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Administration of psychostimulants can elicit a sensitized response to the stimulating and reinforcing
properties of the drugs, although there is scarce information regarding their effects at immune level.
We previously demonstrated that an acute exposure to amphetamine (5 mg/kg, i.p.) induced an inhibi-
tory effect on the splenic T-cell proliferative response, along with an increase in met-enkephalin at limbic
and immune levels, 4 days following drug administration. In this study, we evaluated the amphetamine-
induced effects at weeks one and three after the same single dose treatment (5 mg/kg, i.p.) on the lym-
phoproliferative response and on the met-enkephalin in the nucleus accumbens (NAc), prefrontal cortex
(PfC), spleen and thymus. It was demonstrated that these effects disappeared completely after three
weeks, although re-exposure to an amphetamine challenge induced the expression of sensitization to
the effects of amphetamine on the lymphoproliferative response and on the met-enkephalin from NAc,
spleen and thymus, but not in the PfC. Pre-treatment with MK-801 (0.1 mg/kg, i.p.), an N-methyl-D-aspar-
tate (NMDA) glutamatergic receptor antagonist, blocked the effects of a single amphetamine exposure on
the lymphoproliferative response and on met-enkephalin in the NAc and spleen. Furthermore, the NMDA
receptor antagonist administered prior to amphetamine challenge also blocked the expression of sensi-
tization in both parameters evaluated. These findings show a long-lasting amphetamine-induced sensi-
tization phenomenon at the immune level in a parallel way to that occurring in the limbic and immune
enkephalineric system. A glutamate mechanism is implied in the long-term amphetamine-induced
effects at immune level and in the met-enkephalin from NAc and spleen.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Acute and repeated amphetamine administration leads to a pro-
gressive and long-lasting enhancement of its behavioral effects.
This phenomenon, called behavioral sensitization, is a useful model
for drug-induced neuroplasticity in neuronal circuits pivotal for
addiction (Kalivas and Stewart, 1991; Robinson and Berridge,
2000; Kauer and Malenka, 2007). Although at immune level there
is also evidence of amphetamine sensitization on immunoreactiv-
ity in mice repeatedly treated with this drug (Kubera et al., 2002),
the long-lasting effects of a single amphetamine exposure are still
unknown.

Dopamine and glutamate are among the main neurotransmit-
ters associated with behavioral sensitization, but enkephalin
(ENK) has also been investigated (Pierce and Kalivas, 1997; Wolf,
ll rights reserved.

ela).
1998). There is ample evidence that psychostimulants modulate
dopaminergic and glutamatergic transmission (Vanderschuren
and Kalivas, 2000; Kalivas, 2007), while their modulation on the
enkephalinergic system has been frequently less studied (Mao
and Wang, 2003; Wang and McGinty, 1996). Glutamatergic and
enkephalinergic transmissions have been shown be mutually influ-
enced after amphetamine administration (Liste et al., 2000; Rawls
and McGinty, 2000), with glutamate as well as dopamine being
able to regulate the synthesis of ENK (Dudman et al., 2003; Mao
and Wang, 2003). Behavioral data has shown that daily microinjec-
tions with an ENK analog into the ventral tegmental area (VTA) re-
sult in a progressive increase of the spontaneous motor activity
and response to amphetamine (Kalivas, 1985), and also that the
opioid system is involved in the expression of amphetamine sensi-
tization (Magendzo and Bustos, 2003). Related to this, we have re-
cently provided the first demonstration of an increase in met-ENK
levels in key mesocorticolimbic areas related to sensitization, such
as the nucleus accumbens (NAc) and prefrontal cortex (PfC), 4 days
after a single amphetamine exposure (Assis et al., 2006). However,
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there is as yet no evidence concerning psychostimulant-induced
sensitization on central met-ENK.

