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A B S T R A C T

Previous studies have indicated that neural changes induced by early nutritional insult cause an altered response
to pharmacological treatments, including addictive drugs. This study evaluates the influence of perinatal protein
malnutrition in developing cross-sensitization to cocaine-induced rewarding effects in animals pre-exposed to
morphine.

Different groups of well-nourished (C-rats) and protein-deprived animals (D-rats) were treated twice a day for
three days with increasing doses of morphine or with saline. After 3 days, the incentive motivational effects of
cocaine were assessed in a Conditioned Place Preference paradigm in both groups. In saline pre-treated animals,
dose-response curves to cocaine revealed a conditioning effect in D-rats at doses of 5, 7.5 and 10 mg/kg, while
this effect was observed in C-rats only with 10 and 15 mg/kg. Furthermore, when animals of both groups were
pre-treated with escalating doses of morphine, cross-sensitization to the conditioning effect of cocaine was
elicited only in D-rats with low doses of cocaine (5 and 7.5 mg/kg). In contrast, under the same experimental
conditions, C-rats show no cross-sensitization. To correlate this differential rewarding response with a molecular
substrate linked to the behavioral changes observed after repeated drug exposure, ΔFosB expression was assessed
in different brain regions. D-rats showed a significant increase in this transcription factor in the nucleus ac-
cumbens, amygdala and medial prefrontal cortex. These results demonstrated that perinatal protein deprivation
facilitates rewarding effects and the development of cross-sensitization to cocaine, which correlates with an
upregulation of ΔFosB in brain areas related to the reward circuitry.

1. Introduction

Drugs of abuse, despite their different mechanisms of action, con-
verge on the brain’s reward circuit, producing a series of common
functional effects after both acute and repeated exposure [1–3]. Opiates
and psychomotor stimulants produce their neural and behavioral effects
through different mechanisms. Stimulant drugs directly increase do-
paminergic transmission in the nucleus accumbens (NAc). Opiates do
the same, but indirectly; they inhibit GABAergic interneurons in the
ventral tegmental area (VTA), which disinhibits VTA dopamine neu-
rons. Opiates also act directly, principally on mu and perhaps on delta
receptors, on NAc neurons [4,5]. There is thus growing evidence that
abuse-related effects of opiates and psychostimulants may be mediated
by common neurobiological substrates, focused on the mesocortico-
limbic brain areas.

Repeated intermittent exposure to addictive drugs has been con-
sistently reported to induce a persistent increase in incentive

motivational effects, a phenomenon known as behavioral sensitization
[6–8]. Neural changes underlying this long-lasting phenomenon prob-
ably contribute to developing the compulsive patterns of drug-seeking
and craving that characterize addiction [see reviews 9,10]. Moreover,
cross-sensitization occurs, consistent with the involvement of common
neurobiological substrates, between drugs with different pharmacolo-
gical modes of action and could play a role in the escalation of drug use
in populations characterized by polydrug abuse [11]. Several pre-
clinical studies have indicated that cross-sensitization can develop be-
tween mu-opioid agonists and cocaine. For instance, repeated morphine
administration increases the locomotor response [12,13] and con-
ditioning rewarding effects of cocaine [14].

Common chronic functional adaptations at cellular and molecular
levels in the VTA-NAc pathway are essential for acute drug reward and
chronic changes related with addiction [1]. These adaptations appear to
be complex, including other brain areas (amygdala, hypothalamus,
hippocampus and regions from the frontal cortex, among others) that
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interact with the VTA-NAc and are also important for the rewarding
effects of drugs associated with addiction [15–19].

The genesis of addiction and of long-lasting behavioral abnormal-
ities is believed to be closely linked to the regulation of gene expression.
In particular, the transcription factor ΔFosB is upregulated and plays an
essential role in long-term adaptive changes in the brain associated with
diverse conditions, such as repeated exposure to drugs of abuse [16].
Due to this protein’s stability, ΔFosB remains elevated for long periods
after its induction [20]. The induction and accumulation of ΔFosB in
specific brain regions suggests that this transcription factor represents a
mechanism by which drugs of abuse produce stable changes in the brain
that contribute to the emergence of addiction [21,22][21,see review
22].

Altered reactivity to drugs of abuse has been reported in animal
models of protein-malnutrition, with undernourished rats showing in-
creased response to drug effects in their adult life. For psychostimu-
lants, enhanced sensitization to the locomotor effect of amphetamine
[23] and cocaine-induced stereotypy [24] has also been described.
Furthermore, adult rats submitted to perinatal protein malnutrition (D-
rats), after repeated administration of cocaine or morphine, showed
facilitation for the development of behavioral sensitization [13,25–28].
In addition, the rewarding effects of cocaine and morphine were in-
creased in D-rats, correlated with an overexpression of ΔFosB in brain
areas related to the reward network [26,27]. All this information in-
dicates a higher reactivity of the mesocorticolimbic dopaminergic
pathway, resulting from early nutritional insult. Therefore, the aim of
this study was to investigate the influence of perinatal protein mal-
nutrition in developing cross-sensitization to cocaine-induced re-
warding effects in animals intermittently pre-exposed to escalating
doses of morphine, using a conditioned place preference (CPP) para-
digm. In order to correlate the behavioral response with a neurobio-
logical marker associated with repeated drug exposure, we also as-
sessed ΔFosB expression in different brain areas of D-rats and control
rats (C-rats).

2. Materials and methods

2.1. Animals

The schedule of perinatal protein deprivation and diet composition
employed has been described elsewhere [26]. Briefly, pregnant rats
(Wistar strain from our own colony), were divided into two groups on
the 14th day of pregnancy and fed isocaloric diets containing 24% and
8% casein, for well-nourished (C-rats) and deprived (D-rats), respec-
tively. Litters from both groups were culled to eight pups. After
weaning at 30 days, when the deprivation period was ended, both
groups were given balanced standard chow (Gepsa feeds, Pilar Group,
Argentina) for at least 40 days (nutritional recovery period) before the
programmed experiments. Animals were maintained at 22 °C ± 2
under a 12-h light-dark cycle (lights on at 07:00 AM) with food and
water ad-libitum. All experimental groups were composed of male an-
imals from different litters, in order to avoid sibling replication. Ani-
mals were maintained and the studies conducted in accordance with the
NIH Guide for Care and Use of Laboratory Animals (National Research
Council, USA, 2010). Every effort was made to minimize animal suf-
fering and to reduce their number.

2.2. Drugs

Morphine hydrochloride and cocaine hydrochloride (Verardo
Laboratories, Buenos Aires, Argentina) were dissolved in 0.9% saline
and injected in a volume of 1 ml/kg body weight. Drug dose is ex-
pressed in terms of the salt.

