) over a period of 40 min. At the end of
this period, any spilt food was collected from the boxes,
and uneaten food was weighed to the nearest 0.1 g. Test
boxes were wiped with a damp paper towel and dried
between testing of different cohorts.

BSS measurements followed a similar protocol to that of
Vickers et al. (1999), beginning immediately after wet mash
was placed in the clear boxes. Mice were observed
individually once every 30 s over the 40 min and
categorised into one of four mutually exclusive behaviours:
immobility (absence of movement with or without eyes
closed), feeding (the acquisition and eating of the food
substrate, including holding, sniffing or transporting of
food), grooming (cleaning of face and body, including
scratching), exploration [movement around box, sniffing
(excluding sniffing of food) and rearing (lifting of fore legs
from the floor of the box)].
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Initial data from the habituation period indicated that
consumption of the wet mash remained low (<1 g per
test period), and as a result, the BSS did not emerge.
Cumulative manipulations of experimental parameters
were applied in order to increase wet mash consumption
(low lighting, dark phase testing and 1-, 11- and
24-h food deprivation), revealing that 24-h food depri-
vation and testing during the dark phase under low-light
conditions provided the optimum conditions for emer-
gence of the BSS in the present study. For collection of
baseline and all subsequent BSS data, food was removed
from the home cage at 1900 h on the day prior to testing,
and mice were tested during the first 2 h of the dark
phase. Following testing, mice were returned to free
feeding until the evening prior to their next test session.
This method of food deprivation resulted in stable,
reproducible increases in food intake across the course
of the study without significant effects on body weight
(data not shown).

Fenfluramine study

Each animal received all treatments (fenfluramine 0.3, 1
and 3 mg/kg and vehicle). Fenfluramine was dissolved in
0.9% saline, and drug administrations were in the volume
of 10 ml/kg, which were administered i.p. in a latin square
randomised order 30 min prior to testing as described
above. A minimum of 72 h separated successive drug
administrations. In a further separate study, animals
received fenfluramine (10 mg/kg) or vehicle according to
the same design.

Food and water consumption

At the end of the BSS studies, mice were returned to free
feeding, individually housed and habituated to the new
cages over 48 h. Testing began 1 h before the beginning of
the dark phase of the light/dark cycle. Mice were supplied
with 5 g of standard mouse food, and remaining food was
weighed in the morning. Water bottles were also weighed at
the beginning of testing and the following morning. This
procedure was repeated on three separate nights. Data from
two of this cohort were missing for one of the overnight
measurements. In a separate cohort of mice, food intake
was examined in both light and dark phases on three
separate nights according to the same protocol.

Body temperature

Core body temperature of a separate cohort of male 5-HTT
overexpressing and wildtype mice (n=12 per group) was
measured by inserting a probe (V004 mouse probe)
coupled to a thermometer (Digitron 2006 T thermocouple

thermometer) 1-1.5 cm into the rectum whilst gently
restraining the animal. Animals were moved into the
testing room (ambient temperature 25+1°C) at least 2 h
prior to testing.

Statistical analysis

Data were analysed using ANOVA. The data for the BSS
were collated into 8x5-min time bins and were analysed
separately for each behaviour. Where homogeneity of
variance could not be assumed, the Huynh—Feldt correction
was used. Interpretation of significant effects was assisted
by the use of simple main effects. Data analysis was
performed using SPSS version 14.

Results
Body weight, size and temperature

Transgenic mice were 14+4% lighter and 114+3% shorter
than their wildtype littermates [main effects of genotype for
weight: F(1, 14)=5.05, p<0.05 and length: F(1, 14)=9.33,
p<0.05; Table 1], and this effect was maintained through-
out the 13-week study [Fig. ; effect of time F(5.2, 52.8)=
13.9, p<0.05 and genotype F(1, 10)=8.6, p<0.05, no
time x genotype interaction]. However, body mass index did
not differ significantly between 5-HTT overexpressing and
wildtype mice [main effect of genotype: F(1, 14)=2.15, p=
0.17; Table 1]. There was no difference in body temperature
between transgenic and wildtype mice [main effect of
genotype: F(1, 22)=2.52, p=0.13; Table 1].