Other results have shown dopamine, glutamate and met-ENK to
influence the immune response (Kavelaars et al., 2005; Pacheco
et al., 2006; Stanojevic et al., 2007). Previous evidence from our
laboratory demonstrated that dopamine has a modulatory role
on the chronic amphetamine-induced effects on the peripheral
lymphocyte subpopulation levels (Assis et al., 2008), with a single
dose treatment of amphetamine inducing increased met-ENK lev-
els in the spleen and thymus together with a decreased lympho-
proliferative response (Assis et al., 2006). Specifically, we found
that the increased splenic met-ENK was produced by macrophages
(Assis et al., 2006) which contain the PC1 and/or PC2 enzymes in-
volved in the post-translational processing of proENK to produce
opioid peptides (Vindrola et al., 1994). It is important to bear in
mind the presence of dopamine, ENK and glutamate in the immune
cells, which also express the transporters, receptors and synthesis
enzymes (Amenta et al., 2001; Bergquist et al., 1994). Therefore,
the psychostimulant-effects on the immune function could be
mediated not only by the activation of specific receptors on the
central nervous system (CNS) (Haas and Schauenstein, 1997), but
also by the direct effect of these neurotransmitters on the immune
cells (Gordon and Barnes, 2003; Pellegrino and Bayer, 1998). With
respect to glutamate, it is conceivable that it could also modulate
the psychostimulant-induced effects on the immune system, due
to the fact that both, ionotropic and metabotropic glutamate recep-
tors expressed on immune cells, have been previously functionally
identified as modulators of cellular activation (Lombardi et al.,
2001; Pacheco et al., 2006).

Since a single dose treatment with amphetamine (5 mg/kg, i.p.)
induces a decrease in the lymphoproliferative response concomi-
tantly with an increase in the met-ENK levels in limbic (NAc and
PfC) and immune organs (spleen and thymus) (Assis et al., 2006),
the main goal of this study was to determine the time dependence
of these effects and the development of sensitization to amphet-
amine by administering a challenge dose of amphetamine (1 mg/
kg, i.p.) (Vanderschuren et al., 1999). Another aim was to investi-
gate the influence of MK-801, an NMDA glutamatergic receptor
antagonist, on the effects of a single dose of amphetamine or a
re-exposure to this drug (expression of sensitization) by evaluating
the lymphoproliferative response and the met-ENK levels of the
NAc and spleen. We demonstrate long-lasting sensitization, fol-
lowing a single amphetamine exposure, to both the decrease in
the lymphoproliferative response and the increase in the met-
ENK levels in CNS and immune system, with all these effects being
reverted by MK-801.
2. Methods

2.1. Animals

Adult male Wistar rats (250–330 g) from the Facultad de Cien-
cias Veterinarias of the Universidad Nacional de La Plata (Buenos
Aires, Argentina) were maintained at 20–24 �C under a 12 h
light–dark cycle (lights on at 07:00 a.m.) with free access to food
and water. Rats were collectively housed in cages in the experi-
mental room for at least 7 days before starting the experiments,
with an average of five rats per group being used in the experi-
ments. Every attempt was made to minimize the pain and discom-
fort of the experimental animals, with all procedures being
conducted in accordance with the NIH Guide for the Care and
Use of Laboratory Animals as approved by the Animal Care and
Use Committee of the Facultad de Ciencias Químicas, Universidad
Nacional de Córdoba.
2.2. Drugs

For all experiments, D-amphetamine sulfate and (+)-MK-801
hydrogen maleate (Sigma Co., St. Louis, MO) were dissolved in an
isotonic saline solution (0.9% NaCl) which was also used for vehicle
(VEH) control injections. All injections were administered intraper-
itoneally (i.p.) at a volume of 1 ml/kg and the treatments were per-
formed at 11 a.m. (ZT 4) to avoid the influence of the circadian
rhythm on the immune response (Haus and Smolensky, 1999) or
on the behavioral sensitization to psychostimulants (Abarca
et al., 2002).

2.3. Drug treatments

The following treatments were performed. For each one, an
independent control group was used.

2.3.1. Single dose treatment with amphetamine
Rats were randomly assigned to one of two treatments: the VEH

group or amphetamine (5 mg/kg, i.p.) group. These treatments
were administered during day 1, and on days 5, 8 and 22, animals
were killed by decapitation (Fig. 1A). Then, the brain, spleen and
thymus were removed. The NAc and PfC of both hemispheres were
dissected and splenic mononuclear cells were isolated as men-
tioned below.

