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The role of fibroblast growth factor receptors (FGFR) in normal brain development has been well-
documented in transgenic and knock-out mouse models. Changes in FGF and its receptors have
also been observed in schizophrenia and related developmental disorders. The current study
examines a transgenic th(tk-)/th(tk-) mouse model with FGF receptor signaling disruption
targeted to dopamine (DA) neurons, resulting in neurodevelopmental, anatomical, and
biochemical alterations similar to those observed in human schizophrenia. We show in th(tk-)/
th(tk-) mice that hypoplastic development of DA systems induces serotonergic hyperinnervation
of midbrain DA nuclei, demonstrating the co-developmental relationship between DA and 5-HT
systems. Behaviorally, th(tk-)/th(tk-) mice displayed impaired sensory gaiting and reduced social
interactions correctable by atypical antipsychotics (AAPD) and a specific 5-HT2A antagonist,
M100907. The adult onset of neurochemical and behavioral deficits was consistent with the
postpubertal time course of psychotic symptoms in schizophrenia and related disorders. The
spectrum of abnormalities observed in th(tk-)/th(tk-) mice and the ability of AAPD to correct the
behavioral deficits consistent with human psychosis suggests that midbrain 5-HT2A-controlling
systems are important loci of therapeutic action. These results may provide further insight into the
complex multi-neurotransmitter etiology of neurodevelopmental diseases such autism, bipolar
disorder, Asperger's Syndrome and schizophrenia.
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1. Introduction 2002; Shin et al., 2004; Jukkola et al., 2006; Klejbor et al., 2006;

Blak et al,, 2007; Grothe and Timmer, 2007) as well as by using

The role of fibroblast growth factor receptors (FGFR) in
normal brain development has been well-documented in a
number of transgenic and knock-out mouse models (Frantz et
al,, 1994; Saffell et al., 1997; Vaccarino et al., 1999; Pirvola et al,,
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direct brain gene transfers (Bharali et al, 2005; Stachowiak
et al., 2009).

In humans, altered function of FGFR signaling is associated
with developmental defects observed in neurodevelopmental
disorders such as schizophrenia and bipolar disorder. Changes
in FGFand its receptors FGFR1 have been described in the brains
of schizophrenia and bipolar patients suggesting that impaired
FGF signaling could underlie abnormal brain development and
function associated with these disorders (Gaughran et al.,
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2006). Furthermore, neuroleptic treatments were shown to
increase FGF-2 expression (Ovalle et al., 2001). Consistent with
these metabolic findings, a large association study suggested
that genetic variation of the FGF receptor increases the risk of
developing schizophrenia (O'Donovan et al., 2009). Combined
evidence from studies of FGF genes and FGF RNA expression and
protein levels suggest that changes in the FGF system
contributes to schizophrenia and possibly a wide range of
related psychiatric disorders (Terwisscha van Scheltinga et al.,
2009).

It is widely accepted that schizophrenia is a neurodevelop-
mental disease with both genetic and environmental influences
and a delayed postpubertal onset (Palmer et al., 2001;
Thompson et al, 2004). Multiple genetic links have been
reported for schizophrenia in addition to FGFs. Those links
include gene products that influence neural development via
changes in FGFs, cyclic AMP enzymes, MAPK signaling path-
ways, or transcription co-activator complexes (De Luca et al.,
2003; O'Neill et al., 2004; Millar et al., 2005; O'Donovan et al.,
2009). Epigenetic mechanisms (chromatin and DNA modifica-
tions) have also been proposed to contribute to the complex
patterns of inheritance and etiology of schizophrenia and
related diseases (Petronis, 2004; Sharma, 2005). The most
parsimonious explanation of the effects of these genes is that
they influence a common neurodevelopmental pathway. The
recently described Integrative Nuclear FGF Receptor1 (FGFR1)
Signaling, or INFS may constitute such a pathway. Central to the
INFS mechanism is the release of newly synthesized FGFR1 into
the cytosol followed by nuclear translocation (Maher, 1996;
Stachowiak et al., 1996; Reilly and Maher, 2001; Myers et al,,
2003; Dunham-Ems et al.,, 2009). The INFS links several
signaling mechanisms in which the schizophrenia-linked
mutations have been reported to a common transcription co-
activator and histone acetylase, CREB Binding Protein (CBP)
(Fang et al., 2005; Stachowiak et al., 2007; Dunham-Ems et al.,
2009). Transfection of the nuclear form of FGFR1 or its 23 kDa
FGF-2 ligand can effectively stimulate neuronal development
by brain stem/progenitor cells (Stachowiak et al., 2003, 2009).
Thus, changes in INFS may constitute a common pathological
mechanism for the diverse schizophrenia-linked genetic
defects.

There is evidence that developmental pathology in human
schizophrenia involves DA neurons. Cell bodies of midbrain DA
neurons are located in the mesencephalic tegmentum in the
substantia nigra compacta (SNc; A9 cell group), which
predominantly innervates the dorsal striatum (nigrostriatal
system), and in the more medial ventral tegmental area (VTA;
A10 cell group), whose projections end in the nucleus
accumbens (NAc) (mesolimbic system) or the prefrontal cortex
(PFC) (mesocortical system). In patients with schizophrenia
and the related Asperger syndrome not subjected to neuroleptic
treatments, there is a significant decrease in the volume of the
SN area (— 21%) and reduction of mean nerve cell volume in the
SNc (—15%) and VTA (—17%) (Bogerts et al., 1983). Altered
dendritic morphology (Ikemoto et al, 2008) and synaptic
contacts (Kolomeets and Uranova, 1999) of DA neurons have
also been reported in the schizophrenia brain. Maurici
suggested an injury to (Na+/K+) ATPase at the SN as a
possible pathophysiological mechanism in psychoses (Maurizi,
1984). Changes in SN echogenicity were found in human
patients and this appears to be a trait specific to the disease

rather than a result of neuroleptic treatment (Jabs et al., 2001).
Some forms of psychosis appear to be associated with an
anomaly of the nigrostriatal system (Leonhard and Beckmann,
1999). As stated by Jabs et al. (2001), these findings urgently
require further investigation to illuminate the role of the SN in
psychotic disorders.