Baseline BSS

In experiments with 24-h food deprivation, food intake over
the observation period of the BSS was not significantly
different between 5-HTT overexpressing and wildtype mice
under baseline conditions [main effect of genotype: F(1, 14)=
0.32, p=0.58; mean+SEM TG 1.94+0.21 g, WT 2.14+
0.17 g]. Similarly, there was no difference between trans-
genic and wildtype mice when food intake over the
observation period was calculated as a function of body
weight [main effect of genotype: F(1, 14)=0.15, p=0.71].

In initial experiments involving no or minimal food
deprivation, there was also no significant difference in food
intake (Fig. 2) or the pattern of feeding behaviour in the
BSS between genotypes (data not shown).

The expected pattern of the BSS was clearly evident after
24-h food deprivation (Fig. 3). Thus, feeding behaviour
significantly decreased with time whilst immobility increased
[feeding—main effect of time: F(7, 98)=20.64, p<0.01;
immobility—main effect of time: F(3.12, 43.60)=4.57,
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Time 2 Time 3 Time 1 Time 2 Time 3

Time 1

0.10+0.004
0.13£0.01

3.91+0.17 0.12+0.01
0.154+0.01

4.21+0.13

4.70+0.16
4.77+0.10

37.11+0.28
36.51+0.26

0.36+0.01
0.40+0.02

0.33+0.01 0.36+0.02
0.36:0.02 0.40+0.02

32.40+1.04

31.65+0.91

30.23+0.81

9.5+0.19

WT

28.1+1.57 27.89+1.42

26.05+1.33

8.5+0.27

Body lengths of mice were measured (nose to base of tail) at the beginning of the study. Body weights were measured throughout the study; weights and BMI calculation shown are taken from the

beginning of the study (time 1), midpoint of the study (time 2) and end of the study (time 3). In total, body weight was measured 22 times for each mouse throughout the study. Mean food and

water intake data for three overnight measurements are given; these data are also reported as a function of body weight. Body temperatures were measured in separate cohort of male mice

12). All values are mean+SEM.
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Fig. 1 Food intake measurements taken over the course of 13 weeks
plotted against animal’s age. Measurements began at 13 weeks old
(young adulthood) and were taken at least once per week (although up
to four times per week, in which case these values were averaged to
produce a weight for that week) up to 26 weeks of age. Note that this
difference between genotypes is stable over the course of the
2.5 months period (p<0.05). Values represent mean+SEM of six
animals per genotype

p<0.01]. Transgenic mice showed no difference from wild-
type mice in the incidence of either feeding or immobility, and
the temporal pattern of these behaviours was similar for both
genotypes [feeding—main effect of genotype: F(1, 14)=
3.22, p=0.09; immobility—main effect of genotype: F(1,
14)=0.07, p=0.80; feeding—time x genotype interaction:
F(7, 98)=1.35, p=0.24; immobility—time x genotype inter-
action: F(3.16, 43.60)=1.10, p=0.36]. Overall, 5-HTT over-
expressing mice exhibited less exploratory behaviour than
wildtype mice; however, the temporal pattern of exploratory
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Fig. 2 Food intake during habituation/BSS testing over the course of
cumulative manipulations. Each value represents mean+SEM from
eight animals per genotype. Measurements were taken on at least two
different days per animal per condition. Note that the lack of effect of
genotype on food intake before any manipulations are applied and that
this is not altered by the manipulations (p>0.05)
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Fig. 3 The BSS measured after 24 h of food deprivation. Wildtype
(left panel; n=8) and transgenic animals (right panel; n=8). Each
mouse was observed every 30 s for 40 min, and behaviour was

behaviour was similar in both genotypes [main effect of
genotype: F(1, 14)=14.52, p<0.01, timex genotype interac-
tion: F(7, 98)=1.14, p=0.35].

Effect of D-fenfluramine challenge on the BSS
Dose response study

The amount of food eaten decreased with increasing doses
of fenfluramine after food deprivation [main effect of dose
F(3, 42)=3.01, p<0.05; Fig. 4]. This effect was maintained
as a trend when food eaten was expressed as a function of
body weight [main effect of dose F(3, 42)=2.60, p=0.07].
Compared to wildtypes, transgenic mice showed no
difference in the amount of food consumed at any dose of
fenfluramine [main effect of genotype: F(1, 14)=0.53,
p=0.48; dosexgenotype interaction: F(3, 42)=0.61, p=

2.57

2 -]— + # ¥ +

1.54 + ‘IV + + *
C
B
£ 11

0.51

0 ; .

