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Abstract
Behavioral sensitization involves increases in the magnitude of a response to a stimulus after
repeated exposures to the same response initiator. Administration of psychomotor stimulants and
the induction of appetitive motivational states associated with natural reinforcers like sugar and
salt are among experimental manipulations producing behavioral sensitization. In rats, repeated
administration of the mineralocorticoid agonist deoxycorticosterone acetate (DOCA) initially
induces incremental increases in daily hypertonic saline consumption (i.e., sensitization of sodium
appetite) in spite of the retention of sodium. The present studies investigated whether sodium
appetite sensitization induced by DOCA shares mechanisms similar to those of psychomotor
stimulant-induced sensitization, and whether there is evidence for reciprocal cross-sensitization. In
Experiments 1 and 3, rats received control or cocaine treatments to induce locomotor sensitization.
A week later DOCA (or vehicle) was administered to generate a sodium appetite. Animals
pretreated with cocaine showed a greater sodium appetite. In Experiment 2, the order of the
putative sensitizing treatments was reversed. Rats first received either a series of DOCA or vehicle
treatments either with or without access to saline and were later tested for sensitization of the
locomotor response to cocaine. Animals pretreated with DOCA without access to saline showed
greater locomotor responses to cocaine than animals receiving vehicle treatments. Together these
experiments indicate that treatments generating a sustained salt appetite and producing cocaine-
induced psychomotor responses show reciprocal behavioral cross-sensitization. The underlying
mechanisms accounting for this relationship may be the fact that psychostimulants and an
unresolved craving for sodium can act as potent stressors.
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1. Introduction
Both physiological and behavioral plasticity allow organisms to respond to a changing
environment. Behavioral sensitization is an example of effector system plasticity that is
defined as the enhancement of responses induced as a consequence of repeated experiences
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with an identical initiating stimulus. Both sensitization and tolerance can be considered to be
examples of non-associative learning as indicated by an increase or decrease, respectively,
in the magnitude of a response after its repeated elicitation. In the context of drugs,
behavioral sensitization can be demonstrated by an increment in the effectiveness of an
agent after intermittent administration (Stewart and Badiani 1993). A substantial body of
experimental evidence from studies on the mechanisms of addictive behaviors demonstrates
that repeated administration of many drugs of abuse results in response sensitization
(Crombag et al., 1999; Gulley et al., 2003; Kuczenski and Segal 1999; Stewart and Badiani
1993).

Behavioral sensitization is not limited to addictive drugs, but can also be induced by the
presence of strong motivational or affective states (e.g., hunger or thirst) that are coupled to
consummatory behaviors associated with natural rewards (e.g., food, salt, water or access to
a mate), putative physiological/physical insults or perceived potential threats to survival
(e.g., restraint, social defeat or predator order). In the current series of studies we
investigated the nature of reciprocal cross-sensitization of locomotion produced by cocaine
with an ingestive behavior involving the consumption of normally non-palatable saline
solutions, which in this case was induced by treatment with a mineralocorticoid agonist,
deoxycorticosterone acetate (DOCA).

Sodium appetite (a.k.a. salt appetite) is often operationally defined by observing a
significant increase in the consumption of sodium chloride solutions with concentrations
sufficiently high (usually hypertonic) so that under fluid replete, satiated conditions they
would be eschewed. A strong sodium appetite in animals can be evoked experimentally by
using various challenges (e.g., treatment with a diuretic/natriuretic, hypovolemic
hemorrhage or its experimental simulation) to induce sodium depletion. Using the diuretic/
natriuretic furosemide, Clark and Bernstein (2004) demonstrated that rats with a history of
periodic sodium depletion-induced salt appetite evidenced sensitized amphetamine-induced
locomotor responses when compared to control animals. This result demonstrates cross-
sensitization (i.e., a given treatment enhancing the response induced by another treatment).
Cross-sensitization was also obtained by the same authors when animals were first
repeatedly treated with amphetamine, and then tested for salt appetite induced by sodium
depletion (Clark and Bernstein 2004). Taken together, these results demonstrate reciprocal
cross-sensitization.

There are methods to induce salt appetite without producing a body sodium deficit.
Administration of mineralocorticoid agonists, such as aldosterone or DOCA, provokes a
robust salt appetite in the face of sodium and water retention (Tomita et al., 1985). The
sodium appetite induced by DOCA treatment is characterized by a progressive escalation of
hypertonic saline intake for several days until it reaches an asymptote (Wolf 1965). In other
words, repeated DOCA treatment can be viewed as a progressive sensitization of sodium
appetite. With DOCA treatments, sodium reabsorption occurs in the kidney to minimize
sodium loss, and animals become sodium loaded. Therefore, DOCA administration provides
a method to test whether it is the presence of a sodium appetite per se or a sodium deficit per
se that induces sensitization, cross-sensitization with other treatment-induced responses, and
reciprocal cross-sensitization.