2.3. Conditioning place preference procedure (CPP)

The place conditioning procedure used in these experiments was
similar to that described by Valdomero et al. [26] and included an
unbiased design. The apparatus for CPP comprised two compartments
distinguished by different patterns on the floors and walls, separated by
a central neutral area. The two outer compartments were
32 × 25 × 35 cm. One compartment was black with a stainless steel
rod floor, and the other was white with a polyethylene reticulate floor.
The central compartment, with translucent walls and a smooth floor
(11 × 22 × 25 cm), was connected to the outer compartments by
guillotine doors.

The CPP procedure consisted of three phases and was as follows. In
the preconditioning, animals were placed in the central compartment
with free access to all three compartments and the time spent in each
compartment was measured during 15 min. Conditioning was con-
ducted during four days. Sessions were conducted twice per day with
5 h separating each. Rats were injected with saline (1 ml/kg) and
confined to one of the outer compartments for 45 min. Five h later they
received cocaine injections and were confined to the other compart-
ment for 45 min. The treatment compartment was counterbalanced.
The day after the last cocaine injection, the testing session was carried
out by placing the animal in the central compartment as in the pre-
conditioning test. Time spent in each compartment was recorded by
two experimenters who were always unaware of the drug treatment and
the nutritional conditions of the animals. Place preference was eval-
uated as time spent in the drug-paired compartment relative to the total
time spent in outer compartments [preference score = time in paired/
(time in paired + time in non-paired compartment)]. Under our ex-
perimental conditions, saline-treated rats from both groups did not
show any preference for the outer compartments.

2.4. Cross-sensitization to cocaine in morphine pre-exposed C- and D-rats

To evaluate the influence of early undernutrition on the develop-
ment of morphine-cocaine cross-sensitization, animals from both
groups received pre-treatment with morphine. The pre-treatment pro-
tocol used was one previously shown to result in homologous sensiti-
zation only in deprived rats [27]. Thereafter, morphine was adminis-
tered intermittently at escalating doses by twice-daily s.c. injections for
three days: day 1, 5 mg/kg; day 2, 10 mg/kg and day 3, 20 mg/kg.
Three days after the last injection, different groups of animals were
conditioned in the CPP paradigm, as previously described, using in-
creasing doses of cocaine (3, 5, 7.5, 10 or 15 mg/kg i.p.; mor-coc
groups). This cross-sensitization schedule is context-independent, since
morphine was administered in the home cage and sensitization ex-
pressed in the CPP apparatus. Another group of C- and D-rats was pre-
treated with morphine and paired with saline (mor-sal group). Finally,
two additional groups of C- and D-animals received repeated saline
injections in the same schedule as those which were treated inter-
mittently with morphine, and then subjected to the CPP with saline or
cocaine (sal–sal and sal-coc groups, respectively). Table 1 summarizes
the different experimental groups employed.

Table 1
Experimental groups employed in this study.

C-rats D-rats

sal-sal sal-sal
sal-coca sal-coca

mor-sal mor-sal
mor-coca mor-coca

a different groups of animals for each dose of
cocaine (3, 5, 7.5, 10 and 15 mg/kg).
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2.5. FosB immunohistochemistry

Experiments were undertaken to evaluate the effects of cross-sen-
sitization on FosB expression in brain areas related to the rewarding
circuitry. Groups of C- and D-rats were submitted to a schedule of co-
caine administration similar to that used in the CPP experiment with
5 mg/kg in morphine or saline pre-exposed rats. This cocaine dose was
chosen since it was the lowest that elicited CPP in D-rats. Immediately
after the testing session and twenty-four hours after the last cocaine
injection, animals were deeply anesthetized with chloral hydrate
(400 mg/kg i.p.) and perfused with saline followed by 4% paraf-
ormaldehyde in 0.1 M phosphate-buffered saline (PBS). The brains were
then removed, left in fixative overnight and placed in phosphate-buf-
fered 30% sucrose solution. Brains were sectioned on a cryostat into
40 μm slices and the sections immersed in 0.01 M PBS. Brain sections
were first incubated for 1 h at room temperature in a solution of 3%
hydrogen peroxide (H2O2) and 10% methanol in PBS 0.01 M.
Afterwards, the sections were rinsed three times in 0.01 M PBS and
placed in a blocking solution of 5% normal bovine serum (BSA) for 1 h.
Then, brain sections were incubated for 48 h at 4 °C with a polyclonal
FosB antibody (diluted 1:1500 in 0.01 M PBS containing 1% BSA). This
antibody was raised against the residues 75–150 of the FosB molecule
and it has been demonstrated by Western blotting analyses that proteins
with molecular weight corresponding to ΔFosB can be recognized (SC-
48; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Following in-
cubation in the primary antibody, sections were washed three times in
0.01 M PBS and incubated for 2 h in biotinylated secondary antibody
(Vector Labs, Burlingame, CA, USA.; diluted 1:200 in 0.01 M PBS
containing 1% BSA), followed by an avidin-biotin-peroxidase complex
(Vectastain ABC kit, Vector Labs, Burlingame, CA, USA) for 1 h at room
temperature. Finally, sections were incubated for 5 min with a solution
containing 0.05% 3-3′-diamino-benzidine tetrahydrochloride (DAB,
Sigma) and 0.01% H2O2. Sections were mounted onto gelatin-coated
slides, dehydrated and coverslipped prior to viewing with a light mi-
croscope.

2.6. ΔFosB quantification

Positive ΔFosB cells were identified using light field microscopy at
200X and counted in selected brain areas using the SCION program
from the NIH. The counting was carried out by a blinded investigator
and performed using an identical area size (0.16 mm2) of the same
shape for each brain region. Automated counts of ΔFosB positive nuclei
were obtained from each area of interest, maintaining constant back-
ground intensity across different areas. Counts from the left and right
hemispheres were obtained from three sections within the NAc (core
and shell), striatum, amygdala, hippocampus and the prefrontal cortex.
The anteroposterior (AP) (coordinates from Bregma; [29]) of sections
included for detailed analysis were AP 1.6, 1.2 and 0.7 (accumbens core
and shell); AP −2.3, −2.56 and −2.8 (basolateral amygdala and
hippocampus) and AP 2.2, 2.7 and 3.2 (anterior cingulate cortex, pre-
limbic cortex and infralimbic cortex). Schematic drawings of coronal
sections of rat brain based upon the atlas of Paxinos and Watson are

shown in Figs. 2B, 3B and 4B, indicating the different regions in which
quantification of ΔFosB positive nuclei was performed.

