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Abstract
Spontaneous development of lupus-like disease in MRL-lpr mice is accompanied by a constellation
of behavioral deficits, including blunted responsiveness to sucrose. Although autoimmunity-induced
damage of limbic areas is proposed to underlie this deficit, the systemic nature of the disease precludes
inference of a causal relationship between CNS damage and functional loss. Based on the stimulatory
effects of d-amphetamine sulfate (AMPH) on sucrose intake, the present study pharmacologically
probes the functional status of central dopaminergic circuits involved in control of behavioral reward.
The response rates were compared between diseased MRL-lpr mice and congenic MRL +/+ controls
tested in the sucrose preference paradigm. Neuronal loss was assessed by Fluoro Jade B (FJB)
staining of nucleus accumbens and the CA2/CA3 region. While control mice significantly increased
intake of sucrose solutions 60 min after administration of AMPH (i.p., 0.5 mg/kg), the intake in
drugged MRL-lpr mice was comparable to those given saline injection. Increased FJB staining was
detected in the nucleus accumbens and hippocampus of diseased mice, and AMPH treatment neither
altered this nor other measures of organ pathology. The results obtained are consistent with previously
observed changes in the mesolimbic dopamine system of MRL-lpr mice and suggest that the lesion
in the nucleus accumbens and deficits in dopamine release underlie impaired responsiveness to
palatable stimulation during the progress of systemic autoimmune disease. As such, they point to a
neurotransmitter-specific regional brain damage which may account for depressive behaviors in
neuropsychiatric lupus erythematosus.
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1. Introduction
Systemic lupus erythematosus (SLE) is a chronic, multisystemic autoimmune disease that is
characterized by the damage of many vital organs, including the brain [15]. In addition to
serological manifestations (e.g. imbalanced cytokine network and increased production of
autoreactive antibodies), significant number of SLE patients develop various neurologic and
psychiatric (NP) symptoms, ranging from seizures and strokes to depression, anxiety, and
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psychosis [16]. The most frequent psychiatric symptoms include depression and anxiety [71],
of which lower mood often heralds clinical manifestations of the disease [67].

Similar to humans, the MRL/MpJ-Faslpr/J (MRL-lpr) mice spontaneously develop an
accelerated form of lupus-like disease accompanied by CNS involvement. In comparison to
age-matched congenic MRL/MpJ (MRL +/+) controls, a substantial proportion of MRL-lpr
mice develop deficits reflective of goal-directed and motivated behavior. They include blunted
responsiveness to sucrose and saccharine solutions [6,43], impaired exploration of novel
environments [50,52], impaired isolation-induced aggressiveness [44], and increased
immobility (floating) in the forced swim test [53]. The constellation of behavioral deficiencies
has been operationally termed “autoimmunity-associated behavioral syndrome” (AABS) and
it coincides with a profound divergence in the immune statuses of the two MRL substrains
around 7–8 weeks of age [52,54]. Increased neurodegeneration (as revealed by Fluoro Jade B,
FJB staining), reduced dendritic complexity and density of pyramidal neurons are common
observations in brains of diseased MRL-lpr mice [5,46,49]. Brain growth appears retarded
[49] and ventricles increase in size along an early and accelerated development of autoimmune
manifestations [17]. Taken together, there is considerable evidence that systemic inflammation
and autoimmunity induce degeneration of central neurons, thus likely forming the structural
basis of behavioral deficits in the MRL-lpr substrain.

Although the contribution of peripheral disease manifestations on behavioral performance
could not be excluded, blunted responsiveness to palatable stimulation pointed to the
mesolimbic dopamine system as one of the targets of the systemic autoimmune/inflammatory
disease. It is well-documented that this system plays a significant role in goal-directed and
reward-mediated behavior [74], and that the nucleus accumbens (NAc) is one of the primary
reward centers, receiving dopaminergic inputs from ventral tegmental area, VTA [66]. Not
surprisingly, the VTA of diseased MRL-lpr mice brains shows increased number of FJB-
positive neurons and reduced staining for tyrosine-hydroxylase, TH [4]. Post-mortem analysis
of brains from MRL-lpr mice by HPLC reveals significant imbalances in dopamine and 5-HT
contents in the paraventricular nucleus [47]. These changes coincide with aberrant performance
on the sucrose preference test, thus suggesting that lesions in the mesolimbic dopamine system
contribute to impaired motivated behavior.

