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Abstract

The embryonic mid-hindbrain organizer, which is composed of a transient cell population in the
brainstem, controls the development of dopaminergic and serotonergic neurons. Different genes
determining the position and activity of this embryonic structure have been implicated in dopamine
and serotonin associated disorders. Mouse mutants with a caudally shifted mid-hindbrain organizer,
are hyperactive, show increased numbers of dopaminergic neurons and a reduction in serotonergic
cells.

In the present study we used these mutants to gain insights into the genetic and developmental
mechanisms underlying motor activity and the response to psychostimulants. To this end we studied
the motor activity of these animals after exposure to methylphenidate and amphetamine and
characterized their dopaminergic and serotonergic innervation.

Saline-treated mutants showed increased locomotion, more stereotypic behaviour and a decrease in
rearing compared to wild-type mice. This baseline level of activity was similar to behaviours
observed in wild-type animals treated with high doses of psychostimulants. In mutants
methylphenidate (5 or 30 mg/kg) or amphetamine (2 or 4 mg/kg) did not further increase activity or
even caused a decrease of locomotor activity, in contrast to wild-type mice. Fluoxetine (5 mg or 10
mg/kg) reduced hyperactivity of mutants to levels observed in wild-types.

Transmitter measurements, dopamine and serotonin transporter binding assays and autoradiography,
indicate a subtle increase in striatal dopaminergic innervation and a marked general decrease of
serotonergic innervation in mutants.
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Taken together, our data suggest that mice with an aberrantly positioned mid-hindbrain organizer
show altered sensitivity to psychostimulants and that an increase of serotonergic neurotransmission
reverses their hyperactivity. We conclude that the mid-hindbrain organizer, by orchestrating the
formation of dopaminergic and serotonergic neurons, is an essential developmental parameter of
locomotor activity and psychostimulant response.
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INTRODUCTION

Dopaminergic (DA) neurons play a key role in regulating motor activity and the behavioural
effects of psychostimulants such as methylphenidate (MP) and amphetamine (AMPH) (Scheel-
Kriiger, 1971). Both drugs increase locomotor activity by elevating extracellular DA. Although
serotonin (5-HT) has also been implicated in motor activity control and psychostimulant
response, its role is far less well understood (Breese et al., 1974; Jacobs and Fornal, 1997;
Winstanley et al., 2003; Borycz et al., 2008). In particular, the role of 5-HT in the MP response
has been controversial, since unlike AMPH there is no clear evidence that MP increases 5-HT
(Kuczenski and Segal, 1997).

In contrast to the neurochemical and behavioural responses to psychostimulants, that have been
extensively investigated, the genetic and developmental mechanisms determining these
responses are poorly understood. In recent years substantial insight has been gained into the
molecular mechanisms controlling the development of monoaminergic neurons, thereby
providing the foundation for a better understanding of how genes and development affect the
response to psychostimulants and motor activity.

During embryogenesis, the anterior neural tube gives rise to the forebrain, midbrain and
hindbrain. Specialized cells forming a narrow band at the embryonic mid-hindbrain junction
control, by secreting growth factors, induction, position and survival of neurons in the
vertebrate brainstem. Hence these specialized cells are called the mid-hindbrain organizer
(MHO) (Martinez et al., 1990; Wurst and Bally-Cuif, 2001). The position of MHO directs
location and size of DA and 5-HT cell populations and is of functional relevance for adult
locomotor activity (Brodski et al., 2003).

During neural tube closure, the transcription factors Otx2 and Gbx2 are, respectively, expressed
in the prospective fore- and midbrain (Otx2) and prospective hindbrain (Gbx2). Mouse mutants,
in which the Otx2/Gbx2 expression boundary had been shifted either anteriorly or posteriorly,
indicate that this interaction border defines the position of the MHO (Broccoli et al. 1999;
Millet et al., 1999).

In mutants with a caudally shifted Otx2/Gbx2 junction, one allele of the En1 coding sequence
was replaced by the Otx2 coding sequence (En1*/0%2) Thus, all cells that normally express
the transcription factor, En1, ectopically express Otx2. Since Enl has a more posterior
expression border than Otx2 in the neural tube, it shifts the Otx2/Gbx2 expression boundary
slightly more posteriorly (Broccoli et al., 1999).

These mice are viable and fertile. At the dorsal aspect of the brainstem, they show an increased
volume of the inferior colliculus and a decreased volume of the cerebellar vermis, accompanied
by postural asymmetry and abnormal gait. Ventrally, they exhibit changes in the number of
DA and 5-HT neurons (Broccoli et al., 1999; Brodski et al. 2003).
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The major DA nuclei, ventral tegmental area and substantia nigra, develop in the midbrain,
close to the MHO, whereas 5-HT raphe nuclei originate juxtaposed to the MHO in the hindbrain
(Ye et al. 1998; Brodski et al., 2003).

In En1*/0%2 mytants, the DA neuronal population expands to the posteriorly positioned MHO
and is thus enlarged, resulting in a 15% increase in striatal DA. The ectopic DA neurons are
predominantly a posterior extension of the substantia nigra and there is only a sparse expansion
of the ventral tegmental area (Brodski et al., 2003). In contrast, the number of 5-HT neurons
is reduced, resulting in a 25% decrease in striatal 5-HT (Brodski et al., 2003). Transmitter
concentrations in other brain regions have not been reported. Interestingly, the changes in the
monoaminergic transmitter populations are also reflected in behavioural changes, manifested
by increased locomotor activity that is not correlated to atactic behaviour (Brodski et al.,
2003).

Ina complementary mouse mutant model, in which the caudal Otx2 expression border is shifted
anteriorly, DA and 5-HT neuronal populations are changed in an opposite manner, compared
to En1*/O%2 mice. In these mutants the number of 5-HT neurons is increased while the number
of DA neurons is reduced (Puelles et al., 2004; Borgkvist et al., 2006). The baseline level of
motor activity of these animals is normal. However, their response to AMPH on horizontal
motor activity is significantly higher than in wild-type (WT) controls (Borgkvist et al., 2006).

