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Abstract

Background and Purpose: Serotonin (5-hydroxytryptamine, SHT) is
present in brain and peripheral tissues and mediates various physiological
Sfunctions. It also regulates perinatal development of serotonergic neurons
and target tissues. It is assumed that dysregulation of the peripheral SHT-
-homeostasis, which causes elevated blood SHT concentrations, could in-
hibit development of serotonergic neurons and lead to anatomical/func-
tional alterations of the brain. In this study we have investigated the
physiological consequences of perinatal treatment with the immediate SHT
precursor; S-hydroxytryptophan (SHTP) in young rats.

Materials and Methods: Rats were treated with 25 mg/kg SHTP from
gestational day 13 until postnatal day 21. The number of born and survived
pups in each litter; body mass increase over time, level of anxiety produced
by separation of pups from their mother, and blood SHT concentrations
were determined in the experimental group of rats and compared with val-
ues obtained in the saline-treated control group.

Results: Although a similar number of pups were born to each litter in
both groups, SHTP-treated pups, in comparison with saline-treated pups,
had significantly lower body mass at PND1, significantly lower survival ra-
te, significantly higher blood SHT concentrations, and returned to their dam
significantly faster in the separation anxiety test. They gained weight at
slower rate than the control rats and maintained significantly lower body mass.

Conclusion: Temporary increase in peripheral SHT concentrations dur-
ing the critical phase of brain development has caused physiological distur-
bances in pups. Possible permanent changes in the central SHT compart-
ment are also indicated and will be explored in further studies.

INTRODUCTION

Serotonin (5-hydroxytryptamine, 5SHT) is a biologically active ami-
ne present both in the brain and the peripheral tissues where it me-
diates various physiological functions (1). Before it assumes the func-
tion of a neurotransmitter in the mature brain, it regulates the perinatal
development of serotonergic neurons and target tissues (2). Alterations
in the system that regulates SHT metabolism and function might
therefore represent a biological basis of several behavioral disorders (3).

A disorder in which 5SHT homeostasis is disturbed both centrally
and peripherally is autism, a neurodevelopmental syndrome with onset
in early childhood, characterized by impairment in social interaction
and communication, and by the presence of restricted and repetitive be-
haviors and interests (4). Elevated blood SHT levels (hyperserotone-
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mia) have been consistently found in about one third of
autistic patients (5), while at the same time brain SHT
activity was found to be decreased (6).

Although 5HT is synthesized in the central and pe-
ripheral compartments via different tryptophan hydrox-
ylase enzymes (7) and its two pools are separated by the
blood-brain barrier, proteins that control SHT function
in both compartments are encoded by the same genes,
have identical primary structures and follow the same ki-
netics (8—10). It is therefore possible that alterations in
the expression of one or more of the serotonergic elements
could lead to the dysregulation of SHT 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 (11).

Alternatively, dysregulation of the peripheral SHT-
-homeostasis could lead to high concentrations of SHT
in blood. During fetal development, before the formation
of the blood-brain barrier, these high SHT levels could
inhibit development of serotonergic neurons and lead to
the anatomical and functional alterations of the brain,
characteristic for autism (12). Inhibitory function of SHT
on development of serotonergic neurons has so far been
investigated on animal models using pharmacological
treatment with SHT receptor agonist 5-methoxytrypta-
mine (13, 14), SHT precursor tryptophan (15), monoami-
ne oxydase inhibitors (16), and SHT uptake inhibitors (17).

We have recently started studies of the effects of hyper-
serotonemia on the developing rat brain by administering
immediate SHT precursor, 5-hydroxytryptophan (SHTP)
perinatally from gestational day 13 until postnatal day
21, the period of most intensive development of seroto-
nergic neurons. With the hypothesis that the mentioned
treatment will cause hyperserotonemia and lead to measur-
able physiological consequences in young rats, we have
determined the number of born and survived pups in
each litter, body mass increase over time, anxiety-like beha-
vior of pups and blood SHT concentrations in rats trea-
ted with 25 mg/kg SHTP and compared the measured
parameters with those of the saline treated control rats.

