
E-Mail karger@karger.com

 Research Article 

 Ann Neurosci 2016;23:89–99 
 DOI: 10.1159/000443575 

 The Antidepressant Effect of 
L-Tyrosine-Loaded Nanoparticles: 
Behavioral Aspects 

 Abdelrahman Alabsi    a     Adel Charbel Khoudary    a     Wassim Abdelwahed    b   

  a    Faculty of Science, University of Alexandria – University of Bordeaux II, Aarhus C, Denmark;  b    Department of 
Pharmaceutics, Faculty of Pharmacy, University of Aleppo,  Aleppo , Syrian Arab Republic 

ticles 10 mg/kg and fluoxetine 10 mg/kg significantly de-
creased the immobility time in the FST, concomitant with 
restoration of the basal levels of locomotor activity, distance 
travelled and rearing counts. Also, an increase of the sucrose 
consumption was recorded in the sucrose preference test 
after treatment with L-tyrosine-loaded nanoparticles 10 mg/
kg and fluoxetine 10 mg/kg.  Results:  The positive results af-
ter treatment with L-tyrosine-loaded nanoparticles, through 
behavioral tests, are probably attributed to restorating the 
basal levels of the cerebral noradrenaline.  Conclusion:  The 
effects of L-tyrosine administration on the cerebral levels of 
tyrosine hydroxylase and corticotropin-releasing factor 
should be further investigated. © 2016 S. Karger AG, Basel  

 Introduction 

 Depression, as a mood disorder, is considered a seri-
ous problem to human health because of its relatively 
high prevalence associated with a significant disability 
 [1] .

  A number of theories were studied to identify the eti-
ology of depression, including genes and circadian 
rhythms  [2] ; however, the monoamine hypothesis was 
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 Abstract 

  Background:  Depression has been linked to disruption in 
the cerebral levels of specific neurotransmitters. L-tyrosine is 
a precursor of more than one of the neurotransmitters af-
fected by depression. Even though setbacks of monoamines 
precursors include high doses and low efficiency, many stud-
ies have suggested using L-tyrosine as antidepressant.  Pur-

pose:  The purpose of this study was to explore the possible 
antidepressant effect of L-tyrosine loaded in a nanoparticle-
designed formula, using behavioral tests in acute and chron-
ic mild stress (CMS) models of depression in rats.  Methods:  
Animals from both models received L-tyrosine-loaded 
nanoparticles (5 or 10 mg/kg), L-tyrosine solution (10 mg/
kg), fluoxetine (10 mg/kg) or placebo daily for 21 days. Rats 
from the acute stress model of depression were subjected to 
open field and forced swim tests (FSTs). For the CMS model, 
sucrose preference test was carried out. Additionally, 3 pro-
files of the nanoparticles formula were tested in vitro. High 
dissolution rate and entrapment efficiency were obtained 
from the in vitro tests. Moreover, L-tyrosine-loaded nanopar-
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the most influential and widely studied one. This hypoth-
esis suggests that disturbances in the cerebral level of nor-
adrenaline (NA), dopamine or serotonin play a key role 
in depression  [3] .

  Even though reports on the effectiveness of mono-
amine precursors for the management of moderate to se-
vere depression cases remain uncritical  [4–6] , several 
studies have suggested serotonin precursors (tryptophan, 
5-hydroxytryptophan) and catecholamines precursors 
(phenylalanine, tyrosine) as a possible way to manage de-
pression  [7, 8] .

  L-tyrosine is a precursor of adrenaline, dopamine and 
NA, where it may have an impact on depression. Two 
clinical studies on depressed patients and healthy volun-
teers have shown that treatment with L-tyrosine has a 
positive role in depression management, mediated by NA 
and dopamine levels  [8, 9] .

  Rauch and Lieberman  [10]  and Lieberman et al.  [11]  
have also reported that treatment of stressed rats with L-
tyrosine reversed the depressive behavior induced by cold 
exposure or hyperthermia.

  Nanoparticles and Brain Targeting 
 Using nanoparticles formula may help us deliver the 

anti-depressant drugs to the brain more efficiently. Posi-
tive results from the forced swim test (FST) and tail sus-
pension test on mice treated with minocycline-loaded 
nanoparticles have suggested nanoparticles as an effective 
tool for brain targeting  [12] .