The aim of the present study was to further investigate the influence of the MHO on the DA
and 5-HT systems and its influence on motor activity and response to psychostimulants. To
this end, we studied the behavioural response of mouse mutants with a caudally repositioned
MHO to drugs that stimulate monoaminergic neurotransmission. In addition, we characterized
changes in the DA and 5-HT innervations in these animals.

EXPERIMENTAL PROCEDURES

Animals, treatments and behavioural tests

The generation of En1+/0%2 mice has been described previously (Broccoli et al., 1999).
Mutants were generated on a mixed C57BI/6 and 129/Sv background. Mice were then
backcrossed for at least 15 generations to a CD-1 background. CD-1 mice were purchased by
Charles River, Israel. Male and female mice were separately housed in groups of 2-5 under
standard laboratory conditions, with food and water ad libitum and a reversed 12 hour light—
dark cycle. Behavioural tests were conducted between 10:00-16:00. The experiments were
approved by the institutional Committee for Ethical Care and Use of Animals in Experiments,
in accordance with the NIH Guide for the Care and Use of Laboratory Animals.

WT and En1*/O%2 |ittermates aged 4—6 month were placed in a transparent Perspex open field,
measuring 40 x 40 x 20cm, and videotaped. The box was cleaned with a dilute ethanol solution
between animals and carefully dried.

For the measurements of the distance traveled (cm), videotapes were analyzed off-line using
the Noldus EthoVision® System, sampling at a rate of 5 pictures per second. The investigated
time period was divided into 5-minute bins for analysis.

Locomotor activity in MP treated WT and En1*/0%2 mjce

Sixteen male WT and 16 male En1+/0%2 mice were tested for locomotor activity during the
dark phase of the light/dark cycle. The animals were weighed and placed in the open field for
10 minutes to habituate before being injected. Each animal was tested twice, once with 0.9%
saline and once with either 5 mg/kg or 30 mg/kg body weight methylphenidate hydrochloride
(Sigma-Aldrich Ltd.) in a volume of 10 ml/kg weight. The order of testing was
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counterbalanced, such that half the mice were tested first with saline and the other half were

tested first with MP to control for the effects of novelty of the environment. At least 14 days

separated the two test sessions. Since the order of treatment was counterbalanced, all the saline
treated mice were analyzed as one group. Due to technical problems, data from one saline trial
of each of the WT and En1+/0%2 groups were discarded. Data were analyzed after a 10 minute
habituation period for 45 min using the Noldus Ethovision ® system, as described above.

Locomotor activity in AMPH treated WT and En1*/9%2 mice

Twenty five male WT and 24 male En1+/O%2 mice were tested for locomotor activity during
the dark phase of the light/dark cycle. The animals were weighed and injected i.p. with 0.9%
saline, 2 or 4 mg/kg body weight D-amphetamine sulfate (Sigma-Aldrich Ltd.) in a volume of
10 ml/kg weight. Each animal was tested only once. Data were analyzed after a 10 minute
habituation period for 60 min using the Noldus Ethovision® system, as described above.

Locomotor activity in fluoxetine treated WT and En1*/0%%2 mice

Eighteen male WT and 18 male En1*/0%2 mice were tested for locomotor activity during the
dark phase of the light/dark cycle. The animals were weighed and injected i.p. with saline, 5
mg/kg or 10 mg/kg body weight fluoxetine hydrochloride (FLU, Sigma-Aldrich Ltd.) in a
volume of 10 ml/kg weight. Each animal was tested only once. Data were analyzed after a 10
minute habituation period for 60 min using the Noldus Ethovision ® system, as described
above.

Stereotypies and rearing after exposure to MP, AMPH and FLU

Stereotypies and rearing were analyzed manually by an observer blind to the treatment by
sampling for 60 seconds at the start of each 10 minute interval and measuring the duration of
stereotyped behaviour. Stereotypical behaviours were defined as sniffing while immobile,
grooming, licking the bottom or wall of the box, head nodding or repetitive lateral head
movements. The total duration of stereotyped behaviour and rearing was compared between
the mutant and WT mice using a three-way ANOVA for the effect of treatment (3 levels) and
genotype (2 levels) and time as a repeated measure.

Center/Periphery ratio

In order to define the center/periphery exploration ratio, we defined the center area in the
Noldus Ethovision system (20 x 20cm). Subsequently, the distances covered by the mice in
the center and in the periphery were correlated with the total distance covered by the animals.
Due to the fact that the number of mice in each experiment was too small to allow correlation
analysis, the data from all saline-treated mice from the above three experiments were pooled.

Elevated plus maze

Thirteen En1*/0%2 (6 females) and 19 WT (8 females) were tested on the elevated plus maze
(EPM), which is a pharmacologically validated anxiety measure in rodents (File, 2001). The
EPM was constructed of transparent Plexiglas and consisted of 2 opposing open arms and 2
opposing closed arms. The arms were 50 cm in length and 5 cm wide. The closed arms had
walls that were 20 cm high, whereas the open arms had a ledge of 2 cm to prevent falling and
the entire maze was elevated 50 cm from the floor. At the start of the trial, the mouse was
placed in the center of the maze, facing an open arm and left to explore for 6 minutes. The
trials were taped and duration spent in each of the arms was analyzed off line using the Noldus
Ethovision System.

Neuroscience. Author manuscript; available in PMC 2010 November 10.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 5

Autoradiography

Five WT and 5 mutant male mice were decapitated and brains quickly removed and frozen on
dry ice. Five parallel series of consecutive coronal cryostat sections (10pum) were collected by
thaw mounting onto coated glass slides.