2.7. Statistical analysis

Differences in behavioral scores were analyzed using three-way
analysis of variance (ANOVA), with diet, pre-treatment and cocaine
dose as independent variables. Post hoc comparisons were made using
the LSD Fisher test, with values of P < 0.05 being considered as sta-
tistically significant. Since no significant differences were detected be-
tween the left and the right hemispheres in the ΔFosB positive nuclei,
counts obtained from both hemispheres in different brain sections
throughout an area of interest were averaged to generate one count of
ΔFosB positive nuclei per region [26]. Data from each region were
analyzed using two-way ANOVA (diet and pre-treatment). Results
showing significant overall changes were subjected to a post hoc LSD
Fischer test, with values of P < 0.05 being considered as statistically
significant.

3. Results

3.1. Effect of morphine pre-treatment on the rewarding effects of cocaine
assessed in a CPP paradigm

The rewarding effects of increasing doses of cocaine (3, 5, 7.5, 10
and 15 mg/kg, i.p.) were assessed in different groups of C- and D-rats
pre-treated with saline (1 ml/kg, s.c. twice a day for 3 days) or esca-
lated doses of morphine (day 1, 5 mg/kg; day 2, 10 mg/kg and day 3,
20 mg/kg, s.c.) in the CPP paradigm. Results are shown in Fig. 1. Three-
way ANOVA conducted on these data revealed a significant interaction
(pre-treatment × diet × cocaine dose, F5237 = 2.33, P < 0.05). Post
hoc comparison revealed an effect in saline pre-treated C-rats, condi-
tioned only with doses of 10 (P < 0.0001) and 15 mg/kg of cocaine
(P < 0.0005). In contrast, saline pre-treated D-rats began to elicit
conditioned place preference with lower doses of cocaine, 5 mg/kg
(P < 0.0001) and 7.5 mg/kg (P < 0.005). This effect significantly
increased with the 10 mg/kg dose (P < 0.0001), evidenced by an in-
crease in the preference score compared with D-groups conditioned
with 5 (P < 0.05) and 7.5 mg/kg (P < 0.01). In saline pre-treated D-
rats, neither 3 nor 15 mg/kg of cocaine induced CPP.

The schedule of increasing morphine administration induced sub-
sequent cross-sensitization to rewarding effects for lower doses of co-
caine in D-rats, an effect that was absent in controls. Post hoc com-
parison showed that only D-animals conditioned with 5 (P < 0.00001)
and 7.5 mg/kg (P < 0.0001) of cocaine developed cross-sensitization,
spending significantly more time in the drug-paired compartment
compared with the respective saline pre-treated D-group. Under our
experimental conditions, cross-sensitization was not induced in C-rats
with any of the cocaine doses used.

As perinatally undernourished rats have significantly lower body
weights than control animals, the drug doses were recalculated in re-
lation to body surface area (mg drug/100 cm2), calculated by the for-
mula: body surface area = 9.1 × body weight0.66 [30]. All recalculated

Fig. 1. Conditioning effect of cocaine in the CPP paradigm in different
groups of C-and D-animals pre-treated with saline (1 ml/kg, s.c.) or es-
calating doses of morphine (twice-daily s.c. injections for 3 days: day 1:
5 mg/kg; day 2: 10 mg/kg; day 3: 20 mg/kg). Bars represent mean pre-
ference score ± S.E.M., N = 8–20 animals. # P < 0.005 vs. respective
saline group; † P < 0.0001 vs. saline pre-treated C-rats conditioned with
cocaine 5 mg/kg; § P < 0.05 vs. saline pre-exposed D-rats conditioned
with 5 and 7.5 mg/kg of cocaine; ∗ P < 0.0001 vs. respective D-rats pre-
treated with saline; ∗∗ P < 0.05 vs. respective C-rats pre-treated with
morphine (LSD Fisher test).
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morphine doses showed a pattern similar to the dose of 10 mg/kg:
0.406 ± 0.002 mg of morphine/100 cm2 for C-rats and
0.382 ± 0.002 mg of morphine/100 cm2 for D-rats (F1159 = 96.86,
P < 0.0001). Similarly, all recalculated cocaine doses showed a pat-
tern to the dose of 5 mg/kg: 0.406 ± 0.002 and 0.380 ± 0.002 mg/
100 cm2/conditioning session for C- and D-rats, respectively
(F1170 = 108.04, P < 0.0001). These results indicate that, expressed
as mg/100 cm2 body surface area, D-rats were administered sig-
nificantly lower amounts of drug than C-rats.

3.2. Impact of early undernutrition on ΔFosB levels in different brain areas
of the reward circuit following morphine pre-treatment and cocaine exposure

ΔFosB expression was assessed in several brain areas of the reward
circuit in different groups of C- and D-rats pre-exposed to either saline
or morphine and conditioned with 5 mg/kg of cocaine in the CPP
paradigm. Consistent with previous studies [26,27], no significant dif-
ferences were found in ΔFosB levels between C- and D-animals both
pre-treated and conditioned with saline (data not shown).

Table 2 shows brain regions in which immunohistochemical ΔFosB
expression was analyzed. No significant differences were detected be-
tween left and right hemispheres in the ΔFosB positive nuclei. The
following results were obtained from two-way ANOVA (diet x pre-
treatment) conducted on these data. In morphine pre-treated D-rats
only, cocaine administration induced a significant increase in ΔFosB
positive nuclei in both core and shell subareas of NAc [F1,12 = 39.16,
P < 0.001 (core); F1,12 = 24.52, P < 0.001 (shell)], in the basolateral
amygdala (F1,12 = 28.55, P < 0.001) and in the anterior cingulate,
prelimbic and infralimbic subareas of the medial prefrontal cortex
(F1,12 = 15.82, P < 0.005; F1,12 = 38.457, P < 0.001; F1,12 = 58.25,
P < 0.0001, respectively). Thus, D-rats pre-treated with morphine
showed a higher levels of ΔFosB than saline pre-exposed D-animals
(P < 0.05) and than morphine pre-treated C-rats (P < 0.05). In
contrast, C-rats did not increase ΔFosB expression in any of the regions
assessed. Figs. 2 A, 3 A and 4 A show representative photomicrographs
from brain areas where ΔFosB was induced. Figs. 2C, 3C and 4C re-
present the ΔFosB levels of C- and D-rats pre-exposed to saline or es-
calating doses of morphine and conditioned with 5 mg/kg of cocaine.
No significant differences were found in the hippocampus when ΔFosB
levels were analyzed, in either group of rats (C- or D-rats), pre-treated
with either saline or morphine and conditioned with cocaine
(F1,12 = 3.25, N.S.).