Cocaine and amphetamine induce similar patterns of behavioral locomotor responses.
Although both of these psychomotor stimulants provoke increases in synaptic dopamine,
norepinephrine and serotonin, the cellular and molecular mechanisms associated with these
effects are different (Jones et al., 1998; Kahlig and Galli 2003; Robertson et al., 2009). In
the present experiment we chose to use cocaine to allow an assessment of the generality of
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efficacy of different psychomotor stimulants in relation to the cross-sensitization
phenomenon involving salt appetite.

On the basis of this background the first objective of the present studies was to test whether
the locomotor response produced with the psychomotor stimulant cocaine cross-sensitizes
with DOCA-induced sodium appetite. A second objective of the present studies was to test
whether the sensitization of DOCA-induced sodium appetite cross-sensitizes with
psychomotor stimulants. The outcomes of studies addressing both these objectives provide
evidence for reciprocal cross-sensitization for the treatments which induce a psychomotor
response and salt appetite. In addition, the results indicate that cocaine is similar to
amphetamine in inducing reciprocal cross-sensitization with a treatment that induces salt
related appetitive behaviors.

2. General Methods
2.1 Animals

Sprague-Dawley male rats (n = 88 ; Harlan, Indianapolis, IN), weighing between 250 to 275
g at the beginning of the experiments, were housed in individual stainless steel cages on a
12h light-dark cycle (lights on at 0500h) with an ambient temperature of 22° C and a
controlled relative humidity (45–55%). Animals had access to either distilled water plus 0.3
M NaCl solution (hypertonic saline) or only to distilled water. All animals were allowed free
access to Teklad chow (0.31% NaCl; Harlan Teklad, Madison, WI). All procedures were
conducted in accordance with the National Institutes of Health (1986) Guides for the Care
and Use of Laboratory Animals and were approved by the University of Iowa Animal Care
and Use Committee.

2.2 Drugs
Deoxycorticosterone acetate (DOCA; Sigma, St. Louis, MO) was dissolved in propylene
glycol (Fisher Scientific, Pittsburgh, PA) and administered s.c. in a dose of 10 mg/kg in a
volume of 1 ml/kg. Cocaine HCl (Coc, Sigma) was dissolved in isotonic saline for
administration at the following doses: 7, 15 and 30 mg/kg. All cocaine doses were
administered in a volume of 1 ml/kg. Control treatments for DOCA and cocaine
administration were 1 ml/kg injections of the vehicles, propylene glycol and isotonic saline,
respectively.

2.3 Locomotor Activity Monitoring
Locomotion was assessed after the administration of saline (vehicle) or cocaine. Locomotion
was determined by placing the animals into activity monitor units (AMUs, constructed at
The University of Iowa Department of Psychology Instrumentation Shop, see Figure 1).
AMUs were constructed of standard translucent “shoe box” cages (45 cm length × 24 cm
wide × 20 cm high) with plastic inserts (islands of 25 cm length × 4.5 cm wide × 20 cm
high). Two sets of photocells and infrared beams were located at the front and back of the
cages (5 cm from the back or front wall and 2 cm above the floor). A computer connected to
the photocells recorded the number of times an animal traversed the cage to sequentially
interrupt the two beams (i.e., crossovers). The AMUs contained commercial bedding
material (Sani Chip, Harlan, Indianapolis, IN).

2.4 Cocaine-induced behavioral sensitization
The cocaine sensitization procedure consisted of repeated daily i.p. administrations of either
15 mg/kg cocaine hydrochloride (cocaine group) or isotonic saline (saline group). Over the
period of 7 days, animals were placed in the AMUs for 30 min for habituation to the
apparatus. Then the animals received either cocaine or saline injections and were returned to
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the AMUs where their locomotion was recorded for another 60 min. After each vehicle/
cocaine session, animals were returned to their home cages.

2.5 Statistics
Data were analyzed using ANOVAs with Group (i.e., for independent groups) and Time/
Session (i.e., with repeated measures) as fixed factors, and rats as a nested random factor
(i.e., a factor that is not controlled by the experimenter) with residual/maximum likelihood
method of fitting data (Cobb 1998; Searle et al., 1992). Specifically, in Experiments 1 and 3
the Group factor (cocaine or saline treatments) was administered over repeated sessions
(Session factor), and DOCA or vehicle induced 0.3 M NaCl intakes (Group factor) were
measured repeatedly over sessions (Session factor). In Experiment 2 the Group factor
(DOCA or vehicle treatment) was administered repeatedly over sessions (Session factor) and
sodium and water intakes measured. In Experiment 2, three-min blocks of activity for the
DOCA or vehicle treated animals (Group factor) was repeatedly measured over time (Time
factor). Where it was appropriate, planned pair-wise contrasts were used. All the statistical
analyses were performed in JMP (version 8; SAS Institute, Cary, SC). Alpha was set at 0.05.