Slides from each series were incubated with 160pl of 0.1nM [12°1]-RTI-55 (from Perkin Elmer)
(Fujita et al., 1994) in phosphate buffered saline at pH 7.4 for 1hr at room temperature. For the
visualization of DAT, FLU (10uM) and desipramine (10uM) were added to RTI-55 in order
to block RTI-55 binding to SERT or the noradrenaline transporter (NET). For the visualization
of SERT, GBR-12909 (10uM) and desipramine (10uM) were added to RTI-55 in order to
block RTI-55 binding to DAT and NET. Nonspecific binding was measured on a second series
by incubating the radioactive ligand in the presence of GBR (10uM), FLU (10uM) and
desipramine (10uM). Sections were washed, dried and exposed to film. For calibration, 1
cm? filter paper were impregnated with RTI-55 dilutions of 1uM, 0.5uM, 0.25uM, 0.125uM
and 0.1uM, and exposed to film.

Scanned autoradiograms were analyzed quantitatively with NIH ImageJ software. Anatomical
regions were identified according to a mouse brain atlas (Paxinos and Franklin, 2003). Grey
levels of selected regions were measured in triplicate and converted to nCi/mm? via the
calibrated standard curve. Specific binding values were obtained by subtracting non-specific
binding from total binding. The mean specific binding values in brain regions of En1*/0tx2
mice were compared statistically to the mean value of WT mice.

Transporter binding assays

Mice were decapitated and brain cerebral cortex and caudate putamen (CPu) were quickly
removed and frozen on dry ice.

[3H]Citalopram binding—ABrain tissue was thawed and homogenized in 50 vol. of ice-cold
buffer (50mM Tris.HCI buffer, pH 7.4 containing 120 mM NaCl and 5mM KCI) with a
Brinkman polytron. The homogenate was centrifuged at 30000xg for 10 min (three times). The
final pellet was resuspended with the buffer to yield a tissue concentration of approximately
30mg/ml (wet weight). A standard binding assay contained: 100l homogenate, 300ul buffer
and 100pl [3H]citalopram (specific activity 79 Ci/mmol; Perkin Elmer Life Sciences, Boston
MA,USA\) at concentrations of 0.25- 5 nM. Non-specific binding was measured in the presence
of 1 uM fluvoxamine. The tubes were incubated at 25°C for 60 min. The homogenate was
filtered under vacuum on GF/C filters. The filters were subsequently washed rapidly, and the
radioactivity retained on the filters counted using a liquid scintillation beta counter (Packard
1600 TR). The ligand affinity (Kg) to the serotonin transporter and the transporter density
(Bmax) Were assessed separately for each brain area by Scatchard analysis of the binding data.

[3H]GBR12935 binding—Striatal tissue was thawed and homogenized in 10 volumes of ice
cold 0.32 M sucrose in a glass Teflon homogenizer. The homogenate was centrifuged at
1000xg for 10 min. The supernatant was centrifuged for 15 min at 27000xg. The pellet was
resuspended in 40 volumes (based on tissue wet weight) of buffer (1220mM NacCl, 50mM Tris
HCI pH 7.4) using Brinkman Polytron and 0.5 ml of the suspension was saved for protein
determination. The rest of the homogenate was diluted 5 times (total dilution of 200) in the
same buffer containing 0.01% bovine serum albumin. A standard binding assay contained:
100p1 homogenate (5-10 pg protein), 350l buffer and 50ul [BH]GBR 12935 (specific activity
38.5 Ci/mmol; Perkin Elmer Life Sciences, Boston MA, USA) at concentrations of 0.50-8 nM.
Non-specific binding was measured in the presence of 50 UM mazindol. The tubes were
incubated at 25°C for 45 min. The homogenate was filtered under vacuum on GF/C filters. The
filters were subsequently washed rapidly, and the radioactivity retained on the filters counted
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using a liquid scintillation beta counter (Packard 1600 TR). The ligand affinity (Kq) to the
serotonin transporter and the transporter density (Bmax) Were assessed by Scatchard analysis
of the binding data.

Transmitter measurements

Brains of naive male mice (6 WT, 6 En1+/0%2) were dissected, shock frozen on dry ice and
cut on a cryostat to obtain 200-pum thick-thick sections. Cortex and nucleus accumbens were
recovered by “punching” the region of interest. DA and 5-HT and their metabolites were
measured by HPLC according to Sillaber et al., (1998) and referred to tissue weight to obtain
neurotransmitter concentration.

Statistical analysis

RESULTS

Statistics: Statistical analyses were done using Statistica version 8.0 (Statsoft, 2007).

Motor behaviour of En1*/9%2 mutants after MP exposure

First, we compared different parameters of motor activity (horizontal locomotor activity,
rearing, and stereotypies) between saline and MP treated mutants and WT (Fig. 1).

Horizontal Locomotor Activity—There was a significant interaction between genotype,
drug treatment and time, F (16, 448)=3.51, p<.00001 (adjusted after Greenhouse Geisser
correction, p<.001), as well as significant interactions between time and treatment, genotype
and treatment and main effect for treatment. The three way interaction was further analyzed
by examining the difference between En1*/0%2 and wild-type littermates for each drug
treatment.

The WT mice showed significantly more activity than En1*/©%2 mice following treatment with
5 mg/kg MP, F (1, 56) =27.89, p<.000005 as well as 30 mg/kg MP, F (1,56) =9.35, p<.005
(Fig. 1A). However, as suggested by the significant interaction between treatment, genotype
and time, the pattern of locomotor activity in the WT mice following 30 mg/kg MP was
biphasic. Twenty minutes from the start of the observation period, the locomotor activity was
attenuated below the level observed with 5mg/kg MP. This reduction in locomotion was due
to the increased stereotyped behaviour which precluded locomotor activity (Fig. 1C).

In contrast to the marked MP-induced hyperactivity in WT mice, there was no change in the

level of locomotion between En1*/O%2 mice treated with saline or with MP, 5 mg/kg F(1, 56)
=.08, p=.77 or 30 mg/kg, F (1,56)=.003, p=.95. Confirming the previous studies (Brodski et

al., 2003), the saline treated En1*/O%2 mice were more active than the saline-treated WT mice,
F (1,56)=4.50, p<.05 (Fig. 1).

Since in this experiment mice were tested twice in a counterbalanced order, we investigated
whether the same pattern of results would be obtained if only the first session were analyzed.
There was asignificant three way interaction between dose, genotype and time F(16,208)=4.06,
p<.001, indicating that even with a small number of mice, the WT mice showed a significant
increase in activity after 5 mg/kg or 30 mg/kg MPH, p<.001, whereas the En1*/0%2 did not
show a change in activity.

