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Involvement of high plasma corticosterone status and
activation of brain regional serotonin metabolism in
long-term erythrosine-induced rearing motor hyper
activity in young adult male rats
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Abtract

Long-term consumption of artificial food color(s) can induce behavioral hyperactivity in human and experimental
aminals, but no neurobiochemical mechanism is defined. This study investigates the role of brain regional sero-
tonin metabolism including its turnover, MAO-A activity, and plasma corticosterone status in relation to behav-
ioral disturbances due to an artificial food color, erythrosine. Long-term (15 or 30 consecutive days) erythrosine
administration with higher dosage (10 or 100 mg/kg/day, p.o.) produced optimal hyperactive state in exploratory
behavior (rearing motor activity) after 2h of last erythrosine administration, in young adult male albino rats.
Erythrosine-induced stimulation in brain regional (medulla-pons, hypothalamus, hippocampus, and corpus stria-
tum) serotonin metabolism (measuring steady state levels of 5-HT and 5-HIAA, MAO-A activity), including its turno-
ver (pargyline-induced 5-HT accumulation and 5-HIAA declination rate), as well as plasma corticosterone were
also observed depending on dosage(s) and duration(s) of erythrosine administration under similar experimental
conditions. The lower dosage of erythrosine (1 mg/kg/day, p.o.) under similar conditions did not affect either of
the above. These findings suggests (a) the induction as well as optimal effect of long-term erythrosine (artificial
food color) on behavioral hyperactivity in parallel with increase in 5-HT level in brain regions, (b) the activation
of brain regional serotonin biosynthesis in accordance with plasma corticosterone status under such behavioral
hyperactivity, and (c) a possible inhibitory influence of the enhanced glucocorticoids-serotonin interaction on

erythrosine-induced rearing motor hyperactivity in young adult mammals.
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Introduction

Erythrosine (CAS No. 16423-68-0, Chemical name/synonyms:
Disodium 2-(2',4',5',7'-tetraiodo-3-oxido-6-oxoxanthen-9-yl)
benzoate monohydrate/CI Acid Red 51; CI Food Red 14; D&C
Red No. 3; FD & C Red No. 3; Erythrosine B or BS) (Budavari
1989; The Nordic Council of Ministers 2002), an artificial food
color, is a highly lipid soluble fluorescein compound. Like
other fluorescein compounds, it can cross the blood-brain-
barrier (Levitan et al. 1984; Hirohashi et al. 1997) though the
amount in the brain is restricted due to dye-plasma protein
complex formation depending on the age and condition of
the subject (Levitan et al. 1984). It also acts as an organic
anion in the biological system and a fairly potent membrane

active agent (Levitan 1977). Moreover, erythrosine increases
the Ca*? permeability in neural membrane (Colombini and
Wu 1981; Heffron et al. 1984) and inhibits brain Mg?*-ATPase,
Na*-K*-ATPase (Wade et al. 1984), Ca*>-ATPase (Watson and
Haynes 1982), and high affinity ouabain binding (Silbergeld
1981; Hnatowich and Labella 1982; Swann 1982). This artifi-
cial food dye also potentiates the release of neurotransmitters
(dopamine, GABA, serotonin, acetylcholine, norepinephrine,
etc.) (Logan and Swanson 1979; Augustine and Levitan 1983;
Wade et al. 1984) and inhibits dopamine uptake (Lafferman
and Silbergeld 1979) in rat brain tissue. Long-term admin-
istration of erythrosine, like other artificial food colors,
stimulates the exploratory behavior in juvenile as well as
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in adult animals (Tanaka 2001; 2006). The artificial food
color(s)-induced hyperactive behavior in experimental ani-
mals supports the proposed hypothesis regarding the onset
of behavioral hyperactivity including attention deficit hyper-
activity disorders (ADHD) in human (particularly in young
of age group 3-12 years) due to long-term consumption of
artificial food additives (including artificial food colors),
as reported by McCann et al. (2007) and others (Boris and
Mandel 1994; Bateman et al. 2004; Schab and Trinh 2004); but
possible neurochemical mechanisms have little been defined
(Bateman et al. 2004; Schab and Trinh 2004; McCann et al.
2007). Studies (Hechtman 1994; Giros et al. 1996; Brennan
and Arnsten 2008) over the past decades have led to the
development of specific theories regarding the role of the
dopaminergic system in the etiology of behavioral conditions
and hyper (locomotor) activity. Recent past observations of
Alex and Pehek (2007) suggest a positive modulatory role
of central serotonin over the central dopaminergic activity.
Cazalets et al. (2000), Branchereau et al. (2002), and Pflieger
et al. (2002) also reveal that endogenous 5-HT is directly
involved in the development and regulation of central loco-
motor pattern generation. Moreover, various classes of sero-
tonergic receptors located in brain areas related to the motor
control system (like striatum, medulla, hippocampus, frontal
cortex, or spinal cord) modulate the neural circuit involved
in exploratory behavior (Grailhe et al. 1999). Based on this
information as well as our recent past observation (Dalal and
Poddar 2009), the present authors aim to investigate the effect
of long-term erythrosine administration on brain regional
serotonin metabolism in relation to changes in exploratory
behavior (rearing motor activity) in young adult mammals.

