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a b s t r a c t

Serotonin (5HT) is a biologically active amine present in mammals in the brain and the peripheral tissues.
Autism is a neurodevelopmental disorder in which 5HT homeostasis is disturbed both centrally and
peripherally, but the relationship between the 5HT disturbances in the two compartments is not under-
stood. In an attempt to explore the relationship between the disturbed peripheral 5HT homeostasis and
central 5HT functioning, we exposed the developing rat brain to increased 5HT concentrations, by treat-
ment of rats with subcutaneous injections of the immediate 5HT precursor 5-hydroxy-L-tryptophan
(5HTP, 25 mg/kg), or the non-selective MAO inhibitor tranylcypromine (TCP, 2 mg/kg), during the period
of the most intensive development of 5HT neurons – from gestational day 13 to post-natal day 21. The
effects of the mentioned treatments on peripheral and central 5HT levels were then studied in adult rats.
Platelet and plasma 5HT concentrations (measured by ELISA), as well as cortical and midbrain 5HT, tryp-
tophan and 5-hydroxyindoleacetic acid levels (measured by HPLC) were determined in twelve 5HTP trea-
ted and eight TCP treated rats, and compared with the values measured in 10 control, saline treated rats.
Treatment with 5HTP significantly raised peripheral but not central 5HT concentrations. At adult age,
peripheral 5HT homeostasis was re-established, while modest decrease in 5HT concentration was
observed in frontal cortex, presumably due to hyperserotonemia-induced loss of 5HT terminals during
brain development. Treatment with TCP induced significant 5HT elevations in both compartments. At
adult age, permanent changes in 5HT homeostasis were observed, both peripherally (as hyperserotone-
mia) and centrally (as altered 5HT metabolism with decreased 5HT concentrations). Further studies are
planned in order to explore the nature of the different disturbances of 5HT homeostasis induced by the
two compounds, and their results are expected to shed some light on the role of hyperserotonemia in
autism.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Serotonin (5-hydroxytryptamine, 5HT) is a biologically active
amine present in mammals both, in the brain and the peripheral
tissues.

In the periphery, 5HT mediates cardiovascular and gastro-
intestinal functions and platelet activation (Berger et al., 2009).
Peripheral 5HT is synthesized from the amino acid tryptophan

(Trp) mostly in enterochromaffin cells of the intestinal mucosa,
by the action of tryptophan hydroxylase (Tph) and aromatic L-ami-
no acid decarboxylase (Racke et al., 1995). 5HT is released into por-
tal circulation in a receptor-mediated manner and actively
accumulated into platelets via the serotonin transporter. The
amine is catabolized primarily in lungs and liver by the action of
the mitochondrial enzyme monoamine oxidase (MAO) into 5-
hydroxyindoleacetic acid (5HIAA) and eliminated through kidneys.
More than 99% of whole blood serotonin is contained in platelets in
which its concentration is regulated either by the rate of peripheral
5HT synthesis and metabolism (i.e. its concentration in blood plas-
ma), or the rate of its accumulation into- and release from the
platelets (Cook and Leventhal, 1996).

In the brain, 5HT synthesizing neurons are located in discrete
regions of the brain stem – raphe nuclei, but project their axons into
various cortical and subcortical regions of the brain (Benes et al.,
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2000). In the developing brain, 5HT regulates serotonergic out-
growth and maturation of target regions (Whitaker-Azmitia,
2001), while later it assumes the role of a neurotransmitter modu-
lating function and plasticity of the adult brain (Catalano, 2001;
Lesch, 2001).

Central and peripheral 5HT compartments are two separated,
yet closely related entities. On the one hand, enterochromaffin
and neural cells use different Tph enzymes (Tph1 and Tph2,
respectively) to synthesize 5HT (Walther et al., 2003), and the
blood-brain barrier prevents serotonin entering from one compart-
ment into the other. On the other hand, proteins that control 5HT
function in both compartments are encoded by the same genes,
have identical primary structures and follow the same kinetics
(Chen et al., 1993; Lesch et al., 1993; Cook et al., 1994). Moreover,
during the fetal and early postnatal development of the brain, the
blood-brain barrier is not formed and the two compartments can
freely communicate (Davies et al., 1996).

A disorder in which 5HT homeostasis seems to be disturbed
both centrally and peripherally is autism, a neurodevelopmental
syndrome with onset in early childhood, characterized by impair-
ment in social interaction and communication, and by the presence
of restricted and repetitive behaviors and interests (Owley et al.,
2003). Elevated blood 5HT levels (hyperserotonemia) have been
found in about one third of autistic patients of different ethnic
and age groups (Cook and Leventhal, 1996; Owley et al., 2003;
Mulder et al., 2004; Hranilovic et al., 2007). On the other hand,
brain serotonin synthesis was found to be decreased in the cortex
and thalamus of autistic children (Chugani et al., 1997). Despite
decades of research, the mechanism of hyperserotonemia and its
relation to central 5HT dysfunction are not fully understood. One
explanation lies in possible alterations in the expression of one
or more of the 5HT elements that could lead to the dysregulation
of 5HT transmission in the brain (affecting so its early development
and resulting in autistic behavioral symptoms), while it is at the
same time reflected in the periphery as hyperserotonemia
(Janusonis, 2005). Alternatively, dysregulation of the peripheral
5HT-homeostasis could happen first, leading to high concentra-
tions of serotonin in blood. During fetal and early post-natal devel-
opment, before the formation of the blood-brain barrier, these high
5HT levels could inhibit the development of 5HT neurons and lead
to the anatomic and functional alterations of the brain, character-
istic for autism (Whitaker-Azmitia, 2005).