2.3.2. Amphetamine treatment to induce sensitization
According to the drug administration schedule used by

Vanderschuren et al. (1999), who demonstrated amphetamine
sensitization at behavioral, neurochemical and endocrine levels,
rats were randomly assigned to one of two treatments: VEH
group or amphetamine (5 mg/kg, i.p.) group. These treatments
were administered during day 1, with animals being re-exposed
to a challenge dose of amphetamine (1 mg/kg, i.p.) or VEH on
day 22. Four days following the last injection, on day 26, the ani-
mals were killed by decapitation (Fig. 1B). Then, the brain, spleen
and thymus were removed. The NAc and PfC of both hemispheres
were dissected, and splenic mononuclear cells were isolated as
detailed below.

2.3.3. MK-801 pre-treatments
In order to assess the participation of the glutamatergic mech-

anisms in the effects of a single dose of amphetamine and in the
amphetamine-induced sensitization, we used a selective NMDA
glutamate receptor antagonist pre-treatment to block NMDA
receptors during the presence of amphetamine. In this group of
experiments, we focused the investigation of met-ENK levels on
the spleen and NAc due to the results obtained regarding the
amphetamine-induced sensitization on limbic met-ENK levels
and because the spleen is the source of the lymphocytes used to
evaluate the lymphoproliferative response (see below).

Single dose treatment: Fifteen minutes before the amphetamine
(5 mg/kg, i.p.) or VEH injection, the animals were pre-treated with
MK-801 (0.1 mg/kg, i.p.) or VEH. On day 5 (4 days following the
drug injection), the animals were killed by decapitation and the
spleen and brains were removed (Fig. 1C). The NAc of both hemi-
spheres were dissected and splenic mononuclear cells were
isolated.

Expression of sensitization: Fifteen minutes before the challenge
dose of amphetamine (1 mg/kg, i.p.) or VEH injection, the animals
were pre-treated with MK-801 (0.1 mg/kg, i.p.) or VEH. Four days
following the last drug injection, the animals were killed by decap-
itation and spleen and brains were removed (Fig. 1D). The NAc of
both hemispheres were dissected and splenic mononuclear cells
were isolated.
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2.4. Isolation of mononuclear cells

Spleen cell suspensions were obtained by gently grinding tissue
into RPMI 1640 culture medium (Sigma-Aldrich, Steinheim,
Germany) under sterile conditions. Mononuclear cells were
separated by Ficoll–Hypaque density gradient (1.083 g/ml) centri-
fugation. The mononuclear cells concentrated at the surface were
collected and washed twice in RPMI 1640 medium. After cell
counting, splenocytes were suspended at a final concentration of
2 � 106 cells/ml in RPMI 1640 medium supplemented with 10%
of inactivated fetal bovine serum, 2 mM glutamine, 10 mM sodium
bicarbonate, 100 UI/ml penicillin and 100 lg/ml streptomycin
(denominated complete RPMI 1640 medium).

2.5. Mitogenic assay

The mitogen Con A (Sigma-Aldrich, Steinheim, Germany) was
used to evaluate the splenic T-cell response. We chose a functional
parameter of the immune system, as this would be able to provide
information regarding the immunecompetence of T-cell popula-
tions. The Con A-induced lymphoproliferative response was uti-
lized as it is the most widely used test to reflect the in vitro T-
cell functional response (Coligan et al., 1999). Thus, splenocytes
were added in quadruplicate to each well of 96-well flatbottom tis-
sue culture plates (TPP, Switzerland) in the presence of 5 lg/ml of
Con A. These plates were incubated at 37 �C in a humidified atmo-
sphere with 5% CO2 for 48 h. Then, 18 h before harvesting, cells
were pulsed with 1 lCi [3H]-thymidine (PerkinElmer Life Sciences,
Wellesley, MA). Finally, quadruplicates were collected onto glass
fiber filter paper (Wattman, UK) using a Scatron micro cell har-
vester (SIEM, Córdoba, Arg.). A 1205 Betaplate liquid scintillation
counter (PerkinElmer Life Sciences, Wellesley, MA) was used to de-
tect the incorporation of radioactive thymidine in a Packard, Tri-
Carb Liquid Scintillation Analyzer. The radioactivity was expressed
as c.p.m. and the percentage of responses was calculated relative to
VEH-treated animals.