Materials and methods

Reagents

Erythrosine B (dye content 90%), serotonin (5-HT)-HCI,
ninhydrin, semicarbazide-HCI corticosterone, and bovine
serum albumin (BSA) were purchased from Sigma Chemicals
Co. (St. Louis, MO, USA). Pargyline-HCl was obtained from
Abbott laboratories (North Chicago, IL, USA). All other rea-
gents used in the study were of analytical grade.

Animals and animal care

Young adult male albino rats (130-140 gm body wt.; 12-14
weeks of age) of Charles Foster strain were taken as experi-
mental subjects. Animals were housed in a room having con-
stant temperature (28 +0.5°C) and relative humidity (85 +5%)
with 12h light-dark cycle, and were maintained with standard
laboratory food and water ad libitum. In the present study,
the guidelines of the animal ethical committee of Department
of Biochemistry, University of Calcutta (Registration no. 797/
CPCSEA) were followed and all efforts were made to mini-
mize the number of animals used and their suffering.

Experimental design
Rats were randomly divided into three groups (Groups I, II,
and III) (Scheme 1). Each group was further divided into four

sub-groups (sub-groups 2-4 were considered as experimental
and sub-group 1 was considered as corresponding control).
Experimental sub-groups 2, 3, and 4 were orally (p.o.) treated
with erythrosine (1, 10, and 100 mg/kg/day, p.o., respectively,
in 0.5ml distilled water) for 15 or 30 consecutive days. Control
rats (sub-group 1) of corresponding experimental groups
were treated with the equivalent volume of vehicle of eryth-
rosine (distilled water) through the same route under similar
conditions. In the present study erythrosine is administered
by the oral gavaging method so that a more precise amount of
test compound can be delivered and the oral administration
was achieved by using an animal intubation needle (18 Gx 3”
curved) (Gad 2007).

In order to observe the optimum time required for the
maximum erythrosine-induced behavioral response, rats of
Group-I (containing 8-12 rats in each sub-group) were treated
with erythrosine (1, 10, or 100 mg/kg/day, p. o.in 0.5ml) or its
vehicle for 15 or 30 consecutive days, and motor activity (MA)
was measured at different time points (0-9 h) after last eryth-
rosine administration. In the present investigation dosages of
erythrosine for consecutive days treatment were selected on
the basis of our recent study (Dalal and Poddar 2009) and the
studies of others (Abdel Aziz et al. 1997; Tanaka 2001; Tsuda
et al. 2001; Sasaki et al. 2002).

Rats of Group II were used for estimation of neurobio-
chemical parameters and plasma corticosterone concentra-
tion. Neurobiochemical parameter and plasma corticosterone
concentration was measured (using 4-6 rats in each sub-
group of Group 1II) following 15 or 30 consecutive days of
erythrosine administration.

Animals of Group III (containing 12 rats in each sub-group
and pre-treated with erythrosine (1, 10, and 100 mg/kg/day,
p.o.) or its vehicle for 15 or 30 consecutive days as mentioned
above) were used for determination of pargyline (75mg/kg,
i.p. in 0.2ml saline)-induced 5-HT accumulation and 5-HIAA
declination rates and pargyline-induced plasma corticosterone
concentration. Control rats corresponding to Group III were
treated with an equivalent volume (0.5 ml) of vehicle of eryth-
rosine (distilled water) and/or saline (when required) through
the same route under similar experimental condition(s).

Behavioral rating of rat motor activity (MA)

Vertical rearing motor activity of each animal was measured
during a 5min observation period to monitor the MA, as
described elsewhere (Jamaluddin and Poddar 2003). The
animals treated with either erythrosine or their respective
controls (treated with distilled water) were gently transferred
to a transparent plastic chamber (24 x 24 x 20 cm?®) illumi-
nated with an electrical lamp at the top. The vertical rearing
frequency was measured by an electrical device based on the
capacitance change proportional to the distance between
the animal’s head and probe following the method of Keenan
and Johnson (1972).

Collection of brain tissue
Rats of both control and experimental groups were sacri-
ficed by cervical dislocation between 9:00-9:30 am to avoid
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Schematic presentation of experimental design
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a : Each sub-group contains 8-12 rats; b : Each sub-group contains 4-6 rats

Scheme 1. The schematic presentation of the experimental design.

circadian effect (if any), following 2h of last erythrosine
administration. After decapitation, brains were immediately
taken out and were collected either in liquid nitrogen for
estimation of steady state levels of 5-HT, 5-HIAA, or kept in
ice-cold condition (0-4°C) for the enzyme (MAO-A) assay.
Immediately after collection of the brains, different brain
regions (including medulla-pons, hypothalamus, hippocam-
pus, and corpus striatum) were rapidly dissected out follow-
ing the method described by Poddar and Dewey (1980).

Estimation of neurobiochemical parameters

Steady state levels of 5-HT and 5-HIAA

Steady state levels of 5-HT and its metabolite 5-HIAA were
estimated spectrophotofluorometrically in different brain
regions following the method of Scapagnini et al. (1969). Rat
brain tissues were homogenized (20 Vol) with 0.4 N perchlo-
ric acid (PCA) and EDTA (2.5mg) and ascorbic acid (2.5 mg)
were mixed with 1 ml of tissue homogenate. The homogenate
was then centrifuged for 5min at 2500 x g, the clear superna-
tant was collected and pH was adjusted to 6.8-7.0 with the
addition of 40% K,CO,, 10% ZnSO,, and 1 M NaOH. Then solid
NaCl, 6 N HCI, and 10 ml of butyl acetate were added, mixed
well, and centrifuged at 2500 xg for 5min. Aqueous phase
was used for the determination of 5-HT and organic phase
was used for 5-HIAA determination.