Rearing—A preliminary analysis of the effects of genotype and treatment over time (repeated
measure) revealed no main effect or interaction with time. The data for rearing and stereotypy
are presented, therefore, as the total scores for the recording period. There were significant

effects of genotype, F (1, 51)=79.4, p<.000001 and MP treatment, F (2, 51)= 35.82, p<.000001
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on rearing behaviour, but these main effects were modulated by an interaction between
genotype and MP, F (2,51)=25.6, p<.000001.

Planned comparisons of the rearing behaviour of the WT and En1*/0%2 mice at each treatment
showed that WT mice showed more rearing than mutant mice after injections of saline or 5
mg/kg MP, but not after 30 mg/kg MP. The high dose of MP led to a significant decrease in
rearing in both WT and mutant mice, compared to the saline-treated mice (Fig. 1B).

Stereotypies—Similarly, there were significant effects of genotype, F (1, 51) = 7.07, p<.05,
and MP treatment, F (2, 51) = 31.12, p<.000001 on stereotypy, but these main effects were
modulated by an interaction between genotype and MP, F (2,51) = 19.3, p<.00001.

Contrast analysis of the interaction revealed that in the WT mice, both the low (t=2.21, p<.05)
and high dose (t=9.87, p<.000001) of MP increased the level of stereotypy. In contrast, in the
En1*/O%2 mice, only the low dose of MP significantly increased stereotypy compared to saline
treatment (t=2.66, p<.05). Comparing the two genotypes revealed that the En1+/O%2 mice

showed more stereotypy than the WT mice after treatment with saline or 5 mg/kg MP, but at
the 30 mg/kg dose, the stereotypy of the WT mice exceeded that of the mutant mice (Fig. 1C).

Motor behaviour of En1*/9%2 mice after AMPH exposure

In order to investigate whether En1*/0%2 mutants are less responsive to the locomotor
enhancing effects of another psychostimulant, AMPH, we tested the effect of two doses of this
substance. Although, AMPH has similar behavioural and neurochemical effects as MP, there
are significant differences between these substances, such as the ability of AMPH to increase
5-HT synaptic levels (Kuczenski and Segal, 1997).

Horizontal locomotor activity—Figure 2 shows a significant genotype x treatment
interaction F (2, 43) =5.74, p<.01. In addition, there was a significant interaction between time
and genotype, F (11, 473) = 1.96, p<.05, however the adjusted p after the Greenhouse Geisser
correction (p=.13) was not significant.

The genotype x treatment interaction was analyzed using planned comparisons between the
WT and En1*/O%2 for each treatment. En1*/9%2 mice were more active than the WT mice
when treated with saline, t= 2.07, p<.05, confirming the results of the MP experiment and our
previous studies (Brodski et al, 2003). Following 4 mg/kg AMPH, the mutant mice showed
significantly less activity than WT mice, t=2.09, p<.05 and following 2 mg/kg AMPH there
was no significant difference between the WT and mutant mice, t =1.81, p=.08.

Since the En1*/9%2 mice appeared to show decreased activity following AMPH treatment, the
activity of the mice treated with each of the two doses of AMPH was compared to the activity
of the mice treated with saline. This analysis revealed a significant reduction in activity
following 2 mg/kg AMPH, t =2.05, p<.05 but not following 4 mg/kg AMPH t =1.64, p=.11
(Fig. 2A).

Rearing—Significant effects of genotype, F (1,43)=240.6, p<.000001 and of treatment F
(2,43)=20.7, p<.000005 on rearing were found, modified by a genotype x treatment interaction,
F (2,43)=12.96, p<.00005. In the WT mice, rearing was significantly increased by 2 mg/kg
AMPH (t=3.61, p<.001), and significantly decreased by 4 mg/kg AMPH (t=5.03, p<.00001).
However, in the mutant mice, both doses of AMPH significantly decreased rearing (t=2.15,
p<.05 for 2 mg/kg and t=2.90, p<.01 for 4 mg/kg) (Fig. 2B).

Stereotypies—There were more stereotypies in the mutant mice compared to the WT mice
F (1, 43) = 8.72, p<.01. Mice treated with a high dose of AMPH showed more stereotypies
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compared to mice treated with saline or the low dose F (2, 43) = 16.6 p<.000005 (Fig. 2C), in
both groups.

Motor behaviour of En1*/9%2 mice after FLU exposure

Next, we investigated whether the increase of 5-HT induced by AMPH, but not by MP, could
contribute to the different behavioural responses of mutants to these two substances. To this
end we increased 5-HT levels in mutants by FLU.

Horizontal locomotor activity—The three way ANOVA for the effects of genotype,
treatment (saline, 5 mg/kg or 10 mg/kg FLU) and time interval (repeated measure), after
Greenhouse-Geisser adjustment for repeated measures, revealed a significant interaction
between genotype, treatment and time, F (18, 270) = 2.53, unadjusted p<.001, (adjusted p<.
05) as well as significant interactions between genotype and treatment F (2, 30) = 22.47, p<.
000005, time and treatment F (18, 270) = 2.66, p<.0005 (adjusted p<.05).

In order to analyze the genotype by treatment interaction, planned comparisons were made
between the En1*/O%2 and WT mice at each dose level over the entire time period. This analysis
replicated the finding that at baseline En1*/0%2 mice showed more locomotor activity than the
WT mice, F (1, 30) = 51.03, p<.000001. This difference was eliminated, however in mice
treated with 5 mg/kg FLU, F (1, 30) =.003, p = .96 or 10 mg/kg FLU F (1, 30) =3.42,p =.
07. Further analysis revealed that in the first 40 minutes of the session, the mutant mice treated
with 10 mg/kg FLU showed significantly lower locomotor activity than the WT mice with the
same dose F (1, 30)=4.37, p< .05 (Fig. 3A).