2.6. Free met-ENK radioimmunoassay

Frozen immune tissues and brain areas were suspended in 1 M
acetic acid containing 50 mM HCl, then boiled for 15 min, homog-
enized with a Polytron, and centrifuged at 50,000g for 1 h. An ali-
quot of the supernatant was lyophilized and reconstituted in
50 mM Tris–HCl buffer, pH 8.4, and 2 mM CaCl2. Met-ENK and
policlonal met-ENK antibody were provided by Peninsula Lab-Ba-
chem (San Carlos, USA). Free immunoreactive met-ENK was deter-
mined by RIA as described in Assis et al. (2006).

2.7. Statistical analysis

Cell proliferation was measured by the [3H]-thymidine incor-
poration assay and results were plotted as the percentage of
changes between amphetamine- and VEH-treated rats. Data rep-
resent means ± SD, and correspond to quadruplicate values of an
average of five different rats. The Student’s t-test was used to
evaluate the statistical significance. Data from the amphetamine
treatments of sensitization and from pre-treatments were ana-
lyzed with a two-way ANOVA (drug treatment � drug re-expo-
sure) (drug pre-treatment � drug treatment). There were two
levels for the drug treatment factor (amphetamine or VEH), two
levels for the drug re-exposure factor (amphetamine or VEH),
and two levels for the drug pre-treatment factor (MK-801 or
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VEH). Following significance in the two-way ANOVA, post-hoc
comparisons among means were performed with the Fisher test.
Data from the experiments with pre-treatments before the
expression of sensitization were analyzed with a three-way
ANOVA (drug treatment � drug pre-re-exposure treatment � drug
re-exposure), with two levels for the drug treatment factor
(amphetamine or VEH), two levels for the drug pre-re-exposure
treatment factor (MK-801 or VEH) and two levels for the drug
re-exposure factor (amphetamine or VEH). Following significance
in the three-way ANOVA, post-hoc comparisons among means
were performed with the Tukey test (the level of significance
was set at p < 0.05). Data represented means ± SD, and corre-
sponded to values of 4–6 different rats. For all the statistical tests,
the level of significance was set at p < 0.05. All the statistical
information is provided in Table 1.

3. Results

3.1. Long-term effect of a single dose of amphetamine

3.1.1. Experiment 1. Time-dependent effect of a single dose of
amphetamine on the lymphoproliferative response

Exposure of rats to a single dose amphetamine treatment re-
sulted in a time-dependent decrease in the splenic proliferative re-
sponse to Con A, relative to VEH-treated controls. Significant
decreases were observed in the 3H-thymidine incorporation of
68% (p < 0.01) and 27% (p < 0.05) in Con A-stimulated splenocytes
from rats treated with 5 mg/kg of amphetamine, 4 or 7 days previ-
ously, respectively (Fig. 2). No differences were detected in rats
treated with amphetamine 3 weeks before. The proliferative re-
sponse to Con A in animals treated with vehicle represent the max-
imum percentage of proliferation.
Table 1
Statistical analysis: two- and three-way ANOVA results.

Experiment ANOVA Parameter evaluated Effect

3 Two-way Lymphoproliferative response Drug re-exp
Drug treatm
Drug treatm

4 Two-way Met-ENK levels in NAc Drug re-exp
Drug treatm

Met-ENK levels in spleen drug re-exp
Drug treatm

Met-ENK levels in thymus Drug re-exp
Drug treatm

5 Two-way Lymphoproliferative response Drug pre-tr
Drug treatm

6 Two-way Met-ENK levels in NAc Drug pre-tr
Drug treatm
Drug pre-tr

Met-ENK levels in spleen Drug pre-tr
Drug treatm
Drug pre-tr

7 Three-way Lymphoproliferative response Drug treatm
Drug pre-re
Drug re-exp
Drug pre-re
Drug treatm

8 Three-way Met-ENK levels in NAc Drug treatm
Drug re-exp
Drug treatm

Met-ENK levels in spleen Drug pre-re
Drug re-exp
Drug treatm
Drug treatm
Drug pre-re
Drug treatm
3.1.2. Experiment 2. Time-dependent effect of a single dose of
amphetamine on limbic (NAc and PfC) and immune (spleen and
thymus) met-ENK levels

As previously demonstrated (Assis et al., 2006), a single dose of
amphetamine, administered 4 days previously, increased the met-
ENK content in the limbic brain areas: 65% (p < 0.05) in NAc and
43% (p < 0.05) in PfC (Fig. 3A); and in immune organs: 76%
(p < 0.05) in spleen and 36% (p < 0.05) in thymus (Fig. 3B). These ef-
fects completely disappeared one and three weeks following
amphetamine.