Vehicle 0.3 1 3 Vehicle 10

Fenfluramine (mg/kg)
Fig. 4 The effect of fenfluramine on wet mash consumption in
wildtype (white bars; n=8) and transgenic mice (shaded bars; n=38).
The amount of food consumed was significantly reduced at the highest
(3 and 10 mg/kg) doses of fenfluramine. The data reported in this figure
represent two separate studies. In study 1, doses of up to 3 mg/kg were
compared to vehicle in a latin square design; in study 2, a dose of
10 mg/kg was compared to vehicle. Mean+SEM values are shown; *p<
0.05 vs vehicle, #p<0.05 vs 0.3 mg/kg fenfluramine, Fisher’s LSD post
hoc testing

categorised as feeding [, exploration [], grooming [l or immobility
[ The graphs represent the mean of measurements taken on two
separate occasions

0.61]. Similarly, when food intake was examined in relation
to body weight, no difference was seen between genotypes
[main effect of genotype: F(1, 14)<0.001, p=1.00].

After fenfluramine administration, the pattern of behav-
iours expected in the BSS remained evident (Fig. 5). Despite
reducing food intake, fenfluramine did not have a significant
effect on the incidence of feeding [main effect of dose:
F(2.35, 32.93)=2.18, p=0.12]. Similarly, the offset of
feeding was not brought forward in response to increasing
doses of the drug (dose * time interaction: F(13.45, 188.33)=
1.20, p=0.28]. Importantly, however, neither the incidence of
feeding nor the temporal pattern of feeding behaviour
differed between 5-HTT overexpressing and wildtype mice
after fenfluramine [main effect of genotype: F(1, 14)=0.82,
p=0.38; dosexgenotype interaction: F(2.35, 32.93)=
0.61, p=0.58; dosextimexgenotype interaction: F(13.45,
188.33)=0.98, p=0.47].

In both transgenic and wildtype mice, the incidence of
immobility increased with increasing doses of fenfluramine
[main effect of dose: F(3, 42)=10.48, p<0.01], and the
temporal pattern of immobility changed [dosextime inter-
action: F(7.13, 99.88)=2.33, p<0.05; Fig. 5]. Interestingly,
the temporal pattern of immobility differed between
genotypes, resulting in an earlier peak in the incidence of
immobility in 5-HTT overexpressing mice [genotype X time
interaction: F(5.22, 73.09)=2.71, p<0.05; Fig. 5]. More-
over, 3 mg/kg (but not 0.3 or 1 mg/kg) fenfluramine
induced a significantly greater incidence of immobility in
transgenic mice compared to wildtype mice [simple main
effect of genotype at 3 mg/kg: F(1, 14)=7.20, p<0.05;
mean immobility at 3 mg/kg—TG: 3.34+0.43; WT: 1.33+
0.26]. This analysis also revealed that the effect of dose was
significant in transgenic but not wildtype mice [simple
main effect of dose for TG: F(3, 12)=18.60, p<0.01);
simple main effect of dose for WT: F(3, 12)=2.41, p=
0.12]. As at baseline, there was decreased exploratory
behaviour in 5-HTT overexpressing compared to wildtype
mice [main effect of genotype: F(1, 14)=11.80, p<0.01].
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<« Fig. 5 The BSS at four different levels of fenfluramine dose and
vehicle. Wildtype (leff panel; n=8) and transgenic mice (right panel; n=
8). Each mouse was observed every 30 s for 40 min, and behaviour was
categorised as feeding [J, exploration [], grooming [l or immobility [
The data reported in this figure represent two separate studies. In study
1, doses of up to 3 mg/kg were compared to vehicle in a latin square
design; in study 2, a dose of 10 mg/kg was compared to vehicle. As
there were no significant differences in the vehicle data for both of these
studies, only the vehicle data for study 1 have been reported

Single dose study

The findings of the dose response study were further clarified
by a single dose study at the higher dose of 10 mg/kg.
Compared to vehicle, 10 mg/kg fenfluramine induced a
significant reduction in food consumption in food-deprived
mice during assessment of the BSS [main effect of dose: F(1,
14)=53.71, p<0.01]. However, there was no difference in
food intake between genotypes [main effect of genotype: F
(1, 14)=0.01, p=0.93], nor did the dose-dependent reduction
in food intake differ between genotypes [doseX* genotype
interaction: F(1, 14)=0.89, p=0.36; Fig. 4]. These results
remained unchanged when food intake was calculated as a
function of body weight [main effect of dose: F(1, 14)=
40.93, p<0.01; main effect of genotype: F(1, 14)=0.67,
p=0.43; dosexgenotype interaction: F(1, 14)=0.11,
p=0.75].