  Nanoparticles mostly range in size between 10 and 
1,000 nm, where the drug is coated inside or attached on 
to nanoparticle surface  [13] . Polymeric nanoparticle is 
widely used to load drugs, regarding their controlled-re-
lease properties, size in subcellular range and safety  [14] . 
Polymeric nanoparticles are hypothesized to cross the 
BBB by endocytosis and transcytosis, after binding to spe-
cific receptors, or by diffusion of the treatment to endo-
thelial cells  [15] .

  Our work aims at investigating the possible antide-
pressant effect of L-tyrosine loaded in polymeric nanopar-
ticles, compared to L-tyrosine solution in 2 animal mod-
els of depression, using behavioral test batteries.

  Methods 

 Animal Models 
 Eighty-eight male Wistar rats aged 90 days, weighing 160 ± 25 

g, were purchased from the animal house at the Faculty of Science, 
University of Aleppo. The animals were acclimatized for a period 
of 1 week before start of the experiment. Rats had free access to 

food and water and maintained under a standard laboratory con-
dition of temperature, humidity and 12 h of light/dark cycle. Some 
of housing and feeding conditions were changed as a part of the 
chronic mild stress (CMS) regimen details as shown in  table 1 . All 
experimental procedures were performed during the light phase of 
the cycle.

  Prior to commencement of the experiment, animals were di-
vided into acute stress model (40 rats) and mild chronic stress (48 
rats) model.

  The acute stress animals were further sub-divided into 5 groups 
(comprising of 8 animals each) according to the received treat-
ment: control, L-tyrosine solution 10 mg/kg, L-tyrosine-loaded 
nanoparticles 5 mg/kg, L-tyrosine-loaded nanoparticles 10 mg/kg 
and fluoxetine 10 mg/kg.

  The CMS animals were also sub-divided into 6 groups (with 8 
animals in each group) corresponding to the treatment received: 
unstressed control, stressed control (both of these groups received 
placebo), L-tyrosine solution 10 mg/kg, L-tyrosine-loaded 
nanoparticles 5 mg/kg, L-tyrosine-loaded nanoparticles 10 mg/kg 
and fluoxetine 10 mg/kg.

  Animals from both models were intraperitoneally injected with 
the treatment medication for 21 days.

  The experimental protocol used in this study is consistent with 
the guidelines of care and use of animals in research  [16] . Approv-
al No. 3216 was obtained from the research committee at the Uni-
versity of Aleppo in order to achieve this experiment.

  Chemicals and Reagents 
 The suspension of L-tyrosine-loaded polymeric nanoparticles 

was prepared using our modified version of nano-precipitation by 
solvent displacement technique  [17] , considering the different de-
grees of L-tyrosine solubility at both neutral and acidic pH condi-
tions  [18, 19] . Changing the pH degree from acidity to neutral 
during preparation allowed us to precipitate L-tyrosine into the 
nanoparticles.

  The preparation process ( fig. 1 ) started by dissolving L-tyrosine 
(Merck, Germany), HCl 1.2  N  (Prolabo, EEC), polycaprolactone 
(Sigma-Aldrich Chemicals, France) and acetone (SureChem Prod-
ucts Ltd., England) all together as phase A. Phase B included poly-
sorbate 20 (BioChemica AppliChem GmbH, Germany), poloxam-
er 407 (Sigma-Aldrich Chemicals, France) and phosphate buffered 
saline (Prolabo, EEC).

  After dissolving all materials, we simultaneously injected phase 
B and NaOH (Prolabo, EEC) slowly within phase A, accompanied 

Table 1.  List of daily stressors applied on rats during the CMS ex-
periment

Day Treatment

1 Cage soiled, 9 h
2 Food deprivation, 18 h
3 Inclination of the cage 45°, 3 h
4 Water deprivation, 18 h
5 Noise background, 6 h
6 Switch the cage mates, 4 h
7 Continous light, 27 h
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with mixing. Finally, acetone was extracted from the formula by 
evaporation on 37   °   C under low pressure. Both L-tyrosine solution 
0.4 mg/ml and sucrose solution 1% w/v were prepared by dissolv-
ing L-tyrosine (Merck, Germany) and sucrose powder (Cooper, 
France) in distilled water. Prozac ®  (fluoxetine hydrochloride) was 
purchased from Aleppo, Syria.