Phosphate buffer (0.1 M) was added in the organic phase,
shaken, and centrifuged again at 2500x g for 5min. Then
concentrated HCI was added to the buffer phase and the
fluorescence of 5-HIAA was spectrophotoflurometrically
(Hitachi F-3010) measured with excitation and emission of
305 nm and 540 nm, respectively.

The pH of the aqueous phase was increased (pH 10) with
40% K,CO, and then borate buffer (0.5M, pH 10), n-butanol,
and NaCl were added, mixed well, and centrifuged at 2500 x g
for 5-min. The organic layer was then transferred to another
centrifuged tube containing n-haptane and phosphate buffer,
mixed well, and centrifuged at 2500 x g for 5min. For 5-HT
determination a known amount buffer layer was taken, mixed
with ninhydrin solution (0.1 M), and incubated at 75°C for
30min. Then fluorescence was measured spectrophotofluro-
metrically (Hitachi F-3010) at room temperature with an
excitation and emission of 385nm and 490 nm, respectively.
Steady-state level of 5-HT and 5-HIAA were expressed as
ng/mg protein.

Assay of monoamine oxidase-A (MAO-A) activity

The pure mitochondria were obtained from different brain
regions by sucrose density gradient centrifugation method,
as described by Gray and Whittaker (1962). In brief, brain tis-
sues were homogenized (10 Vol) in 0.32M sucrose (pH 7.4)
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and then centrifuged at 600 x g for 10 min. The supernatant
was collected and centrifuged again at 8500 xg for 20 min.
Then the crude mitochondrial pellet was collected and sus-
pended in sucrose (0.32M). After density gradient centrifuga-
tion, the pellet at the bottom containing mitochondria was
re-suspended in 0.25M sucrose and used as mitochondrial
enzyme source.

MAO-A activity was spectrophotometrically measured
using serotonin as substrate, according to the method of
Green and Haughton (1961) and Guha (1966). The stand-
ard incubation mixture of a total volume of 2ml consisting
of phosphate buffer (0.1 M, pH 7.0), mitochondrial enzyme
source (containing 0.2 mg protein), semicarbazide (0.125 M),
and serotonin (0.1 M) was incubated for 30 min at 37°C. The
reaction was then terminated with the addition of 0.1M
2,4 Dinitro phenyl hydrazine (DNPH) in 2 N HCL. Enzyme
blank was prepared by adding 2,4 DNPH before addition of
substrate serotonin (0.1 M). The products formed were then
extracted with benzene and the organic layer was then added
into NaOH (0.4%), mixed well, and centrifuged at 2800 x g for
5min. The benzene layer was removed and the aqueous layer
was kept at 80°C for 10 min, then cooled at room temperature,
and the color developed was read spectrophotometrically
(Hitachi U-2010) at 450 nm against a reagent blank. All val-
ues were corrected against enzyme blanks and the MAO-A
activity was expressed as AO.D./mg protein/h.

Estimation of plasma corticosterone

Immediately after sacrifice, trunk blood was collected in
heparinized tubes and plasma was prepared by centrifug-
ing at 800xg for 10min under cold (0-4°C) conditions.
Corticosterone level of plasma was assayed according to
the method of Purves and Sirett (1965). Briefly, plasma was
mixed with distilled water and chloroform, shaken vigor-
ously, and centrifuged (Sorvall RC-5B) at 800x g for 5min.
The chloroform layer was taken and NaOH (0.1 N) was added,
shaken vigorously, and the aqueous layer was removed by
centrifugation as described above. Then the chloroform layer
was taken and mixed with 2ml of fluorescent reagent, shaken
vigorously, and centrifuged (Sorvall RC-5B) at 800xg for
5min. The chloroform layer was removed completely. After
30min at room temperature, the fluorescence was measured
(Hitachi F-3010) with an excitation and emission of 470 nm
and 520nm, respectively. The corresponding blank and
standard were prepared using water and pure corticosterone,
respectively, in place of plasma. The plasma corticosterone
level was expressed as pg corticosterone/100 ml plasma.

Estimation of accumulation rate of 5-HT and declination
rate of 5-HIAA in brain regions

Accumulation rate of 5-HT and declination rate of 5-HIAA in
the brain regions were determined by following the method
of Tozer et al. (1966) using pargyline as a monoamine oxi-
dase (MAO) inhibitor. Pargyline (75mg/kg, i.p.) or its vehicle
(saline) was injected into rats at various time intervals (30,
60, and 90 min) after the last erythrosine (1-100 mg/kg/day,
p.o.) or its vehicle (distilled water) administration. Rats of

both experimental and corresponding control were then
sharply decapitated after 2h of last erythrosine or its vehicle
(control) administration and steady state levels of 5-HT and
5-HIAA in brain regions were determined according to the
method of Scapagnini et al. (1969) (as described above). 5-HT
accumulation rate and 5-HIAA declination rate were calcu-
lated from graphical presentation (not shown) of both control
and experimental data (three separate observations) of 5-HT
contents in rat brain regions obtained after every pargyline
application in an individual set of rats (containing three rats
in each set) at different time points (30, 60, and 90 min after
last erythrosine administration) following the method of
Tozer et al. (1966).

Protein estimation

Protein content of tissues was estimated spectrophotometri-
cally following the method of Lowry et al. (1951) using bovine
serum albumin (BSA) as standard.