We have recently started studies on the relationship between
the disturbed peripheral 5HT homeostasis and central 5HT func-
tioning on an animal model by pharmacologically inducing hyper-
serotonemia during the period of most intensive development of
the 5HT neurons. For that purpose Wistar rats were treated subcu-
taneously with either the immediate 5HT precursor 5-hydroxytry-
ptophan (5HTP, 25 mg/kg), or the non-selective MAO inhibitor
tranylcypromine (TCP, 2 mg/kg), from gestational day (GD) 13 to
post-natal day (PND) 21. In this study we report the effects of
the mentioned perinatal treatments on peripheral and central
5HT levels in adult rats. Platelet and plasma 5HT concentrations,
as well as cortical and midbrain 5HT, Trp and 5HIAA levels were
measured in twelve 5HTP treated and eight TCP treated rats, and
compared with the values measured in 10 control rats perinatally
treated with saline.

2. Materials and methods

2.1. Breeding and housing of animals

Breeding procedure has been described in detail elsewhere
(Blazevic et al., 2010). In short, eight nulliparous Wistar females
from the animal facility of the Croatian Institute for Brain Research

(University of Zagreb, Zagreb, Croatia), weighing 260–290 g, were
randomly assigned to a ‘‘saline’’ (two), ‘‘5HTP’’ (three), or ‘‘TCP’’
(three) group, and mated with males of the same strain and age
in 2:1 or 3:1 ratio, respectively. After gravidity was confirmed in
all females, the male was removed from the cage. Females re-
mained together until 2 days before parturition when they were
separated and remained singly housed until weaning of the pups
(at PND 21). After weaning, animals were kept 3–4 per cage. Ani-
mals were housed in polycarbonate cages under 12 h light:12 h
dark conditions at a temperature of 22 ± 2 �C, with free access to
rat chow and tap water.

All efforts were made to reduce the number of animals used and
to minimize animal suffering. The study was approved by the Eth-
ics committee of the University of Zagreb, and was conducted in
accordance with the European Communities Council Directive
(86/609/EEC) and the Croatian Animal Protection Law (‘‘Narodne
novine’’, 135/2006).

2.2. Pharmacological treatments

The experimental groups of pups were treated either with 2 mg/
kg tranylcypromine (Sigma–Aldrich), or with 25 mg/kg of 5-
hydroxy-L-tryptophan (Sigma–Aldrich), from GD 13 until birth by
subcutaneous injections to pregnant females, and from PND1 until
PND 21 by receiving subcutaneous injections of the same doses.
5HTP was dissolved in acidified saline. Before treatment, the solu-
tion was neutralized with NaOH and warmed to body temperature.
TCP was dissolved in ethanol and saline. Before treatment, the
solution was neutralized with HCl and warmed to body tempera-
ture. Solutions were delivered in volumes of 1.51 mL per kg of body
mass to dams, in volumes of 3.3 mL per kg of body mass to pups
until they reached 15 g, and in volumes of 5 mL per kg of body
mass until the end of treatment. The control group was treated
with saline in the same manner. All injections were performed be-
tween 2 and 3 pm. A 50 lL glass syringe (Hamilton) with dispos-
able 30G needles (BD, Drogheda, Ireland) were used to treat the
pups until they reached a body mass of 15 g, while disposable
0.5 mL plastic syringes with 30G needles (BD Micro-Fine Plus)
were used to treat pregnant females and older pups.

2.3. Collection of tissue samples

Blood and brain samples were collected from 5 saline, five 5HTP
and 3 TCP treated pups at the end of treatment (on PND 22), and
from 10 saline (5 males, 5 females), twelve 5HTP (6 males, 6 fe-
males) and 8 TCP (4 males, 4 females) treated adult rats (on PND
70).

Under light ether narcosis, 800 lL of pup blood or 1.5 mL of
adult blood was withdrawn from the jugular vein into syringes
preloaded with 200 or 500 lL of 3.13% trisodium citrate anticoag-
ulant, respectively. Animals were then decapitated and brains were
removed from the sculls and briefly frozen at �20 �C in a freezer. A
midbrain region containing serotonergic cell bodies of the dorsal
and median raphe nuclei was obtained by a 3 mm thick coronal
brain slice (plates 43 and 55 in the rat brain atlas, Paxinos and
Watson, 2007), followed by a 3 mm diameter punch into the mid-
brain area. A 4 mm coronal cut was then made at the frontal lobes
(plate 11) and cortex (all cortical areas anterior to breg-
ma + 1.7 mm) was peeled off. Samples were weighted and frozen
at �80 �C for later analysis.