  Placebo solution for control group of the acute stress model, 
the stressed control group of the CMS model and non-stressed 
control group of the CMS model was prepared by using all excipi-
ents of the nanoparticles formula and following the same method 
of preparation.

  After preparation of all solutions and suspensions, they were 
sterilized daily, using 0.22 μm nitrocellulose membrane filters un-
der laminar flow (Laminar Flow Clean Bench I Labtech, India).

  In Vitro Tests 
 The average size of L-tyrosine-loaded nanoparticles was mea-

sured immediately after preparation and 1 month later. Measure-
ments were taken at 25   °   C using (Nano-ZS, Malvern Instruments, 
Malvern, UK). This test is helpful to assess the stability and aggre-
gation of nanoparticles dispersions.

  Another characteristic of L-tyrosine-loaded nanoparticles 
called ‘entrapment efficiency’ was detected after preparation by 
using (Jasco V-650 Spectrophotometer, Japan). The entrapment 
efficiency of L-tyrosine in the polymeric nanoparticles was esti-
mated by measuring the concentration of the free drug (unen-
trapped) content within the supernatant liquid, represented by the 
absorption at ultraviolet wavelength 282.5 nm. We prepared the 
supernatant liquid by centrifugation the formula at 15,000 rpm for 
2 h at 4   °   C using (CT ISRE, himac, Hitachi, Japan).

  Finally, the dissolution rate of L-tyrosine-loaded nanoparticle 
formula was estimated in vitro after 24 and 48 h according to de 
Campos et al.  [20]  protocol, using a wavelength of 282.5 nm. Mea-
suring the in vitro dissolution rate of the optimal formula is neces-
sary, as it provides us with an approximate estimation of L-tyrosine 
releasing profile in vivo.

  Behavioral Tests 
 Locomotor Activity and Open Field Tests 
 The initial activity of a rat placed in a novel surrounding, like 

the case of locomotor activity test, has been used as an indicator of 
its emotional state during both acute and chronic stress exposure 
 [21] . Also, horizontal (travelled distance) and vertical (rearing) ac-
tivities in the open field reflect the excitability and exploration be-
havior of the animal  [22] .

  For the antidepressant assessment in the acute model, total ac-
tivity, travelled distance and rearing counts were measured on days 
2, 8, 15 and 22 of the experiment using Linton apparatus (Palgrave, 
Diss Norfolk, UK).

  These tests were performed for 30 min, half an hour after ad-
ministration of the treatment. Inside the measurement chamber, 
movement of the animal interrupts a beam of photocell light at 
which a count is recorded.

  Forced Swim Test 
 FST is characterized by considerable reliability for depression 

assessment in the experimental animals  [23] . In our study, we 
used FST as described by Porsolt et al.  [24]  with some modifica-
tions. The first swimming pre-test was applied for 15 min, 24 h 
prior to the start of behavioral tests, as it facilitates the develop-

  Fig. 1.  Steps of the preparation of L-tyrosine-loaded nanoparticles formula.  Phase A: L-tyrosine, HCL 1.2N, Poly-
caprolactone, and acetone. Phase B: Polysorbate 20, poloxamer 407, and phosphate buffered saline.
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ment of depressive behavior in animals and increases the sensitiv-
ity to detect this behavior  [25] . The second swimming test of 5 min 
was performed half an hour after treatment on days 1, 7, 14 and 
21 of the experiment. Each rat was placed individually in a trans-
parent cylinder (height: 50 cm, diameter: 30 cm) filled with 30 cm 
water and temperature of 23 ± 2   °   C, such that rat could not touch 
the bottom or skip out of the cylinder. After a period of struggling, 
the rat became immobile and moving only as required to keep its 
head out of the water. The immobility time was measured in 
blinded manner, using a camera (Sony CCD-TRV90) provided 
with a recorder.