Fenfluramine (10 mg/kg) significantly reduced the
incidence of feeding behaviour compared to vehicle [main
effect of dose: F(1, 14)=24.66, p<0.01), as well as the
temporal pattern of feeding behaviour [dose xtime interac-
tion: F(7, 98)=2.48, p<0.05]. The dose x genotype interac-
tion was driven by a disruption of the BSS, such that the
incidence of feeding was reduced throughout the observa-
tion period (Fig. 5). This disruption was apparent in both 5-
HTT overexpressing and wildtype mice, with no differences
between genotypes observed either in the incidence or the
temporal offset of feeding after fenfluramine [10 mg/kg;
main effect of genotype: F(1, 14)=2.02, p=0.18; dosex
genotype interaction: F(1, 14)=0.24, p=0.63; dose xtime x
genotype interaction: F(7, 98)=0.51, p=0.82].

As at 3 mg/kg, 10 mg/kg fenfluramine significantly
increased immobility [main effect of dose: F(1, 14)=22.62,
p<0.01]. Furthermore, this effect was again enhanced in
transgenic relative to wildtype mice [dosexgenotype
interaction: F(1, 14)=7.49, p<0.05; mean immobility at
10 mg/kg TG: 4.58+0.50; WT: 1.82+0.30]. However, no
difference in the temporal onset of immobility was
observed between wildtype and transgenic mice [dosex
time interaction: F(3.38, 47.28)=0.87, p=0.48; dosex
time X genotype interaction: F(3.38, 47.28)=0.46, p=0.73].
As before, transgenic mice exhibited significantly less
exploratory behaviour than wildtype mice [main effect of
genotype: F(1, 14)=24.99, p<0.01].

Food and water consumption

Food and water intake in free-feeding mice did not differ
between genotypes over the 3 days of testing [main effects of
genotype for food: F(1, 12)=0.20, p=0.66 and water: F(1,
12)=0.67, p=0.43]. Calculating overnight food and water
consumption as a function of body weight revealed a
marginal trend towards transgenics consuming more than
wildtype mice [main effects of genotype for food: F(1, 12)=
3.28, p=0.10 and water: F(1, 12)=4.28, p=0.06; Table 1]. In
a separate cohort of mice, food consumption was measured
separately during light (day) and dark (night) phases. Food
consumption during the day was markedly lower than during
the night (Table 2). As in previous experiments, food
consumption did not differ significantly between genotypes
in the night period, nor did it differ during the day (Table 2).
Additionally, total food intake over the whole period did not
differ between genotypes.

Discussion

The current study investigated the hypothesis that altered 5-
HTT expression might affect feeding behaviour and satiety in
a genetically engineered mouse model of 5-HTT over-
expression (Jennings et al. 2006). 5-HTT overexpressing
mice are smaller and lighter than their wildtype littermates
but showed no difference in food intake (in the presence and
absence of food deprivation) or in feeding during the BSS (in
food-deprived mice both at baseline and after fenfluramine
administration). This suggests that body size differences
between transgenic and wildtype mice are unlikely to be due
to altered satiety. The transgenic mice did, however,
demonstrate an enhanced response to fenfluramine challenge
in the form of increased immobility in the BSS compared to
wildtype mice. The lack of effect of 5-HTT overexpression
on feeding behaviour and satiety, as measured in the present
study, is interesting in the context of existing data about the
importance of the 5-HTT in regulating feeding behaviours
and its possible role in eating disorders.

The finding that 5-HTT overexpressing mice are both
smaller and lighter than their wildtype littermates might
suggest that transgenic mice would have decreased energy
needs. However, short-term intake of a wet mash diet when
food-deprived did not differ between transgenic and wild-
type mice (BSS studies) and in overnight measurements in
non-food-deprived animals, there were no differences in
either food or water consumption. Moreover, when over-
night food and water intake were calculated as a function of
body weight, there was no evidence that the transgenic
mice consumed less than wildtype mice.