In this context we have developed a transgenic mouse
model (Klejbor et al., 2006), a th(tk-)/th(tk-), which results
from hypoplastic development of DA neurons induced by a
dominant negative mutant of FGFR1, tyrosine kinase-deleted
FGFR1(TK-) (Klejbor et al., 2006). Restriction of mutant
expression to catecholamine-neurons containing brain
regions (Klejbor et al., 2006) is achieved by fusion with the
tyrosine hydroxylase (TH) promoter. Similar to human
schizophrenia and related disorders such as Asperger's
Syndrome (Bogerts et al., 1983), there was a reduction of
size and density of SNc and VTA TH-immunoreactive neurons
(Klejbor et al., 2006). Paradoxically, there were increases of
DA and its metabolites in terminal regions of the nigrostriatal
DA system, consistent with increased DA transmission. In
contrast, there was a reduction of these measures present in the
prefrontal cortex. These findings are consistent with human PET
studies (Meyer-Lindenberg et al, 2002) and postmortem
evidence of increased subcortical DA synthesis in schizophrenia
(Toru et al.,, 1982; Mueller et al., 2004). How DA neuronal
hypoplasia could paradoxically lead to DA hypertransmission in
the subcortical basal ganglia with concurrent DA hypotransmis-
sion in the frontal cortex remains unknown. Behaviorally, the
anatomical and chemical changes were coupled with disruption
of sensory processing in th(tk-)/th(tk-) mice, correctable by
typical antipsychotic drug (TAPD), flupenthixol, a D2 receptor
antagonist.

The development of specific neurons is directed by its
genetic blueprint along with signals from co-developing cells.
Accordingly, genetic or external insults which affect a specific
system could also have a broader indirect effect on other
neuronal systems forming rewired neuronal networks with
new functional properties. These changes could underlie
pathologies observed in neurodevelopmental disorders such
as autism and adult psychoses. Although in th(tk-)/th(tk-) mice
the expression of FGFR1 is targeted by the TH gene promoter
specifically to catecholamine producing neurons, it is possible
that effects may also be observed in other neuronal systems.
One such a system is formed by serotonin producing neurons of
the pontine raphe nuclei. Throughout brain development there
is a competition between 5-HT and DA for brain target sites and
evidence exists that a dynamic relationship between the two
systems persists into adulthood. Furthermore, it has been
postulated that altered function of 5-HT neurons plays a major
role in human psychosis and may underlie the therapeutic
effects of atypical antipsychotic drugs (AAPD) (Lieberman et al.,
1998).

The current work extends our examination of the th(tk-)/
th(tk-) model in two directions. We document that mal-
development of DA neurons is accompanied by hypertrophic
changes in the 5-HT neuronal system and we further elaborate
on the consequences of this transgenic manipulation by
examining behavioral assays of sensory gating, social interac-
tion and other behavioral deficits. We also document the
palliative effects of anti-serotonergic atypical antipsychotic
drugs (AAPD) and a specific 5-HT2A antagonist on abnormal
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sensory gating and social behaviors. The th(tk-)/th(tk-) mouse
model offers a new mechanism of action for simultaneous 5-
HT2A and D2 antagonism in treating symptoms mimicking
those found in schizophrenia and related human psychotic
disorders.

2. Methods
2.1. Drugs

Clozapine was obtained from RBI/Sigma (St. Louis, MO).
Quetiapine hemifumarate was purchased from Toronto
Research Chemicals (Toronto, On, Canada). Clozapine and
Quetiapine were dissolved with 5 pl of 20% acetic acid and
diluted with phosphate buffered saline (PBS). M100907
(Bishop et al.,, 2004) was dissolved in 0.9% saline. Drug doses
were calculated as free base. Clozapine, quetiapine, M100907 or
vehicle control were injected intraperitonealy 30 min before
testing in all behavioral experiments. All injections were given
at a volume of 100-200 pl/30 g of body weight.

2.2. Animals

Homozygous transgenic th(tk-)/th(tk-) mice were described
in Klejbor et al. (2006). These mice express FGFR1(TK-) fused to
rat TH gene promoter (4.5 kb). The progenies were screened for
the presence of the transgene by PCR amplification of tail DNA
(Klejbor et al, 2006). Mice homozygous for TH-FGFR1(TK-)
transgene and control mice (transgene free) lines were derived
from parental BCF1 (C57BL/10J/C3H/He]) heterozygous mice.
The lines showed stable behavioral differences in all generations
investigated (Klejbor et al., 2006). Mice used in all specific
experiments were selected from multiple litters. Mice (males
and females) were singly housed at least four weeks before
testing began and throughout testing on a light:dark cycle of
12:12 h with free access to food and water. All experiments were
carried out in accordance with the NIH Guide for the Care and
Use of Laboratory Animals and with approval from the
University at Buffalo IACUC.

2.3. Prepulse inhibition (PPI) and startle response

Startle response was measured using two chambers (SR-
LAB, San Diego Instruments, San Diego, CA) as described in
Klejbor et al. (2006). All PPI test sessions consisted of startle
trials (pulse-alone), prepulse trials (prepulse+pulse), and no-
stimulus trials (nostim). The pulse-alone trial consisted of a
40 ms 120 dB pulse of broad-band noise. PPl was measured by
prepulse+pulse trials that consisted of a 20 ms noise prepulse,
100 ms delay, then a 40 ms 120 dB startle pulse (120 ms onset-
to-onset interval). The acoustic prepulse intensities were 4, 8,
and 16 dB above the 68 dB background noise (i.e., 72, 76, and
84 dB). The nostim trial consisted of background noise only. The
test session began and ended with five presentations of the
pulse-alone trial; in between, each acoustic or nostim trial type
was presented 10 times in a pseudorandom order. There was an
average of 15 s (range, 12-30 s) between trials. For drug studies,
mice were placed into the startle chambers 30 min after each
injection, and a 68 dB background noise level was presented for
a 10 min acclimation period and continued throughout the test
session. The amount of PPI was calculated as a percentage score

for each acoustic prepulse trial type: % PPI=100 {[(startle
response for prepulse+pulse)/(startle response for pulse-
alone)] x 100}. The magnitude of the acoustic startle response
was calculated as the average response to all of the pulse-alone
trials, excluding the first and last blocks of five pulse-alone trials
presented.

The developmental study (Fig. 3A) was performed using
different cohorts of 6 control and 6 th(tk-)/th(tk-) mice tested
repetitively for PPl at intervals between 2 and 8.5 months of age.
Each cohort contained 3 males and 3 females of each genotype.
In drug studies, PPl was tested in 3 experimental cohorts
(Fig. 3B-D). Within each group, all control and transgenic
animals were tested with injections of vehicle and each drug
dose. Mice were tested twice per week. A vehicle injection was
administered before one test session and drug before the
second test session. The order of the vehicle and drug injection
days were changed each week. Mice were tested once with each
drug dose. PPI and startle magnitude on vehicle test days were
examined to determine if these measures changed with
repeated testing. Since no effects of repeated testing or age
were observed the average of the vehicle were used for analysis.