  Sucrose Preference Test 
 One of the main symptoms of depression is hedonia, defined 

as loss of interest or pleasure in the daily life activities  [26] . 
Throughout this test, we measured sucrose solution in take be-
cause it is a strong representative of hedonia, commonly used and 
recognized in literatures of CMS  [27] .

  In our experiment, the CMS system includes cage soiled, incli-
nation of the cage, changes in the light-dark cycle, periods of food 
or water deprivation, noise background and switch of the cage 
mates  [28] . We have applied daily stressors for a period, which var-
ies depending on its type. Stressors mentioned in  table 1  are re-
peated weekly during the CMS experiment.

  In order to start the sucrose preference test, rats were first sub-
jected to consume sucrose solution 1% w/v for 1 h, 4 days before 
the commencement of the CMS experiment, as a basic test of su-
crose preference. The non-stressed control group was used for 
comparison with other stressed groups as an indicator of CMS 
model success. Stressed animals were deprived of food and water 
for 14 h; then they were represented to sucrose solution 1% w/v for 
1 h. Sucrose consumption was measured by comparing the weight 
of the sucrose solution bottle before and after the test. We measured 
the consumption of sucrose once a week for 2 weeks of CMS before 
the treatment and once a week during 3 weeks of the daily treat-
ment, where CMS procedures were continued during this period.

  In addition to the above-mentioned tests, any changes in the 
features of the rat outputs, including urine and stool colour or stool 
consistency were recorded as possible side or toxic effects of the 
nanoparticle formula.

  Statistical Analysis of Results 
 Results are expressed as (mean ± SD) of the individual values, 

obtained from each group. Statistical comparisons were performed 
using a statistical program Prism 5.0 for analysis of variance 
(ANOVA). One-way ANOVA, followed by Tukey test, was used 
to analyze the data. Values were considered significant if p value 
was  ≤ 0.05.

  Results 

 In Vitro Tests 
 The average size of L-tyrosine-loaded nanoparticles 

was 141.8 nm immediately after preparation and then 
slightly decreased up to 131.8 nm after 1 month ( table 2 ).

  The entrapment efficiency of L-tyrosine inside the 
polymeric nanoparticles was also estimated, and 87.4479 

and 66.9347% of L-tyrosine quantity were successfully 
entrapped immediately and 1 month after preparation, 
respectively ( table 2 ).

  The entrapment efficiency of L-tyrosine was calculat-
ed by the equation:

  100 × (loading concentration – supernatant concen-
tration)/loading concentration

  The dissolution rate test on L-tyrosine-loaded 
nanoparticles showed that up to 66.54 and 88.65% of the 
loaded doses were released after 24 and 48 h of the test 
commencement, respectively, indicating to a prolonged 
release profile of L-tyrosine-loaded nanoparticles.

  Behavioral Tests 
 Locomotor Activity and Open Field Tests 
 Total locomotor activity has shown no clear changes 

on day 2 of the experiment, but a decrease was recorded 
on day 8 in all groups. However, on days 15 and 22 of the 
experiment, there was an increase of the total activity in 
the groups of L-tyrosine-loaded nanoparticles 10 mg/kg 
and fluoxetine 10 mg/kg. This increase almost restored 
the locomotor activity basal levels ( fig. 2 ).

   Figure 3  depicts the travelled distance during 30 min 
in the open field test. Significant decrease (p > 0.05) came 
on day 2 of the experiment in all groups, compared to 
control. Fifteen and 22 days of treatment with L-tyro-
sine-loaded nanoparticles 10 mg/kg and fluoxetine 
10 mg/kg resulted in gradual restoration of the travelled 
distance.

  Similar results were obtained by measuring the rearing 
counts, where general decease was recorded on day 2 of 
the experiment (p > 0.05), in comparison with control. 
Restoration of the rearing counts came on days 8 and 15 
of treatment with L-tyrosine-loaded nanoparticles 10 
mg/kg and fluoxetine 10 mg/kg, respectively ( fig. 4 ).