Rearing—As shown in the previous experiments mutant mice had a significant lower rate of
rearing F (1,30) = 274.9 p<.000001 which was further decreased by FLU treatment F (2,30) =
3.66, p<.05. Planned comparisons revealed that mutant but not WT mice treated with 10 mg/
kg dose of FLU had significantly less rearing than the mice in the saline group, (t = 2.76, p<.
01) (Figure 3B).

Stereotypies—The two way ANOVA for the effects of genotype, F (1,30)=.77, p=.38, and
FLU treatment F (2,30)=1.08, p=.35, did not reveal any group differences for stereotypy
(Figure 3C).

Center/Periphery ratio

To further explore the behaviour of En1+/0%2 mice in the open field, we tested whether there
is a correlation of the center/periphery ratio with the total level of activity. A significant
correlation was found between the center/periphery ratio and the total level of activity (r=.68,
<.01) in the En1*/0%2 mutant mice, but not the WT mice (r=.002, p=.99) in saline-treated mice.
Thus, the hyperactivity in the mutant mice could be a consequence of reduced anxiety which
facilitates a broader range of exploration of an open field.

Elevated plus maze

In order to test the possibility that the mutants show less anxiety than WT, a separate cohort
of mice was tested in the elevated plus maze (EPM) which is a standard test of anxiety that is
sensitive to anxiolytic drugs (File 2001).

The ratio of time spent in the open arms to the total time in the maze was analyzed by ANOVA
for the effect of genotype and sex. No significant effects of genotype, F (1,28) =.07, p=.79,
sex F (1,28) =.15, p= .71 and no interaction between genotype and sex F (1,28) =.64, p= .43
were found. The En1*/9%2 mice spent 30.5% (SD 37.1) of the total time in the open arms,
whereas the WT mice spent 26.7% (SD 19.0) of the total time in the open arms. These data
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suggest that hyperactivity of En1*/0%2 mutants is not linked to altered anxiety levels of these
animals.

SERT and DAT Autoradiography in En1*/0%2 mutants

In order to characterize in mutants changes in the monoaminergic system associated with the
altered response to psychostimulants we investigated DA and 5-HT innervation using [12°]-
RTI-55 autoradiography in these animals (Fujita et al., 1994).

T tests comparing the mutantand WT mice indicated lower SERT binding in each of the regions
tested: CPu, nucleus accumbens, substantia nigra, raphe nucleus, frontal cortex and prefrontal
cortex.

In contrast, the comparison for DAT binding revealed no significant differences between WT
and mutant mice in the CPu, nucleus accumbens, ventral tegmental area, substantia nigra,
frontal cortex, prefrontal cortex. (Table 1, Fig. 4)

DAT and SERT binding assays with En1*/0*2 mytants

In mutants a small (15%) increase of DA cells, associated with the substantia nigra and an
increase in striatal DA has been reported (Brodski etal., 2003). In order to detect subtle changes
in DA innervation, we used a highly sensitive saturation binding assay, labeling DAT with
[3H]GBR12935.

The maximal binding capacity (Bmax) of [3BH]GBR12935 binding was higher in the CPu
(n=10) of the En1*/9%2 mutants as compared to the WT (14836+1346 vs. 132631809 fmol/
mg protein, p< 0.05, df=18, t=—2.2). The affinity (Kd) of [?(H]GBR12935 to the DA transporter
was indistinguishable between the two groups (0.85+0.13 vs. 0.92+0.17 nM)

In addition, we used [3H]citalopram to quantify changes in SERT in mutant animals. The
maximal binding capacity (Bmax) of [3H]citalopram was significantly lower in the CPu (n=5)
as well as in the cerebral cortex (n=6) of the En1*/O%2 mutants as compared to the WT (CPu:
162 + 19 vs. 1115 + 202 fmol/mg protein, p<0.0001, df=8, t= 10.5; cortex: 145 £ 22 vs. 794
+ 154 fmol/mg protein, p<0.0001, df=10, t=10.2). The affinity (Kd) of [*H]citalopram to the
serotonin transporter was significantly lower in the CPu (n=5) of the mutants as compared to
the WT and tended to be lower in the cerebral cortex (n=6) of the mutants compared to the WT
(CPu: 0.41 + 0.05 vs. 0.60 + 0.05 nM, p<0.0001, df=8, t=5.9; cortex: 0.45 £+ 0.07 vs. 0.53 £
0.06 nM, p=0.053, df=10, t=2.2) (Fig. 5).

DA and 5-HT tissue concentrations in the nucleus accumbens and frontal cortex of
En1*/0%2 mice

Earlier experiments have shown that En1*/O%2 mice show an increase in DA concentration in
the striatum and a decrease in serotonin. In order to further characterize the neurochemical
changes in these mutants, we measured the concentration of these two neurotransmitters in the
cortex and nucleus accumbens of WT and mutants, by high performance liquid
chromatography (HPLC). In addition, we assessed the metabolites of these neurotransmitters,
HVA, DOPAC and 5-HIAA (Table 2).

DA concentrations in the cortex of WT mice did not differ significantly (t=1.22, p=0.29) from
En1+/O%2 mice. Also the DA metabolite HVA did not show a significant difference between
WT and En1*/9%2 mice (t= 1.89 p=0.09). In contrast, the concentration of the DA metabolite
DOPAC was significantly higher (t=2.95, p<0.015) in mutants compared to WT mice.
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In the nucleus accumbens, the DA (t=0.34, p=0.75), HVA (t=0.61, p=0.55) and DOPAC
(t=0.86, p=0.41) concentrations of En1*/0%2 mice were not significantly different from those
of WT mice.

The 5-HT and 5-HIAA concentration in the cortex of En1+/0%2 mice were significantly
decreased compared to WT animals (t=9.92, p<.0005 and t=3.10, p<0.01, respectively). A
similar decrease in serotonin and 5-HIAA concentrations was found in the nucleus accumbens
of En1*/0%2 mice compared with WT (t=2.78, p<.05 and t=3.31, p=0.01, respectively).