2.4. Measurement of the peripheral 5HT concentrations

After thorough mixing, samples were transferred from syringes
into microtubes. 5HT concentrations in whole blood (WB) of pups
or in platelet-rich plasma (PRP) and platelet-free plasma (PFP) of
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adult rats were determined using a commercial enzyme immuno-
assay kit (Serotonin ELISA kit, DRG Instruments GmbH, Germany),
according to the kit instructions. A calibration curve was drawn
based on the absorbances measured at 450 nm on the microplate
reader (P-Lab IASON, Austria) and known concentrations of the
standard solutions. Concentration values of samples were obtained
by interpolating them to the calibration curve, using the 4-param-
eters non-linear regression curve fitting. Results were expressed in
ng 5HT per mL of WB, PRP or PFP.

2.5. Measurement of brain Trp, 5HT and 5HIAA concentrations

The frozen samples were thawed and homogenized in 5 vol (w/v)
of a solution of 0.1 M perchloric acid containing 0.2 mM EDTA and
0.4 mM Na2S2O5. Tissue homogenates were then centrifuged at
14000g for 15 min at 0–4 �C, and aliquots of the clear supernatant
were used for the high performance liquid chromatography analysis
with electrochemical detection (HPLC-ED).

The HPLC system consisted of a delivery pump (Agilent 1100
Series, Agilent Technologies, U.S.A.), a sample injector (Rheodyne
7125, U.S.A.), a C18 reverse phase column (Agilent Technologies
Zorbax SB-C8, 75 � 4.6 mm, 5 lm particle size), and a Guard col-
umn (4 � 4 mm, Agilent Technologies, U.S.A.). An electrochemical
detector (HP-ED 1094A, Hewlett–Packard, U.S.A.) with a glassy car-
bon electrode was used at �0.55 V versus the reference electrode.
All chromatograms were recorded and analyzed using the HPCore
ChemStation Software.

Concentrations were determined from peak areas against exter-
nal standards. The mobile phase contained 0.1 M Na2HPO4, 0.05 M
citric acid, 5% methanol (v/v), 0.1 mM EDTA, and 1 mM KCl at pH
4.5. The flow rate was maintained at 0.8 mL per min at a pressure
of 120 bars. Tissue concentrations of 5HT and 5HIAA were ex-
pressed as ng, and that of Trp as lg of substance per g of wet tissue.

2.6. Statistical analyses

Data were processed by the use of GraphPad InStat 3.01 soft-
ware. Normality of distributions of the measured parameters was
tested by Kolmogorov/Smirnov method. Mean values of normally
distributed parameters were compared using unpaired t-test or
one-way analysis of variance (ANOVA) with Tukey’s post-test.
Mean values of parameters that were not normally distributed
were compared using Mann–Whitney test or using non-parametric
Kruskal–Wallis method with Dunn’s post-test. The level of signifi-
cance was set to 0.05. The values were expressed as means
(M) ± standard error of means (SEM).

3. Results

Direct effects of chronic treatment with 25 mg/kg 5HTP or with
2 mg/kg TCP on blood and brain 5HT levels were measured in pups
at the end of treatment (Fig. 1). Both substances efficiently caused
hyperserotonemia (KW = 8.65, p = 0.003), with 5HT concentrations
being 874 ± 168 ng/mL in 5HTP treated and 669 ± 34.5 ng/mL in
TCP treated pups, compared to 491 ± 59.5 ng/mL in saline treated
pups. The effect of treatment on 5HT levels in frontal cortex was
also significant (KW = 6.96, p = 0.017), although only TCP
(917 ± 32.2 ng/g), and not 5HTP (393 ± 34.2 ng/g) caused consider-
able raise in 5HT concentrations compared to saline (346 ± 32.4 ng/
g).

In order to check whether the perinatal treatment with 5HTP or
TCP has permanently affected the peripheral 5HT homeostasis, 5HT
concentrations in both PFP and PRP were measured in adult rats.
One sample from the TCP treated group and one sample from the
saline treated group were lost during processing. 5HT concentra-

tions in PFP did not differ between male and female rats
(t = 0.011, p =0.991, 26 d.f.), and those in PRP were only indicatively
higher in females (Welch corrected t = 1.995, p = 0.061, 19 d.f.).
This allowed the results from males and females to be analyzed
jointly (Fig. 2).

The effect of treatment on 5HT concentrations was significant in
both PFP (F(2,27) = 5.99, p = 0.008) and PRP (F(2,27) = 6.89, p = 0.004).
Post-hoc analysis revealed significantly higher mean 5HT concen-
tration in PRP of TCP treated rats (612 ± 57.8 ng/mL) than in PRP
of saline treated (381 ± 24.6 ng/mL) or 5HTP treated (432 ± 42.6)
animals, indicating the persistence of hyperserotonemia at adult
age (Fig. 2B). On the other hand, mean 5HT concentrations in PFP
of animals from 5HTP treated (5.08 ± 0.83 ng/mL) and TCP treated
(3.92 ± 0.14 ng/mL) rats did not significantly differ from that of the
control animals (4.67 ± 0.24 ng/mL), although they differed from
each other (Fig. 2A).