Table 2.  Average size, entrapment efficiency and dissolution rates 
of the L-tyrosine-loaded nanoparticles formula

Duration Average 
size, nm

Entrapment 
efficiency, %

Dissolution 
rate, %

Immediately 141.8±1.967 87.4479 –
After 1 month 131.8±1.25 66.9347 –
After 24 h – – 66.54
After 48 h – – 88.65

 Average size represented as mean ± SD.
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  Forced Swim Test 
 There was a trend to reduction in all treated groups on 

day 14 of the experiment. The significant effect on the im-
mobility time came after 21 days of treatment at groups 
of L-tyrosine-loaded nanoparticles 10 mg/kg and fluox-
etine 10 mg/kg as compared to control (p > 0.01;  fig. 5 ).

  Sucrose Preference Test 
 No significant difference in sucrose consumption was 

observed among groups by the beginning of CMS proce-
dure. However, after 2 weeks of CMS, there was a signifi-
cant reduction (p < 0.01) in sucrose consumption in all 
groups of CMS compared to the non-stressed control 
group as shown in  figure 6 .

  After 2 weeks of treatment, the sucrose consumption 
increased in all stressed groups except the stressed con-
trol. However, 3 weeks of treatment resulted in a signifi-
cant effect on the sucrose consumption at groups of L-
tyrosine-loaded nanoparticles 10 mg/kg and fluoxetine 
10 mg/kg compared to stressed control (p > 0.01;  fig. 7 ).

  Discussion 

 At the present time, the effect of some anti-depres-
sant drugs involves changes at the cerebral levels of cer-
tain neurotransmitters  [29] . As precursor of NA and 
dopamine, L-tyrosine probably has an impact on de-
pression. Through this study, we tested the anti-depres-
sant effect of L-tyrosine-loaded nanoparticles in 2 ani-
mal models of depression using different behavioral 
tests.

  In the acute model of depression, FST is characterized 
by strong validity but concomitant locomotor activity test 
is mandatory to avoid false results  [30] . Open field test 
also represents a reflection of anxiety and depression-like 
behaviors in rodents  [31] .

  In parallel, sucrose preference test is considered the 
hedonic criterion widely used so far in the CMS model of 
depression  [32] .

  Our findings from the in vitro tests include average 
size below 200 nm and entrapment efficiency (87.4479% 
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  Fig. 2.  Treatment effect on the total activity on days 2, 8, 15 and 22. 
Total activity was measured for 30 min, half hour after treatment 
on days 2, 8, 15, 22. Data are presented as mean ± SD, with 8 rats 

per group (one-way ANOVA followed by Tukey test). Total degree 
of freedom = 39. p < 0.05: no symbol,  *  p < 0.05,  *  *  p < 0.01,  *  *  *  p < 
0.001. 
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immediately after preparation), together with prolonged 
dissolution rates of L-tyrosine-loaded nanoparticles 
(66.54 and 88.65% doses after 24 and 48 h of the test, re-
spectively). All these in vitro results demonstrate high ef-
ficiency and low toxicity of our formula  [33] . Using po-
loxamer 407 in the nanoparticles formula to get pro-
longed release properties is useful to avoid any fluctuations 
of the in vivo L-tyrosine levels  [34] .

  However, according to Misra et al.  [35] , physiochemi-
cal factors such as surface area and crystal structure of 
nanoparticle can also affect the in vivo performance of 
nanoparticle formula, making it more difficult to predict 
the dissolution rate inside the body. Gatoo et al.  [36]  sug-
gested that physicochemical characteristics of nanopar-
ticles can also influence the toxic or the undesirable man-
ifestations of the treatment.

  Our nanoparticle formula has shown a good degree of 
tolerance and safety with intraperitoneal injection of 
treatments. No changes were observed in the animal out-

puts during the experiment, added to that the chemicals 
used to prepare the nanoparticles formula are widely test-
ed and used so far. Johnston and Miller  [37]  reported that 
poloxamer 407 irritancy and toxicity levels are compa-
rable to saline.

  Polycaprolactone is also well known to have biode-
gradable and biocompatible characteristics  [38] .