2.6 Experiment 1: The effect of cocaine pretreatment on DOCA-induced sodium appetite
with 2h of daily sodium access

2.6.1 Experimental Protocol—Animals had ad libitum access to the 0.3 M NaCl and
distilled water for 3 days before the experiments began. The rats were matched on the basis
of their spontaneous (ad libitum) hypertonic saline intake and divided into 4 experimental
subgroups. Two subgroups (Cocaine = Coc, n=5/group; see Table 1 for a summary of the
groups employed and the abbreviations to designate groups for all of the experiments
presented in this paper) received a daily cocaine sensitization treatment (15 mg/kg i.p.)
administered over the course of 7 days. [This procedure and dose of cocaine has been shown
previously to induce locomotor sensitization (Bell et al., 2000).] A second pair of subgroups
received vehicle (isotonic saline = Sal, n=5/group) treatments. When the cocaine
sensitization procedure was complete, animals were left undisturbed for 7 days before a
DOCA-induced salt appetite phase started. Then, one of the cocaine subgroups and one of
the saline subgroups received daily DOCA (D, i.e., Coc/D+Na and Sal/D+Na, respectively)
injections (10 mg/kg) at 0800h. The remaining two subgroups (Coc-Veh+Na and Sal-Veh
+Na) received vehicle injections. During DOCA treatment, animals had continuous access to
distilled water but were also given access to hypertonic saline (0.3 M NaCl) for 2h each day
starting at 0900h. Sodium appetite was defined as a significant increase in the amount of
hypertonic saline solution consumed in comparison to that ingested on the first day after
DOCA or vehicle treatment.

2.6.2 Results and Discussion—Figure 2A shows the mean daily locomotor responses
induced by repeated administration of either 15 mg/kg of cocaine or isotonic saline. The
ANOVA with Group and Session as fixed factors and Subject as a random factor found
significant effects of Group and Session as well as significant interaction (F(1,27)= 41.12,
F(6,162)= 6.51, F(6,162)= 7.13, respectively; p<0.0001). Figure 2B shows the 0.3 M NaCl
intakes during DOCA or vehicle treatments in animals that have been pretreated with either
cocaine or saline. The ANOVA with Group and Session as fixed factors and Subject as a
random factor found significant effects of Group and Session as well as significant
interaction (F(3,16)= 42.59, F(7,112)= 9.83, F(21,112)= 4.67, respectively; p<0.001). Planned
pair-wise contrast comparisons indicated that the Coc/D+Na group consumed a greater
amount of sodium than the Sal/D+Na group across sessions (Figure 2B: F(1,16)= 6.20,
p<0.05). Both Coc/D+Na and Sal/D+Na groups increased their sodium intake when
compared with Coc/Veh+Na (F(1,16)= 87.24, p<0.001) and Sal/Veh+Na (F(1,16)= 38.80,
p<0.001), respectively. Specifically, cocaine pretreatment sensitized the salt appetite of
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DOCA treated rats. It should also be noted that both DOCA treated groups significantly
increased their sodium intake compared to vehicle treated animals from the second day on,
which is much sooner than the 3 to 5 day period before the onset of a significant salt appetite
commonly reported in the literature.

2.7 Experiment 2: The effects of DOCA pretreatment on cocaine-induced locomotion
2.7.1 Rationale—In order to test for reciprocal cross-sensitization between cocaine-
induced locomotion sensitization and DOCA-induced sodium appetite sensitization, it was
necessary to reverse the order of the treatments. In this experiment sodium appetite was
induced by repeated administration of DOCA, and a week later the animals were tested to
determine if the locomotor response to cocaine was sensitized. We have observed in
previous studies in our laboratory (Morris et al., 2006; Morris et al., 2010) that the
development of sodium appetite during DOCA treatment does not depend on animals having
access to hypertonic saline throughout the mineralocorticoid treatment period. Consequently
a DOCA treated group without access to hypertonic solution was included as part of the
experimental design.

2.7.2 Experimental Protocol—Rats were allowed free access to distilled water and 0.3
M NaCl solution for 3 days prior to beginning the experiment. Animals were matched on the
basis of their spontaneous sodium intake and divided among 3 experimental groups. Then,
over the course of 8 days at 0800h, two of the groups received daily injections of DOCA (10
mg/kg) or propylene glycol vehicle (1 ml/kg). One group of DOCA treated animals (n=16)
had access to 0.3 M NaCl plus distilled water (DOCA-sodium group = D+Na), but the
second group had access only to distilled water (DOCA-No Sodium group = D+NoNa,
n=16). A third group of animals received vehicle injections and had access to both 0.3 M
NaCl and distilled water (Veh+Na, n=16). The amount of fluid that each animal ingested
was recorded daily.