3.2. Amphetamine-induced sensitization

3.2.1. Experiment 3. Amphetamine-induced sensitization on
lymphoproliferative response: amphetamine challenge exposure 3
weeks after a previous single dose of amphetamine

A challenge amphetamine dose (1 mg/kg, i.p.) decreased by 54%
(p < 0.01) the splenic proliferative response to Con A, in rats that
had received a single dose of amphetamine (5 mg/kg, i.p.) 3 weeks
before, respect to VEH-treated controls. This value was also statis-
tically different from those observed in the remaining groups
(p < 0.01). A single exposure to the challenge dose of amphetamine
induced a decrease of 24% (p < 0.01) in the proliferative response
respect to control animals (Fig. 4A).

3.2.2. Experiment 4. Amphetamine-induced sensitization on limbic
(NAc and PfC) and immune (spleen and thymus) met-ENK levels:
amphetamine challenge exposure 3 weeks after a previous single dose
of amphetamine

A challenge amphetamine dose (1 mg/kg, i.p.) increased the
met-ENK levels in NAc (101%, p < 0.01), spleen (65%, p < 0.01) and
thymus (36%, p < 0.01), in rats that had received a single dose of
F p
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amphetamine (5 mg/kg, i.p.) 3 weeks before, relative to the
remaining experimental groups. In PfC, no differences were ob-
served in the met-ENK content of rats submitted to any of the
experimental treatments (Fig. 4B). The absolute values (pg/mg pro-
tein) of met-ENK levels for the control group were: 1281 ± 93 for
NAc, 466 ± 32 for PfC, 2411 ± 195 for spleen and 1576 ± 172 for
thymus.

3.3. MK-801 pretreatment: influence on a single dose of amphetamine

3.3.1. Experiment 5. MK-801 previous to a single dose of
amphetamine: effects on lymphoproliferative response

As described above, a single amphetamine dose decreased the
Con A-stimulated lymphoproliferative response 4 days after the
drug exposure (63%, p < 0.05). This effect was not still evident in
rats administered with MK-801 prior to amphetamine. No effect
was observed following MK-801 in VEH-treated animals (Fig. 5A).
3.3.2. Experiment 6. MK-801 previous to a single dose of amphetamine:
effects on limbic (NAc) and immune (spleen) met-ENK levels

MK-801 administration abrogated the amphetamine induced
increase in met-ENK levels in NAc (91%, p < 0.01) and spleen
(47%, p < 0.01), 4 days after the drug exposure. MK-801 had no ef-
fect on its own on the met-ENK level in the NAc and spleen
(Fig. 5B). The absolute values (pg/mg protein) of met-ENK levels
for the control group in this experiment were: 1777 ± 517 for
NAc and 2523 ± 321 for spleen.

3.3.3. Experiment 7. MK-801 previous to amphetamine re-exposure
(expression of sensitization): effects on lymphoproliferative response

MK-801 blocked the amphetamine-induced sensitization to the
drug effects on the splenic proliferative response to Con A. In this
experiment, and as described previously, the animals treated with
a single dose of amphetamine (5 mg/kg, i.p.) and then re-exposed
to a challenge amphetamine dose (1 mg/kg, i.p.) showed a decrease
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(55%, p < 0.05) in the splenic proliferative response to Con A, re-
spect to VEH-treated controls. This value was also statistically dif-
ferent from those observed in the remaining groups (p < 0.05). Only
animals exposed to the challenge dose showed a decrease (37%,
p < 0.01) in the proliferative response, respect to the VEH-control
group. Neither effect was evident in rats that received an MK-
801 injection prior to the amphetamine challenge on day 22
(Fig. 6 A).
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3.3.4. Experiment 8. MK-801 previous to amphetamine re-exposure
(expression of sensitization): effects on limbic (NAc) and immune
(spleen) met-ENK levels

Animals treated with a single dose of amphetamine (5 mg/kg,
i.p.) and then re-exposed to a challenge amphetamine dose
(1 mg/kg, i.p.) showed an increase in the met-ENK levels in NAc
(93%, p < 0.05) and spleen (49%, p < 0.05), respect to VEH-treated
controls. In this experiment, it was shown that MK-801 prior to
amphetamine re-exposure abrogated the increase in the met-
ENK levels for both NAc and spleen, when observed after the
amphetamine challenge on day 22. An MK-801 injection alone
did not induce any changes in the met-ENK levels in animals trea-
ted with VEH (Fig. 6 B and C). The absolute values (pg/mg protein)
of met-ENK levels for the control group were 1508 ± 113 for NAc
and 2712 ± 212 for spleen.