DISCUSSION

Here we report that En1*/©%2 mice do not show increased locomotor activity after MP exposure
and even show a reduction after treatment with AMPH. Increasing 5-HT activity in these
animals with FLU leads to a robust reduction of locomotor activity. Transmitter measurements,
transporter binding assays and autoradiographic studies indicate that these mutants show a
subtle increase in the nigrostriatal innervation and a general dramatic reduction of 5-HT
innervation.

Alterations of the DA and 5-HT system in En1*/0%2 mjce

The measurement of tissue concentrations of 5-HT and SERT binding studies in En1+/0tx2
mice demonstrated a dramatic reduction in serotonergic innervation in all measured brain areas.
These results are in accordance with the earlier reported reduction of the number of 5-HT
neurons in the raphe nuclei (Brodski et al., 2003) which project to a wide area of brain regions
(Tork, 1990).

Our binding assays revealed a significant increase of DAT expression in the CPu of
En1+/O%2 mice. We did not assess DAT expression in the cerebral cortex by binding studies
as the high concentration of the piperazine acceptor sites in this brain area interferes with the
binding of [BH]GBR12935 to the DA transporter (Gordon et al. 1995).

In contrast to the binding assay, the autoradiography showed a trend for an increase of DAT
in En1+/0%2 mice in the CPu, which did not reach statistical significance. We attribute this
discrepancy, to the relatively subtle increase of the DA neurons (15%) in mutants and to the
use of a single point analysis that does not enable the calculation of Bmax. This small increase
could be detected by the more sensitive saturation binding assay. A specific increase in striatal
innervation is in accordance with previous findings indicating that mutants show a significant
increase in the DA substantia nigra cells, which project to the striatum, but not in the ventral
tegmental area cells, which project to the accumbens and cortex (Brodski et al., 2003). In the
present study, the decrease in the 5-HT projections was more pronounced than the subtle
increase in DA projections, in accordance with the previous difference observed in transmitter
measurements in these mice (Brodski et al., 2003).

Effects of AMPH and MP on the motor activity of En1*/0%%2 mutants

Consistent with previous findings En1+/0%2 mice showed an increase in locomotor activity,
compared to WT animals in all three behavioural experiments (Brodski et al., 2003). However,
WT as well as of En1*/0%2 mytants showed some variability in their baseline locomotor
activity, between different experiments. We attribute these fluctuations to small changes in the
experimental environment and to the outbred CD-1 background of the mice, which can increase
variability. In order to avoid having the genetic background confound the analysis of mutants,
standards have been suggested for the choice of WT control animals. Implementing these
precautions allow the reliable characterization of mutant animals of outbred strains within an
experiment (Wolfer et al., 2002; Crusio et al., 2009). To this end, we used in each experiment
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WT control animals that were littermates of En1*/9%2 mice. In addition, equal numbers of WT
and mutant littermates were taken from different litters. Finally, WT and mutants were derived
from at least 5 different breeding pairs for each experiment. Therefore, we do not expect that
differences observed between WT and En1*/0%2 are significantly confounded by the genetic
background.

Rodents show a typical dose-dependent behavioural response to AMPH and MP. Vertical
activity is increased first, followed by a prolonged period of enhanced horizontal locomotion,
which is then displaced by stereotypic behaviour at higher doses (Fog et al., 1969; Segal and
Kuczenski, 1987; Yates et al., 2007). The activating effects of lower and medium doses of
psychostimulants are initiated by increased DA transmission in the nucleus accumbens. In
contrast, stereotypies induced by high doses have been associated with augmented DA activity
in the striatum (Kelly et al., 1975; Kelly et al., 1976; Sellings et al., 2003).

In our experiments, WT mice showed, as expected, a strong increase in activity after the lower
dose of MP (5 mg/kg) and AMPH (2 mg/kg). At a higher dose of MP (30 mg/kg), the initial
rise in horizontal and vertical activity decreased rapidly, due to the increase in stereotypies. In
contrast, stereotypies induced by a higher dose of AMPH (4 mg/kg) led only to a decrease in
rearing and but did not affect the prolonged rise in horizontal activity. The differences between
MP and AMPH are in accordance with previous observations indicating that a dose of 30 mg/
kg MP is more potent in inducing stereotypies than a dose of 4 mg/kg AMPH (Pechnick et al.,
1979).

En1+/0%2 mice showed a very different behaviour pattern compared to WT animals. The lack
of increased locomotor activity after psychostimulants, suggest that En1*/0%2 mice show a
decreased sensitivity to these substances.

Although we did not detect any alterations of DA concentrations in the frontal cortex of
En1*/0%2 mice, the augmented DOPAC level in this region suggests increased DA turnover
in these animals. Previous findings indicate that DA activation in the frontal cortex blocks the
locomotor-activating effects of psychostimulants mediated by the nucleus accumbens (Vezina
etal., 1991). Therefore, increased turnover of DA in the frontal cortex in En1*/0%2 mutants
could contribute to the lack of psychostimulant- induced hyperactivity in mutants.

Interestingly, a complementary mouse model in which the MHO was shifted rostrally leads to
an increased sensitivity to amphetamine (Borgkvist et al., 2006). Taken together, we conclude
that the position of the MHO plays a central role in psychostimulant response

AMPH and MP are chemically related substances having partially overlapping neurochemical
and behavioural effects. One important difference however, is the ability of AMPH to increase
5-HT synaptic levels (Kuczenski et al., 1989; Kuczenski et al., 1997). It is, therefore,
conceivable that the observed increase in 5-HT might account for the behavioural differences.
Indeed, the pronounced decrease in activity following FLU suggests that the reduction of
locomotor activity in En1+/0%2 mutants observed after exposure to AMPH, but not to MP, is
mediated by an AMPH-induced increase in 5-HT. The inhibitory effects of 5-HT induced by
AMPH and FLU might be particularly pronounced due to a possible compensatory
upregulation of 5-HT receptors in these mutants.