Statistical analysis

Statistical significance between the mean values was assessed
by analysis of variance (ANOVA) using Scheffe’s multiple
comparison F-test unless otherwise mentioned. Statistical
significance between mean values was considered as
p<0.05.

Results

Erythrosine-induced changes in MA

Figure 1 depicts that lowest erythrosine dosage (1 mg/kg/day,
p.o0.) did not significantly influence the motor (rearing) activ-
ity (MA) of young adult male rats irrespective of duration of
exposure. Only higher dosages of erythrosine increased MA
with the increase of dosage (10 or 100 mg/kg/day, p.o.) and
duration (15 or 30 consecutive days). The erythrosine-induced
stimulation of MA was maximum at 2h after last dosage of
erythrosine administration under both 15 consecutive (F (3,
34)=25.111, p<0.01) and 30 consecutive (F (3, 34)=46.347,
p<0.01) days and then gradually restored to basal (control)
value with time. No significant difference was observed in MA
following 9h of last erythrosine administration in any of the
dosage group with respect to their corresponding control.

Erythrosine-induced changes in steady state levels of
5-HT, 5-HIAA, and MAO-A activity

Figure 2(A-C) represents that lowest dosage (1 mg/kg/day,
p.o.) of erythrosine was ineffective to alter the steady-state
levels of 5-HT and 5-HIAA and MAO-A activity in any of the
brain region studied (medulla-pons, hypothalamus, hippoc-
ampus, and corpus striatum). Higher dosage of erythrosine
(10-100mg/kg/day, p.o.), on the other hand, significantly
increased brain regional steady-state level of 5-HT (Figure 2A)
following 2 h of last dosage of erythrosine administration for
15 consecutive days (medulla-pons, F(3, 18)=14.497, p<0.01;
hypothalamus, F (3, 18)=5.005, p<0.01; hippocampus,
F (3, 18)=5.991, p<0.01; corpus striatum, F (3, 18)=3.436,
p<0.05) as well as 30 consecutive days (medulla-pons,
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Figure 1. Effect of consecutive (15 or 30) days of erythrosine administration (1, 10, or 100 mg/kg/day, p.o.) on motor activity (MA) of young adult male
rats at different time intervals. Each point represented as percentage control mean + SEM of 8-12 separate observations (each observation was made from
a single rat). Vertical line represents + SEM. X-axis indicates time (h) after administration of erythrosine. MA (20.68 + 1.46) of control rats (without any
vehicle treatment) was considered as 100.0+6.23 and the results were calculated accordingly. No significant change was observed between the control
values corresponding to time of erythrosine exposure. Significantly different from corresponding control (treated with vehicle of erythrosine (distilled

water)) p<0.01 and ’p<0.05.

F (3, 18)=33.853, p<0.01; hypothalamus, F (3, 18)=32.10,
p<0.01; hippocampus, F (3, 18)=14.611, p<0.01; corpus
striatum, F (3, 18)=11.255, p<0.01) with respect to their
corresponding control. The degree of increase in brain
region of 5-HT content was dependent on both dosages
and duration of erythrosine exposure (Figure 2A). Unlike
5-HT, no significant change was observed in brain regional
steady-state level of 5-HIAA with higher dosage of eryth-
rosine (10-100mg/kg/day, p.o.), irrespective of duration
of exposure, in comparison to their corresponding control
(Figure 2B). It is evident from Figure 2C that MAO-A activity
was significantly decreased following long-term (30 con-
secutive days) exposure of erythrosine with only highest
dosage (100 mg/kg/day, p.o.) in all the brain regions studied
(medulla-pons, F (3, 18)=15.09, p<0.01; hypothalamus,
F (3, 18)=5.283, p<0.01; hippocampus, F (3, 18)=5.495,
p<0.01; and corpus striatum, F (3, 18)=3.274, p<0.05).

Erythrosine-induced changes in 5-HT accumulation rate
and 5-HIAA declination rate

Tables 1 and 2 represent that lowest experimental dosage of
erythrosine (1mg/kg/day, p.o.) did not significantly affect
pargyline-induced 5-HT accumulation rate (Table 1) and
5-HIAA declination rate (Table 2) in any of the brain region
studied following 15 or 30 consecutive days of exposure.
Higher dosage of erythrosine (10-100 mg/kg/ day, p.o.) signif-
icantly increased pargyline-induced 5-HT accumulation rate

without affecting pargyline-induced 5-HIAA declination rate
at 2h after the last erythrosine administration following 15
consecutive (medulla-pons, F(3, 8)=11.07, p<0.01; hypotha-
lamus, F (3, 8) =5.190, p<0.05; hippocampus, F (3, 8)=4.705,
p<0.05; and corpus striatum, F (3, 8)=4.6780, p<0.05) as well
as 30 consecutive (medulla-pons, F (3, 8)=17.122, p<0.01;
hypothalamus, F (3, 8)=19.412, p<0.01; hippocampus,
F(3,8)=9.817, p<0.01; and corpus striatum, F (3, 8)=6.367,
p<0.05) days with respect to their corresponding control
(Tables 1 and 2).