4. Discussion

In a previous study (Assis et al., 2006), we demonstrated that a
single dose treatment with amphetamine (5 mg/kg, i.p.) was able
to induce, 4 days after the drug injection, a decrease in the lympho-
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proliferative response together with an increase in the met-ENK
content from the NAc, PfC, spleen and thymus. In the present study,
we demonstrated that all these effects completely disappeared 3
weeks following amphetamine administration. At this time, the
re-exposure to a challenge dose of amphetamine (1 mg/kg, i.p.) in-
duced the expression of sensitization to the drug-induced effects
on the lymphoproliferative response and on the met-ENK levels
in the NAc, spleen and thymus, but not in the PfC. Pre-treatment
with MK-801 (0.1 mg/kg, i.p.) blocked the effects of amphetamine
on the lymphoproliferative response and the met-ENK in NAc and
spleen, both before the first dose of amphetamine (i.e. develop-
ment of sensitization) and following the re-exposure to a second
challenge dose (expression of sensitization).

In the current work, the amphetamine-induced decrease in the
lymphoproliferative response observed simultaneously with an in-
crease in met-ENK (from NAc and spleen) were both sensitized and
reversed by MK-801 pre-treatment, which leads us to suggest a
possible association of both amphetamine effects. Related to this,
met-ENK has been consistently associated with a decrease in the
adaptive immune response, particularly in the T-cell functionality
(Fulford et al., 2000; Saravia et al., 1998). However, a biphasic mod-
1

 5

Amph 1VehVeh Amph 1
MK-801

Veh Amph5 Veh Amph 5

eus Accumbens

1

 5

Veh Veh Amph 1   Amph 1
MK-801

Veh Amph 5 Veh Amph 5

Spleen

1

h 5

Ve h Veh Amph 1 Amph 1
MK-801

Veh Amph 5 Veh Amph 5

nsitization on the lymphoproliferative response (A) and on met-ENK levels (B and C).
the animals were pre-treated with MK-801 (0.1 mg/kg, i.p.) or Veh fifteen minutes
day 26, the Con A-induced lymphoproliferative response was evaluated. Data are

show the means ± SD of 4–6 rats per group. **p < 0.01, Student’s t-test, different from
g groups.



M.A. Assis et al. / Brain, Behavior, and Immunity 23 (2009) 464–473 471
ulation that depends on met-ENK levels has also been suggested,
and demonstrated when Sizemore et al. (2004) showed that low
doses of met-ENK (YGGFM peptide) and two derived peptides
(YGG and YG) increase and accelerate the delayed hypersensitive
response, whereas higher doses of these peptides suppress this
reaction. Piva et al. (2005) showed that met-ENK and their derived
peptides at either low or high doses in vitro are able to induce or
inhibit, respectively, the IFN-c production. High concentrations of
met-ENK and YG also suppress the IL-2 and IL-4 production, but
the previous administration of naloxone (a l/d-opioid receptor
antagonist) blocks the met-ENK effect only on IFN-c production.
Thus, it is reasonable to assume that the enhancement of splenic
met-ENK could modulate the cytokine profile and/or other im-
mune mechanisms responsible for the long-lasting decrease in
the lymphoproliferative response which remains even after
changes in the met-ENK levels. This could explain why, either 8
days following 5 mg/kg of amphetamine or 4 days after 1 mg/kg
of amphetamine, a decrease in the lymphoproliferative response
was observed although no significant change in met-ENK could
be seen.