We also found no evidence for altered satiety, as
measured by the BSS, in transgenic mice. This finding
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Table 2 Food intake of wildtype (n=12) and transgenic (n=12) mice

Light phase Dark phase
Dayl Day 2 Day 3 Day 1 Day 2 Day 3
Food intake (g)
WT 1.12+0.15 1.02+0.09 0.90+0.14 3.91+0.18 3.68+0.10 3.92+0.14
TG 0.88+0.10 0.80+0.12 0.73+0.12 4.1740.15 4.1440.15 3.77+0.17
Food (% body weight)
WT 3.32+0.44 3.02+0.26 2.64+0.41 11.71£0.63 10.99+0.39 11.74+0.65
TG 2.95+0.30 2.67+0.40 2.38+0.33 14.02+0.51 13.91+0.61 12.57+0.56

Mean+SEM values for food intake (grams) and food intake as a percentage of body weight are shown for three separate nights during light phase
and dark phase. No significant differences were observed between wildtype and transgenic mice, although a non-significant trend was observed
towards transgenic mice increased food intake as a percentage of body weight.

was confirmed in separate studies in both drug naive and
saline-treated food-deprived mice. Under these conditions,
the development of the BSS did not differ between
transgenic and wildtype mice. The pattern of feeding and
non-feeding behaviours seen in the BSS is affected by
manipulations that influence satiety. Thus, prefeeding,
which presumably enhances satiety, temporally advances
the sequence (Blundell et al. 1985; Ishii et al. 2003), while
food deprivation delays the sequence (Ishii et al. 2003).
This BSS pattern was clearly evident in the present study,
but neither the temporal onset nor offset of these behaviours
differed between transgenic and wildtype mice. Increasing
doses of fenfluramine decreased food intake in a similar
manner in both transgenic and wildtype mice. Furthermore,
across all doses of fenfluramine, there were no differences
between transgenic and wildtype mice in terms of either the
amount of time spent in feeding behaviour or the temporal
offset of feeding.

It is worth noting that, in addition to the above
experiments, initial experiments involving no or minimal
food deprivation also showed no difference in the amount
of food intake between genotypes (Fig. 2). This finding
suggests that the lack of difference in feeding behaviour
between wildtype and transgenic mice reported in the
present study is not a result of food deprivation and other
manipulations (necessary for the emergence of the BSS)
masking genotype differences.

Changes in feeding behaviour might have been expected
as 5-HTT overexpressing mice exhibit reductions in
regional brain tissue and extracellular 5-HT along with a
2-3-fold increase in 5-HTT expression (Jennings et al.
2006). Moreover, 5-HT in general (Blundell 1992) and the
5-HTT in particular (Mcguirk and Silverstone 1990;
McGuirk et al. 1992; Lawton et al. 1995; Halford and
Blundell 1996) are strongly implicated in the regulation of
appetite and satiety (see “Introduction”). It is possible that
the transgenic mice undergo neuroadaptive changes, which
compensate for elevated 5-HTT expression and low 5-HT
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levels, and thus no effect on satiety is seen. Indeed,
transgenic mice have been shown to exhibit changes in
the sensitivity of postsynaptic 5-HT,, receptors that may
compensate for low presynaptic 5-HT function (Jennings et
al. 2008).

Gene association studies in humans report that poly-
morphic variants of the 5-HTT gene confer susceptibility to
eating disorders such as bulimia nervosa and anorexia
nervosa and also to obesity (Di Bella et al. 2000; Fumeron
et al. 2001; Matsushita et al. 2004; Monteleone et al. 2006;
Sookoian et al. 2007). In as much as satiety mechanisms
contribute to eating disorders, the finding that the 5S-HTT
overexpressing mice did not exhibit altered satiety might
suggest that the latter associations are not due to changes in
5-HTT expression. On the other hand, various studies report
reduced 5-HTT expression both in the brain and platelets of
both currently ill and recovered eating disorder patients
(Tauscher et al. 2001; Kaye et al. 2005b; Steiger et al. 2005;
Bruce et al. 2006; Ekman et al. 2006). The data reported
here suggest that if altered 5-HTT expression does represent
a trait marker for eating disorders, it is unlikely to confer
vulnerability via differences in satiety.