MATERIALS AND METHODS

Housing and breeding of animals

Out of five nulliparous Wistar females from the animal
facility of the Croatian Institute for Brain Research (Uni-
versity of Zagreb, Zagreb, Croatia), weighing 260-291 g,
two were assigned to a »saline group«, and three to a
»SHTP group«. Females were mated with males of the
same strain and age in 2:1 and 3:1 ratio, respectively. Vag-
inal smears were taken daily at 10 a.m. to check for the
presence of sperm. Weight was monitored daily and pro-
gressive increase during the following week was consid-
ered as a confirmation of pregnancy. The day sperm was
found in the smear was considered as day 0 of gestation
(GO0). After gravidity was confirmed in all females, the
male was removed from the cage. Females remained to-
gether until two days before parturition when they were
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separated and remained singly housed until weaning of
the pups (at postnatal day 21, PND 21). After weaning,
animals were kept 3 per cage. Females were closely ob-
served during parturition to determine the number of
pups born to each litter. Pups were weight daily during
treatment and three times weekly after treatment. 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. The study was
approved by the Ethic committee of the Faculty of Scien-
ce, University of Zagreb, and was conducted in accor-
dance with the Croatian Animal Protection Law (»Na-
rodne novine«, 135/2006).

Pharmacological treatment

The experimental group of pups was treated with
SHTP (Sigma-Aldrich), from GD 13 until birth by in-
jecting 25 mg/kg of SHTP subcutancously to pregnant
females, and from PND1 until PND 21 by receiving sub-
cutancous injections in the nape at a dose 25 mg/kg.
SHTP was dissolved in acidified saline. Before treat-
ment, the solution was neutralized with NaOH and
warmed to the body temperature. The control group was
treated with saline in the same manner. All injections
were performed at 2 pm. A 50 pL syringe (Hamilton)
and disposable 30G needles (BD, Drogheda, Ireland)
were used to treat the pups.

Behavioral test - Return to dam

The return to dam test was adapted from McNamara
et al. (14). The test was performed on PND 17 in a cage
with a dark non translucent wall inserted in the middle.
The wall contained a 2.5 x 2.5 cm opening at the bottom
with a tunnel-like extension on the mother’s side, so the
pups could pass but she could not reach out for them. A
maximum of 5 pups per litter were placed on one side of
the wall and the dam on the other. The pups were al-
lowed ten minutes to return to their dam and the time
when their hind legs crossed through the opening in the
wall onto the mother’s side was scored.

Blood 5HT concentration

Blood 5SHT concentrations were measured at the end
of the treatment (PND 22) in five randomly chosen pups
from each treatment group. Under light ether narcosis,
800 pL of blood was withdrawn from the jugular vein
into syringes preloaded with 200 pL of 3.13% trisodium
citrate anticoagulant. Animals were sacrificed after blood
sampling. Blood samples were transferred to microtubes
after a thorough mixing and centrifuged at 200 x g for 10
min to generate platelet rich plasma. SHT concentration
in both, platelets and platelet-free plasma was deter-
mined using a commercial enzyme immunoassay kit
(Serotonin ELISA kit, DRG Instruments GmbH, Ger-
many), according to the kit instructions. A calibration
curve was drawn based on the absorbances measured at
450 nm on the microplate reader (Bio Rad 550, Ger-
many) and known concentrations of the standard solu-
tions. Concentration values of samples were obtained by
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interpolating them to the calibration curve, using the
4-parameters non-linear regression curve fitting. Results
were counted as a sum of concentration in platelets and
concentration in platelet-free plasma, and were expressed
in ng SHT per mL of blood.

Statistical analysis

Data was processed using GraphPad InStat 3.01 soft-
ware. Normality of distributions of the measured param-
eters was tested by Kolmogorov/Smirnov method, while
the equality of SDs was tested by Bartlett’s test. Mean
values of normally distributed parameters were com-
pared using unpaired t-test, and of those that were not
normally distributed using non-parametric Mann-Whit-
ney test. Statistical significance of difference in survival
rate was compared using two-sided Fisher’s exact test.
The level of significance was set to 0.05. Values were ex-
pressed as means * standard deviations (M % SD).

RESULTS

Several physiological parameters were determined in
rats perinatally treated with the serotonin precursor SHTP
and compared to those of the saline treated rats (Table 1).

Two dams from the control group gave birth to 10 and
9 pups, respectively, one of which died during the first 24
hrs. Three dams from the SHTP treated group gave birth
to a total of 24 pups (8 per dam) out of which only ten
survived after the first 24 hrs. The difference in survival
rate was very significant (p = 0.0003), with a relative risk
of dying for the SHTP treated pups being 2.6 (95% CI
1.6-4.4).