The DOCA treatment phase was followed by a week of rest where animals were left
undisturbed. Then a cocaine challenge was administered employing the AMUs described
above. The challenge consisted of a treatment comprised of three progressively increasing
doses of cocaine. We chose to employ the procedure of administering increasing cocaine
doses because we were uncertain which dose would be sufficient to demonstrate a cross-
sensitization effect. The cocaine sensitivity test began with a 30 min habituation period
where animals were allowed to explore the AMUs and their locomotion was recorded. Then
the rats received an i.p. injection of isotonic saline, followed 60 min later by 7.5 mg/kg of
cocaine, followed 60 min later by 15 mg/kg of cocaine, and finally 60 min later by 30 mg/kg
of cocaine. After each injection, locomotion was recorded for 60 min.

2.7.3 Results and Discussion—Figure 3 shows the daily sodium (panel A) and water
(panel B) intakes of DOCA-treated animals with and without access to sodium. The D+Na
group showed increased sodium appetite across the DOCA treatment period and when
compared with the Veh+Na group. An ANOVA with Group and Session as fixed factors and
Subject as a random factor found significant effects of group and session as well as a
significant interaction (F(7,196)= 11.52, F(1,28)= 101.78, F(7,196)= 14.22 for the Group and
Session factor effects and the interaction effect, respectively; p<0.01). Water intake (Figure
3B) was also significantly greater for the D+Na group compared to Veh+Na as indicated by
ANOVA with Group and Session as fixed factors and Subject as a random factor (F(7,308)=
6.89; F(2,44)= 6.45; F(14,308)= 7.98 for the Group and Session factor effects and the
interaction effect, respectively; p<0.05).
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As noted above, after the DOCA treatment protocol, animals were left undisturbed for a
week before cocaine testing was conducted. Figure 4 shows the locomotor responses
(crossovers) during habituation and after administration of the progressively increasing
doses of cocaine. Figure 4A shows the locomotor activity during habituation, after saline
treatment and after each of the graded doses of cocaine. After saline and 7 mg/kg of cocaine
rats did not increase activity across time nor did activity differ among groups. Higher
resolution graphs of locomotion during the 15 and 30 mg/kg doses of cocaine are shown in
panels 4B and 4C, respectively. ANOVA with Group and Time as fixed factor and subjects
as nested random factor, found a significant effect of Group and Time (F(2,880)= 4.90,
F(19,880)= 2.09 for Group and Time factor effects, respectively; p<0.008) during the 15 mg/
kg cocaine dose. A planned pair-wise contrast comparison found significant differences
between the D+NoNa and Veh+Na groups (F(1,800)= 9.4, p<0.002). A similar analysis was
conducted for the locomotor response after 30 mg/kg (Figure 4C). ANOVA with Group and
Time as a fixed factor and subject as a nested random factor found a significant effect of
Group and Time factors (F(2,856)= 3.83 for Group and Time factor effects, respectively;
p<0.02). However, the planned pair-wise comparison only found significant differences in
the comparison of the D+Na and D+NoNa groups (F(1,856)= 5.00, p<0.02). In other words,
the previous difference between the D+NoNa and Veh+Na groups was lost at the highest
dose of cocaine. The fact that D+NoNa showed statistically significant differences when
compared to D+Na for the 15 and 30 mg/kg doses of cocaine, suggests that the absence of
salt during DOCA treatment is more effective in cross-sensitizing with the cocaine-induced
locomotor response. Apparently not having access to saline in the presence of a sodium
appetite represents a state that is more effective in producing sensitization than when a
sodium appetite can be assuaged by consuming salt.

2.8 Experiment 3: The effects of cocaine pretreatment on DOCA-induced sodium appetite
with 24h sodium access

2.8.1 Rationale—Experiment 2 demonstrated that animals treated with DOCA to induce a
sodium appetite showed better cross-sensitization with the cocaine-induced locomotor
response if they did not have access to a saline solution to drink throughout the period of
mineralocorticoid treatment. This prompted us to test the effect of cocaine-induced
locomotor sensitization on DOCA treated animals that had no access to saline. To
accomplish this, we added a Sal/D+NoNa group and a Coc/D+NoNa group to our original
design of Experiment 1, and we extended the period of sodium access to 24h for the Coc/D
+Na, Sal/D+Na and Veh+Na groups, in order to attempt to enhance possible differences
between Coc/D+Na and Coc/D+NoNa groups.

2.8.2 Experimental protocol—Animals were allowed free access to distilled water and
hypertonic saline solution for 3 days before the experiments were begun. Animals were then
matched on the basis of their spontaneous (ad libitum) saline solution intake and divided
into 6 experimental groups. A set of three groups of animals (Cocaine = Coc; n=5/group)
received a cocaine sensitization treatment over 7 days. The other 3 groups of animals
received drug vehicle (isotonic saline = Sal, n=5/group) treatment. The cocaine sensitization
procedure consisted of repeated daily i.p. administration of either 15 mg/kg of cocaine or
isotonic saline. After each daily injection, animals were placed in the AMU and their
locomotion was recorded for 90 min. When the cocaine sensitization procedure was
completed, animals were rested for 7 days before a DOCA-induced salt appetite phase
started. Then each of two sets of three groups of animals received seven daily injections of
either DOCA or vehicle (Sal/Veh+Na and Coc/Veh+Na) and had 24h access to either
distilled water only (Coc/D+NoNa and Sal/D+NoNa) or distilled water and 0.3 M NaCl
solution (Coc/D+Na and Sal/D+Na). The day after the seventh DOCA injection, all animals
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received an eighth DOCA or vehicle treatment and access to 0.3 M NaCl (plus water and
food) for the next 24h, at which time saline was recorded.