Clozapine was injected at doses of 0.5 mg/kg and 3.0 mg/kg
in 8 control (5 male and 3 female) and 11 th(tk-)/th(tk-) mice
(7 male and 4 female), quetiapine at 3.0 mg/kg and 7.0 mg/kg
in 8 control (5 male and 3 female) and 8 th(tk-)/th(tk-) mice (6
male and 2 female) and M100907 at 0.1 mg/kg, 0.3 mg/kg and
1.0 mg/kg in 16 control (12 male and 4 female) and 16 th(tk-)/
th(tk-) mice (11 male and 5 female). All animals tested were
between 7 and 12 months of age.

2.4. Social behavior, autogrooming, and open field activity

Social behavior was tested using a variant of the resident-
intruder paradigm in which a stimulus animal was introduced
into the subject's homecage for 3 min. Prior to testing the
subjects' home cages were not changed for at least four days to
allow them to establish the cage as their territory. Female
stimulus animals were singly-housed, randomly cycling C57BI/
6]Js (Jackson Laboratories, Bar Harbor, ME). Each subject was
tested with a different stimulus animal and each stimulus
animal was used only once per testing day. Male stimulus
animals were singly-housed C57BI/6]s (Jackson Laboratories,
Bar Harbor, ME). Each subject was tested with a different
stimulus animal and each stimulus animal was used only once
per testing day. A stimulus female was placed into the cage of
control and th(tk-)/th(tk-) subjects. After 3 min, the stimulus
female was removed. Thirty minutes later a stimulus male was
placed into the subject's homecage. After 3 min, the stimulus
animal was removed. All testing occurred in the dark-phase (the
active phase) of the light cycle under red-light illumination. The
interaction was videotaped from the side using the Nightshot
feature on a Sony video camera (DRV-120, Sony Corporation).
The behavior of the subject was quantified from the videotape
using the Observer Mobile (Noldus Information Technologies,
Sterling, VA). The number of bouts observed and the amount of
time engaged in the following behaviors was measured: general
social contact (contact with the stimulus animal, sniffing (both
anogenital and non-anogenital contact), and non-social beha-
vior (autogrooming)). The experimenter scoring the behavior
was blind to the genotype and treatment of the subjects. To test
open-field activity, the subjects were removed from their home
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cage and placed alone into a clean Plexiglas open-field testing
arena (45 cmx 45 cmx 25 cm) for a 10 min testing session, after
which they were returned to their home cage. The test was
videotaped from above using a SONY TRV-350 Handycam
videocamera using the nightshot feature. Movement was
analyzed in detail using the Clever Sys. Inc. system.

These behaviors were measured in one cohort of 8 control
and 8 th(tk-)/th(tk-) male mice. On testing days, animals
were subjected to three experiments: a social behavior test
with a female, a social behavior test with a male, and an open-
field test. There was a 30-min interval between each test.
Experiments began at 7 months of age for all animals. Mice
were initially tested with vehicle injections, following by
administration of M100907 at 1.0 mg/kg one week later. After
three months the same animals were tested with clozapine
injections at 1.0 mg/kg, vehicle injections (one week later),
and quetiapine at 7.0 mg/kg (after an additional week). The
performance of vehicle injected th(tk-)/th(tk-) mice and
nontransgenic controls on all tests remained unchanged
between 7 (Fig. 4B) and 10 months of age (Fig. 4A).

W 3 week; control (n=5)

[ 3 week; th(tk-)/th(tk-) (n=7)
3.0 1 HEEE adult; control (n=5)

[ adult; th(tk-)/th(tk-) (n=3)

2.5 1
2.0

1.5

5-HT level (mg/pg wet tissue +/- SEM)

I PRI

2.5. Immunocytochemistry and stereology of 5-HT expressing
fibers

All adult (12 month old) mice [6 control and 6 th(tk-)/th
(tk-)] were deeply anesthetized (80 mg of Nembutal/kg) and
perfused transcardially with 0.9% solution of NaCl with
heparin, followed by 4% paraformaldehyde solution in 0.1 M
phosphate buffer (pH 7.4). The brains were processed and
coronal 40-pm-thick sections were cut as described in Klejbor
et al. (2006). The free floating sections were blocked with 10%
normal goat serum (NGS) containing 0.3% Triton X-100 for 1 h
and then incubated with anti-5-HT rabbit polyclonal primary
antibody (Sigma; 1:1000) for 48 h in 4 °C. After multiple
rinses in PBS, sections were incubated for 2-3 h, at room
temperature with the Cy3-conjugated goat anti-rabbit (Jack-
son ImmunoResearch; diluted 1: 600) appropriate secondary
antibodies: The chosen set of brain sections of both experi-
mental as well as control groups underwent negative control
with omission of primary antibody. Examined structures
included: the ventral tegmental area (VTA) and substantia

Striatum Nucleus Hypothalamus Frontal Substantia Ventral Raphe
Accumbens Cortex Nigra Tegmental Nucleus
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14 -
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Fig. 1. HPLC analyses of 5-HT (A) and 5-HIAA (B) in brain regions of 1 and 12 months old control (n =5) and homozygous th(tk-)/th(tk-) mice (n=>5). *Significant
differences between the same age control and transgenic mice (ANOVA, LSD p<0.05).
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nigra (SN) its subdivisions: the interfascicular nucleus (IF), and reticular parts of the substantia nigra (SNC and SNR,
the parabrachial pigmentosus nucleus (PBP), the paranigral respectively). Thirty sections per each VTA or SN nucleus/
nucleus PN, the rostral linear raphe nucleus (RLi); compact mouse (—4.8 to —5.6 mm relative to Bregma (33) were

(A) Ventral Tegmental Area (VTA) (B) Substantia Nigra (SN)
control th(tk-)/th(tk-) control th(tk-)/th(tk-)