We further searched for possible effects of the perinatal treat-
ment with 5HTP or TCP on 5HT metabolism in the brain of adult rats
by measuring 5HT, Trp and 5HIAA concentrations and their ratios in
midbrain raphe region and frontal cortex. There were no gender
influence on any of the measured parameters in either raphe region
(t = 0.186, p = 0.854 for 5HT, t = 0.252, p = 0.803 for Trp, and
t = 0.641, p = 0.527 for HIAA) or frontal cortex (t = 0.260, p = 0.797
for 5HT, t = 0.554, p = 0.584 for Trp, t = 0.025, p = 0.980 for 5HIAA)
in an integral sample of ten 5HTP treated, 10 saline treated and 8
TCP treated adult rats (26 d.f.). Therefore, results obtained in males
and females were pooled together for the analyses (Fig. 3).

There was a strong influence of treatment on 5HT concentration
(Fig 3A) in both, the raphe region (F(2,27) = 73.69, p < 0.0001) and
frontal cortex (F(2,27) = 90.34, p < 0.0001). While the mean 5HT lev-
els of the TCP treated animals were markedly decreased compared
to the controls in both regions (74.4 ± 6.11 ng/g vs. 306 ± 17.3 ng/g
in RN, and 48.1 ± 1.20 ng/g vs. 185 ± 7.11 in FC), 5HTP treatment
seemed to significantly lower only 5HT levels in the frontal cortex
(155 ± 9.23 ng/g), but not in the raphe region (309 ± 16.2 ng/g).

The mean concentration of the 5HT precursor tryptophan (Fig 3B)
was markedly increased in the raphe region of the TCP treated ani-
mals (18.9 ± 2.76 lg/g) in comparison to the saline treated
(4.98 ± 0.70 lg/g) and 5HTP treated (4.39 ± 0.69 lg/g) rats
(KW = 16.74, p = 0.0002). No significant differences among the mean
values of Trp concentrations of 5HTP treated (4.29 ± 0.50 lg/g), sal-
ine treated (5.32 ± 0.63 lg/g) and TCP treated (6.32 ± 0.60 lg/g) rats
were found in frontal cortices (KW = 5.70, p = 0.058).

The mean concentrations of the main 5HT metabolite 5HIAA
(Fig 3C) were similar in raphe regions (663 ± 45.6 ng/g for 5HTP

Fig. 1. The direct effects of chronic treatment with 25 mg/kg 5-hydroxytryptophan
(5HTP) or 2 mg/kg tranylcypromine (TCP) on 5HT concentrations in whole blood
expressed as ng 5HT per mL of blood (WB), and in frontal cortex expressed as ng
5HT per g of wet tissue (FC). N = 5 in saline and 5HTP treated, and N = 3 in TCP
treated group. Values are expressed as M ± SEM. ⁄p < 0.05, ⁄⁄p < 0.01; Dunn’s
multiple comparison after Kruskal–Wallis test.
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treated, 716 ± 60.3 ng/g for saline treated, and 638 ± 36.0 ng/g for
TCP treated animals) as well as in frontal cortices (330 ± 21.8 ng/
g for 5HTP treated, 328 ± 18.5 ng/g for saline treated, and
303 ± 11.9 ng/g for TCP treated animals) of the investigated groups
(F(2,27) = 0.625, p = 0.543, and F(2,27) = 0.602, p = 0.556,
respectively).

Finally, we determined the 5HT/Trp ratio, which could indicate
the activity of Tph, and the 5HIAA/5HT ratio, which indicates the
rate of 5HT degradation, in both brain regions (Fig. 4). 5HT/Trp ra-
tio (Fig 4A) was significantly influenced by the treatment in both
the raphe region (KW = 16.7, p = 0.0002) and the frontal cortex
(KW = 16.6, p = 0.0003). Post-hoc analysis revealed no significant
differences in the 5HT/Trp ratio between 5HTP treated and saline
treated animals in either the raphe region (87.6 � 10�3 ±
14.3 � 10�3 and 71.9 � 10�3 ± 9.22 � 10�3, respectively), or the
frontal cortex (40.9 � 10�3 ± 5.53 � 10�3 and 39.5 � 10�3 ± 4.77 �
10�3, respectively). On the other hand, the 5HT/Trp ratio of TCP
treated animals was markedly reduced in both regions
(4.87 � 10�3 ± 1.10 � 10�3 in RN and 8.09 � 10�3 ± 1.08 � 10�3 in
FC). The rate of 5HT degradation (Fig 4B) was also significantly
influenced by treatment in both brain regions (KW = 16.98,
p = 0.0002 for RN and KW = 17.86, p = 0.0001 for FC). The observed
significance was the result of considerable increase in the 5HIAA/
5HT ratio of the TCP treated rats in comparison with 5HTP treated

Fig. 2. Permanent effects of perinatal treatment with 5-hydroxytryptophan (5HTP) or tranylcypromine (TCP) on 5HT concentrations in (A) platelet-free plasma (PFP) and (B)
platelet-rich plasma (PRP). N = 12 in 5HTP treated, N = 9 in saline treated, and N = 7 in TCP treated group. Values are expressed as M ± SEM. ⁄⁄p < 0.01, ⁄p < 0.05, Tukey–Kramer
multiple comparisons after one-way ANOVA.