4. Discussion

Modifications in perinatal brain development linked to early protein
malnutrition could lead to permanent alterations in neuronal pathways,
resulting in altered reactivity upon exposure to different drugs of abuse

[see reviews 31,32]. The present study evaluated the influence of
perinatal protein malnutrition on developing cross-sensitization to co-
caine-induced rewarding effects in animals pre-exposed to morphine. In
agreement with our earlier findings, we observed enhanced rewarding
effects of cocaine, since cocaine dose-response curves in saline pre-
treated animals revealed a conditioning effect in D-rats, with doses of 5,
7.5 and 10 mg/kg, while this effect in C-rats was observed only with
higher doses (10 and 15 mg/kg). In D-rats, place conditioning was
evident at a dose of 5 mg/kg, increasing significantly for the 10 mg/kg
dose. In full agreement, adult malnourished rats showed a greater re-
sponsiveness than controls to the rewarding effects of cocaine, as evi-
denced by a shift to the left of the D-R curves obtained with increasing
doses of cocaine.

This study extends previous research related to psychostimulants
and opioid drugs in animal models of protein-malnutrition, with un-
dernourished rats showing increased response to drug effects in their
adult life. For psychostimulants, enhanced sensitization to locomotor
effects of amphetamine [23] and to cocaine-induced stereotypy [24]
has also been described. Our D-rats, after repeated administration of
cocaine or morphine, showed a facilitated development of sensitization
[13,25–27]. These data indicate a greater reactivity of the mesocorti-
colimbic dopaminergic pathway resulting from this early nutritional
insult. Thus, morphine pre-treated D-rats showed cross-sensitization to
the rewarding effects of cocaine. Only D-rats showed a significant in-
crease in the preference score with 5 and 7.5 mg/kg of cocaine com-
pared to the respective saline pre-treated D-rats, while no cross-sensi-
tization was observed under our experimental conditions for any doses
of cocaine in C-rats. The lack of development of this phenomenon in C-
rats can be explained by the use of a sensitization protocol similar to
that described by Cadoni and Di Chaira [33], but employing doses that
were half the concentrations used by these authors.

In agreement with the above findings, cross-sensitization has been
consistently reported between morphine and cocaine. For instance, pre-
treatment with opioid (morphine or heroin) intensifies the subsequent
behavioral response to different direct and indirect DA agonists
[4,11–13] and the conditioned rewarding effects of cocaine [14,34].
The mu-opioid agonists inhibit GABAergic interneurons in VTA, thus
increasing the activity of mesolimbic and mesocortical dopamine sys-
tems [35]. Related to these neuronal systems, our previous reports
demonstrated that early malnutrition results in permanent alterations
in neuronal pathways, which may account for the altered reactivity to
different pharmacological treatments, such as facilitated development
and expression of behavioral and rewarding sensitization to cocaine or
morphine, correlated with an increased response of the mesocortico-
limbic system [13,25], and ΔFosB overexpression in areas associated
with the brain reward network [26,27].

Repeated pre-treatment with opioids can increase the response to a
subsequent challenge with psychostimulants, but this effect depends on
several parameters including dose, route, time between withdrawal and
challenge treatment, as well as the genetic background of the animals
and species differences [6,12,36–38]. Our findings also indicate that
both the development and the expression of cross-sensitization depend
on the prior nutritional status during the perinatal period, since this
phenomenon was evident in D-rats for lower doses of these drugs.

It is well documented that stabilized isoforms of ΔFosB accumulate
with repeated, but not acute, exposure to many drugs of abuse and
remain elevated in the brain’s reward regions for weeks, suggesting that
this transcription factor could be associated with the mechanisms un-
derlying the long-lasting neuroadaptation process that contributes to a
state of addiction. The expression of the transcription factor ΔFosB
varies dependent on the administered substance, showing region-spe-
cificity for different drug stimuli [22,39][22,see review 39]. In contrast,
in acute treatments, induced proteins (due to molecular instability)
return to basal levels within hours of the initial drug administration
[40].

In the current study, the schedule of morphine pre-treatment used

Table 2
ΔFosB expression in different brain areas from C- and D-rats pre-treated with saline or
morphine.

Brain region Group

C- sal-coc D- sal-coc C- mor-coc D- mor-coc

Accumbens core 131 ± 11 201 ± 10† 128 ± 9 270 ± 29***
Accumbens shell 121 ± 18 187 ± 13† 152 ± 11 248 ± 21***
Basolateral amygdala 56 ± 10 107 ± 6† 66 ± 12 152 ± 20***
Cingulate cortex 29 ± 3 52 ± 4 44 ± 10 83 ± 11***
Prelimbic cortex 49 ± 11 93 ± 9† 54 ± 5 130 ± 13***
Infralimbic cortex 61 ± 9 117 ± 5† 60 ± 5 158 ± 16***
Hippocampus 72 ± 7 89 ± 6 79 ± 4 80 ± 8

Values represent number of positive nuclei in 0.16 mm2 (mean ± SEM, n = 4).
*P < 0.05 vs. D-rats pre-treated with saline.
**P < 0.05 vs. C-rats pre-treated with morphine.
†P < 0.05 vs. C-rats pre-treated with saline.
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induced a selective cross-sensitization to the rewarding effects of co-
caine in the D-rats, as well as a significant induction of ΔFosB in the
NAc (core and shell), the basolateral amygdala and medial prefrontal
cortex (cingulate, prelimbic and infralimbic). It has been shown that the
induction of ΔFosB in the NAc and dorsal striatum increase locomotor
and reward responses to both cocaine and morphine [21,41,42]. Fur-
thermore, the importance of FosB transcription factors and neuroa-
daptive response in amygdala and prefrontal cortical brain regions in
opiate sensitization, highlighting that diverse pathways contribute to
opiate sensitization including cognitive, motivational, motor and as-
sociative neural circuits has been demonstrated [43].

Our results are consistent with studies that highlight the importance
of accumbal ΔFosB induction as a plasticity marker in opiate addiction
[39,40]. Interestingly, cross-sensitized D-rats also showed a selective,
significant increase in ΔFosB expression in other brain areas beyond the
reward circuit of the nucleus accumbens and VTA, such as the amyg-
dala and prefrontal cortex. In agreement with Kaplan et al. [43], the
present study shows that opiate induces cross-sensitization to the re-
inforcing effects of cocaine, and also produces neuroadaptive effects in
motivational (NAc), associative learning (BLA) and executive (PFC)
pathways. The lack of such an effect in C-rats may be explained by the
mild dosage of morphine used, which selectively produces cross-

Fig. 2. A. Photomicrographs (50 X) of ΔFosB immunoreactivity in the NAc
(core and shell) from C- and D-rats pre-treated with saline or escalating
doses of morphine, and conditioned with 5 mg/kg of cocaine. Squares
represent the areas from which the cell count was made. B. Schematic
drawing of a coronal section of rat brain at Bregma 1.0. Squares represent
the sites at which photomicrographs were taken. C. Quantification of
ΔFosB positive nuclei. Bars represent mean ± S.E.M., N = 4. ∗P < 0.05
vs. D-rats pre-treated with saline; † P < 0.05 vs. C-rats pre-treated with
saline; ∗∗P < 0.05 vs. C-rats pre-treated with morphine (LSD Fisher test).
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sensitization in D-rats. Experimental protocols with higher doses or
prolonged pre-treatment with morphine are generally used to induce
sensitization and/or ΔFosB expression in normal rats [33,44].