2.8.3 Results and Discussion—Figure 5 shows the locomotor response induced by
repeated administration of either 15 mg/kg of cocaine or isotonic saline. An ANOVA with
Group and Session as fixed factors and Subject as a random factor found a significant effect
of Group and Session as well as a significant interaction (F(1,58)= 122.56, F(6,58)= 10.14,
F(6,58)= 11.92, respectively; p<0.001). A planned pair-wise contrast comparison showed that
the locomotor response of animals in the cocaine group increased from the first session to
the last session (F(1,338)= 65.81, p<0.001).

Figure 6A shows the 24h sodium intake values after daily administration of either 10 mg/kg
of DOCA or vehicle. The sodium intake of the Sal/Veh+Na and the Coc/Veh+Na groups
overlapped; therefore for the sake of clarity only the data of the Coc/Veh+Na group is
shown in figure 6A. The sodium intake of the D+Na groups with a pretreatment of either
saline or cocaine (Sal/D+Na and Coc/D+Na, respectively) increased across time. The
ANOVA with Group and Session as fixed factors and Subject as a random factor, found a
significant effect of Group and Session as well as a significant interaction (F(3,17)= 45.33,
F(7,119)= 12.79, F(21,119)= 8.66, respectively; p<0.001).

Because Experiment 1 showed that cocaine pretreated animals drank greater amounts of
hypertonic saline with 2h daily access, we expected to observe a similar effect with 24h
access. A planned pair-wise contrast comparison indicated that the intake of 0.3 M NaCl by
the Sal/D+Na and Coc/D+Na groups were greater than their controls, Sal/Veh+Na (F(1,17)=
31.45, p<0.001) and Coc/Veh+Na (F(1,17)= 95.99, p<0.001), respectively. In addition, the
Coc/D+Na group showed greater sodium intake across sessions compared to the Sal/D+Na
group (F(1,17)= 13.22, p<0.01). In other words, DOCA treatment increased salt appetite in all
groups. This increase, however, was more pronounced in the Coc/D+Na group. This
replicates the basic findings from Experiment1 demonstrating that the cocaine pretreatment
that increased DOCA-induced sodium appetite, when measured in a 2h access test, was also
effective when the duration of the intake test was extended to 24h.

Figure 6B shows the 24h 0.3 M NaCl consumed by all six experimental groups during the
last intake test day. A full-factorial ANOVA with Cocaine (Cocaine, Saline) and DOCA (D
+Na/D+NoNa/Veh+Na) as factors, found a significant main effect of DOCA (F(2,25)= 53.22,
p<0.0001), indicating that DOCA treatment affected sodium intake. The main effect of
Cocaine was not significant. Although Cocaine×DOCA interaction failed to reach
significance (F(2,30)= 2.78, p = 0.08), we had hypothesized that absence of access to saline
during DOCA treatment would produce higher cross-sensitization. Planned pair-wise
contrast comparisons indicated that the intakes of 0.3 M NaCl by Sal/D+NoNa and Coc/D
+NoNa groups were statistically greater than Sal/D+Na group (F(1,25)= 8.89, p<0.006 and
F(1,25)= 8.69; p<0.007, respectively). In other words, the absence of access to salt during
DOCA treatment (Sal/D+NoNa group) resulted in enhanced sodium intake. However, 0.3 M
NaCl intake was not increased in the Coc/D+NoNa compared to Coc/D+Na group. Possibly
the sensitization produced by cocaine pretreatment attenuated any potential enhancement
produced by having no access to sodium, thereby resulting in similar high sodium intakes in
the 24h test. The failure to see an enhancement in 0.3 M NaCl intake by Coc/D+NoNa
compared to Coc/D+Na group, might reflect a ceiling effect due to inhibitory mechanisms
which limit sodium ingestion. In addition, the results of Experiment 3 replicate those of
Experiment 1 by finding significantly higher sodium intake in the Coc/D+Na group as
compared to the Sal/D+Na group (F(1,25)= 7.76, p<0.01).
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3. General Discussion
The major result of the present experiments demonstrates a reciprocal cross-sensitization
between DOCA-induced salt appetite when access to sodium is denied with the locomotor
response induced by cocaine. Other important new findings of our studies are that: 1) cross-
sensitization between sodium appetite and cocaine-induced behavioral responses can be
more readily produced if access to hypertonic sodium chloride solution is prevented during
DOCA treatment, and 2) repeated DOCA treatment sensitizes sodium appetite regardless of
whether animals had constant access to hypertonic saline for consumption.