SNc

SNr

RLi

25um

Fig. 2. 5-HT immunoreactive (5-HT-ir) fluorescent cellular elements neurons in midbrain nuclei of 12 months (PD 360) old mice. Brain sections were stained with anti-5-HT
polyclonal Ab and with Cy3 conjugated 2ndary Ab. (A) Examples of 5-HT immunostaining of individual VTA nuclei: parabrachial pigmentosus (PBP), interfascicular (IF),
rostral linear raphe (RLi) and paranigral (PN) of 6 month old mice. (B). Examples of 5-HT immunostaining of substantia nigra pars compacta (SNc) and pars reticulate (SNr)
are shown. Sections within the row are through the same levels of the SNc or VTA nuclei. The 5-HT-ir fibers innervating the VTA (A) or SN (B) are predominantly smooth
with small varicosities and thus similar to the D-type produced by the dorsal raphe nucleus (Fibiger and Miller, 1977; van der Kooy and Hattori, 1980). Only few type M-fibers
with short, thick, coarse branches and large spherical varicosities, typically produced by the medial raphe nucleus, were found. The RLi contains single 5-HT-ir fibers
that follow a vertical course and relatively small numbers of the 5-HT-ir puncta. The IF has a dense networks of varicose, short, small diameter fibers and a high density of the
5-HT-ir puncta. Also, single 5-HT-ir cells were found in th(tk-)/th(tk-) mice. The PBP nucleus has a dense network of varicose 5-HT-ir fibers that follow an irregular course.
In addition in the th(tk-)/th(tk-) but not in controls there are long, smooth (thin) fibers without varicosities. The PN has a dense network of long 5-HT-ir fibers with
small varicosities, numerous puncta and smooth fibers without varicosities. In the SNc both 5-HT-ir fibers and puncta are present. (B) There were more 5-HT-ir fibers in the
SNr than SNc. In th-tk(-)/th-tk(-) mice the density of 5-HT-IR fibers was increased in PBP and PN VTA nuclei and in SNr. Labels — circle — 5-HT immunoreactive puncta; Long
filled arrow — long 5-HT immunoreactive fibers with large and round varicosities; short filled arrow — short 5-HT immunoreactive fibers with; long empty arrow — long 5-HT
immunoreactive fibers without varicosities; filled arrowhead — 5-HT immunoreactive cells. The results of stereological counts of fiber densities are shown in Table 1.
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examined with fluorescent microscope (BX-51, Olympus,
Japan) and confocal system (Radiance 2100, Bio-Rad, UK),
equipped with Krypton/Argon laser and mounted on the light
microscope Eclipse 600 (Nikon, Japan). The confocal laser
scanning microscopy images (CLSM) were obtained using x40
and x60 oil immersion objective lenses of N.A.=1.3 and 14,
respectively. The optimal iris was used for each magnification.
For the reconstruction of the image analysis program Laser
Sharp 2000 v.4.0. (Bio-Rad; UK) was used. In each case only
sections completely stained with fluorescence were taken
into account.

Quantitative stereological analysis of the 5-HT fiber
densities was performed using the CA.S.T. Grid system
(Olympus, Denmark) as described in West et al. (1991). All
fibers density measurements were conducted blindly with
respect to the genotype.

2.6. 5-HT and 5-HIAA assay

The mice [5 controls and 5 th(tk-)/th(tk-)] were analyzed
at each age (1 or 12 months). Mice were sacrificed and the
analyses were performed as described in Klejbor et al. (2006).
The brain anatomical regions were isolated using punching
needles as previously reported (Klejbor et al., 2006). Tissue
samples were obtained bilaterally (striatum, frontal cortex,
nucleus accumbens, VTA, and SN). No differences in 5-HT and
5-HIAA levels between hemispheres were observed and the
results were combined. The hypothalamus and raphe were
isolated and analyzed as single medially located samples. For
each mg of tissue collected, 4 to 20 pL of 50 mM perchloric
acid containing 100 uM metabisulfite and 500 nM DHBA as an
internal standard was added. The samples were injected
through a Suppleco Discovery C18 reverse phase 15 cm
column with a 2 cm guard column. Detection was done with
ESA Coulochem II with ESA computer analysis software.

2.7. Statistical analysis

In PPI experiments, overall repeated measures ANOVAs
were used at each drug dose with genotype, drug treatment
and prepulse intensity level as the factors. For brevity, the
main effects of prepulse intensity (which were always
significant) are not discussed. Separate repeated measures
ANOVAs were conducted within each genotype using drug
treatment as a factor. Post-hoc ANOVAs were used to
determine treatment effects at individual prepulse intensities
only after a significant main effect of genotype or drug
treatment. For other behavioral experiments, means of
control and th(tk-)/th(tk-) mice were compared within
each trial using a one-way ANOVA followed by a Student-
Newman Keuls post-hoc analysis. Means between trials (e.g.
behavior after injection with vehicle and behavior after
injection with drugs) were compared using a two-way
ANOVA using drug and genotype as the factors. A Student-
Newman Keuls post-hoc analysis was run if the ANOVA
revealed an effect.

The results of the stereological 5-HT fiber counting and 5-
HT and 5-HIAA HPLC assays were analyzed using one-way
ANOVA followed by LSD post-hoc test.

3. Results

3.1. Postnatal developmental changes in 5-HT/5-HIAA and
serotonergic hyperinnervation of the ventral midbrain in th(tk-)/
th(tk-) mice

Evidence has shown that there is a co-developmental
relationship between DA and 5-HT systems in the brain
(Bruno et al, 1987; Rodriguez-Pallares et al., 2003). To
determine if the FGFR1(TK-) transgene-induced DA neuronal
hypoplasia in th(tk-)/th(tk-) mice leads to alteration of 5-HT
neurons, brain regions that shared both DA and 5-HT neuro-
transmitter systems were analyzed for 5-HT and 5-HIAA. These
regions included terminal fields (striatum, frontal cortex,
nucleus accumbens, hypothalamus) and the somal origin
(VTA, SN, dorsal raphe nucleus) of the two systems. In one
month old animals, there were no significant differences
between control and th(tk-)/th(tk-) mice in 5-HT and 5-HIAA
levels in any brain region examined (Fig.1A,B). However in adult
transgenic mice, 5-HT levels were significantly greater (by
approximately 70%) in the SN relative to controls (Fig. 1A), and
in the VTA there was a similar elevation that approached but did
not achieve statistical significance. The variability of 5-HT in
needle punched samples obtained from the VTA region
may reflect heterogeneous distribution of 5-HT terminals in
individual nuclei of the VTA (see below). In the VTA but not the
SN, 5-HIAA levels were significantly greater in th(tk-)/th(tk-)
mice (Fig. 1B). The difference in 5-HIAA between VTA and SN
may reflect different modes of serotonergic transmission (see
Discussion). In contrast to midbrain nuclei, 5-HT and 5-HIAA
levels were significantly reduced in the pontine raphe of th
(tk-)/th(tk-) mice (Fig. 1A,B). These differences again were
only observed in adult animals. Thus, as with the changes in
DA and DA metabolites reported previously (Klejbor et al.,
2006), there appears to be a postnatal developmental
component to the alterations of the serotonergic system in
th(tk-)/th(tk-) mice. There were no differences in 5-HT and
5-HIAA levels in the striatum, nucleus accumbens, frontal
cortex, or hypothalamus.