Interestingly, whilst transgenic mice did not differ from
wildtype mice in their feeding response to fenfluramine, the
transgenic mice did demonstrate a greater sensitivity to the
effect of the drug on other parameters. Specifically,
transgenic mice demonstrated a higher level of immobility
in response to fenfluramine than wildtype mice. Changes in
immobility, however, were not accompanied by
corresponding decreases in feeding, and the temporal
pattern of the BSS was disrupted, suggesting non-specific
effects of fenfluramine as opposed to altered satiety. An
enhanced non-feeding response to fenfluramine in the
transgenic mice is in keeping with the fact that the 5-HT
releasing effect of fenfluramine is dependent on the drug
having access to the nerve terminal via the 5S-HTT (Fuller et
al 1988). Moreover, in separate studies, fenfluramine
evoked a greater expression in the immediate early gene
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c-Fos (a marker of neural activity) in 5-HTT overexpressing
compared to wildtype mice (Jennings et al. unpublished
observation). Although fenfluramine is no longer used
clinically as an anorectic agent, 5-HTT inhibitors are in
frequent use for the treatment of eating disorders, in
addition to a variety of other conditions. The current data
predict that individuals with higher 5-HTT expression
levels would be more sensitive to such drugs.

In the current study, the effect of fenfluramine on feeding
behaviour (as measured by the BSS) did not reach statistical
significance at lower doses (0.3—3 mg/kg), which is
somewhat unexpected given the significant reduction in
food intake and the effective doses of fenfluramine
demonstrated in previous studies (Vickers et al. 1996;
Vickers et al. 1999). However, other studies have also failed
to find a significant hypophagic effect of this dose, even
under non-food-deprived conditions, and have only
reported non-specific effects of a 10 mg/kg dose (e.g. Lee
et al. 2004). The discrepancy between the effects of
fenfluramine on food intake and on BSS measurements
may be explained by the use of a time sampling method of
observation in the present study. Time sampling methods
are efficient because several animals can be observed at the
same time. However, compared with continuous observa-
tional analysis, time sampling may slightly overestimate the
incidence of event like behaviours (e.g. acquiring and
eating food) compared to state-like behaviours (e.g. resting)
due to the visual prominence of active event behaviours in
the observed period. However, as the same observational
methods were applied across both groups, this does not
change the finding that transgenic mice exhibit no
difference in food intake or feeding behaviour in the BSS
compared to wildtype mice. Furthermore, the pattern of
behavioural satiety was preserved in both genotypes after
3 mg/kg fenfluramine.

The findings from overnight food intake measurements
and BSS studies suggest that the small size of the
transgenic mice is not explained by differences in feeding.
Moreover, it is unlikely that the small size can be explained
in terms of altered levels of locomotor activity. In the BSS
studies, wildtype mice displayed more active behaviour
(exploration) than transgenic mice, and previously pub-
lished, as well as unpublished, data from our lab indicate no
differences in open field or homecage activity between
wildtype and transgenic mice (Jennings et al 2006 and data
not shown, respectively). Interestingly, in contrast to the 5-
HTT overexpressing mice, 5-HTT knockout mice develop
an obese phenotype but also show normal daily food
consumption (Murphy and Lesch 2008). Although assess-
ment of locomotor activity in the home cage suggests that
these mice may be hypoactive (Holmes et al. 2002; Kalueff
et al. 2007), laboratory assessments that include habituation
suggest the mice have normal locomotor activity (Bengel et

al. 1998; Sora et al 2001). The obesity in the S5-HTT
knockout mice is associated with increased plasma leptin
and insulin implicating altered metabolism in these mice
(Murphy and Lesch 2008). Whilst the finding that the 5-
HTT overexpressing mice had a normal core body
temperature (compared to wildtype mice) might be indic-
ative of unchanged metabolism, a more detailed analysis of
these animals is warranted. Additionally, as the present
study examined food intake and satiety in adult animals
only, it cannot be ruled out that 5-HTT overexpression
causes transient changes in food intake and or satiety
during development, which in turn lead to persistent
changes in body weight in adult life.

In conclusion, mice that overexpress the 5-HTT are
lighter and shorter than their wildtype littermates. However,
they do not show changes in free-feeding food intake or in
food intake or satiety in the BSS after food deprivation,
compared to wildtype mice. Thus, these results do not
support the hypothesis that variation in 5-HTT overexpres-
sion modulates satiety in adulthood. On the other hand, in
keeping with increased 5-HTT overexpression, the trans-
genic mice demonstrated an increase in fenfluramine-
induced immobility.
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