We presently use the appetitive response to sucrose and central psychostimulant to
pharmacologically probe the functional status of the NAc dopamine system. In particular,
sucrose licking was shown to be associated with release of DA from NAc and pharmacological
blockade of DA turnover augmented the licking response [22]. Diseased MRL-lpr mice were
challenged with the d-amphetamine sulfate (AMPH), known to be effective in activating
central dopaminergic circuits within major compartments of the brain reward system [38],
including the NAc [26]. The rationale for using d-amphetamine sulfate was that it has the
capacity to significantly increase sugar intake in rodents [11,19]. In addition, in rats that are
high responders, sugar consumption correlates significantly with AMPH-stimulated
accumbens-dopamine overflow [60]. These studies also suggested that the responsiveness to
sucrose reflects the NAc dopaminergic response to the AMPH treatment. Our overall
expectation was that similar stimulation with AMPH will produce an attenuated effect on
sucrose consumption in diseased MRL-lpr mice due to dysfunctional and/or damaged
mesolimbic dopamine pathways. The results obtained contribute to the nature of the sucrose
preference deficit by documenting a centrally-mediated mechanism and neurodegenerative
process in the nucleus accumbens of autoimmune MRL-lpr mice. They also suggest that
spontaneous progress of SLE-like disease is detrimental to the reward system function, as
revealed by the lack of responsiveness to amphetamine challenge. As such, present
observations are consistent with the hypothesis that lupus-like disease compromises
dopaminergic neurotransmission in the CNS.
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2. Methods
2.1. Animals

Four- to five-month-old MRL-lpr and age-matched MRL +/+ mice were obtained from the
breeding colony at McMaster University, with the original stock purchased from The Jackson
Laboratories (Bar Harbor, ME). Mice were housed singly with 8:00 a.m.–8:00 p.m. light
schedule and ad lib access to food and water. The temperature of the colony room was kept at
25 ± 2 °C with a relative humidity of 45 ± 5%. In Experiment 1, 10 age-matched females of
each substrain were used, while the groups of males in Experiment 2 were as follows: MRL-
lpr AMPH (n = 10), MRL-lpr saline (n = 8), MRL +/+ AMPH (n = 10) and MRL +/+ saline
(n = 10). The experimental protocols were approved by the McMaster Animal Care Committee
and carried out in accordance with rules and regulations of the Canadian Council of Animal
Care.

2.2. Drug administration
d-Amphetamine sulfate (AMPH, Sigma–Aldrich Canada, Oakville, Ont.) was dissolved in
0.9% saline and 0.5 mg/kg was injected i.p. using a 26.5 gauge needle (5 ml/kg of body weight;
e.g., 0.2 ml/40 g mouse). This dose was chosen based on a previously reported effect [11] and
our pilot study where 0.5 and 1.5 mg/kg doses were compared in a small cohort of mice exposed
to the sucrose preference test [41].

2.3. Sucrose preference test
Reduced preference for sweet solution (chocolate) was first noted in one of the pioneering
studies on behavior of MRL-lpr mice [21]. This phenomenon was further explored using the
sucrose preference paradigm (proposed to measure sensitivity to reward), and as such a
reduction in sucrose intake was taken to have face validity to anhedonia (loss of interest or
pleasure) in human depression [73]. More extensive analysis of the dose-dependent
performance, post-ingestive factors, and taste responsiveness has been performed by our group
in previous studies [6,43,48]. Based on an established methodology, mice were presently
trained to drink 3 ml of a 4% sucrose solution from a graduated syringe fastened to the cage
lid with a 2.5 in. paper clip. They had 24 h access to sucrose over 3 days, and free access to
food and water. The solution was then removed for 24 h to allow sucrose to clear from
circulation. Two cohorts of mice were used to examine whether substrain-specific
responsiveness to AMPH is general, or depends on gender, time between AMPH administration
and exposure to sucrose, and/or order of sucrose concentrations. In Experiment 1, mice were
first injected with 0.9% saline 60 min (~19:30 h) before the 1 h sucrose preference test (20:30–
21:30 h) was given over four consecutive nights. Each night syringes were filled with one of
four sucrose solutions, presented in ascending order (i.e. 1, 2, 4, or 8%). Upon the assessment
of “baseline” performance, mice were given for 3 days tap water only. Following this break,
animals were injected with AMPH 60 min prior to testing and the sucrose test was conducted
in the same manner as described above. In Experiment 2, separate cohorts of mice (as described
above) were used to control for a possible gender-specific difference [14], circulating levels
of AMPH, and the “carry-over” effect noted when mice were exposed for prolonged periods
of time to sucrose solutions. Namely, as in other healthy mice, the MRL +/+ mice tend to
increase sucrose intake over a 10-day period [51]. In summary, this design differed from
Experiment 1 such that males were injected with AMPH 12 h before the test, “baseline”
performance was not measured, and sucrose solutions were given in random order to minimize
“carry-over” and “learning” effects. In addition, a 0.5% dose of sucrose was included to better
estimate responsiveness to low concentrations. During all testings, mice had uninterrupted
access to bottles filled with fresh tap water.
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2.4. Tissue preparation
Upon completion of the sucrose preference test (16–23 weeks of age), mice from Experiment
2 were sacrificed for the purpose of brain and spleen collection and weighing. They were
anaesthetized with Somnotol (60 mg/kg) and transcar-dially perfused with 40 ml of 0.9%
saline. Extracted brains were immersed into 4% paraformaldehyde (PFA) for fixation at 4 °C
for 2 days, transferred to 30% sucrose (in PBS) for 3 days, and frozen by immersion in
isopentane (cooled in liquid nitrogen) before cutting. Horizontal sections (~3.16 mm interaural
and −6.84 mm Bregma) were cut with a Jung Frigocut 2800 E cryostat to concurrently obtain
workable fields of the NAc and CA2/CA3 region. They were subsequently placed on APTEX-
coated glass microscope slides, and left to dry at room temperature for 24 h before processing.