In order to determine the cellular mechanisms underlying
the changes in 5-HT and 5-HIAA, innervation of the midbrain

Table 1

Density of 5-HT terminals in substantia nigra compacta (SNc), reticulata
(SNr) and in ventral tegmental area (VTA) nuclei: parabrachial pigmentosus
(PBP), interfascicular (IF), rostral linear raphe (RLi) and paranigral (PN) of
adult 6 month old mice.

Mice group Nucleus Terminal density (No/mm?)
Control SNc 2.629 +0.742
Control SNr 3.526 + 0.420
th(tk-)/th(tk-) SNc 2.484+0.052
th(tk-)/th(tk-) SNr 5.916 +0.257¢
Control VTApgp 2.334+0.296
Control VTA[ 5.301 +0.468
Control VTARp; 11514 0.376
Control VTApn 4.257 +0.358
th(tk-)/th(tk-) VTApgp 5.487 +0.624°
th(tk-)/th(tk-) VTAr 5.968 + 0.467
th(tk-)/th(tk-) VTARLi 0.753+0.214
th(tk-)/th(tk-) VTApn 6.067 4 0.284%

Numbers show mean + SEM. Five mice in each group were used. Difference
between control and th(tk-)/th(tk-) within the same nucleus: *p<0.005;
’p<0.00001 (ANOVA, LSD).
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Fig. 3. Percent prepulse inhibition. (A-C) Effects of clozapine, quetiapine and M100907 on PPI in aged-matched adult control and th(tk-)/th(tk-) mice. All animals
were repeatedly tested between 7 and 12 months of age as described in Methods. (A) n=16 control and n= 16 th(tk-)/th(tk-) mice injected with clozapine at
0.5 mg/kg or 3.0 mg/kg, (B) n=_38 control and n = 8 th(tk-)/th(tk-) mice injected with quetiapine at 3.0 mg/kg or 7.0 mg/kg, (C) n=8 control and n= 11 th(tk-)/
th(tk-) mice injected with M100907 at 0.1 mg/kg, 0.3 mg/kg, or 1.0 mg/mg. *Significant difference from control group receiving same treatment at individual
stimulus intensity (post-hoc; p<0.05 after significant main effect of genotype F value; ANOVA). #Significant difference within genotype from vehicle group at
individual stimulus intensity (post-hoc; p<0.05 after significant main effect of drug F value; ANOVA). There was a treatment x genotype interaction with clozapine
treatment at 3.0 mg/kg (p<0.05) and with M100907 at 0.3 and 1.0 mg/kg (p<0.05). (D) Age-dependent changes in PPl in control (n=12) and th(tk-)/th(tk-) mice
(n=12). *Significant difference between control and th(tk-)/th(tk-) mice at individual stimulus intensity (post-hoc; p<0.05 after significant main effect of

genotype F value; ANOVA).

nuclei by 5-HT-immunoreactive (ir) fibers was analyzed in
adult mice using quantitative immunohistochemistry. In both
the VTA (Fig. 2A) and SN (Fig. 2B), 5-HT-ir fibers were
predominantly smooth with small varicosities and thus similar
to the D-type produced by the dorsal raphe nucleus (Fibiger and
Miller, 1977; van der Kooy and Hattori, 1980). All VTA subnuclei
[the interfascicular nucleus (IF), the parabrachial pigmentosus
nucleus (PBP), the paranigral nucleus PN and the rostral linear
raphe nucleus (RLi)] showed the presence of 5-HT fibers. In the
IF and RLi nuclei we found no significant differences in fiber
density between control and th(tk-)/th(tk-) mice (Fig. 2A,
Table 1). In contrast, quantitative analysis showed significant
increases in 5-HT fiber density in PBP (2-fold) and in PN (1.5-

fold) in th(tk-)/th(tk-) mice compared to controls. In these
nuclei we observed long, smooth (thin) fibers without
varicosities, present only in the transgenic mice. In the SNr
(but not in the SNc), there was a significant (1.7-fold) increase
in the density of 5-HT-ir fibers in transgenic mice relative to
controls (Fig. 2B, Table 1).

3.2. Deficits in sensory gating appear in adulthood and are reversed
by atypical antipsychotic drugs (AAPD) and specific 5-HT2A
antagonist M100907

In our previous report we showed that increased subcortical
DA output in adult th(tk-)/th(tk-) mice was accompanied by
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elevated acoustic startle response and reduced PPI, both
reversed by typical antipsychotic (TAPD) and DA antagonist
a-fluphentixol (Klejbor et al., 2006). In the current study PPI
was tested repeatedly in 35 th(tk-)/th(tk-) and 32 nontrans-
genic control adult mice between 7 and 12 months of age.
Vehicle injected th(tk-)/th(tk-) mice across the study (3.59 +
1.57 at pp4, 13.19+ 1.66 at pp8, and 29.67 +2.77 at ppl16)
displayed reduced PPI compared to controls (20.62 + 2.86 at
pp4, 31.23 +3.24 at pp8, and 51.13 4 3.25 at pp16) (p<0.001;
repeated measures ANOVA). Startle response for vehicle
injected animals was on average 49.49%+ 3.76 higher
(p<0.02; one way ANOVA) in th(tk-) / th(tk-) mice.

The effects of atypical antipsychotics (AAPD) clozapine
and quetiapine were tested separately in two cohorts (Fig. 3A
and B, respectively). Clozapine at 3.0 mg/kg and quetiapine at
7.0 mg/kg significantly improved PPI in th(tk-)/th(tk-) while
lower doses had no effect. Neither drug affected control mice.

While clozapine and quetiapine block both 5-HT and DA
receptors there is evidence that these drugs may also interact
with other neurotransmitter receptors (Nasrallah, 2008). If 5-
HT hyperinnervation underlies the sensory gating deficits
observed in th(tk-)/th(tk-) mice then blockade of 5-HT
receptors should reverse PPI deficits in transgenics and have
no effect on control mice. Specific 5-HT2A antagonist
M100907 significantly improved PPI in th(tk-)/th(tk-) mice
atdoses of 0.3 mg/kg and 1.0 mg/kg while the performance of
control mice were not changed at any dose (Fig. 3C). The
effects of drugs on magnitude of the startle response are
shown in Table 2. In th(tk-)/th(tk-) mice all drugs tested at all
doses (except clozapine at 0.5 mg/kg) significantly reduced
startle magnitude, while in controls only the highest dose of
clozapine (3.0 mg/kg) had an effect.

Table 2
Average magnitude of the startle response for control and th(tk-)/th(tk-) mice
shown as a percentage of the control vehicle amplitude in each separate cohort.