  Nanoparticle method is of advantage to overcome the 
possible toxicity related to the required high doses to 
reach the therapeutic threshold. With the help of 
nanoparticles formula, we decreased to great extent the 
L-tyrosine dose compared to earlier studies  [10, 11] . 
Treatment with L-tyrosine-loaded nanoparticles 10 mg/
kg had significant effect in both animal models, unlike 
the earlier study, where depressed patients have shown 
no clinical improvement with 100 mg/kg of L-tyrosine 
solution  [39] .

  In vivo tests, locomotor activity decreased after 8 days, 
and then gradually restored on days 15 and 22 of the acute 
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  Fig. 3.  Treatment effect on the travelled distance on days 2, 8, 15 
and 22. Travelled distance was measured for 30 min, half hour af-
ter treatment on days 2, 8, 15, 22. Data are presented as mean ± SD, 

with 8 rats per group (one-way ANOVA followed by Tukey test). 
Total degree of freedom = 39. p < 0.05: no symbol,  *  p < 0.05,  *  *  p < 
0.01,  *  *  *  p < 0.001. 
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model experiment. In the same model, 15 and 22 days of 
treatment with L-tyrosine-loaded nanoparticles 10 mg/
kg or fluoxetine 10 mg/kg also reversed the reduction of 
travelled distance and rearing counts, which happened on 
day 2 of the experiment.

  Additionally, L-tyrosine-loaded nanoparticles 10 mg/
kg or fluoxetine 10 mg/kg significantly reduced (p  < 
0.01) the immobility time during the FST in the acute 
model.

  These findings are in line with reports from number 
of experiments on the effect of acute stress and L-tyro-
sine treatment on motor activity and NA turnover 
rhythm  [10, 40] . L-tyrosine has shown the ability to re-
verse the reduced levels of motor activity and cerebral 
NA, induced by stress exposure  [41] . According to 
Płaźnik et al.  [42] , intra-accumbens injection of NA or 
dopamine increased the rat rearing and locomotor activ-
ity in the open filed test. However, another study that 
used NA microinjection has shown no increase in the 

exploratory activity  [43] . This contrast of results is prob-
ably attributed to the site of NA injection or the type of 
rearing activity recorded.

  In the CMS experiment, 3 weeks of treatment with L-
tyrosine-loaded nanoparticles 10 mg/kg or fluoxetine 10 
mg/kg significantly increased (p < 0.01) the sucrose con-
sumption compared to the stressed control.

  Our results agree with another study about the effect of 
CMS stress through sucrose preference test  [28] . Compar-
ing the anti-depressant effect of L-tyrosine-loaded 
nanoparticles with NA reuptake inhibitors shows that both 
treatments induce an increase of the sucrose consumption 
 [32] . Using different protocol of CMS, Willner et al.  [32]  
recorded the significant effect of desmethylimipramine on 
the sucrose consumption after 2 weeks, whereas 3 weeks of 
treatment with L-tyrosine-loaded nanoparticles 10 mg/kg 
were needed in our study to get a similar effect.

  More detailed studies about the impact of acute stress 
and CMS have shown an activation of corticotropin-re-
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  Fig. 4.  Treatment effect on the rearing counts on days 2, 8, 15 and 
22. Rearing counts were measured for 30 min, half hour after treat-
ment on days 2, 8, 15 and 22. Data are presented as mean ± SD, 

with 8 rats per group (one-way ANOVA followed by Tukey test). 
Total degree of freedom = 39. p < 0.05: no symbol,  *  p < 0.05,  *  *  p < 
0.01,  *  *  *  p < 0.001. 
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  Noteworthy, the rats administrated CRF chronically 
showing an activation of tyrosine hydroxylase (TH), 
which is the rate-limiting enzyme of NA biosynthesis, in 
the locus coeruleus  [50] . Under normal situations, high 
levels of TH hydroxylase enzyme are saturated with tyro-
sine  [41] .

  Activation of TH induced by CRF during stress  [50]  is 
shown to be inversed after chronic treatment with differ-
ent types of antidepressants, including NA reuptake in-
hibitors and selective serotonin reuptake inhibitors  [51] . 
Additionally, TH mRNA and protein levels were also 
found to be decreased after this chronic treatment  [51]  
suggesting that NA turn over in the locus coeruleus also 
decreased.