The primary goals of the present studies were to: 1) determine if the sodium appetite
component, associated with reciprocal cross-sensitization of behaviors between salt appetite
and a psychomotor stimulant, was due to repeated epochs of sodium deficiency, or a result
of recurrent periods of a hunger for salt; and 2) whether the cross-sensitization phenomenon
generalized between amphetamine and cocaine, another psychomotor stimulant. The fact
that cocaine was effective in producing cross-sensitization supported the latter aim. To
achieve the first goal we employed a mineralocorticoid agonist, DOCA, which induces a
robust salt appetite in spite of actually increasing body sodium. The results indicate that the
sodium appetite cross-sensitization phenomena investigated here are not dependent upon the
status of body sodium homeostasis but rather the manifestation of a drive to consume salt. In
other words, it may be the actual presence of a salt appetite which accompanies DOCA
treatment that underlies the sensitization phenomena. In other work from our laboratory
(Grippo et al., 2006b; Morris et al., 2006; Morris et al., 2010) we found that rats with a
sodium appetite induced by either sodium depletion or DOCA treatment, evidenced
anhedonia if they were prevented from drinking a hypertonic saline solution. Anhedonia is a
psychological state characterized by the inability to experience pleasure to normally positive
or pleasurable stimuli or events. Anhedonia is a core component of psychological depression
and can be induced experimentally by exposure to a series of mild stressors (Grippo et al.,
2006a; Willner et al., 1992) and is present in animals with experimental heart failure
(Grippo et al., 2003). The anhedonia accompanying an unresolved sodium appetite is
resolved by giving salt hungry rats access to a 1.8% sodium chloride solution (Grippo et al.,
2006b; Morris et al., 2006; Morris et al., 2010).

It is well established that animals undergoing repetitive psychomotor stimulant and opioid
treatments show progressive increases in locomotor responses over the course of
administration (Anagnostaras and Robinson 1996; Badiani et al., 2000; Cador et al., 1999;
Crombag et al., 1999). Such drug-related phenomena meet the definition of behavioral
sensitization (Stewart and Badiani 1993). Similarly, appetitive behaviors directed towards
acquiring natural rewards, such as food, water, salt or a mate, show behavioral sensitization
with repeated experiences (Avena et al., 2005; Bradley and Meisel 2001; Falk 1965; Kohlert
and Meisel 1999; Sakai et al., 1989).

It is widely accepted that reinforcement-motivated behaviors associated with natural
rewards, such as palatable substances or access to a sexual partner, are associated with an
increase in the release of dopamine and opiates in several limbic structures, including the
nucleus accumbens and medial prefrontal cortex (Kohlert and Meisel 1999; Lucas et al.,
1999; Lucas et al., 2000; Pecina and Berridge 2000; Rada et al., 2005). Psychomotor
stimulants, opiates and alcohol elicit their reinforcing effects by increasing dopamine release
in the same limbic areas as natural reinforcers (Badiani et al., 1998; Ding et al., 2009; Miller
et al., 2005; Zocchi et al., 1998). Consequently, it has been hypothesized that behaviors
produced by drugs of abuse and natural rewards share common neural substrates (Fiorino
and Phillips 1999; Lucas et al., 2003; Nocjar and Panksepp 2002; Pecina et al., 2006;
Robinson and Kolb 1997; Roitman et al., 2002).
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Previous work has shown that there is reciprocal cross-sensitization between sodium
depletion-induced salt appetite and two commonly abused substances, the psychomotor
stimulant amphetamine (Clark and Bernstein 2004; Clark and Bernstein 2006b) and the
opioid morphine (Na et al., 2009). In a series of studies Bernstein and colleagues established
the relationship between the sensitization of salt appetite motivated by repeated sodium
depletions and psychomotor sensitization induced by amphetamine (Clark and Bernstein
2004; Clark and Bernstein 2006b; Roitman et al., 2002). These studies explored whether
repeated sodium depletion increases salt appetite by sensitizing motivational mechanisms
underlying sodium seeking and intake behaviors just as psychomotor stimulants sensitize the
motivational mechanisms underlying drug consumption (Bernstein 2003; Clark and
Bernstein 2004; Clark and Bernstein 2006a; Clark and Bernstein 2006b; Roitman et al.,
2002). In addition, members of the Bernstein laboratory demonstrated that sodium
depletion-induced salt appetite reciprocally cross-sensitize with an amphetamine-induced
psychomotor response (Clark and Bernstein 2004; Roitman et al., 2002). Bernstein and
colleagues interpreted their demonstrations of reciprocal cross-sensitization between
amphetamine-induced locomotion and sodium depletion-induced salt appetite in terms of
common underlying motivational mechanisms. An alternative interpretation might view the
work of Bernstein and colleagues and the present studies from the perspective that
psychostimulant drug treatment and experimentally induced salt appetite both share
common stress-related mechanisms.