Effects of FLU on En1*/0%2 mice

Since there was a dissociation between rearing and stereotyping, these behaviours were
analyzed separately. Rearing in mutants was decreased by both psychostimulants and FLU. In
contrast, stereotypies were not increased by FLU, as they were following treatment with the
psychostimulants. There was even a tendency for FLU to reduce stereotypic behaviour in
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mutants, which did not, however, reach statistical significance. These results are in accordance
with previous findings suggesting that FLU does not increase stereotypies, but does rather
decrease this behaviour under different experimental conditions and species (Wennemer and
Kornetsky 1999; Hugo et al., 2003). Importantly, these results demonstrate that the decrease
of locomotor activity in En1*/0%2 mutants is not due to an increase in stereotypies.

The robust decrease of hyperactivity in mutants by FLU further supports the importance of 5-
HT in controlling activity levels in interaction with DA. Hyperdopaminergic and hyperactive
Dat knockout mice show normal levels of 5-HT. Interestingly, increasing 5-HT levels in these
animals, led to a reduction of locomotor activity (Gainetdinov et al., 1999). Taken together,
these findings suggest that activation of the 5-HT system can very effectively block DA induced
hyperactivity.

A wide range of observations has implicated 5-HT in motor activity control. The functional
interaction between the 5-HT and DA system are particularly well documented and relevant
for the effects of 5-HT on locomotor activity (Di Giovanni et al., 2008; Di Matteo et al.,
2008; Rothman et al., 2006). 5-HT neurons project to the ventral tegmental area, the substantia
nigra, as well as to their terminal fields, striatum, nucleus accumbens and cortex. Interestingly,
the substantia nigra receives the densest 5-HT innervation of the brain (Di Giovanni et al.,
2008).

5-HT has complex effects on the activity of midbrain DA neurons, depending on the activation
of the various 5-HT receptor subtypes and the state of activation of DA neurons (Di Giovanni
et al., 2008; Di Matteo et a., 2008; Rothman et al., 2006). However, the main control seems to
be inhibitory (Di Giovanni et al., 2008; Rothman et al., 2006). Electrical stimulation of the
raphe nuclei was shown to inhibit the activity of DA neurons (Gervais and Ruillard, 2000).
Consistently, the selective lesions of 5-HT neurons enhanced the firing activity of DA neurons
(Guiard et al., 2008). Conversely, FLU resulted in a dose-dependent inhibition of the firing
rate of the DA neurons (Prisco and Espositio, 1995). Finally, drugs releasing 5-HT, antagonize
the stimulant properties of DA-releasing drugs (Rothman et al., 2006).

Alterations in En1*/0%2 not connected to monoaminergic neurons

Can all the behavioural alterations in En1*/9%2 mice described here be explained by a change
in monoaminergic neurons? Among ventrally developing nuclei only monoaminergic neurons
are known to be affected in En1+/0%2 mutants. Other neuronal populations, forming
immediately rostral or caudal to the MHO like the nucleus oculomotorius, trochlearis,
trigeminalis and the pedunculopontine nucleus are not affected (Brodski et al., 2003). However,
among dorsally-derived structures, the shift leads to an enlargement of the inferior colliculus
and to a decrease of the cerebellar vermis (Broccoli et al., 1999). So far there is no evidence
that the inferior colliculus is directly involved in the behavioural phenotype of En1*/0%2 mice.

The function of the cerebellum for motor coordination is very well established. Hence, the
most likely explanation for the postural asymmetry and ataxia observed in En1+/O%2 muytants
is a reduction in the cerebellar vermis (Brocolli et al., 1999). The cerebellar vermis has also
been associated with coordinated locomotion (Mori et al., 1999). However, hyperactivity of
En1*/0%2 mutants is not correlated to their atactic behaviour and can be reversed by FLU. It
therefore seems more likely that hyperactivity of these animals results from an increase in
striatal DA and a decrease in 5-HT, rather than to a cerebellar defect (Brodski et al., 2003).

There are some reports on psychostimulant effects on the vermis. These include evidence that
repeated metamphetamine exposure regulates gene expression in the rodent vermis
(Hamamura et al., 1999). In humans, the effect of MP on the regional cerebral blood flow of
the vermis predicted the therapeutic response in adults with Attention Deficit Hyperactive
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Disorder (ADHD) (Anderson et al., 2002; Schweitzer et al., 2003). However, the primary
molecular and cellular targets for psychostimulants are neurotransmitter transporters located
on monoaminergic neurons (Elliott and Beveridge 2005). We therefore favor the view that the
altered response in psychostimulants in En1*/0%2 mutants is caused primarily by changes in
the development of monoaminergic neurons in these animals.

MHO genes and human disorders

Genes controlling the positioning and activity of the MHO have been associated with a variety
of psychiatric disorders. The secreted molecule WNTZ1 is a central component of the MHO and
has been implicated, together with its downstream signalling pathways, in schizophrenia
(Kozlovsky et al., 2000; Emamian et al., 2004; Miyaoka et al., 1999). The transcription factor,
En2, a close homologue of Enl and also expressed at the MHO, has been associated in different
genetic studies with autism (Petit et al., 1995; Kuemerle et al, 2007). Finally Otx2 has recently
been identified as a possible susceptibility gene for bipolar disorder (Sabunciyan et al.,
2007). Alterations in monoaminergic neurotransmission, changed sensitivity to
psychostimulant response and stereotypies reported here in En1+/0%2 mutants are important
aspects of the above-mentioned disorders. Our results, therefore, indicate that En1+/0%2 mice
are a useful tool to model gene-behaviour interactions related to these disorders.
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Fig. 1. Locomotor activity, rearing and stereotypies for animals treated with saline, 5 or 30 mg/kg
MP

A. Effect of MP on locomotor activity measured in distance traveled per 5 min time intervals
(Mean = SEM). WT mice showed increased activity following 5 mg/kg and 30 mg/kg MP. The
hyperactivity elicited by the high dose declined rapidly, as stereotypy increased. Locomotor
activity of En1+/0%2 mytants after MP exposure was not significantly different from saline
treated mutants.