The present results are also consistent with, and extend our previous
studies related to higher ΔFosB expression in specific brain areas of the
reward circuit only in D-Rats, after repeated administration of either
cocaine or morphine independently (homologous sensitization)
[26,27]. In relation to the altered responses to pharmacological treat-
ments induced by early malnutrition, as well as showing facilitation to
develop cross-sensitization, the D-rats showed a lower threshold for the
reinforcing effects of cocaine reflected in a shift to the left of the D-R
curve. This increased rewarding effect of cocaine observed in the saline
pre-treated group correlated with a slight but significant increase in
ΔFosB positive nuclei in the NAc (core and shell), the basolateral
amygdala and the medial prefrontal cortex (prelimbic and infralimbic).

As regards the functional significance of prolonged ΔFosB expres-
sion in the NAc, it has been reported that ΔFosB expression increases
the rewarding effects of cocaine, and mice over-expressing ΔFosB in the
NAc showed increased place conditioning and incentive motivation for
cocaine [16]. It is well known that, in normal animals, the transcription
factor ΔFosB is induced only slightly after acute exposure to drugs.
However, these isoforms begin to accumulate with repeated adminis-
tration of the drug [16]. The slight increase in ΔFosB levels, observed in
D-rats pre-treated with saline after only four administrations with low
doses of cocaine (5 mg/kg) as in the conditioning protocol, could be one
of the markers or molecular changes underlying facilitation or in-
creased behavioral responses that malnourished animals present when
they are exposed to different drugs of abuse.

These results indicate that neural alterations induced by nutritional
insult in early life facilitate the rewarding effects and the development

of cross-sensitization to cocaine, which correlates with an upregulation
of ΔFosB in brain areas related to the neuronal reward circuits. They
thus emphasize the vulnerability of the CNS during early life to harmful
factors, such as early undernutrition, that may predispose subjects to
consume drugs of abuse in adulthood, in agreement with several studies
that have shown the high vulnerability of developing or immature
brains to different drugs of abuse, characterized by changes in reactivity
to challenges in adulthood [45–48]. Moreover, this study demonstrates
the selective plasticity of a critical molecule in the malnourished ani-
mal's brain that regulates, at least in part, the mechanisms underlying
addiction and suggests that these neuroadaptive changes may be in-
volved in the mediation of enhanced addictive tendencies in subjects
suffering severe malnutrition in early life.

It could be argued that changes in reactivity to different pharma-
cological treatments described in D-rats may be a consequence of
pharmacokinetic alterations induced by nutritional insult. However, in
our previous studies no significant differences were detected between
C- and D-animals in plasma or brain levels of morphine or cocaine, after
either acute or repeated administration of each drug [13,25–27]. These
data are in agreement with other reports from our laboratory that de-
monstrate similar plasma and brain levels of diazepam, pentobarbital or
ethanol from C- or D-rats following acute or chronic treatments [49,50].
Furthermore, since D-rats showed differences in body weight compared
with controls, the morphine or cocaine doses used (mg/kg) were re-
calculated in both groups, considering body surface area (mg/100/cm2)
and the values obtained from D-rats were always lower than those from
C-rats. Altogether, these data indicate that changes observed in the
rewarding effects of cocaine and ΔFosB immunohistochemical expres-
sion may be associated with pharmacodynamic rather than pharma-
cokinetic factors.

Fig. 3. A. Photomicrographs (50 X) of ΔFosB immunoreactivity in the
basolateral amygdala from C- and D-rats pre-treated with saline or esca-
lating doses of morphine, and conditioned with 5 mg/kg of cocaine. The
square represents the area from which the cell count was made. B.
Schematic drawing of the coronal section from which the photo-
micrographs were taken. C. Levels of ΔFosB in the basolateral amygdala of
C- and D-rats pre-exposed to saline or escalating doses of morphine and
conditioned with 5 mg/kg of cocaine. Bars represent mean ± S.E.M.,
N = 4. ∗P < 0.05 vs. D-rats pre-treated with saline; † P < 0.05 vs. C-rats
pre-treated with saline; ∗∗P < 0.05 vs. C-rats pre-treated with morphine
(LSD Fisher test).
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5. Conclusion

The present findings extend and complement knowledge of the in-
cidence of early nutritional injury and its potential involvement in
vulnerability to drug abuse in adult animals. Like previous reports, they
demonstrate that early malnutrition may be considered as an additional
risk factor to be taken into consideration in the etiology of addictive
processes. Malnourished individuals not only have a greater propensity
for neurobiological changes underlying addiction, but also this plasti-
city can be induced with lower doses and after shorter periods of con-
sumption. Moreover, early nutritional insult can facilitate the use of a
new drug of abuse (cocaine) in subjects with a history of opioid con-
sumption. Such polydrug abuse is associated with more serious health
consequences and additional problems for the therapy of addiction.
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treated with saline; † P < 0.05 vs. C-rats pre-treated
with saline; ∗∗P < 0.05 vs. C-rats pre-treated with
morphine (LSD Fisher test).

M.C. Perondi et al. Behavioural Brain Research 333 (2017) 203–210

209



Acknowledgments

We thank Elsa R. Pereyra, Estela Salde, Soledad de Olmos and Javier
Reparaz for technical assistance and Joss Heywood, native speaker, for
English language editing. This work was supported by grants from
SECyT (Universidad Nacional de Córdoba, Argentina) and CONICET
(Argentina).

References

[1] G. Di Chiara, V. Bassareo, S. Fenu, M.A. De Luca, L. Spina, C. Cadoni, E. Acquas,
E. Carboni, V. Valentini, D. Lecca, Dopamine and drug addiction: the nucleus ac-
cumbens shell connection, Neuropharmacology 47 (Suppl. 1) (2004) 227–241,
http://dx.doi.org/10.1016/j.neuropharm.2004.06.032.

[2] R. Maldonado, The neurobiology of addiction, J. Neural Transm. (Suppl) (2003)
1–14 http://www.ncbi.nlm.nih.gov/pubmed/14582800.

[3] E.J. Nestler, Is there a common molecular pathway for addiction? Nat. Neurosci. 8
(2005) 1445–1449, http://dx.doi.org/10.1038/nn1578.

[4] F. Leri, J. Flores, H. Rajabi, J. Stewart, Effects of cocaine in rats exposed to heroin,
Neuropsychopharmacology 28 (2003) 2102–2116, http://dx.doi.org/10.1038/sj.
npp.1300284.