Although the number of pups born per dam (9.5 in sa-
line treated and 8 in SHTP treated group), as well as the
maternal weight gain during pregnancy (121,9% in the
saline treated and 109,7% in the SHTP treated group),
was very similar between the groups, body mass of the
surviving pups on PND 1 was significantly lower in the
SHTP treated (6.0 £ 0.7 g) than in the saline treated (7.3
0.8 g) group (t = 4.222,df = 22, p = 0.0004) (Figure 1).

TABLE 1

Physiological parameters determined in saline- and
S5HTP-treated rats.

Saline SHTP treated
treated group
group
Number of pups born 19 24
Offspring per dam 9.5 8
Number of died pups 1 14
Litter size per dam 9 3.33+£0.58
Survival rate (%) 95 40 ###
Birth weight (g) 73+0.38 6.0£0.8 ***
Adult weight at PND 44 (g) 162.0+17.5 140.6 £22.4 **

** p<0.01, *** p<0.001, unpaired t-test; ### p<0.001,
Fisher’s exact test.
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Figure 1. Increase in body mass in rats perinatally treated with saline
N=17 (circles), or SHTP N= 10 (squares). Values are expressed as
M + S8D. Differences in mean values of the body mass between the
groups were compared at different time points using unpaired t-test;

**p<0.01, *** p<0.001, p<0.05.

Weight gain during breast-feeding period was constant
in both groups and the average body mass of SHTP
treated pups reached that of saline treated pups after the
second week of age (PND 15,29.09+ 1.080 g and 27.34 £
0.3086 g, respectively), probably due to much smaller lit-
ter sizes. However, after weaning, the body mass of the
SHTP treated rats increased at a slower rate than the
body mass of the saline treated rats, resulting in a signifi-
cantly lower weight at adult age (PND 44, 140.6 £ 224 ¢
and 162.0 £ 17.5 g, respectively; U = 32; p = 0.0067).

On PND 17, possible differences in behavior between
the saline and SHTP treated pups were determined by
the return-to-dam test (Figure 2). While the saline trea-
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Figure 2. Return to dam test. Bars show time needed for saline
(N=18) and SHTP (N=10) treated pups to return to their dam af-
ter separation. Values are expressed as M £ SD; * p<0.05, Mann
Whitney test.
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Figure 3. Blood SHT concentrations in rats perinatlly treated with
saline or SHTP at the end of treatment (PND 22). N=4 per group.
Values are expressed as M £ SD; * p<0.05, Mann Whitney test.

ted pups needed 143 £ 32 s on average to return to their
mothers, the SHTP treated pups performed the given
task significantly faster needing on average only 41 £ 14 s

(U =37;p = 0.0118).

Finally, in order to determine whether the perinatal
SHTP treatment did indeed cause hyperserotonemia in
the experimental group, blood SHT concentrations were
measured in five randomly chosen pups from both groups
atthe end of treatment. One sample from each group was
lost during processing, leaving us with four samples per
group (Figure 3). Although the number of samples was
low, it was evident that pups from the SHTP treated
group have elevated blood SHT concentrations in com-
parison to those of the saline treated group, mean values
being 463 £ 142 ng/mL and 920 + 416 ng/mL, respec-
tively (U=16, p=0.0286).

DISCUSSION

By the use of the described method, we have caused
hyperserotonemia in the experimental group of rats, with
the mean blood SHT concentration amounting to about
200% of the mean SHT concentration in the saline trea-
ted group. In the body, SHTP is the intermediate in the
synthesis of SHT from its precursor tryptophan (Trp)
through a rate-limiting step mediated by the enzyme
tryptophan hydroxylase. SHTP is then reduced by aro-
matic amino acid decarboxylase to serotonin. Although
Trp has been used by some groups to increase SHT levels
perinatally (18—20), we consider the use of SHTP to have
several advantages. First, Trp is an essential amino acid
with many functions in the body (mainly a precursor in
protein synthesis) while only 1-2% is consumed in the
synthesis of SHT (21); on the other hand, SHTP is only
found in the SHT synthesis pathway and is quantita-
tively converted to SHT (21-23). Secondly, administra-
tion of SHTP allowed us to elude the rate-limiting step
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in the synthesis of 5SHT and to mimic the effect of in-
creased SHT synthesis through a chosen SHTP dose.
Indeed, clinical studies have shown that 5SHTP is effec-
tive in increasing blood SHT levels (24-27) and is more
effective than Trp in increasing brain SHT levels (28).
The advantage of using SHTP over SHT itself is that it
readily crosses the placental barrier (21), which is crucial
for the prenatal part of the treatment. Hirai and Naka-
jima (29) have shown that a dose of 20 mg/kg SHTP is
minimal to cause a measurable increase in blood SHT
levels in Wistar rats, while maintaining a physiological
proportion between SHT and SHIAA content. On the
other hand, higher doses of SHTP (100 mg/kg and abo-
ve), although effective in rising SHT blood levels, proved
to be neurotoxic for rodents, causing the SHT syndrome
(30-33). We have chosen a dose of 25 mg/kg SHTP
which is reported to be quite effective in raising blood
SHT concentrations in adult rats (34—37). The injections
were given subcutaneously in the nape both to gravid
dams and pups. This way of drug administration, used to
avoid the risk of damaging the fetuses during the prena-
tal treatment, and to reduce discomfort in the pups, en-
abled 100% of pup survival during treatment.