Fig. 3. Concentrations of (A) serotonin (5HT), (B) tryptophan (Trp), and (C) 5-
hydroxyindol acetic acid (5HIAA) in midbrain raphe nuclei (RN) and frontal cortices
(FC) of 5-hydroxytryptophan (5HTP) treated (N = 10), saline treated (N = 10) and
tranylcypromine (TCP) treated (N = 8) rats at PND 70. Values are expressed as
M ± SEM. ⁄p < 0.05, ⁄⁄⁄p < 0.001, Tukey–Kramer multiple comparison after one-way
ANOVA. ##p < 0.01, ###p < 0.001, Dunn’s multiple comparison after Kruskal–
Wallis test.

Fig. 4. (A) 5HT/Trp ratio (�10�3), and (B) 5HIAA/5HT ratio in midbrain raphe nuclei
(RN) and frontal cortices (FC) of 5-hydroxytryptophan (5HTP) treated (N = 10),
saline treated (N = 10) and tranylcypromine (TCP) treated (N = 8) rats at PND 70.
Values are expressed as M ± SEM. ⁄⁄p < 0.01, ⁄⁄⁄p < 0.001, Dunn’s multiple compar-
ison after Kruskal–Wallis test.
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and saline treated rats in both, the raphe region (8.83 ± 0.64 vs.
2.18 ± 0.16 and 2.35 ± 0.16, respectively) and frontal cortex
(6.31 ± 0.21 vs. 2.21 ± 0.20 and 1.78 ± 0.08, respectively).

4. Discussion

The aim of our study was to investigate in which way does the
perinatal exposure to elevated 5HT levels influence peripheral and
central 5HT homeostasis in adult rats. Two different 5HT enhancers
were used for this purpose: the immediate 5HT precursor, which
affects only the 5HT system and elevates 5HT levels without acting
directly on the key regulators of serotonergic transmission (rate-
limiting enzymes, transporters, receptors), and a non-selective
MAO inhibitor, which inhibits the main enzyme involved in 5HT
degradation and also affects other monoaminergic systems.

5HTP is the intermediate in the synthesis of serotonin from its
precursor tryptophan. Unlike Trp which is an essential amino acid
with many functions in the body (mainly a precursor in protein
synthesis), 5HTP is only found in the serotonin synthesis pathway
and is quantitatively converted to 5HT (Udenfriend et al., 1957;
Magnussen and Nielsen-Kudsk, 1980; Birdsall, 1998). The advan-
tage of using 5HTP over 5HT itself, is that it readily crosses the pla-
cental barrier (Birdsall, 1998), which is crucial for the prenatal part
of the treatment. Administration of 5HTP allowed us to elude the
rate-limiting step in the synthesis of serotonin and to mimic the ef-
fect of increased serotonin synthesis through a chosen 5HTP dose.
According to our experience with adult rats, we have chosen a dose
of 25 mg/kg 5HTP which was quite effective in raising blood 5HT
concentrations, while causing only a slight reduction in body
weight and no signs of brain toxicity, during the two weeks of
treatment (Jernej and Cicin-Sain, 1986).

TCP is an irreversible MAO A and MAO B inhibitor which inhib-
its oxidative deamination – an essential step in the catabolism of
exogenous amines and monoamine neurotransmitters, including
serotonin (Billett, 2004; Frieling and Bleich, 2006). Although the
two isoenzymes have different substrate affinities under normal
physiologic conditions (MAO A preferentially oxidizes serotonin
and norepinephrine, MAO B preferentially oxidizes phenylethyl-
amine, while dopamine and tyramine represent substrates for both
isoenzymes), both can catabolize the same compounds and are
able to take over when the function of the other is compromised
through pharmacological inhibition. Accordingly, more pro-
nounced effects on rat 5HT metabolism were observed after the
inhibition of both isoforms than after the sole inhibition of MAO
A (Johnston, 1968; Green and Youdim, 1975; Sleight et al., 1988;
Celada and Artigas, 1993). Significant effects of TCP were measured
in the brain and the periphery of adult rats, after acute or chronic
administration at doses of 0.5–15 mg/kg, as a reduction in MAO A
activity (Celada and Artigas, 1993), an increase in 5HT concentra-
tions (Green and Youdim, 1975; McKim et al., 1983; Malyszko
et al., 1993; Ferrer and Artigas, 1994), or a decrease in 5-hydrox-
yindolacetic acid levels (Celada and Artigas, 1993; Malyszko
et al., 1993). We have chosen a dose of 2 mg/kg, which was ex-
pected to effectively block most, but not all of the 5HT degradation.