Sodium is essential for survival, and consequently sodium metabolism is normally
maintained by multiple physiological and behavioral controls that permit strict homeostatic
regulation of the amount and distribution of this cation in the body. A complex pattern of
reflexes and behaviors are activated in states of sodium deficiency. Critical immediate
responses to sodium loss are activation of the sympathetic nervous system and mobilization
of the renin-angiotensin-aldosterone system. These rapidly acting reflex stress-related
responses mainly target the kidneys to stem the rate of sodium and water loss (Falk 1965;
Fitzsimons 1998) and the cardiovascular system to maintain cardiac output and blood flow
to critical vascular beds (Sciarretta et al., 2009; Triposkiadis et al., 2009). The reflexive
autonomic and endocrine responses can be viewed as serving temporizing roles against
circulatory collapse in order to provide time for the mobilization of vital appetitive and
consummatory behaviors to seek out and consume sodium (Fitzsimons 1980; Johnson and
Thunhorst 1997; Johnson and Thunhorst 2007; Thunhorst et al., 2007). Ultimately it is only
salt appetite driven sodium consumption that will allow sodium homeostasis to be fully
restored. The loss of body sodium is a strong stressor with both physiological and
psychological components. The physiological neural and endocrine responses provoked by
sodium deficiency are among those most commonly identified as neuro-hormonal mediators
of the stress response (Brooks et al., 2005; Denton 1982; Denton et al., 1999; O'Donaughy et
al., 2006; Toney et al., 2003; Vallee et al., 1995). Such observations suggest that there might
be an important role of stress mechanisms in the sensitization phenomena associated with
sodium appetite.

The stress response is considered a generalized activation, promoted by any stimulus that is
novel, threatening, creates conflict, or causes homeostatic imbalance (Ursin 1978). States
induced by stressors can be physiologically (physiological stressors) and/or emotionally
(psychological stressors) challenging, and both types of stressors can activate adaptive
processes aimed to either reestablish homeostasis (McEwen 2007) or prevent or buffer
against a perceived, impending disruption in homeostasis (Herman et al., 2005; Ulrich-Lai
and Herman 2009). Common physiological stressors are deprivation of food, water, and
sleep, as well as extreme hyper- or hypothermia. Sodium depletion is clearly within the
realm of such physiological stressors. Psychological stressors such as restraint, isolation,
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noxious light or sound which are not likely to cause immediate physical injury or cause
frank pain are also effective in eliciting stress responses.

Because of their artificial nature, it may not be clear as to whether drugs act as physiological
or psychological stressors, but psychomotor stimulants have also been shown to serve as
effective antecedents for inducing stress responses. In light of the many studies on various
cross-sensitization phenomena, it has been proposed that drugs such as amphetamine might
be best considered as stressors (Antelman et al., 1980; Antelman and Chiodo 1983). In
addition to their well-recognized actions as sympathomimetics (Knuepfer 2003; Lange and
Hillis 2001; Maraj et al., 2010; Tella et al., 1993; Triposkiadis et al., 2009), psychomotor
stimulants have been shown to increase blood levels of corticosterone, adrenocorticotropin
releasing hormone, β-endorphin, and corticotropin releasing factor [CRF]. Preventing CRF
from activating brain stress circuitry by central administration of a CRF1 receptor antagonist
prevents sensitization of the locomotor response induced by repeated administration of
cocaine (Erb and Brown 2006). Commonly employed psychological stressors, such as
restraint, forced swimming and social defeat, have been shown to cross-sensitize with
psychomotor stimulant-induced behavioral responses (Araujo et al., 2003; Nikulina et al.,
2004).

In the present experiment, a DOCA-induced salt appetite showed reciprocal cross-
sensitization especially when access to NaCl solution was denied. The present results
indicate that the presence of a sustained, unresolved sodium appetite, which can be viewed
as a severe psychological stressor, is sufficient to elicit the sensitization of salt appetite and
to produce cross-sensitization with psychomotor stimulants. The finding that a sustained salt
appetite is more stressful than one that can be periodically quenched by having constant
access to saline is consistent with our studies mentioned above which indicate that
preventing access to saline in the presence of a salt appetite will produce anhedonia (Grippo
et al., 2006b; Morris et al., 2006; Morris et al., 2010).