Erythrosine-induced changes in plasma corticosterone
concentration

It is evident from Figure 3 that erythrosine at its lowest experi-
mental dosage (1 mg/kg/day, p.o.) was ineffective to produce
any significant change in plasma corticosterone concentra-
tion following 15 or 30 consecutive days. Higher dosage of
erythrosine (10-100mg/kg/day, p.o.) administration, on the
other hand, significantly increased plasma corticosterone
level at 2h of last erythrosine administration following both
15 consecutive (F(3, 18)=5.276, p<0.01) and 30 consecutive
(F(3,18)=10.511, p<0.01) days of administration with respect
to their corresponding controls. Figure 3 also depicts that a
single application of pargyline (non-specific MAO inhibi-
tor) to erythrosine vehicle treated group increased plasma
corticosterone concentration following 15 consecutive
(F(1,10)=11.59, p<0.01) and 30 consecutive (F (1, 10)=15.26,
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Figure 2. Effect of consecutive (15 or 30) days of erythrosine administration (1, 10, and 100 mg/kg/day, p.o.) on brain regional stead-state levels of
5-HT (A), 5-HIAA (B), and mitochondrial MAO-A activity (C) of young adult male rats. Results are expressed as percentage change (mean + SEM) of 4-6
separate observations (each observation was made from a single rat) with respect to their corresponding controls. Vertical bars represent the percent-
age change and vertical lines shown on top of each bar represent + SEM. Percentage change was calculated with respect to the corresponding 15 or 30
consecutive days control values. The control values of steady-state levels of 5-HT (ng/mg protein) in medulla-pons, hypothalamus, hippocampus, and
corpus striatum were 11.476+0.638, 9.5817+0.52, 3.9712+0.276, and 4.9575+0.254, respectively, following 15 consecutive days, and 11.5213+0.651,
9.4207+0.476, 4.0591+0.282, and 5.0784 +0.385, respectively, following 30 consecutive days of vehicle treatment. The control values of steady-state
levels of 5-HIAA (ng/mg protein) in medulla-pons, hypothalamus, hippocampus, and corpus striatum were 5.7086+0.30, 4.8064 +0.362, 3.0441+0.23,
and 4.6851 +0.24, respectively, following 15 consecutive days, and 5.5494 +0.345, 4.7491 +0.264, 3.0583 +0.184, and 4.7805 + 0.25, respectively, following
30 consecutive days of vehicle treatment. The control values of mitochondrial MAO-A activity (AOD/mg protein/h) in medulla-pons, hypothalamus,
hippocampus, and corpus striatum were 0.1457 +0.009, 0.1264 + 0.006, 0.0463 +0.003, and 0.0609 + 0.003, respectively, following 15 consecutive days, and
0.1443+0.007, 0.1252+0.008, 0.0475+0.002, and 0.0615+0.004, respectively, following 30 consecutive days of vehicle treatment. Significantly different
from corresponding (i) control “p<0.01, » <0.05; (ii) 1 mg/kg/day, p.o group »<0.01, ‘p<0.05; (iii) 10 mg/kg/day, p.o group »<0.01,/p<0.05; and (iv)
15 consecutive days treatment group ép<0.01, "p<0.05.



p.o.) though fails to produce any significant effect on motor
activity (MA) in young adult male rats, higher dosage of
erythrosine (10 or 100 mg/ kg/day, p.o.) produces behavioral
(rearing) hyperactivity in a dosage and duration-dependent
manner (Figure 1). The motor hyperactivity is maximized
at 2h after last erythrosine dosage, but diminishes with
time and restores to base value depending on the condi-
tions (dosage and duration) of erythrosine administration
(Figure 1). The behavioral activity in the mammalian sys-
tem is potentially regulated by central neurotransmitters—
serotonin and dopamine (Cazalets et al. 2000; Branchereau
et al. 2002; Pflieger et al. 2002; Dalley et al. 2008). Moreover,
central serotonin (5-HT), by modulating its several classes
of 5-HT receptors as well as the activities of brain dopamin-
ergic neurons, regulates locomotor activities (Bankson and
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Cunningham 2001; Alex and Pehek 2007). In mammalian
brain, functional output of 5-HT neuron again varies in dif-
ferent brain regions (Waterhouse et al. 1986; Jacobs et al.
2002). Therefore, in the present investigation brain regions
(including medulla-pons, hypothalamus, hippocampus,
and corpus striatum) are selected to study the serotonin
metabolism including its turnover at 2 h (maximum behav-
ioral hyperactivity) after last dosage of long-term (15 or
30 consecutive days) erythrosine (1-100mg/kg/day, p.o.)
administration in young adult mammals.

Long-term (15 or 30 consecutive days) erythrosine
administration at lowest experimental dosage (1 mg/kg/ day,
p.o.) fails to produce any significant alteration in brain regional
serotonin metabolism (Figure 2, Tables 1 and 2). Unlike
lowest dosage, comparatively higher dosage of erythrosine

Table 1. Effect of consecutive days of oral administration of erythrosine on pargyline-induced accumulation rate of 5-HT in rat brain regions.