Startle response

Cohort 1: Clozapine

Control vehicle 100.00 +17.22
Control 0.5 mg/kg 107.25 + 18.58
Control 3.0 mg/kg 52.03 +18.13*
th(tk-)/th(tk-) vehicle 134.89 + 16.09
th(tk-)/th(tk-) 0.5 mg/kg 111.99 +11.23
th(tk-)/th(tk-) 3.0 mg/kg 91.94 +13.67%
Cohort 2: Quetiapine

Control vehicle 100.00+9.38
Control 3.0 mg/kg 118.36 +26.77
Control 7.0 mg/kg 89.21+15.98
th(tk-)/th(tk-) vehicle 135.06 +9.39
th(tk-)/th(tk-) 3.0 mg/kg 107.87 + 13.45*
th(tk-)/th(tk-) 7.0 mg/kg 64.22 +14.43*
Cohort 3: M100907

Control vehicle 100.00 + 14.06
Control 0.1 mg/kg 95.11 +13.23
Control 0.3 mg/kg 89.07 +12.36
Control 1.0 mg/kg 91.85+10.73
th(tk-)/th(tk-) vehicle 143.77 +14.87

101.74 + 8.70*
101.91 +10.91%
109.63 +9.76*

th(tk-)/th(tk-) 0.1 mg/kg
th(tk-)/th(tk-) 0.3 mg/kg
th(tk-)/th(tk-) 1.0 mg/kg

#Significant main effect within genotype of treatment dose: p<0.05 (ANOVA,
LSD).

Given the delayed development of neurochemical changes
(Fig. 1) we determined the onset of sensory gating deficits in
th(tk-)/th(tk-) mice by testing prepulse inhibition (PPI) at
time intervals between 2 and 8.5 months of age. There were
no significant differences between the genotypes until the
4 month group (Fig. 3D). At 6 and 8.5 month groups (Fig. 3D)
there were significant reductions in PPI in th(tk-)/th(tk-)
mice at each prepulse intensity.

3.3. Deficits in social interactions are reversed by the inhibition
of 5-HT2A receptors

In addition to impaired sensory gating and hallucinations,
which are associated with increased subcortical DA transmis-
sion, schizophrenia patients manifest negative symptoms
such as social withdrawal and flattened affect. To determine if
th(tk-)/th(tk-) mice exhibit deficits that model negative
symptoms we analyzed social behavior of socially experienced
male th(tk-)/th(tk-) mice with male and female stimulus
animals. Vehicle injected transgenics engaged in significantly
less stimulus investigation than controls (Fig. 4A,B). Other
measures of sociability (e.g. anogenital investigation, contact
time) had the same pattern and are not shown. By contrast,
there were no differences between control and th(tk-)/th(tk-)
mice in a non-social behavior, auto-grooming (Fig. 4A,B). In the
open-field test, the th(tk-)/th(tk-) mice traveled a greater
distance in the center as well in the periphery of the arena
compared to control mice (Fig. 4A,B). Also, th(tk-)/th(tk-) mice
spent approximately 70% more time in the center and 10% less
time in the periphery than controls (not shown).

Clozapine [3.0 mg/kg, the dose which restored PPlin th(tk-)/
th(tk-) mice (Fig. 3B)] had no significant effect on social behav-
ior or locomotion, but reduced autogrooming in both geno-
types during the pair-test with a male stimulus animal (Fig. 4B).
Unlike clozapine, quetiapine ameliorates social deficits in
patients with schizophrenia (Zhong et al., 2006). In our studies,
after quetiapine treatment (7.0 mg/kg) there was no longer a
significant genotypic difference in social investigation time
(Fig. 4B). This was due to a significant increase in time spent
interacting with the stimulus animal in transgenic mice after
quetiapine treatment, which had no effect in control animals.
Auto-grooming and motor activity were unaffected by quetia-
pine in both genotypes.

Serotonergic hyperinnervation of VTA nuclei suggests that
blockade of 5-HT input could normalize mesocortical DA
transmission and consequently correct behavioral deficits
associated with altered activity of this system. In order to test
this prediction we injected mice with the specific 5-HT2A
antagonist M100907. M100907 significantly increased the
amount of time th(tk-)/th(tk-) mice spent investigating the
stimulus animal but had no effect on investigation time in
control animals (Fig. 4A). Other behavioral measures (auto-
grooming and open field activity) were unaffected by M100907.

4. Discussion

It is now widely accepted that schizophrenia and related
psychotic disorders are associated with developmental aberra-
tions at multiple levels of the neuroaxis including midbrain,
cortical and hippocampal remodeling (Bogerts et al., 1983;
Weinberger, 1987; Carlsson, 2006). How this abnormal
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Fig. 4. Effects of (A) M100907 (1.0 mg/kg) and (B) clozapine (1.0 mg/kg) and quetiapine (7.0 mg/kg) on social investigation, autogrooming, and open-field
activity in control (n=28) and th(tk-)/th(tk-) mice (n=7). *Significant difference from control group with same drug treatment (ANOVA; p<0.05). #Significant

difference within genotype from vehicle treatment (ANOVA; p<0.05).

development results in deranged dopaminergic function
remains contentious (Weinberger, 1987; Kellendonk et al.,
2006). The current th(tk-)/th(tk-) rodent model addresses
these considerations by allowing for the expression of a genetic
abnormality within a developmental context. The hypoplasia
and reduced density of midbrain DA neurons associated with
expression of the dominant negative FGFR1(TK-) transgene
emphasizes the importance of FGF receptor signaling in DA
neurons (Losonczy et al., 1987; Grothe and Timmer, 2007). The
magnitude of the observed changes depended upon the dosage
of the FGFR1(TK-) transgene (Klejbor et al., 2006).

In a variety of studies the diverse genetic manipulations of
FGF/FGFR have been shown to impair development affected
neurons in a similar fashion, and their effects have been
observed in multiple mice lines and strains (Frantz et al.,
1994; Saffell et al., 1997; Vaccarino et al., 1999; Pirvola et al.,
2002; Shin et al., 2004; Jukkola et al., 2006; Klejbor et al.,
2006; Blak et al., 2007). This firmly establishes that the
observed neurodevelopmental and behavioral deficits reflect
altered FGFR signaling rather than stochastic genome inser-
tional effects. The essential role of FGFR1 in neuronal
development was further documented in vitro using transient
transfections of episomal FGFR1(TK-) DNA (Stachowiak et al.,
2003). For instance, in human neuronal progenitor cells
transfection of FGFR1(TK-) or nucleus targeted FGFR1(SP-/
NLS)(TK-) blocked neuronal differentiation (Stachowiak et
al., 2003; Fang et al., 2005). In contrast, transfection of the

tyrosine kinase containing nuclear form of FGFR1 or nuclear
FGFR1 ligand into brain stem cells in vitro (Stachowiak et al.,
2003) or in vivo using nanoparticle-mediated gene transfers
(Stachowiak et al., 2009) effectively stimulated neuronal
development.