2.5. FJB staining procedure
The Fluoro Jade B (FJB) stain has an affinity for the entire degenerating neuron regardless of
the type of cell death [29,56]. Despite incomplete knowledge of the staining mechanisms, the
FJB method shows high reliability in the detection of dying neurons [75].

Brain sections were processed according to the previously published protocol [5]. The staining
solution was a 0.001% FJB in 0.1% acetic acid (prepared from a 0.01% stock solution, Histo-
Chem Inc., Jefferson, AR). Slides were processed in three 2 min xylene washes before being
coverslipped with DPX (Sigma Chem. Co., St. Louis, MO). The FJB reactivity in the
mesolimbic system was quantified using a Zeiss Laser Scanning Confocal Microscope (LSM
510, Carl Zeiss Inc.) argon laser (wavelength 488 nm). Confocal micrographs were obtained
using a Fluar 20×/0.75 objective in combination with a 1024 × 1024 pixel resolution, and saved
in the TIFF format. FJB-positive neurons were counted manually from TIFF files by an
unbiased observer using standard imaging software (Adobe Photoshop 7).

2.6. Statistical analysis
In Experiment 1, the data were analyzed using an ANOVA with substrain as a main factor and
treatment and concentration as repeated measures. In Experiment 2, in addition to substrain,
treatment was considered as a main factor in an ANOVA with repeated measures
(concentration). Significance level was set at p < 0.05 and all computations (including
Pearson’s correlation) were performed using the SPSS 13 statistical package. One mouse in
each AMPH-treated group died prematurely thus reducing the sample size for
neuropathological analysis to N = 36. Graphs show means ± S.E.M.

3. Results
As expected [43], MRL-lpr females (injected with Sal) showed a lower intake of sucrose in
comparison to the MRL +/+ group (substrain, F(1, 18) = 9.104, p < .01; Fig. 1A). However,
this difference was exacerbated when Sal was replaced with AMPH (substrain by treatment,
F(1, 18) = 8.561, p < .01; Fig. 1B). Since substrain by treatment by concentration interaction
was not significant (F(3, 54) = 0.753), the assumption was that when 0.5 mg/kg of AMPH was
injected 60 min before the preference test, MRL +/+ mice increased sucrose intake comparably
at all concentrations. In contrast, the MRL-lpr group failed to show enhanced response to
AMPH.

In Experiment 2, a similar phenomenon was observed without exposing mice to sucrose
beforehand (the “baseline” assessment), despite the fact that AMPH was injected 12 h before
the preference test, and that sucrose concentrations were randomized (substrain by treatment,
p < .02; Fig. 2). The intake of sucrose solutions was generally higher in the second experiment,
likely reflecting higher demands for liquids in bigger males [48]. Increased spleen weight
(substrain: F(1, 33) = 18.822, p < .001; Fig. 3A) and lower brain weight in diseased MRL-lpr
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mice (substrain: F(1, 33) = 59.855, p < .001; Fig. 3B) confirmed the autoimmune status and
brain atrophy in this substrain. As observed earlier [7], the hippocampal CA2/CA3 region
showed an increased number of FJB+ neurons in MRL-lpr brains (sub-strain: F(1, 31) = 39.034,
p < .001) and this was not altered by the AMPH treatment (Fig. 4A). A similar drug-independent
neurodegenerative process was observed in the NAc (substrain: F(1, 31) = 5.674, p < .05; Fig.
4B) and correlated with the reduced brain mass in MRL-lpr mice (r15 = −.0488, p < .05). The
staining method and horizontal sectioning used in the present study did not allow us to clearly
delineate the shell and core regions of the NAc. Consequently, a whole count in the NAc region
was taken and a representative image of brightly lit FJB+ neurons is shown in Fig. 5.