[5] K.A. Trujillo, M.L. Smith, M.M. Guaderrama, Powerful behavioral interactions be-
tween methamphetamine and morphine, Pharmacol. Biochem. Behav. 99 (2011)
451–458, http://dx.doi.org/10.1016/j.pbb.2011.04.014.

[6] T.S. Shippenberg, C. Heidbreder, The delta-opioid receptor antagonist naltrindole
prevents sensitization to the conditioned rewarding effects of cocaine, Eur. J.
Pharmacol. 280 (1995) 55–61 http://www.ncbi.nlm.nih.gov/pubmed/7498254.

[7] J.D. Steketee, P.W. Kalivas, Drug wanting: behavioral sensitization and relapse to
drug-seeking behavior, Pharmacol. Rev. 63 (2011) 348–365, http://dx.doi.org/10.
1124/pr.109.001933.

[8] L.J. Vanderschuren, P.W. Kalivas, Alterations in dopaminergic and glutamatergic
transmission in the induction and expression of behavioral sensitization: a critical
review of preclinical studies, Psychopharmacology (Berl) 151 (2000) 99–120
http://www.ncbi.nlm.nih.gov/pubmed/10972458.

[9] D. Morgan, D.C.S. Roberts, Sensitization to the reinforcing effects of cocaine fol-
lowing binge-abstinent self-administration, Neurosci. Biobehav. Rev. 27 (2004)
803–812, http://dx.doi.org/10.1016/j.neubiorev.2003.11.004.

[10] T.E. Robinson, K.C. Berridge, The psychology and neurobiology of addiction: an
incentive-sensitization view, Addiction 95 (Suppl. 2) (2000) 91–117 http://www.
ncbi.nlm.nih.gov/pubmed/11002906.

[11] M.A. Smith, J.L. Greene-Naples, J.N. Felder, J.C. Iordanou, M.A. Lyle, K.L. Walker,
The effects of repeated opioid administration on locomotor activity: II.
Unidirectional cross-sensitization to cocaine, J. Pharmacol. Exp. Ther. 330 (2009)
476–486, http://dx.doi.org/10.1124/jpet.108.150037.

[12] S.T. Cunningham, M. Finn, A.E. Kelley, Sensitization of the locomotor response to
psychostimulants after repeated opiate exposure: role of the nucleus accumbens,
Neuropsychopharmacology 16 (1997) 147–155, http://dx.doi.org/10.1016/S0893-
133X(96)00166-2.

[13] E.E. Velazquez, A. Valdomero, O.A. Orsingher, G.R. Cuadra, Perinatal under-
nutrition facilitates morphine sensitization and cross-sensitization to cocaine in
adult rats: a behavioral and neurochemical study, Neuroscience 165 (2010)
475–484, http://dx.doi.org/10.1016/j.neuroscience.2009.10.061.

[14] T.S. Shippenberg, A. LeFevour, A.C. Thompson, Sensitization to the conditioned
rewarding effects of morphine and cocaine: differential effects of the kappa-opioid
receptor agonist U69593, Eur. J. Pharmacol. 345 (1998) 27–34 http://www.ncbi.
nlm.nih.gov/pubmed/9593590.

[15] G.F. Koob, M. Le Moal, Drug addiction, dysregulation of reward, and allostasis,
Neuropsychopharmacology 24 (2001) 97–129, http://dx.doi.org/10.1016/S0893-
133X(00)00195-0.

[16] E.J. Nestler, Molecular basis of long-term plasticity underlying addiction, Nat. Rev.
Neurosci. 2 (2001) 119–128, http://dx.doi.org/10.1038/35053570.

[17] B.J. Everitt, R.N. Cardinal, J.A. Parkinson, T.W. Robbins, Appetitive behavior:
impact of amygdala-dependent mechanisms of emotional learning, Ann. N. Y. Acad.
Sci. 985 (2003) 233–250 http://www.ncbi.nlm.nih.gov/pubmed/12724162.

[18] T.E. Robinson, K.C. Berridge, Addiction, Annu. Rev. Psychol. 54 (2003) 25–53,
http://dx.doi.org/10.1146/annurev.psych.54.101601.145237.

[19] P.W. Kalivas, Glutamate systems in cocaine addiction, Curr. Opin. Pharmacol. 4
(2004) 23–29, http://dx.doi.org/10.1016/j.coph.2003.11.002.

[20] J. Chen, M.B. Kelz, B.T. Hope, Y. Nakabeppu, E.J. Nestler, Chronic Fos-related
antigens: stable variants of deltaFosB induced in brain by chronic treatments, J.
Neurosci. 17 (1997) 4933–4941 http://www.ncbi.nlm.nih.gov/pubmed/9185531.

[21] E.J. Nestler, M. Barrot, D.W. Self, DeltaFosB: a sustained molecular switch for ad-
diction, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 11042–11046, http://dx.doi.org/
10.1073/pnas.191352698.

[22] J.K. Ruffle, Molecular neurobiology of addiction: what’s all the (Δ)FosB about? Am.
J. Drug Alcohol Abuse 40 (2014) 428–437, http://dx.doi.org/10.3109/00952990.
2014.933840.

[23] J.D. Brioni, E.A. Keller, L.E. Levin, N. Córdoba, O.A. Orsingher, Reactivity to am-
phetamine in perinatally undernourished rats: behavioral and neurochemical cor-
relates, Pharmacol. Biochem. Behav. 24 (1986) 449–454 http://www.ncbi.nlm.nih.
gov/pubmed/3703881.

[24] P.L. Shultz, J.R. Galler, J. Tonkiss, Prenatal protein restriction increases sensitiza-
tion to cocaine-induced stereotypy, Behav. Pharmacol. 10 (1999) 379–387 http://
www.ncbi.nlm.nih.gov/pubmed/10780806.

[25] A. Valdomero, N.A. Isoardi, O.A. Orsingher, G.R. Cuadra, Pharmacological re-
activity to cocaine in adult rats undernourished at perinatal age: behavioral and

neurochemical correlates, Neuropharmacology 48 (2005) 538–546, http://dx.doi.
org/10.1016/j.neuropharm.2004.11.011.

[26] A. Valdomero, D.F. Bussolino, O.A. Orsingher, G.R. Cuadra, Perinatal protein
malnutrition enhances rewarding cocaine properties in adult rats, Neuroscience 137
(2006) 221–229, http://dx.doi.org/10.1016/j.neuroscience.2005.08.055.

[27] A. Valdomero, E.E. Velazquez, S. de Olmos, J.S. de Olmos, O.A. Orsingher,
G.R. Cuadra, Increased rewarding properties of morphine in perinatally protein-
malnourished rats, Neuroscience 150 (2007) 449–458, http://dx.doi.org/10.1016/
j.neuroscience.2007.09.006.