The physiological consequences of the perinatal trea-
tment with SHTP in young rats were evident. Although
a similar number of pups were born to each litter in both,
SHTP treated and saline treated dams, pups from the
SHTP treated group had significantly lower body mass at
PNDI and significantly lower survival rate. Pups which
did not survive were either still born or died within 24
hours after birth. Research on the influence of SHTP in
pregnant rats, showed that an acute dose of 100 mg/kg of
SHTP caused reduced fetal weight and increased fetal
reabsorption (38), presumably caused by the vasocon-
stricting effect of serotonin, especially on the umbilical
and chorionic arteries. The negative effect of the reduced
uteroplacental blood flow on fetal growth has been dem-
onstrated in several studies (39—41). The chronic treat-
ment with SHTP used in this experiment, although at a
much lower dose, could have reduced placental blood
flow and induced slower fetal growth and, consequently,
lower survival rate. Another possible explanation might
be that the increased SHT concentrations caused by
SHTP treatment have impaired development of seroto-
nergic brain regions, which was reflected in death of
some pups and lower birth weight of others.

The influence of the SHTP treatment on body mass
was obvious after weaning. Free-feeding rats from the ex-
perimental group gained weight at slower rate than the
control rats and retained significantly lower body mass
after the wash-out period. This indicates that SHTP
treatment has induced changes in the central seroto-
nergic compartment resulting in reduced food intake or
increased metabolic rate. A number of studies reported
the influence of centrally and peripherally increased SHT
concentrations on decreased food ingestion, and conse-
quentially, lower body mass in both, rats and humans

(42-47).
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The return to dam test was conducted in order to de-
termine the level of anxiety produced by the separation of
the pups from their mother. Although all pups from both
groups returned to their dam within the experimental
time, SHTP treated pups did it significantly faster than
the control pups. This mightbe the result of increased lo-
comotor activity, increased anxiety, or the combination of
both. Regarding the first, increased frequencies in basic
locomotor patterns have been observed after the acute
administration of 55 mg/kg of SHTP in carbidopa pre-
treated rats (48). Regarding the second, increased anxi-
ety-like behavior was observed in a rat subline with high
platelet SHT level in comparison to the subline with low
platelet SHT level (46). Also, the reduction in brain SHT
levels induced through tryptophan depletion has been
reported to cause panic attacks and anxiety in patients
with panic syndrome as well as in healthy subjects (49,
50). Hence, it is possible that the results of our behavioral
test represent the consequence of reduced activity and/or
number of serotonergic neurons caused by peripheral
SHT increase after SHTP treatment.

At this point it is hard to distinguish between the indi-
rect SHTP effects, acting through hyperserotonemia, and
direct SHTP effects acting through the increased SHT
synthesis in the brain, which represents the main limita-
tion of the study. In any case, the brain was exposed to el-
evated SHT levels during the development of serotoner-
gic neurons.

In conclusion, we have shown that the perinatal treat-
ment of rats with 25 mg/kg of the serotonin precursor
SHTP has caused physiological disturbances in pups.
Differences in body mass between SHTP and saline
treated animals, which remained significant after the
wash-out period, indicate that the changes in the central
SHT compartment might have been permanent. Whe-
ther the temporary increase in peripheral SHT concen-
trations during the critical phase of brain development
has left permanent changes in the central serotonergic
compartment, and to what extent, will be explored in fur-
ther studies.
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