4.1. The effects of 5HTP

Several pups were sacrificed at the end of treatment to check for
the direct effects of 5HTP on blood and brain 5HT concentrations.
Although transient increases in 5HTP, 5HT and 5HIAA content were
reported in rat serotonergic neurons after a single oral or intraperi-
toneal dose of 5HTP (Sémont et al., 2000; Lynn-Bullock et al.,
2004), it seems that the chronic treatment with 5HTP used in our
experiment significantly raised 5HT levels only in blood but not
in the frontal cortex. It is possible that, at the administered way
and dose, 5HTP was more efficiently converted to 5HT and/or

stored in the periphery than in the brain, or that the neuronal com-
pensatory mechanisms were much more efficient in compensating
for the excess of newly synthesized 5HT than the peripheral ones.
In any case, given the results of its direct effects, we could assume
that, under our experimental conditions, the long lasting effects of
5HTP in the adult brain would primarily result from hyperseroto-
nemia during the perinatal period, and to a lesser extent from
the increased brain 5HT levels. This condition corresponds to the
theory that the excessive 5HT, which causes alterations in brain
development, originates from blood.

The effect of 5HTP on blood 5HT levels seemed to be only tem-
porary as the peripheral 5HT homeostasis was established at adult
age (presumably after a wash-out period).

Perinatal administration of 5HTP did not seem to affect 5HT lev-
els or metabolism in the serotonergic cell bodies of the adult rats.
However, in the region of serotonergic terminals there was modest
but significant decrease in 5HT concentration without any changes
in 5HT synthesis or degradation rate. This indicates intact expres-
sion/activity of the 5HT metabolizing enzymes but suggests possi-
ble reduction in number of serotonergic terminals in frontal cortex.
This would be in line with the reported inhibitory effects of seroto-
nin on 5HT terminal outgrowth in tissue culture (Whitaker-Azmi-
tia and Azmitia, 1986) as well as on animal models using
pharmacological treatment with the 5HT receptor agonist 5-meth-
oxytryptamine (Shemer et al., 1991), 5HT precursor tryptophan
(Huether et al., 1992), combination of selective MAOA and MAOB
inhibitors (Whitaker-Azmitia et al., 1994), and 5HT reuptake inhib-
itors (Cabrera-vera et al., 1997).

4.2. The effects of TCP

Measurements of blood and cortical 5HT levels at the end of
treatment revealed that TCP, besides inducing hyperserotonemia
in the periphery, significantly raised 5HT concentration in the
brain, due to efficient inhibition of MAO isoenzymes in both 5HT
compartments. This is in line with the findings of Ferrer and
Artigas (1994) that chronic treatment with low doses of tranylcyp-
romine increases extracellular 5HT concentration in frontal cortex
and dorsal raphe nuclei. Therefore, it would be expected that the
developing brain of a TCP treated animal would be exposed to
the high levels of 5HT not only from blood but from serotonergic
neurons as well. This situation complies more with the theory of
simultaneous 5HT dysregulation in the brain and the periphery
as a neurobiological basis of autism.

TCP treated animals remained hyperserotonemic at adult age. It
is important to note that although a mean 5HT concentration in
platelets was increased by about 60%, concentration of 5HT in plas-
ma was indicatively lower than that of the control animals. The
lack of parallelism between plasma and platelet 5HT changes point
to a long-lasting (or permanent) increase in activity/expression of
the 5HT transporter on platelet membranes (Anderson et al.,
1987) which probably happened during treatment to compensate
for the excess of 5HT left in circulation after the inhibition of the
degrading enzyme.

The effect of TCP on brain 5HT levels and metabolism in adult
animals was impressive. Compared to the control animals, 5HT
concentration and 5HT/Trp ratio in both, raphe nuclei and frontal
cortex were significantly decreased while 5HIAA/5HT ratio was
significantly increased. In addition, in the raphe region there was
an almost fourfold increase in Trp concentrations. We suppose
that, in analogy to our results obtained with 5HTP and to the
earlier mentioned reports, reduction in number of serotonergic
terminals also occurred in brains of TCP treated animals, but the
additional consequence of TCP treatment appeared to be perma-
nent changes in 5HT metabolism. We could speculate that, while
such low levels of released 5HT in the terminal region have in-
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duced increased Trp uptake into the nerve cell bodies, this Trp was
either not sufficiently converted to 5HT or the synthesized 5HT
was not efficiently protected from MAO activity. A reason for that
might lie in the long-lasting/permanent downregulation of trypto-
phan hydroxylase activity and/or 5HT storage, induced by high
5HT levels during the chronic inhibition of 5HT degradation. An-
other long-lasting consequence of TCP treatment might be the
upregulated degradation of 5HT, since 5HIAA levels reach those
of the control animals despite considerably lower 5HT concentra-
tions. Of course, possible effects of increased concentrations of
other monoamines during brain development (Andersen, 2003),
and of consequential compensatory mechanisms, complicate
interpretation of the obtained results and should be kept in mind.

5. Conclusion

Through chronic pharmacological treatments during the perina-
tal period, we have exposed the developing rat brain to increased
5HT concentrations in two different manners. Simple increase in
the availability of the immediate 5HT precursor significantly raised
peripheral but not central 5HT levels, leading to decreased 5HT
concentration in the cortex of adult animals. On the other hand,
inhibition of the 5HT-degrading enzyme simultaneously elevated
5HT levels in the brain and the periphery, and caused permanent
changes in 5HT homeostasis of adult animals, both peripherally
(hyperserotonemia) and centrally (altered 5HT metabolism with
decreased 5HT concentrations). Further anatomic and expressional
studies are planned to explore the mechanisms of the different dis-
turbances in 5HT homeostasis induced by the two compounds. We
expect that the obtained results will bring some answers to the
question whether hyperserotonemia is a cause or a marker of the
central 5HT-alterations seen in autism.