[28] E.E. Velazquez, A. Valdomero, N.M. Maldonado, O.A. Orsingher, G.R. Cuadra,
Perinatal protein deprivation facilitates accumbal ERK phosphorylation in cocaine-
sensitized adult rats, Behav. Brain Res. 241 (2013) 222–227, http://dx.doi.org/10.
1016/j.bbr.2012.12.020.

[29] G. Paxinos, C. Watson, The Rat Brain in Stereotaxic Coordinates, Academic Press
Inc., New York, 1997.

[30] D. Pass, G. Freeth, The rat, Anzccart News 6 (1993) 1–4.
[31] S.S. Almeida, J. Tonkiss, J.R. Galler, Malnutrition and reactivity to drugs acting in

the central nervous system, Neurosci. Biobehav. Rev. 20 (1996) 389–402 http://
www.ncbi.nlm.nih.gov/pubmed/8880731.

[32] M. Alamy, W.A. Bengelloun, Malnutrition and brain development: an analysis of the
effects of inadequate diet during different stages of life in rat, Neurosci. Biobehav.
Rev. 36 (2012) 1463–1480, http://dx.doi.org/10.1016/j.neubiorev.2012.03.009.

[33] C. Cadoni, G. Di Chiara, Reciprocal changes in dopamine responsiveness in the
nucleus accumbens shell and core and in the dorsal caudate-putamen in rats sen-
sitized to morphine, Neuroscience 90 (1999) 447–455 http://www.ncbi.nlm.nih.
gov/pubmed/10215150.

[34] S. He, K. Grasing, Chronic opiate treatment enhances both cocaine-reinforced and
cocaine-seeking behaviors following opiate withdrawal, Drug Alcohol Depend. 75
(2004) 215–221, http://dx.doi.org/10.1016/j.drugalcdep.2004.02.010.

[35] R. Spanagel, O.F. Almeida, T.S. Shippenberg, Long lasting changes in morphine-
induced mesolimbic dopamine release after chronic morphine exposure, Synapse 14
(1993) 243–245, http://dx.doi.org/10.1002/syn.890140307.

[36] T.J. De Vries, A.N. Schoffelmeer, R. Binnekade, A.H. Mulder, L.J. Vanderschuren,
Drug-induced reinstatement of heroin- and cocaine-seeking behaviour following
long-term extinction is associated with expression of behavioural sensitization, Eur.
J. Neurosci. 10 (1998) 3565–3571 http://www.ncbi.nlm.nih.gov/pubmed/
9824469.

[37] L.J. Vanderschuren, G.H. Tjon, P. Nestby, A.H. Mulder, A.N. Schoffelmeer, T.J. De
Vries, Morphine-induced long-term sensitization to the locomotor effects of mor-
phine and amphetamine depends on the temporal pattern of the pretreatment re-
gimen, Psychopharmacology (Berl) 131 (1997) 115–122 http://www.ncbi.nlm.nih.
gov/pubmed/9201798.

[38] L.J. Vanderschuren, A.N. Schoffelmeer, A.H. Mulder, T.J. De Vries, Dopaminergic
mechanisms mediating the long-term expression of locomotor sensitization fol-
lowing pre-exposure to morphine or amphetamine, Psychopharmacology (Berl) 143
(1999) 244–253 http://www.ncbi.nlm.nih.gov/pubmed/10353426.

[39] L.I. Perrotti, R.R. Weaver, B. Robison, W. Renthal, I. Maze, S. Yazdani, R.G. Elmore,
D.J. Knapp, D.E. Selley, B.R. Martin, L. Sim-Selley, R.K. Bachtell, D.W. Self,
E.J. Nestler, Distinct patterns of DeltaFosB induction in brain by drugs of abuse,
Synapse 62 (2008) 358–369, http://dx.doi.org/10.1002/syn.20500.

[40] B. Hope, B. Kosofsky, S.E. Hyman, E.J. Nestler, Regulation of immediate early gene
expression and AP-1 binding in the rat nucleus accumbens by chronic cocaine, Proc.
Natl. Acad. Sci. U. S. A. 89 (1992) 5764–5768 http://www.ncbi.nlm.nih.gov/
pubmed/1631058.

[41] H.E. Nye, B.T. Hope, M.B. Kelz, M. Iadarola, E.J. Nestler, Pharmacological studies of
the regulation of chronic FOS-related antigen induction by cocaine in the striatum
and nucleus accumbens, J. Pharmacol. Exp. Ther. 275 (1995) 1671–1680 http://
www.ncbi.nlm.nih.gov/pubmed/8531143.

[42] V. Zachariou, C.A. Bolanos, D.E. Selley, D. Theobald, M.P. Cassidy, M.B. Kelz,
T. Shaw-Lutchman, O. Berton, L.J. Sim-Selley, R.J. Dileone, A. Kumar, E.J. Nestler,
An essential role for DeltaFosB in the nucleus accumbens in morphine action, Nat.
Neurosci. 9 (2006) 205–211, http://dx.doi.org/10.1038/nn1636.

[43] G.B. Kaplan, K.A. Leite-Morris, W. Fan, A.J. Young, M.D. Guy, Opiate sensitization
induces FosB/ΔFosB expression in prefrontal cortical, striatal and amygdala brain
regions, PLoS One 6 (2011) e23574, http://dx.doi.org/10.1371/journal.pone.
0023574.

[44] D.L. Muller, E.M. Unterwald, D1 dopamine receptors modulate deltaFosB induction
in rat striatum after intermittent morphine administration, J. Pharmacol. Exp. Ther.
314 (2005) 148–154, http://dx.doi.org/10.1124/jpet.105.083410.

[45] G. Laviola, T. Pascucci, S. Pieretti, Striatal dopamine sensitization to D-ampheta-
mine in periadolescent but not in adult rats, Pharmacol. Biochem. Behav. 68 (2001)
115–124 http://www.ncbi.nlm.nih.gov/pubmed/11274716.

[46] M.E. Ehrlich, J. Sommer, E. Canas, E.M. Unterwald, Periadolescent mice show en-
hanced DeltaFosB upregulation in response to cocaine and amphetamine, J.
Neurosci. 22 (2002) 9155–9159 http://www.ncbi.nlm.nih.gov/pubmed/12417638.

[47] W. Adriani, D. Leo, D. Greco, M. Rea, U. di Porzio, G. Laviola, C. Perrone-Capano,
Methylphenidate administration to adolescent rats determines plastic changes on
reward-related behavior and striatal gene expression, Neuropsychopharmacology
31 (2006) 1946–1956, http://dx.doi.org/10.1038/sj.npp.1300962.