4. Discussion
Amphetamine increases release of catecholaminergic neurotransmitters [28] and blocks their
reuptake by presynaptic axonal terminals [27]. Although the pharmacological effects of l-
AMPH and d-AMPH involve both norepinephrine and dopamine release, behavioral effects
of d-AMPH are largely mediated via the central dopamine system [42]. Amphetamine easily
crosses the blood–brain barrier [42] and exerts stimulatory effects in the CNS, including limbic
structures [37]. In the current experiment we used d-AMPH sulfate to probe the central
dopaminergic system and further test the hypothesis that dysfunctional mesolimbic dopamine
pathways mediate impaired motivational behavior of lupus-prone animals. Indeed, the results
obtained reveal that diseased MRL-lpr mice fail to increase sucrose intake in response to
systemic injection of d-AMPH sulfate repeatedly administered in two different experimental
designs. This was consistent with evidence that D1 receptor-deficient mice [18] and mice that
cannot synthesize DA demonstrate deficits in goal-directed response to sucrose [12]. Increased
FJB staining in the NAc of MRL-lpr animals suggests neuronal degeneration in this region,
known to have a significant role in control of the neural reward circuitry [74]. Viewed from a
more general perspective, obtained results imply that at least some deficits in behavioral
performance of diseased MRL-lpr mice are not an epiphenomenon due to peripheral
symptomatology.

The midbrain has a significant role in goal-directed and reward-mediated behavior [57], and
dopaminergic inputs from the ventral tegmental area (VTA) are important in activity of the
NAc [74]. Consumption of food increases the release of dopamine in the NAc of rodents [8]
and this release is mediated by the VTA [62]. Similarly, consumption of sucrose has been
shown to increase the release of DA in the NAc [22–24]. In the present study neurodegenerative
changes in the NAc may provide a structural basis of impaired response to sucrose in
autoimmune MRL-lpr animals. Signs of neurodegeneration of dopaminergic neurons in the
VTA has been found in diseased animals in the past [4], potentially impairing activity of the
NAc and behavioral performance in MRL-lpr animals. Neural degeneration in the CA2/CA3
region was not affected by repeated administration of d-AMP and the severity of damage is
consistent with previous findings [7]. The NAc receives glutamatergic inputs from a variety
of sources, including the limbic neocortex, the ventral subiculum and hippocampal formation,
the amygdala and the dorsal medial thalamus [40]. Hippocampal input appears to play a critical
role in modulating resting membrane potential of medium spiny neurons, the output neurons
of the NAc [39]. Our previous studies revealed that neuronal complexity and spine density of
hippocampal neurons is profoundly reduced by the onset of systemic autoimmunity and
inflammation in MRL-lpr mice [46,49]. Taken together, degeneration in the NAc, VTA, and
hippocampus may jointly contribute to the behavioral impairment of MRL-lpr animals in the
sucrose preference paradigm. Conversely, increased sucrose intake in AMPH-treated MRL +/
+ controls might be associated with increased spine density in the hippocampus, as shown in
the CA1 region after AMPH self-administration and sucrose-reward experience [13].
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The progress of lupus-like disease in the MRL-lpr substrain is accompanied by elevated serum
levels of pro-inflammatory cytokines, such as IL-1, IL-6 and TNF-alpha [63,65]. Given their
well-documented capacity to alter motivated behavior and emotional reactivity [2], one can
assume that circulating cytokines contribute to impaired performance in the sucrose preference
test. Indeed, we show this relationship in our previous studies [6,45,48,51], which did not
involve assessments of neurodegeneration. However, the precise mechanisms by which
cytokines can impair motivated behavior in the MRL model is far from being understood
because of their multiple effects on system organs and the complexity of lupus-like disease.
Namely, it is known that exogenous administration or increased endogenous synthesis of
interleukin (IL)-1, IL-6, TNF-alpha and interferons can activate major endocrine pathways,
alter metabolism of precursor molecules and affects metabolism of central neurotransmitters
[3], including the dopamine system [36,58,76]. In addition to hypothalamus and hippocampus,
dopamine metabolism in the nucleus accumbens can be significantly affected by systemic
administration of IL-6 [61] or lipopolysaccharide, a non-specific activator of pro-inflammatory
cytokine release [10]. In additional to “functional damage”, several lines of evidence suggest
that cytokines promote neurodegenerative process when the brain is injured [1,20,25,34,68].
Given that the blood–brain barrier is breached at an early age [59,69] and that the HPA axis is
dysfunctional in diseased MRL-lpr mice [30,32,33], it is presently difficult to dissociate central
from peripheral effects, or functional impairment from structural damage produced by
neuroactive cytokines.