Acknowledgement

This study was supported by the grant ‘‘Neurobiological basis of
autism: the role of serotonin system’’ (119-1081870-2396), funded
by the Ministry of Science Education and Sports of the Republic of
Croatia.

References

Andersen, S., 2003. Trajectories of brain development: point of vulnerability or
window of opportunity? Neurosci. Biobehav. Rev. 27, 3–18.

Anderson, G., Stevenson, J., Cohen, D., 1987. Steady-state model for plasma free and
platelet serotonin in man. Life Sci. 41, 1777–1785.

Benes, F.M., Taylor, J.B., Cunningham, M.C., 2000. Convergence and plasticity of
monoaminergic systems in the medial prefrontal cortex during the postnatal
period: implications for the development of psychopathology. Cereb. Cortex 10,
1014–1027.

Berger, M., Gray, J.A., Roth, B.L., 2009. The expanded biology of serotonin. Annu. Rev.
Med. 60, 355–366.

Billett, E., 2004. Monoamine oxidase (MAO) in human peripheral tissues. Neuro
Toxicol. 25, 139–148.

Birdsall, T.C., 1998. 5-Hydroxytryptophan: a clinically-effective serotonin precursor.
Altern. Med. Rev. 3, 271–280.

Blazevic, S., Jurcic, Z., Hranilovic, D., 2010. Perinatal treatment of rats with MAO
inhibitor tranylcypromine. Transl. Neurosci. 1, 49–54.

Cabrera-vera, T.M., Garcia, F., Pinto, W., Battaglia, G., 1997. Effect of prenatal
fluoxetine (Prozac) exposure on brain serotonin neurons in prepubescent and
adult male rat offspring. The J. Pharmacol. Exp. Ther. 280, 138–145.

Catalano, M., 2001. Functionally gene-linked polymorphic regions and genetically
controlled neurotransmitters metabolism. Eur. Neuropsychopharmacol. 11,
431–439.

Celada, P., Artigas, F., 1993. Monoamine oxidase inhibitors increase preferentially
extracellular 5-hydroxytryptamine in the midbrain raphe nuclei. A brain
microdialysis study in the awake rat. N.-S. Arch. Ex. Path. Ph. 347, 583–590.

Chen, K., Wu, H.F., Shih, J.C., 1993. The deduced amino acid sequences of human
platelet and frontal cortex monoamine oxidase B are identical. J. Neurochem.
61, 187–190.

Chugani, D.C., Muzik, O., Rothermel, R., Behen, M., Chakraborty, P., Mangner, T., da
Silva, E.A., Chugani, H.T., 1997. Altered serotonin synthesis in the
dentatothalamocortical pathway in autistic boys. Ann. Neurol. 42, 666–669.

Cook Jr., E.H., Leventhal, B.L., 1996. The serotonin system in autism. Curr. Opin.
Pediatr. 8, 348–354.

Cook, E.H., Fletcher, K.E., Wainwright, M., Marks, N., Yan, S.Y., Leventhal, B.L., 1994.
Primary structure of the human platelet serotonin 5-HT2A receptor: identify
with frontal cortex serotonin 5-HT2A receptor. J. Neurochem. 63, 465–469.

Davies, K., Richardson, G., Akmentin, W., Acuff, V., Fenstermacher, J., 1996. The
microarchitecture of cerebral vessels. In: Courad, P., Scherman, D. (Eds.), The
Cerebral Vascular Symposium, Biology and Physiology of the Blood–Brain
Barrier. Plenum Press, New York.

Ferrer, A., Artigas, F., 1994. Effects of single and chronic treatment with
tranylcypromine on extracellular serotonin in rat brain. Eur. J. Pharmacol.
263, 227–234.

Frieling, H., Bleich, S., 2006. Tranylcypromine: new perspectives on an ‘‘old’’ drug.
Eur. Arch. Psy. and Clin. Neurosci. 256, 268–273.

Green, A.R., Youdim, M.B., 1975. Effects of monoamine oxidase inhibition by
clorgyline, deprenil or tranylcypromine on 5-hydroxytryptamine
concentrations in rat brain and hyperactivity following subsequent
tryptophan administration. Brit. J. Pharmacol. 55, 415–422.

Hranilovic, D., Bujas-Petkovic, Z., Vragovic, R., Vuk, T., Hock, K., Jernej, B., 2007.
Hyperserotonemia in adults with autistic disorder. J. Autism Dev. Disord. 37,
1934–1940.

Huether, G., Thömke, F., Adler, L., 1992. Administration of tryptophan-enriched
diets to pregnant rats retards the development of the serotonergic system in
their offspring. Dev. Brain Res. 68, 175–181.