DA neuronal hypoplasia and hyperactivity observed in
th(tk-)/th(tk-) mice models changes reported in patients
with schizophrenia and Asperger's Syndrome (Bogerts et al.,
1983). Here we showed that FGFR1(TK-)-induced underdeve-
lopment of DA neurons is associated with abnormalities in
other neuronal systems, contributing to the phenotype that
mimics the complex neurodevelopmental and multi-faceted
human schizophrenia disease. Specifically, we show that the
hypoplastic development of DA neurons leads to hyperinnerva-
tion by the serotonin system and impaired sensory gating
which can be reversed by AAPD and a specific 5-HT2A
antagonist. The th(tk-)/th(tk-) mice also display social neglect,
adeficit typically found in schizophrenia, also alleviated by anti-
serotonergic drugs.

Our quantitative anatomical analyses showed that th(tk-)/
th(tk-) mice had significantly greater numbers of 5-HT fibers in
the PN and PBP nuclei of the VTA, which project principally to
the prefrontal cortex and nucleus accumbens, as well as within
the SNr region, when compared to the control mice. The
morphology of the hyperinnervating serotonergic fibers was
consistent with a dorsal raphe origin (Fibiger and Miller, 1977).
These axons formed dense networks of 5-HT-immunoreactive
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fibers with numerous varicosities, some having different form
than observed in control mice.

The invasion of 5-HT terminals was corroborated by
increased levels of 5-HT in the ventral midbrain regions in
th(tk-)/th(tk-) mice. Increased levels of 5-HIAA in the VTA
and lack of such an increase in the SN could reflect different
modes of 5-HT action-synaptic in the VTA and non-synaptic in
the SNc and SNr (in the SNr 5-HT terminals are engaged in a
volume transmission whereby in the SNc 5-HT diffuses through
extracellular space to reach receptors on nonadjacent cells,
including DA neurons (Bunin and Wightman, 1999)). Neither 5-
HT nor 5-HIAA was increased in the terminal fields of DA
neurons in the striatum, nucleus accumbens or frontal cortex.
Thus, DA neurons may be affected by increased 5-HT tone in the
midbrain nuclei rather than indirectly via serotonergic control
of telencephalic projections into the ventral tegmentum.

The mechanism underlying sprouting of 5-HT terminals
into the ventral midbrain is unknown. Concomitant reduction
of raphe 5-HT levels suggests that 5-HT neurons may undergo
dendritic pruning. It is unlikely that serotonergic hyperinner-
vation of the ventral midbrain is due to a direct transgenic
effect on the 5-HT cells itself because TH promoter fusion
targeted FGFR1(TK-) expression to catecholaminergic cells. In
neurodevelopment there is a competition between DA and 5-
HT neurons for their generation from stem/precursor cells
(Rodriguez-Pallares et al., 2003) and 5-HT hyperinnervation
is seen in situations where there is a loss of DA cells or DA
function (Bruno et al., 1987). Thus, 5-HT hyperinnervation
may be a general neurodevelopmental response to hypoplasia
of DA cells - a phenomenon that could also occur in human
schizophrenia.

Although DA is of central importance in schizophrenia,
evidence also exists that 5-HT has a role in the disorder
(Lieberman et al., 1998; Harrison, 1999). Pharmacologically,
many hallucinogens are 5-HT2A agonists. Furthermore, so-
called atypical antipsychotic drugs (AAPD) have efficacy in
treating both the positive and negative symptoms of schizo-
phrenia and are effective in autism (Rausch et al., 2005)
through strong 5-HT2A and weaker D2 receptor antagonism
(Meltzer et al., 2003; Gray and Roth, 2007). Increased levels of
5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA) have
been reported in human schizophrenia patients (Hansson
et al,, 1994) and an observed increase in the ratio of 5-HT to
DA metabolites predicts a favorable response to clozapine
treatment (Pickar et al., 1994). Unmedicated patients with
paranoid schizophrenia in the early phase of disease have
higher 5-HIAA levels in the CSF than healthy controls (Rimon
et al, 1971; Bartfai et al, 1983). Schmidt et al. (1993)
suggested that schizophrenics who respond to AAPD and
not to TAPD may exhibit excessive serotonergic activity
(Schmidt et al., 1993). It has also been suggested that first
episode subjects with schizophrenia, since they have a strong
response to selective 5-HT2A antagonism, have enhanced
central serotonin tone as also suggested by increased
fenfluramin-induced prolactine response (Abel et al., 1996).

The locus of increased 5-HT activity in brains of schizo-
phrenia patients is unknown. There is a general consensus that
5-HT2A antagonistic therapeutic action of AAPD is through an
influence on DA function (Lieberman et al., 1998; Meltzer et al.,
2003; Gray and Roth, 2007). 5-HT neurons originating in dorsal
and main raphe nuclei innervate DA terminal regions (e.g.

prefrontal cortex and striatum). The strongest 5-HT innervation
is in the ventral midbrain structures, including the VTA and SN
(Moukhles et al.,, 1997), suggesting that observed changes in
CSF 5-HIAA levels in schizophrenia could reflect alterations that
occur in 5-HT terminals in this brain region.

To date, very little investigation has been made of 5-HT and
its receptors in schizophrenia brainstem because there was
little evidence pointing in this direction. Similar to observations
of rat brain (Hamada et al., 1998; Cornea-Hebert et al., 1999),
intense 5-HT2A receptor immunoreactivity was found in
human VTA and SN, and co-localized on TH-immunopositive
neurons (Ikemoto et al., 2000). Although the ventral midbrain
has the highest density of 5-HT terminals in the brain, no
postmortem schizophrenia studies have been published on 5-
HT innervation of the DA nuclei. High resolution PET, anatomic
MRI definition and PET-MRI registration is currently available
for addressing the presence of these 5-HT brainstem changes in
schizophrenia (D'Ardenne et al., 2008) and would test the
predictions made by the th(tk-)/th(tk-) model.

Reduction in prepulse inhibition (PPI) stemming from
excessive subcortical DA or 5-HT neurotransmission has
been used as a model of positive schizophrenia symptoms
(Geyer and Moghaddam, 2002). Our current study verifies the
markedly reduced PPl and increased startle response in th(tk-)/
th(tk-) mice compared to control mice of the same genetic
background (Klejbor et al., 2006). Although it has been reported
that C57BL/6 mice exhibit age-related hearing impairments,
there is no evidence that such potential impairments affected
the results of our experiments. In control mice there were no
significant differences in PPI between ages 2 and 8 months
whereas the loss of prepulse hearing over time would
artificially reduce PPIL In th(tk-)/th(tk-) mice and not in
controls, PPl was improved by AAPD and M100907, indicating
that receptor-mediated antagonism was responsible. Also, the
transgenic mice exhibited higher startle response magnitudes
than controls - not consistent with a hearing impairment.