Secretion of the pituitary hormone prolactin is under the control of dopamine. Given that
elevated secretion of prolactin is common in SLE [31], one may wonder whether this endocrine
imbalance is a consequence of impaired dopamine regulation in the CNS. Although neuronal
damage has been recently reported [64], there is no evidence on whether dopaminergic neurons
die excessively in neuropsychiatric SLE (NP-SLE). Consistent with this notion, the dopamine
agonist bromocriptine suppresses secretion of prolactin and ameliorates affect in SLE patients
[70] and disease activity in autoimmune mice [35]. If the loss of dopaminergic neurons occurs
in human and animal forms of SLE, an immediate question would be whether endocrine,
immune, or other factors induce neurodegeneration. Our previous studies suggest that
dopamine accumulates in the paraventricular nucleus and median eminence/arcuate nucleus
areas [47]. Even if increased intracellular levels of dopamine are neurotoxic [9], the dilemma
about factors that lead to dopamine accumulation would still remain. One possibility is that
the enzymatic system is affected by the autoimmune process (such as autoantibodies binding
to and inactivating different kinases, transferases, proteases, etc.). Another mechanism may
include sustained binding of corticosteroids [33,72] and increased vulnerability of neurons to
various metabolic insults [55]. However, at this stage of knowledge conclusive statements
about an etiologically and clinically complex condition such as NP-SLE would be premature.

In summary, the present study reveals profound differences in response to palatable stimulation
between MRL-lpr and MRL +/+ mice when their dopamine system is pharmacologically
probed. More importantly, significant differences in the number of dying neurons are observed
in the NAc, a neural area known to be involved in reward modulation. These results are
consistent with the hypothesis that the progression of autoimmune disease impairs motivated
behavior by producing a lesion in the dopaminergic reward system. However, there are other
neuronal systems that innervate and originate from the NAc and are able to modulate
responsiveness to palatable stimulation [11]. Whether they are also affected by the progress of
spontaneous systemic autoimmunity and inflammation needs to be examined in future studies.
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Fig. 1.
Consumption of sucrose in the brief sucrose preference test 60 min after i.p. injections. (A)
Diseased MRL-lpr females injected with saline (Sal) showed a lower intake of sucrose in
comparison to age-matched MRL +/+ controls. (B) This substrain difference was exacerbated
when the same group of animals was injected with d-amphetamine (AMPH, 0.5 mg/kg b.w.),
as MRL +/+ mice significantly increased their performance and MRL-lpr mice showed intake
comparable to performance after Sal injections.
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Fig. 2.
Sucrose intake in diseased MRL-lpr and age-matched MRL +/+ males. As expected, Sal-treated
MRL +/+ controls had higher consumption than diseased, Sal-treated MRL-lpr mice. Although
administration of AMPH further increased the intake in the MRL +/+ substrain, it had no effects
in the AMPH-treated MRL-lpr group tested at different sucrose concentrations.
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Fig. 3.
Substrain-related differences in spleen and brain weights. (A) Increased spleen weight and (B)
lower brain weight confirmed autoimmune status and brain atrophy in diseased MRL-lpr mice.
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Fig. 4.
Significant increase in the density of FJB+ neurons was observed in the hippocampus CA2/
CA3 region and nucleus accumbens of the MRL-lpr group, suggesting an enhanced
neurodegenerative process in limbic structures during a more severe development of lupus-
like disease.
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Fig. 5.
Representative images (obtained by a confocal microscope) of the horizontal sections of the
nucleus accumbens (NAc) in autoimmune mice (A) and control mice (B). Numerous brightly
stained FJB-positive neurons confirmed a degenerative process in MRL-lpr brains in
comparison to asymptomatic MRL +/+ controls.
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