B. Time (sec) spent engaged in rearing behaviour (Mean £ SEM) following MP treatment. The
first minute of each 10 minute interval was sampled. Mutant mice have less rearing behaviour
compared to WT after saline and 5 mg/kg MP, but following 30 mg/kg MP there was no
difference between mutant and WT mice. In the mutant mice, 30 mg/kg MP significantly
reduced rearing, and 5 mg/kg had no effect. In WT mice, 5 mg/kg MP increased rearing and
30 mg/kg decreased rearing.
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C. Time (sec) spent engaged in stereotypic behaviour (Mean + SEM) following MP treatment.
The first minute of each 10 minute interval was sampled. WT animals treated with 5 or 30mg/
kg MP show a significant increase in stereotypies. Mutant mice showed more stereotypy than
WT mice following saline or the low dose of MP and less stereotypy than WT following the

high dose of MP.

Both saline groups n=14, all other groups, n=8
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Fig. 2. Locomotor activity, rearing and stereotypies for animals treated with saline, 2 or 4mg/kg
AMPH

A. Effect of AMPH on locomotor activity measured in distance traveled per 5 min time interval
(Mean = SEM). In WT mice 2 as well as 4 mg/kg AMPH led to an increase in locomotor
activity. En1*/0%2 showed reduced activity after AMPH exposure and were more active than
WT mice after saline treatment.

B. Time (sec) spent engaged in rearing behaviour (Mean + SEM) following AMPH treatment.
The first minute of each 10 minute interval was sampled. In the mutant mice, both doses of
AMPH led to a decrease in rearing, whereas in WT mice decreased rearing was observed after
the higher dose.

C. Time (sec) spent engaged in stereotypic behaviour (Mean £ SEM) following AMPH
treatment. The first minute of each 10 minute interval was sampled. Stereotypies were
significantly increased for wild-type as well as for mutants with the higher dose.

Both saline groups, n=11, WT 2 mg/kg and 4 mg/kg AMPH and En1+/0%2 2 mg/kg, n=7, and
En1*/0%2 4 mg/kg, n=6.
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Fig. 3. Locomotor activity, rearing and stereotypies for animals treated with saline, 5 or 10 mg/kg
FLU

A. Effect of FLU on locomotor activity measured in distance traveled per 5 min time interval
(Mean + SEM). Saline treated En1+/O%2 were more active than saline-treated WT mice. FLU
treated mutants showed a dose dependant decrease in locomotor activity.

B. Time (sec) spent engaged in rearing behaviour (Mean + SEM) following FLU treatment.
The first minute of each 10 minute interval was sampled. FLU did not affect rearing in WT
but the higher dose of FLU reduced rearing in mutants.

C. Time (sec) spent engaged in stereotypic behaviour (Mean £ SEM) following FLU treatment.
The first minute of each 10 minute interval was sampled. There were 6 mice in each group.
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Fig. 4. Representative autoradiograms of [125I]RTI-55 binding to coronal sections of WT and
mutant brains

A, B visualization of DAT. C, D visualization of SERT. SERT bhinding was significantly
reduced in the dorsal as well as in the median raphe. Caudate Putamen (CPu), dorsal raphe
nucleus (DR), median raphe nucleus (MR).
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Fig. 5. Maximal binding capacity (Bmax) and affinity (Kd) of [3H]GBR12935 and [3H]Citalopram
in WT and En1*/0%2 mutants
DAT measured by [3H]GBR12935 binding was significantly increased in the caudate putamen
of mutants. SERT measured by [3H]Citalopram binding was significantly reduced in the
caudate putamen and in the frontal cortex of mutants. Values are expressed as mean + SD.
Asterisks indicate significant difference in t testing (p<0.05)
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Quantitative autoradiographic analysis of specific [1251]RTI-55 binding to 5-HT and DA
uptake sites in WT and En1*/%2prains

Values represent the mean binding density measured in triplicates and converted to nCi/mm? via the calibrated
standard curve. Asterisks indicate significant difference in t testing (p<0.05)

WT Enl+/Otx2
Mean (SD) Mean (SD) t-value p-value
SERT
Caudate putamen 0.083 (.02) 0.048 (.007) 4.26 0.003*
Nucleus accumbens 0.075 (.02) 0.038 (.004) 3.86 0.005*
Frontal cortex 0.041 (.006) 0.020 (.002) 7.09 0.0001*
Prefrontal cortex 0.043 (.007) 0.024 (.001) 6.03 0.003*
Substantia nigra 0.13 (.02) 0.037 (.006) 9.47 0.00001*
Raphe nuclei 0.15 (.03) 0.063 (.02) 6.28 0.0002*
DAT
Caudate putamen 0.36 (.71) 0.46 (.14) 1.57 0.16
Nucleus accumbens 0.17 (.06) 0.20 (.03) 0.829 0.44
Frontal cortex 0.016 (.001) 0.014 (.002) 1.13 0.29
Prefrontal cortex 0.022 (.004) 0.019 (.005) 0.99 0.35
Substantia nigra 0.13 (.05) 0.17 (.06) 1.22 0.26
Ventral tegmental area 0.19 (.05) 0.21 (.05) 0.73 0.49
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Tissue concentrations of dopamine (DA), homovanillic acid (HVA), dihydroxyphenylacetic acid (DOPAC),

serotonin (5-HT), 5-hydroxyindoleacetic acid (5-HIAA) of WT and En1*/O0%2 mutants. Values are reported as
ng/mg tissue weight. Asterisks indicate significant difference in t testing (p<0.05).

Nucleus Accumbens

Frontal Cortex

Substance WT En17o02 WT En1+o%

DA 23.08 (10.19) 2135 (7.78) 0.35 (0.19) 0.56 (0.31)
HVA 4.66 (1) 4.18 (1.64) 0.54 (0.15) 0.74 (0.21)
DOPAC 12.31 (4.03) 9.68 (6.28) 0.32 (0.08) 0.56 (0.18)*
5-HT 0.9 (0.40) 0.5 (0.18) 0.79 (0.22) 0.26 (0.11)*
5-HIAA 1.32 (0.47) 0.62 (0.20)* 0.62 (0.31) 0.23 (0.07)*
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