Janusonis, S., 2005. Serotonergic paradoxes of autism replicated in a simple
mathematical model. Med. Hypotheses 64, 742–750.

Jernej, B., Cicin-Sain, L., 1986. Influence of serotonin and its precursors on body
weight of rats. Period. Biol. 88, 132–133.

Johnston, J.P., 1968. Some observations upon a new inhibitor of monoamine oxidase
in brain tissue. Biochem. Pharmacol. 17, 1285–1297.

Lesch, K.P., 2001. Variation of serotonergic gene expression: neurodevelopment and
the complexity of response to psychopharmacologic drugs. Eur.
Neuropsychopharm. 11, 457–474.

Lesch, K.P., Aulakh, C.S., Wolozin, B.L., Tolliver, T.J., Hill, J.L., Murphy, D.L., 1993.
Regional brain expression of serotonin transporter mRNA and its regulation by
reuptake inhibiting antidepressants. Mol. Brain Res. 17, 31–35.

Lynn-Bullock, C.P., Welshhans, K., Pallas, S.L., Katz, P.S., 2004. The effect of oral 5-
HTP administration on 5-HTP and 5-HT immunoreactivity in monoaminergic
brain regions of rats. J. Chem. Neuroanat. 27, 129–138.

Magnussen, I., Nielsen-Kudsk, F., 1980. Bioavailability and related pharmacokinetics
in man of orally administered L-5-hydroxytryptophan in steady state. Acta
Pharmacol. Tox. 46, 257–262.

Malyszko, J., Urano, T., Serizawa, K., Yan, D., Kozima, Y., Takada, Y., Takada, A., 1993.
Serotonergic measures in blood andbrainand their correlations in rats treated with
tranylcypromine, a monoamine oxidase inhibitor. Jpn. J. Physiol. 43, 613–626.

McKim, R.H., Calverly, D.G., Dewhurst, W.G., Baker, G.B., 1983. Regional
concentrations of cerebral amines: effects of tranylcypromine and phenelzine.
Prog. Neuro-Psychoph. 7, 783–786.

Mulder, E.J., Anderson, G.M., Kema, I.D.O.P., J, N.D., A, J., Minderaa, R.B., 2004.
Platelet Serotonin Levels in Pervasive Developmental Disorders and Mental
Retardation: Diagnostic Group Differences, Within-Group Distribution, and
Behavioral Correlates. J. Am. Acad. Child. Psy. 43, 491–499.

Owley, T., Leventhal, B., Cook, E., 2003. Childhood disorders: the autism spectrum
disorders. In: Tasman, A., Kay, J., Lieberman, J. (Eds.), Psychiatry. Wiley and Sons,
West Sussex, England, pp. 757–774.

Paxinos, G., Watson, C., 2007. The Rat Brain in Stereotaxic Coordinates. Academic
Press, San Diego, California.

Racke, K., Reimann, A., Schwörer, H., Kilbinger, H., 1995. Regulation of 5-HT release
from enterochromaffin cells. Behav. Brain Res. 73, 83–87.

Shemer, A.V., Azmitia, E.C., Whitaker-azmitia, P.M., 1991. Dose-related effects of
prenatal 5-methoxytryptamine (5-MT) on development of serotonin terminal
density and behavior. Dev. Brain Res. 59, 59–65.

Sleight, A.J., Marsden, C.A., Martin, K.F., Palfreyman, M.G., 1988. Relationship
between extracellular 5-hydroxytryptamine and behaviour following
monoamine oxidase inhibition and L-tryptophan. Drugs 303, 310.

Sémont, A., Fache, M., Héry, F., Faudon, M., Youssouf, F., Héry, M., 2000. Regulation
of central corticosteroid receptors following short-term activation of serotonin
transmission by 5-hydroxy-L-tryptophan or fluoxetine. J. Neuroendocrinol. 12,
736–744.

Udenfriend, S., Weissbach, H., Bogdanski, D., 1957. Increase in tissue serotonin
following administration of its precursor 5-hydroxytryptophan. J. Biol. Chem.
224, 803–810.

Walther, D.J., Peter, J.-U., Bashammakh, S., Hörtnagl, H., Voits, M., Fink, H., Bader, M.,
2003. Synthesis of serotonin by a second tryptophan hydroxylase isoform.
Science 299, 76.

Whitaker-Azmitia, P.M., 2001. Serotonin and brain development: role in human
developmental diseases. Brain Res. Bull. 56, 479–485.

Whitaker-Azmitia, P.M., Azmitia, E.C., 1986. Autoregulation of fetal serotonergic
neuronal development: role of high affinity serotonin receptors. Neurosci. Lett.
67, 307–312.

Whitaker-Azmitia, P.M., Zhang, X., Clarke, C., 1994. Effects of gestational exposure
to monoamine oxidase inhibitors in rats: preliminary behavioral and
neurochemical studies. Neuropsychopharmacol. 11, 125–132.

Whitaker-Azmitia, P.M., 2005. Behavioral and cellular consequences of increasing
serotonergic activity during brain development: a role in autism? Int. J. Dev.
Neurosci. 23, 75–83.

D. Hranilovic et al. / Neurochemistry International 59 (2011) 202–207 207