4.1. Amphetamine-induced sensitization in CNS and immune system

The mechanisms underlying the amphetamine-induced sensiti-
zation on the CNS are well understood and are usually divided into
two periods: development and expression. The development is
characterized by increased extracellular dopamine levels (Kalivas
and Duffy, 1991) and short-term molecular changes, such as
increased expression of AMPA and NMDA receptor subunits
(Carlezon and Nestler, 2002; Fitzgerald et al., 1996) and subsensi-
tivity of D2 receptors in VTA (White and Wang, 1984). The expres-
sion can be elicited by a drug re-exposure and is characterized by
dopamine release sensitization in NAc (Pierce and Kalivas, 1995;
Wolf et al., 1993b). At the immune level, the psychostimulant-in-
duced sensitization of the lymphoproliferative response was previ-
ously (Kubera et al., 2004) demonstrated by using a repeated
treatment of five daily drug injections, with the challenge dose
being administered 4 days following the last drug exposure. Thus,
our findings are the first evidence of a long-lasting (3 weeks) sen-
sitization being induced by a single amphetamine exposure on this
immune parameter. As there is no dopamine in the peripheral ner-
vous system, the dopamine receptor expression in several immune
cell lines (McKenna et al., 2002) indicates that plasma dopamine
(Van Loon, 1983), DOPA (Kvetnansky et al., 1992) or dopamine syn-
thesized by immune cells could potentially activate these receptors
(Bencsics et al., 1997). Splenic noradrenergic terminals are capable
to re-uptaking dopamine from circulation, partially transforming it
into noradrenaline and releasing both dopamine and noradrenaline
in response to neural activity. Thus, the central neurochemical evi-
dence of dopamine release sensitization could be associated, at
least in part, with the effects of amphetamine on the immune func-
tion, bearing in mind the immunomodulatory role previously de-
scribed for this catecholamine (Cosentino et al., 2002; Saha et al.,
2001). Evidence of the development of amphetamine-induced sen-
sitization on ACTH and corticosterone hypersecretion 3 weeks after
amphetamine treatment has been described (Schmidt et al., 1999).
Moreover, long-term amphetamine-induced sensitization on the
ACTH and corticosterone responses has been proposed to partici-
pate in the autonomic and affective consequences induced by
amphetamine exposure (Prasad et al., 1996; Schmidt et al.,
1999), which may be extendible at immune level. Regarding this,
it was previously shown that in vivo amphetamine affects blood
cellularity, at least in part, as a consequence of drug effects on
the HPA system (Ligeiro de Oliveira et al., 2004, 2008). However,
Pacheco-López et al. (2003) demonstrated that the influence of
central catecholaminergic transmission on the lymphoproliferative
response is mediated by the sympathetic nervous system, without
any changes being observed in the plasmatic corticosterone levels.
Notwithstanding this, since the HPA axis might have been acti-
vated without apparent changes in corticosterone serum level, an
influence due to this axis on the amphetamine-induced effects at
immune level can not be discarded. Furthermore, other mecha-
nisms might have affected the results from our laboratory, i.e. a
suppressive effect occurring on the immunoenhancing prolactin
system (Bernton et al., 1988).

In addition to the effects observed on the lymphoproliferative
response, our current data constitute the first specific evidence
regarding a sensitized response being induced by amphetamine
on the met-ENK levels not only in the brain area relevant for addic-
tion (NAc), but also in immune organs (in particular, the spleen) as
implied by the T-cell response. By using a pharmacological ap-
proach and KO l-opioid receptor mice, a role for the opioid system
was previously demonstrated in the expression of the sensitization
to amphetamine (Magendzo and Bustos, 2003) and in the modula-
tion of the dopaminergic transmission in the NAc (Mathon et al.,
2006), respectively. Due to the fact that met-ENK in PfC was not
sensitized by amphetamine, this constitutes more evidence about
molecular changes occurring in the NAc and not in the PfC during
the expression of psychostimulant sensitization (i.e. a hypersensi-
tivity of D1 receptors (Wolf et al., 1993a)). Moreover, since a sen-
sitized response on the met-ENK was also observed following
amphetamine in immune organs, it is possible to suggest that this
could have been mediated by a similar biological mechanism being
triggered by the drug (i.e. sensitization on dopamine release).