Dosage of Erythrosine Duration of treatment Pargyline-induced accumulation rate of 5-HT (percent control)

(mg/kg/day, p.o.) (consecutive days) Medulla-pons Hypothalamus Hippocampus Corpus striatum
1 mg 15 104.62+7.787 103.72+9.5207 97.07+7.88 105.62+5.051
30 118.64+6.417 110.44+5.657 103.39+6.53 111.63+9.349
10 mg 15 129.07 +7.148%¢ 125.29+8.98" 117.29+10.967 106.70£5.695
30 138.70+3.352¢ 129.48 +£8.458* 126.40+5.19374¢ 130.23+4.953*
100 mg 15 152.11£7.226%¢ 140.68£8.772%¢ 136.32+5.4675%° 129.83+6.671¢</
30 186.34 +14.9724¢%8 189.91 £8.16%°%¢ 144.63+7.62%¢ 138.40+6.28%¢

Results are expressed as mean + SEM of three separate observations (each observation was made from three rats). Pargyline (75 mg/kg) dissolved in
0.2ml of normal saline (0.9% NaCl) was administered interperitonially (i.p.) at various time intervals (30, 60, and 90 min) following last erythrosine
(1, 10, or 100mg/kg/day, p.o.) or its vehicle (distilled water) administration. Rats treated with distilled water (vehicle of erythrosine) were considered as
the control of the corresponding experimental groups. All rats (experimental or corresponding control) were sacrificed following 2 h of last erythrosine
or its vehicle (distilled water) administration.

Accumulation rates were calculated from graphical presentation (not shown) of both control and experimental data (three separate observations) of 5-HT
contents in rat brain regions obtained after every pargyline application in individual set of rats (containing three rats in each set) at different time points
(30, 60, and 90 min after last erythrosine administration) following the method of Tozer et al. (1966). Percent controls were calculated with respect to the
corresponding control (treated with distilled water) which was considered as 100, and results were calculated accordingly. The control values (vehicle
treatment) of pargyline-induced accumulation rate of 5-HT (ng/mg protein/h) in medulla-pons, hypothalamus, hippocampus, and corpus striatum
were 10.3380+0.699, 9.222+0.528, 3.1458+0.256, and 4.197+0.286 following 15 consecutive days, and 10.3785+0.701, 9.0679+0.556, 3.2154+0.229,
and4.30+0.271 following 30 consecutive days, respectively.

Significantly different from corresponding (i) control *p<0.01, ’p<0.05; (ii) 1 mg/kg/day, p.o group ‘p<0.01, %p < 0.05; (iii) 10 mg/kg/day, p.o group »<0.01,
/p<0.05; and (iv) 15 consecutive days treatment group ép <0.01.

Table 2. Effect of consecutive days of oral administration of erythrosine on pargyline-induced declination rate of 5-HIAA in rat brain regions.

Dose of Erythrosine Duration of treatment Pargyline-induced declination rate of 5-HIAA (percent control)

(mg/kg/day, p.o.) (consecutive days) Medulla-pons Hypothalamus Hippocampus Corpus striatum
1mg 15 93.71+5.46 95.04+6.26 97.09+5.39 102.91+5.26
30 97.47+7.08 96.19+5.57 97.54+3.90 90.09+7.20
10 mg 15 96.62+6.33 94.26+5.89 95.79+4.04 96.08+5.34
30 86.74+3.78 88.40+5.52 91.33+7.02 95.60+6.58
100 mg 15 84.71+4.96 87.95+4.79 93.51+4.38 103.19+6.30
30 79.98+5.80 84.13+5.24 83.37+5.07 89.03+5.84

Results are expressed as mean + SEM of three separate observations (each observation was made from three rats). Pargyline (75 mg/kg) dissolved in
0.2ml of normal saline (0.9% NaCl) was administered interperitonially (i.p.) at various time intervals (30, 60, and 90 min) following last erythrosine
(1, 10, or 100 mg/kg/day, p.o.) or its vehicle (distilled water) administration. Rats treated with distilled water (vehicle of erythrosine) were considered as
the control of the corresponding experimental groups. All rats (experimental or corresponding control) were sacrificed following 2 h of last erythrosine
or its vehicle (distilled water) administration.

Declination rates were calculated from graphical presentation (not shown) of both control and experimental data (three separate observations) of 5-HIAA
contents in rat brain regions obtained after every pargyline application in individual set of rats (containing three rats in each set) at different time points
(30, 60, and 90 min after last erythrosine administration) following the method of Tozer et al. (1966). Percentage controls were calculated with respect
to the corresponding control (treated with distilled water) which was considered as 100, and results were calculated accordingly. The control values of
pargyline-induced declination rate of 5-HIAA (ng/mg protein/h) in medulla-pons, hypothalamus, hippocampus, and corpus striatum were 9.291+0.57,
8.7569+0.52, 3.1066 £0.190, and 3.4431+0.225 following 15 consecutive days, and 9.3273+0.432, 8.6106+0.433, 3.1753+0.178, and 3.5276 +0.219 fol-
lowing 30 consecutive days, respectively.