  Reports on the effect of chronic antidepressant treat-
ment have involved a decrease in the levels of CRF or one 
of its receptors (CRF-R1) in different regions of rat brain 
 [52, 53] . This means that both CRF and its receptor could 

leasing factor (CRF), following stress regimen  [44, 45] . 
CRF is neuropeptide expressed both outside and inside 
the brain, where possibly it has a role in the stress re-
sponse  [46] . Moreover, Jedema et al.  [47]  reported that 
the intraventricular injection of CRF has increased NA 
firing inside the brain.

  Taken together, Dunn et al.  [48]  have suggested a 
feed-forward loop including NA and CRF, which may 
play a key role in the pathology of depression. According 
to this loop, NA neurons in the brain stem stimulate CRF 
neurons during stress. In turn, CRF projections, from 
neurons of different regions in the brain activate NA 
neurons in the locus coeruleus, which represents the 
main brain region of NA production. In rats, intravenous 
injection of CRF resulted in no change of locomotor ac-
tivity levels, with decrease in rearing counts  [49] . These 
results were dependent on the CRF dose and test condi-
tions.
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  Fig. 5.  Effect of treatment on the immobility time on days 1, 7, 14 
and 21. The immobility time was measured for 30 min, half hour 
after treatment on days 1, 7, 14 and 21. Data are presented as 

mean ± SD, with 8 rats per group (one-way ANOVA followed by 
Tukey test). Total degree of freedom = 39. p < 0.05: no symbol, 
 *  p < 0.05,  *  *  p < 0.01,  *  *  *  p < 0.001. 
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be possible targets for anti-depressant treatments. Results 
from clinical experiments on CRF antagonists in de-
pressed patients are still not critical, with the expectation 
to be helpful at least for patients with high CRF levels dur-
ing stress  [54, 55] .

  Treatment with L-tyrosine-loaded nanoparticles in 
our study, and L-tyrosine solution in previous experi-
ments  [41]  have shown positive results. This is consid-
ered as additional evidence that L-tyrosine is involved in 
the stress response, probably by changing NA cerebral 
levels according to the CRF-NA loop. Different levels of 
TH reach saturation with tyrosine during stress and af-
ter treatment may have also changed according to NA 
l evels.

  Our results from both stress models suggest L-tyro-
sine-loaded nanoparticles as an effective formula for de-
pression treatment. However, this suggestion should be 
supported by calibrations of cerebral L-tyrosine and 
monoamine concentrations. Also, the effects of treatment 
with L-tyrosine-loaded nanoparticles on the cerebral lev-
els of TH and CRF should be investigated.
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  Fig. 6.  Effect of CMS on the sucrose consumption on days 1, 7 and 
14 before starting treatment with the corresponding drugs (non-
stressed control, stressed control, L-tyrosine solution 10 mg/kg, 
L-tyrosine nanoparticles 5 mg/kg, L-tyrosine nanoparticles 10 mg/
kg, fluoxetine 10 mg/kg). Sucrose consumption was measured for 

1 h, half hour after treatment. Data are presented as mean ± SD 
with, 8 rats each group (one-way ANOVA followed by Tukey test). 
Total degree of freedom = 47.  #  The significant difference between 
non-stressed control and rest of groups. p < 0.05: no symbol,  #  p < 
0.05,  ##  p < 0.01,  ###  p < 0.001. 
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  Fig. 7.  Effect of treatment on the sucrose consumption 1, 2 and 
3  weeks after starting treatment with the corresponding drugs 
(non-stressed control, stressed control, L-tyrosine solution 10 mg/
kg, L-tyrosine nanoparticles 5 mg/kg, L-tyrosine nanoparticles 10 
mg/kg, fluoxetine 10 mg/kg). Sucrose consumption was measured 
for 1 h, half hour after treatment. Data are presented as mean ± SD, 

with 8 rats each group (one-way ANOVA followed by Tukey test). 
Total degree of freedom = 47.  #  The significant difference between 
non-stressed control and rest of groups.        *  The significant differ-
ence between stressed control and rest of groups except non-
stressed control. p < 0.05: no symbol,  *  , #  p < 0.05,  *  *  , ##  p < 0.01, 
 *  *  *  , ###  p < 0.001. 
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