We previously showed improvements in the behavioral
assay of PPI with the TAPD, flupenthixol, a D2 receptor
antagonist (Klejbor et al., 2006). We now show a similar
correction with AAPD clozapine and quetiapine, 5-HT and D2
receptor antagonists. These drugs have little or no effect on
control mice indicating that the changes in PPI and startle are
caused by abnormal DA and 5-HT neurotransmission.

The postpubertal onset of positive symptoms in th(tk-)/
th(tk-) mice is consistent with findings that human schizo-
phrenia symptoms typically do not become manifest before
puberty and may appear late into adulthood (Palmer et al.,
2001). In th(tk-)/th(tk-) mice, increases in midbrain 5-HT/
5-HIAA contents were found in adult but not prepubertal
animals. Likewise, changes in DA and DA metabolites in the
telencephalon of adult th(tk-)/th(tk-) mice were absent at
4 weeks of life (our unpublished observations) and dimin-
ished at 3 months (Klejbor et al., 2006). Hence, the delayed
onset of behavioral symptoms seen in th(tk-)/th(tk-) mice
may be related to evolving changes in 5-HT and DA neuronal
output, which in turn could reflect developing changes in 5-
HT innervation. The latter appears possible given evidence
that lesioning of DA neurons in the adult brain may elicit
serotonergic sprouting (Revuelta et al., 1999). Alternatively,
changes in 5-HT terminals in th(tk-)/th(tk-) mice could
occur early in life and the emergence of the biochemical and



L. Klejbor et al. / Schizophrenia Research 113 (2009) 308-321 319

behavioral phenotype could involve environmental or inter-
nal conditions acting upon the abnormal brain circuits, as
it has been proposed in human schizophrenia. The th(tk-)/th
(tk-) mice allow testing of this challenging hypothesis.

We have now extended the behavioral characterization in
th(tk-)/th(tk-) mice by documenting abnormal social inter-
action. This behavioral deficit does not appear to be a result of
general changes in anxiety-like behavior or a simple sensory
deficit. In the open-field, th(tk-)/th(tk-) mice travel a greater
distance and spend more time in the center of the arena than
control mice (Fig. 4A and B). Also, th(tk-)/th(tk-) mice spend
more time on the open arms of the elevated plus maze than
controls (data not shown) revealing that the mice do not exhibit
elevated levels of anxiety-like behavior. The th(tk-)/th(tk-)
mice exhibit normal habituation/dishabituation to non-social
odors and ability to find hidden food (data not shown)
indicating that impaired olfaction is unlikely to contribute to
reduced social interaction.

In psychosis, impaired social behavior is thought to involve
hypofunction of prefrontal cortical and limbic domains,
although precise anatomical characterizations have not been
extensively reported. Importantly, quetiapine (but not cloza-
pine) improved reduced social interaction in th(tk-)/th(tk-)
mice, mimicking human schizophrenia findings. The 5-HT2A
antagonist M100907 improved PPI as well social interaction
without producing extrapyramidal effects (no changes in motor
activity) and without affecting social behaviors or sensory
gating of control mice. This suggests that blocking 5-HT2A
receptors may a useful therapeutic action against psychotic
symptoms. However, effects of AAPD quetiapine, which block
both DA and 5-HT receptors, were more pronounced, indicating

RapheNucleus

that optimal therapeutic effects may require antagonism of
both types of receptors. So far the use of M100907 in human
schizophrenia has produced mixed results (de Paulis, 2001).

5-HT dorsal raphe innervation of DA nuclei has significant
effects on DA system function (Fibiger and Miller, 1977; Kelland
et al.,, 1990; Adell and Artigas, 2004). Different responses of SNc
and VTA DA neurons to TAPD and AAPD and to 5-HT2A blockade
are very well-documented (Hand et al., 1987; Ugedo et al., 1989;
Sorensen et al,, 1993). The current findings indicate that there is
a different hyperinnervation profile of the VTA and SN by 5-HT
fibers. There is increased innervation directly within the DA
neuron-containing subnuclei of the VTA, but within the SN, the
hyperinnervation is in the SNr. This is outside of the main SN DA
somatic field and thus may less directly influence DA function.
Although DA dendrites could be influenced by 5-HT innervation
in the SN, there also is an indirect influence on DA cells through
GABAergic interneurons projecting from the SNr to the SNc.
Thus, the 5-HT innervation profile acting on different local
circuitries may have significantly different effects overall on
VTA and SNc DA function. Although much work remains, one
potential DA and 5-HT interactive schema is proposed (Fig. 5) in
which 5-HT2A blockade may increase cortical DA output and
improve social behavior while decreasing DA subcortical output
and improving sensory gating.

The th(tk-)/th(tk-) model demonstrates how early changes
in DA neuronal populations causes rewiring of other neuronal
systems and results in extensive and long-lasting disruptions in
behavior similar to those observed in schizophrenia and other
psychotic disorders. Brain rewiring may not be limited to DA and
5-HT neuronal systems. It has been reported that 5-HT and DA
are important in the development of telencephalic (Diaz et al.,
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Fig. 5. Correction of positive and negative symptoms in an FGF/dopamine developmental model of psychosis — why 5-HT2A antagonists are effective therapeutic
agents. Serotonergic hyperinnervation results in overstimulation of 5-HT2A receptors in parabrachial pigmentosus and paranigral nuclei of the VTA and in the SNr.
In VTA stimulation of 5-HT2A reduces the activity of DA hypoplastic mesocortical neurons leading to hypofrontality and negative symptoms (social disconnection).
In contrast, overstimulation of 5-HT2A in SNr may increase the activity of DA SNc¢ neurons causing an excessive DA output by the hypoplastic nigro-striatal system
and impaired sensory gating. Activation of the SNc DA neurons may be mediated by GABAergic SNr interneurons.
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1997; Ohtani et al., 2003; Popolo et al., 2004; Hiramoto et al.,
2008) and mesencephalic (Rodriguez-Pallares et al., 2003)
structures. Our recent studies identify abnormalities in the
hippocampus and prefrontal cortex of th(tk-)/th(tk-) mice
similar to those observed in schizophrenia (unpublished
observations). The mechanism of this plasticity and its impact
on brain function will be investigated in the future. Through
these investigations we may get closer to understanding
and correcting the complex biological and environmental fea-
tures of neurodevelopmental disorders such as autism and
schizophrenia.
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