No significant difference was observed with respect to their corresponding controls.
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(10mg/ kg/ day, p.o. or more) significantly increases steady-state
level of 5-HT in medulla-pons and hypothalamus without
affecting the other two brain regions studied following 15 con-
secutive days of exposure (Figure 2A). Prolonged (30 consecu-
tive days) administration of erythrosine with the same dosage
notonly increases medulla-pons and hypothalamic steady state
level of 5-HT but also enhances 5-HT level of hippocampus and
corpus striatum either by increasing 5-HT synthesis and/or by
decreasing its catabolism in these brain regions (Figure 2A).
This thought can be supported by a significant increase in
pargyline-induced 5-HT accumulation rate (Table 1) without
affecting its 5-HIAA content (Figure 2B), 5-HIAA declination
rate (Table 2), or MAO-A activity (Figure 2C), and a significant
decrease in the ratio of steady-state level of 5-HIAA over 5-HT
(Table 3) in brain regions. The degree of potency of erythrosine
(10mg/kg/ day, p.o.)-induced effect on brain regional serotonin
metabolism further enhances with greater erythrosine dosage
(100mg/ kg/ day, p.o.) (Figure 2, Tables 1-3). Therefore, long-
term erythrosine (10-100mg/ kg/ day, p.o.) administration pro-
duces such an alteration in neurochemical mechanisms where
system demands more and more accumulation of 5-HT in rat
brain regions with an increase of erythrosine dosage (Figure 2,
Tables 1 and 2). This thought may be supported by the signifi-
cant decrease in brain regional MAO-A activity (Figure 2C)
following 30 consecutive days of erythrosine (100 mg/kg/ day,
p.o.) administration. Such conditions in brain regional MAO-A
(either no change or significant reduction, Figure 2C) activity
may potentially increase the 5-HT receptor activity by promot-
ing more release of 5-HT in the extracellular region (Celada
and Artigas 1993; Dringenberg et al. 1995). This increase in
brain regional serotonin content in long-term erythrosine
treated rats may be explained as stress-induced changes,
because plasma corticosterone concentration (Figure 3) is
enhanced under similar experimental conditions. Studies
also show that repeated exposure to a stressor enhances the
corticotropin-releasing factor (CRF)-related sensitization of
serotonergic neurons as well as their neural transmission in
brain regions (Chamas et al. 2004; Berton and Nestler 2006;
McEuen et al. 2008) and plasma glucocorticoid (corticosterone
in rodents, cortisol in humans) level (Lowry et al. 2001; Lora
etal. 2007; McEuen et al. 2008)—one of the major prevalences
of stress-induced behavioral changes in mammalian system

(Maier and Watkins 2005). As stress-induced increase in cor-
ticosterone level elevates the activity of tryptophan hydroxy-
lase-2 (TPH2, the rate-limiting enzyme of serotonin synthesis)
(McEuen et al. 2008), the present, high plasma corticosterone
level in long-term erythrosine (10-100mg/kg/day, p.o.)
treated-rats (Figure 3) may influence brain regional serotonin
content (Figure 2) as well as 5-HT synthesis rate (Table 1). Such
increases in TPH2 may serve to meet a higher 5-HT demand
(Tan et al. 2004) in brain regions necessary during long-term
erythrosine administration, which may be further supported
by enhanced brain regional 5-HT synthesis rate (Table 1; Korte-
Bouws et al. 1996) under the present experimental conditions.
Comparing the accumulation of 5-HT (index of 5-HT synthe-
sis) particularly in medulla-pons and hypothalamus (Table 1)
with linear increase in plasma corticosterone concentration
(Figure 3) under a single application of pargyline in long-term
erythrosine-treated rats may indicate a shift of CRF tone (as
indicated by increase in plasma corticosterone status, Figure 3)
that in turn may elevate the 5-HT content and its synthesis
(Figure 2, Table 1) in brain regions.

The present study, therefore, first time evidentially rep-
resents the induction as well as optimal effect of long-term
erythrosine (artificial food color) administration on behav-
ioral hyper activity (Figure 1) in parallel with activation of
brain regional serotonin metabolism including its synthesis
(Figure 2, Table 1), possibly mediated by high plasma corti-
costerone status (Figure 3) in young adult male rats. Unlike
our previous report of short-term erythrosine exposure that
shows low serotonergic neural transmission reduces explora-
tory behavior (Dalal and Poddar 2009); repeated (long-term)
erythrosine administration to young adult male rats displays
hyperactivity in exploratory behavior (Figure 1) with stimu-
lation in brain regional serotonin metabolism (Figure 2)
including its synthesis (Table 1). Such discrepancy between
short- and long-term erythrosine-induced effect on behav-
ioral activity in relation to brain regional serotonin in young
adult mammals can be explained by the plasma corticoster-
one status (McEuen et al. 2008), which is increased following
a single administration of highest erythrosine dosage (data
not presented) and repeatedly activated by consecutive
erythrosine administration (Figure 3) and, thereby, may have
the ability to activate 5-HT synthesis rate (Table 1) and 5-HT

Table 3. Effect of consecutive days of erythrosine administration on 5-HIAA/5-HT ratio in rat brain regions.

Dose of Erythrosine = Duration of treatment

5-HIAA/5-HT ratio (% change)

(mg/kg/day) (consecutive days) Medulla-pons Hypothalamus Hippocampus Corpus striatum
1 mg/kg/day 15 (-)2.17£0.107 (+)3.25+0.17 (+)13.19£0.834 (-)12.42+0.885
30 (-)10.28+0.59 (-)5.61%0.35 (-)12.40£0.94 (-)7.15+0.484
10mg/kg/day 15 (-)17.37+0.90 (-)15.97+1.09 (-)2.77£0.172 (+)0.87520.049
30 (-)27.10%2.05a (-)20.37+1.28 (-)22.06+0.96" (-)13.59£0.589
100 mg/kg/day 15 (-)30.48+1.090a (-)24.92+1.84" (-)20.09+1.05 (-)16.54+1.136
30 (-)63.69+4.97a (-)56.81 +4.257 (-)50.27 +£3.09° (-)43.67+2.60"

Results are expressed as mean + SEM of 4-6 separate observations. Percentage changes were calculated with respect to the corresponding control treated
with distilled water. The control values of 5-HIAA/5-HT ratio in medulla-pons, hypothalamus, hippocampus, and corpus striatum were 0.4974+0.021,
0.5016+0.029, 0.7665 +0.046, and 0.9450 + 0.060 following 15 consecutive days, and 0.4817+0.023, 0.5041+0.027, 0.7534 + 0.044, and 0.9413 +0.056 follow-
ing 30 consecutive days, respectively. The ratios of 5-HIAA/5-HT in brain regions were calculated from the respective steady-state values as represented

in figures 2a and b.