[48] B.A. McMillen, B.J. Davis, H.L. Williams, K. Soderstrom, Periadolescent nicotine
exposure causes heterologous sensitization to cocaine reinforcement, Eur. J.
Pharmacol. 509 (2005) 161–164, http://dx.doi.org/10.1016/j.ejphar.2005.01.002.

[49] C.M. Borghese, N.E. Córdoba, C.H. Laino, O.A. Orsingher, M.C. Rubio, V. Niselman,
Lack of tolerance to the anxiolytic effect of diazepam and pentobarbital following
chronic administration in perinatally undernourished rats, Brain Res. Bull. 46
(1998) 237–244 http://www.ncbi.nlm.nih.gov/pubmed/9667818.

[50] N.E. Córdoba, G.R. Cuadra, J.D. Brioni, O.A. Orsingher, Perinatal protein depriva-
tion enhances the anticonflict effect measured after chronic ethanol administration
in adult rats, J. Nutr. 122 (1992) 1536–1541 http://www.ncbi.nlm.nih.gov/
pubmed/1320115.

M.C. Perondi et al. Behavioural Brain Research 333 (2017) 203–210

210

http://dx.doi.org/10.1016/j.neuropharm.2004.06.032
http://www.ncbi.nlm.nih.gov/pubmed/14582800
http://dx.doi.org/10.1038/nn1578
http://dx.doi.org/10.1038/sj.npp.1300284
http://dx.doi.org/10.1038/sj.npp.1300284
http://dx.doi.org/10.1016/j.pbb.2011.04.014
http://www.ncbi.nlm.nih.gov/pubmed/7498254
http://dx.doi.org/10.1124/pr.109.001933
http://dx.doi.org/10.1124/pr.109.001933
http://www.ncbi.nlm.nih.gov/pubmed/10972458
http://dx.doi.org/10.1016/j.neubiorev.2003.11.004
http://www.ncbi.nlm.nih.gov/pubmed/11002906
http://www.ncbi.nlm.nih.gov/pubmed/11002906
http://dx.doi.org/10.1124/jpet.108.150037
http://dx.doi.org/10.1016/S0893-133X(96)00166-2
http://dx.doi.org/10.1016/S0893-133X(96)00166-2
http://dx.doi.org/10.1016/j.neuroscience.2009.10.061
http://www.ncbi.nlm.nih.gov/pubmed/9593590
http://www.ncbi.nlm.nih.gov/pubmed/9593590
http://dx.doi.org/10.1016/S0893-133X(00)00195-0
http://dx.doi.org/10.1016/S0893-133X(00)00195-0
http://dx.doi.org/10.1038/35053570
http://www.ncbi.nlm.nih.gov/pubmed/12724162
http://dx.doi.org/10.1146/annurev.psych.54.101601.145237
http://dx.doi.org/10.1016/j.coph.2003.11.002
http://www.ncbi.nlm.nih.gov/pubmed/9185531
http://dx.doi.org/10.1073/pnas.191352698
http://dx.doi.org/10.1073/pnas.191352698
http://dx.doi.org/10.3109/00952990.2014.933840
http://dx.doi.org/10.3109/00952990.2014.933840
http://www.ncbi.nlm.nih.gov/pubmed/3703881
http://www.ncbi.nlm.nih.gov/pubmed/3703881
http://www.ncbi.nlm.nih.gov/pubmed/10780806
http://www.ncbi.nlm.nih.gov/pubmed/10780806
http://dx.doi.org/10.1016/j.neuropharm.2004.11.011
http://dx.doi.org/10.1016/j.neuropharm.2004.11.011
http://dx.doi.org/10.1016/j.neuroscience.2005.08.055
http://dx.doi.org/10.1016/j.neuroscience.2007.09.006
http://dx.doi.org/10.1016/j.neuroscience.2007.09.006
http://dx.doi.org/10.1016/j.bbr.2012.12.020
http://dx.doi.org/10.1016/j.bbr.2012.12.020
http://refhub.elsevier.com/S0166-4328(17)30777-5/sbref0145
http://refhub.elsevier.com/S0166-4328(17)30777-5/sbref0145
http://refhub.elsevier.com/S0166-4328(17)30777-5/sbref0150
http://www.ncbi.nlm.nih.gov/pubmed/8880731
http://www.ncbi.nlm.nih.gov/pubmed/8880731
http://dx.doi.org/10.1016/j.neubiorev.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/10215150
http://www.ncbi.nlm.nih.gov/pubmed/10215150
http://dx.doi.org/10.1016/j.drugalcdep.2004.02.010
http://dx.doi.org/10.1002/syn.890140307
http://www.ncbi.nlm.nih.gov/pubmed/9824469
http://www.ncbi.nlm.nih.gov/pubmed/9824469
http://www.ncbi.nlm.nih.gov/pubmed/9201798
http://www.ncbi.nlm.nih.gov/pubmed/9201798
http://www.ncbi.nlm.nih.gov/pubmed/10353426
http://dx.doi.org/10.1002/syn.20500
http://www.ncbi.nlm.nih.gov/pubmed/1631058
http://www.ncbi.nlm.nih.gov/pubmed/1631058
http://www.ncbi.nlm.nih.gov/pubmed/8531143
http://www.ncbi.nlm.nih.gov/pubmed/8531143
http://dx.doi.org/10.1038/nn1636
http://dx.doi.org/10.1371/journal.pone.0023574
http://dx.doi.org/10.1371/journal.pone.0023574
http://dx.doi.org/10.1124/jpet.105.083410
http://www.ncbi.nlm.nih.gov/pubmed/11274716
http://www.ncbi.nlm.nih.gov/pubmed/12417638
http://dx.doi.org/10.1038/sj.npp.1300962
http://dx.doi.org/10.1016/j.ejphar.2005.01.002
http://www.ncbi.nlm.nih.gov/pubmed/9667818
http://www.ncbi.nlm.nih.gov/pubmed/1320115
http://www.ncbi.nlm.nih.gov/pubmed/1320115

	Perinatal protein deprivation facilitates morphine cross-sensitization to cocaine and enhances ΔFosB expression in adult rats
	Introduction
	Materials and methods
	Animals
	Drugs
	Conditioning place preference procedure (CPP)
	Cross-sensitization to cocaine in morphine pre-exposed C- and D-rats
	FosB immunohistochemistry
	ΔFosB quantification
	Statistical analysis

	Results
	Effect of morphine pre-treatment on the rewarding effects of cocaine assessed in a CPP paradigm
	Impact of early undernutrition on ΔFosB levels in different brain areas of the reward circuit following morphine pre-treatment and cocaine exposure

	Discussion
	Conclusion
	Conflicts of interest
	Authors contribution
	Acknowledgments
	References