4.2. NMDA receptors in amphetamine effects in CNS and immune
system

In this study, we have demonstrated for the first time the
involvement of NMDA glutamatergic receptors in the effect of a
single dose of amphetamine as well as in the expression of
amphetamine-induced sensitization on the lymphoproliferative
response and on met-ENK in the NAc and spleen. NMDA-mediated
effects of amphetamine on the CNS (Wolf et al., 1994; Wolf, 1998;
Pacchioni et al., 2007), but not on immune system, have been pre-
viously demonstrated. Glutamate has recently been considered to
be an immunotransmitter (Boldyrev et al., 2005). It is released by
the dendritic cell and can modulate T-cell proliferation via metab-
otropic glutamatergic receptors (mGlu1R and mGlu5R) (Pacheco
et al., 2006). The first study describing the presence of ionotropic
glutamate receptors (iGluR) in human resting lymphocytes was re-
ported by Lombardi et al. (2001). These authors also demonstrated
a functional role for iGluR as modulators of immune cell activation
by mediating the rise in intracellular calcium induced by PHA- or
anti-CD3 antibody. In addition, Boldyrev et al. (2004) showed the
expression of NMDA receptors in rodent lymphocytes, with their
activation elevating intracellular calcium and ROS levels (Pacheco
et al., 2007). As mentioned before, the NMDA receptors could
underlie the amphetamine effect on the splenic lymphoprolifera-
tive response, either directly by the immune cells and/or by an
indirect message from the CNS. Although a study on the proENK
gene transcription was not carried out in the current work, the
involvement of the NMDA receptor in the increase of met-ENK
after amphetamine is consistent with previous evidence that
showed a contribution of these receptors to the amphetamine-in-
duced proENK expression in this brain area (Mao and Wang, 2003).

Another novel finding of this work is to show the involvement
of NMDA receptors in the long-lasting amphetamine-induced sen-
sitization on the lymphoproliferative response and on met-ENK in
the NAc and spleen. There is strong evidence of long-lasting
changes being induced by psychostimulants on the glutamatergic
transmission, which could help to interpret these current findings.
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At CNS level, cellular changes in the glutamatergic inputs from PfC
to VTA and NAc have been shown to underlie psychostimulant-in-
duced sensitization (Cador et al., 1999; Wolf, 1998). The plasticity
of the glutamatergic synapses in VTA constitutes the main psycho-
stimulant-induced mechanism involved in the long-lasting sensiti-
zation of the mesocorticolimbic pathway (Ungless et al., 2001). Our
present findings with MK-801 extend at immune level previous
evidence regarding the involvement of NMDA glutamatergic trans-
mission in the long-lasting effects of amphetamine. In this in vivo
study, it is not possible to distinguish the effects that the drug
could exert on the CNS from those which could affect the immune
cells directly. Thus, the effects observed could be attributed to: (1)
a central message, which involves the NMDA glutamatergic activa-
tion, reaching the immune organs through the sympathetic ner-
vous system and/or the HPA axis and (2) the direct influence of
amphetamine increasing the autocrine and paracrine release of
glutamate on the immune cells, and leading to the subsequent acti-
vation of proENK expression as previously noted. Furthermore,
since a previous study demonstrated a central l-opioid
mechanism mediating the morphine-induced immunomodulation
(Mellon and Bayer, 1998), it is conceivable that the increase of
met-ENK in NAc could participate in the message towards the
immune system.

4.3. General conclusions

Summing up, we can conclude that a single amphetamine expo-
sure is sufficient to induce long-lasting sensitization, not only at
behavioral, neurochemical, and endocrine levels (Vanderschuren
et al., 1999), but also on the immune system. These findings, to-
gether with the glutamate-ENK interaction observed on the
amphetamine-induced effects, are consistent with the idea that
similar biological mechanisms on the brain and immune organs
could be triggered by psychostimulants. Furthermore, the amphet-
amine effects on the brain and immune met-ENK are proposed to
play a role in the modulation of the immune response following
the administration of a psychostimulant drug. Since drugs of abuse
not only modify the behavior of individuals, but also compromise
their immune functions (Baldwin et al., 1998; Friedman and Eisen-
stein, 2004), it is highly relevant to follow up the changes in CNS at
a peripheral level (Assis et al., 2006; Blandini et al., 2004). Finally,
considering the comorbidity of drug abuse with numerous infec-
tious diseases (Howard et al., 2002; Nath et al., 2002; Rich et al.,
2006), MK-801 and other similarly acting agents may open new
possibilities for the treatment of immunological disorders in drug
abusers.
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