Significantly different from corresponding controls “p<0.01, *p<0.05.
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Figure 3. Effect of long-term (15 or 30 consecutive days) erythro-
sine (1-100mg/kg/day, p.o) administration with or without pargyline
(75mg/ kg, i.p.) application on plasma corticosterone concentration in
young adult male albino rats. Pargyline (75 mg/kg) dissolved in 0.2ml of
normal saline (0.9% NaCl) was administered interperitonially (i.p.) 10 min
after last erythrosine (1, 10, or 100 mg/kg/day, p.o.) or its vehicle (distilled
water) administration. All rats (experimental or corresponding control)
were sacrificed following 2 h of last erythrosine or its vehicle administra-
tion. Results are expressed as percentage change (mean + SEM) of 4-6
separate observations (each observation was made from a single rat) with
respect to their corresponding controls. Vertical bars represent the mean
and vertical lines shown on top of each bar represent + SEM. The control
values of plasma corticosterone concentration (j1g/100 ml plasma) were
20.163+1.01 and 20.76 + 1.06 following 15 and 30 consecutive days of vehi-
cle administration, respectively, and 32.35+1.15 and 34.95 +1.16 following
15 and 30 consecutive days of vehicle of erythrosine along with pargyline
administration, respectively. Significantly different with respect to corre-
sponding control rats “p < 0.01, treated with either distilled water or distilled
water + single application of pargyline, as applicable; and corresponding (i)
1mg/kg/day treatment group °p < 0.01; (ii) 10 mg/kg/day treatment group
°p<0.01,/p<0.01; and (iii) 15 consecutive days treatment group “p<0.01
treated with either erythrosine or erythrosine + single application of par-
gyline, as applicable. Significant difference between control groups treated
with distilled water and distilled water + single application of pargyline
"p<0.01.

content (Figure 2A) in brain regions (McEuen et al. 2008).
The reduction in motor activity of young adult mammals fol-
lowing single erythrosine exposure (Dalal and Poddar 2009)
correlates with the hypothesis that, in certain environments,
reduction in brain serotonergic activity reduces behavioral
activity, particularly exploratory behavior (Traversa et al.
1985; Dringenberg et al. 1995). Studies, on the other hand,
show that activation of brain 5-HT inhibits behavioral hyper-
activity in mammals (Gainetdinov et al. 1999). Therefore, in
long-term erythrosine-treated rats higher glucocorticoids-
serotonin interaction (Figures 2 and 3, Table 1), if not directly
involved in the onset of behavioral hyperactivity, may have an
inhibitory influence on erythrosine-induced rearing motor
hyperactivity (Figure 1). Such inhibitory influence of serot-
onin may prevent the prolongation of erythrosine-induced
behavioral hyperactive state and restore the behavioral activ-
ity to the baseline with time (Figure 1) (Gainetdinov et al.
1999).
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Conclusion

Long-term erythrosine administration at (i) low dosage
(1mg/kg/day, p.o.) is not effective to change normal motor
behavior, brain regional serotonin metabolism, as well as
plasma corticosterone concentration, (ii) higher dosage
(= 10mg/kg/day, p.o.) stimulates brain regional serotonin
metabolism in accordance with plasma corticosterone con-
centration in behavioral hyperactivity in young adult male
albino rats. Our present investigation, therefore, positively
throws some light on possible neurobiochemical mechanisms
involving brain serotonin and plasma corticosterone status,
behind such artificial food color(s)-induced behavioral hyper-
activity as reported earlier (Weiss 1986; Boris and Mandel
1994; Tanaka 2001; Bateman et al. 2004; Schab and Trinh 2004;
McCann et al. 2007; Stein et al. 2007). Altogether the present
study may indicate the importance of these glucocorticoid-
serotonin interactions in the behavioral hyperactivity resulting
from long-term erythrosine exposure. The physiological effects
and the significance of any artificial food additive(s) depends
on a number of factors including the amount of any particular
additive(s) present in food, the consumed-amount of that par-
ticular food (containing artificial additive(s)) and the sensitiv-
ity of the consumer to that particular food additive(s) (Larsen
2006). Of course the present effective dosage of erythrosine
(10mg/kg/day, p.o) that initiates behavioral hyperactivity in
young adult rats is much higher than the present ADI of eryth-
rosine (0.1 mg/ kg/b.wt) (JECFA 1991; Larsen 2006) and may
apparently indicate no attributable behavioral disturbance
with consumption of erythrosine within ADI. Again, studies
show that human subjects are more sensitive to erythrosine
rather than experimental mammals (Larsen 2006). Therefore,
the implications of the present results could be substantial for
future human trials (Bateman et al. 2004; Schab and Trinh
2004; McCann et al. 2007). Again, serotonin is perhaps best
known as a neurotransmitter that modulates virtually all
human behavioral processes (Berger et al. 2009). Therefore,
future study at the level of specific 5-HT receptors activity in
the regulation of motor behavior along with their interaction
with plasma corticosterone or other central neurotransmit-
ter system(s) following long-term consumption of erythrosine
will throw additional light.
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