Extensive research has focused on the identification of brain structures and neurohumoral
systems associated with both sensitization and stress. Among the many limbic structures and
brain neuro-transmitters/modulators implicated in sensitization or stress, it is notable that the
nucleus accumbens and dopamine are likely to have a role in both. The nucleus accumbens
is a structure which receives dopaminergic projections from the ventral tegmental area, and
which has been extensively associated with motivational and reward processes underlying
both natural (e.g., food or water) and pharmacological (e.g., cocaine or morphine)
reinforcers (Ikemoto and Panksepp 1999; Nicola et al., 2000; Schultz 1999; Schultz 2002).
Furthermore, the nucleus accumbens has been shown to be morphologically and functionally
modified by stressors (Araujo et al., 2003; Barrot et al., 2000; Brake et al., 2000; Cabib and
Puglisi-Allegra 1994; Cabib and Puglisi-Allegra 1996; Doherty and Gratton 2007; Doherty
and Gratton 1996; Kalivas and Duffy 1995). Sensitization induced by both sodium depletion
and psychomotor stimulants are associated with similar changes in dendritic arborization in
nucleus accumbens (Robinson and Kolb 1997; Roitman et al., 2002), suggesting that both
treatments can induce similar changes in neuronal plasticity. These and other alterations in
the nucleus accumbens, including changes in indices of dopamine metabolism, have been
associated with sodium appetite induced by either DOCA treatment or sodium deficiency
(Lucas et al., 2000; Lucas et al., 2003; Morris et al., 2008; Na et al., 2007; Roitman et al.,
1999; Roitman et al., 2002).

In addition to the nucleus accumbens, other limbic structures involved in the regulation of
stress responses include the amygdala and the medial prefrontal cortex (mPFC). The
amygdala is associated with modulation of both autonomic (the central nucleus of the
amygdala) and neuroendocrine (the medial and the basolateral amygdala nuclei) stress

Acerbo and Johnson Page 10

Pharmacol Biochem Behav. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



responses (Bhatnagar et al., 2004; Davis 1992; Dayas et al., 1999). Components of the
mPFC exert differential control over neuroendocrine responses to stressors. Lesions to the
dorsal mPFC enhance Fos expression in the stress-related neurosecretory cells of the
hypothalamic paraventricular nucleus (PVN) in response to restraint stress (Radley et al.,
2006). In contrast, destruction of neurons of the ventral mPFC decreases Fos protein in PVN
parvocellular neurosecretory neurons, but increases Fos in the region of this nucleus
containing neurons with descending projections to a hindbrain region affecting sympathetic
tone (Radley et al., 2008). In the prelimbic area of the mPFC norepinephrine acts to inhibit
activity in neurons involved in the neuroendocrine stress response to restraint (Radley et al.,
2006; Radley et al., 2008). In rats given repeated sodium depletions, both the mPFC and the
basolateral nucleus, but not the central nucleus of the amygdala show increased Fos
immunoreactivity (Na et al., 2007). With repeated DOCA administration, rats provided
access to hypertonic saline show increased Fos immunoreactivity in the medial nucleus of
the amygdala (Pietranera et al., 2001).

In summary, the results of the present experiments indicate that both repeated psychomotor
stimulant treatment and reoccurring DOCA administration sufficient to induce a salt appetite
may sensitize brain circuitry to stress responses. From this point of view, pre-exposure to
one stressor (e.g., psychomotor stimulant) facilitates the response to a different stressor (e.g.,
DOCA-induced sodium appetite) resulting in cross-sensitization. In turn the psychological
stressor of an unresolved sodium appetite and the stress response generated by the
administration of a psychomotor stimulant may activate the same stress-related neuronal
and/or neurohumoral networks within the limbic system (Lucas et al., 2000; Na et al., 2007;
Pietranera et al., 2001; Uslaner et al., 2001). The results from our studies also indicate that
methods for studying psychomotor stimulant-induced locomotion and DOCA-induced
sodium appetite provide promising tools for studying basic mechanisms of behavioral
sensitization. Such approaches are likely to provide unique perspectives on how
psychological and pharmacological stressors influence behavioral sensitization and how
potentially addictive drugs and stress mechanisms may interact with processes underlying
motivation and conventional rewards.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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Figure 6.

Acerbo and Johnson Page 22

Pharmacol Biochem Behav. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Acerbo and Johnson Page 23

Table I

Group nomenclature according to treatments provided to animals during experiments. There is a week off
between first and second treatment.

Group First Treatment Second Treatment

Experiment 1

Sal/Veh+Na 7 × saline 8 × Vehicle with sodium access

Sal/D+Na 7 × saline 8 × DOCA with sodium access

Coc/Veh+Na 7 × cocaine 8 × Vehicle with sodium access

Coc/D+Na 7 × cocaine 8 × DOCA with sodium access

Experiment 2

Veh+Na 8 × Vehicle with sodium access 1 × cocaine

D+Na 8 × DOCA with sodium access 1 × cocaine

D+NoNa 8 × DOCA with no sodium access 1 × cocaine

Experiment 3

Sal/Veh+Na 7 × saline 8 × Vehicle with sodium access

Sal/D+NoNa 7 × saline 8 × DOCA with no sodium access except after the last DOCA treatment

Sal/D+Na 7 × saline 8 × DOCA with sodium access

Coc/Veh+Na 7 × cocaine 8 × Vehicle with sodium access

Coc/D+NoNa 7 × cocaine 8 × DOCA with no sodium access except after the last DOCA treatment

Coc/D+Na 7 × cocaine 8 × DOCA with sodium access

Pharmacol Biochem Behav. Author manuscript; available in PMC 2012 May 1.


