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Abstract

Perinatal malnutrition seems to provoke important neurochemical alterations in the
brain that lead to higher vulnerability to develop neuropsychiatric disorders in the
adulthood. In this work we have examined the persistence and reversibility of the
changes induced by perinatal undernourishment on the expression of fumarate hydratase
in the rat nucleus accumbens, bearing in mind that this expression has been previously
linked with addictive disorders. Clusterin, a multifunctional protein known to be
neuroprotective and possibly related to addiction in humans, was studied in parallel.
Female rats under severe restriction of food during gestation, lactation and 5 months of
postnatal life showed a marked upregulation of both clusterin and fumarate hydratase in
the mitochondrial fraction of the nucleus accumbens, as quantified by western blot. In
the case of clusterin, this upreglation was also observed in the cytosolic fraction of the
nucleus accumbens. When animals were undernourished only during gestation and
lactation but then switched to normal chow upon weaning, the two proteins appeared
downregulated with respect to controls. The results are consistent with the idea that
perinatal malnutrition provokes marked changes of brain neurochemistry that are not
fully corrected by the rehabilitation of normal feeding and could be linked to

behavioural disturbances in the adulthood, i.e. increased vulnerability to addiction.
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Introduction

Perinatal malnutrition has been shown to affect brain development and lead to
behavioural disturbances in the adulthood. One of the consequences of
undernourishment is a long-lasting increase in food and drug reward later in life [1-4].
This abnormal activation of reward could lead to the higher addiction vulnerability
observed in animals and also in human subjects exposed to famine during gestation [5].
The neurochemical alterations underlying this condition have been examined in
different animal models of perinatal malnutrition that have focused on the ventral
striatum / nucleus accumbens (NAC) as a key brain area in addiction. Thus, Delta Fos
B, a transcription factor closely related to drug addiction, was found upregulated in the
NAC of rats undergoing protein deprivation [6]. Perinatal malnutrition affects
dopaminergic and serotoninergic function in the NAC, as shown by the enhanced
reactivity to 5-HT¢ receptor agonists [7] and the increased expression of the dopamine
receptor Dla gene [8]. Perinatal food restriction also leads to the upregulation of
fumarate hydratase (FH) in the NAC of rats, an effect that markedly affected the
mitochondrial pool of the protein [9]. Bearing in mind that mitochondrial FH is
involved in oxidative ATP synthesis, this finding was interpreted as a sign of metabolic
activation of accumbal cells possibly linked to altered sensitivity to reward. Cytosolic
FH, which is more closely related to DNA repair [10], was unaffected. Other studies
have related FH expression in the NAC to both drug and food seeking in rodents [11,
12]; thus, FH density was found to correlate with the persistence of conditioned
preference for environments paired to palatable food in mice [12].

In this work we have studied the persistence and reversibility of neurochemical
alterations triggered by food restriction by comparing FH expression in the NAC of

animals of 5 months of age that were (a) restricted during the perinatal period, (b)



restricted during both peri- and postnatal life and (c) not restricted. The prefrontal cortex
(PFC) was used as a reference area since it has been observed that FH expression in this
brain region is independent of reward function, unlike the NAC [13]. Besides FH, we
have studied in parallel the expression of clusterin, a multifunction protein that is
overexpressed and seems to play a neuroprotective role in several conditions associated
to brain damage such as ischemia [14], B-amyloid deposition [15], excitotoxicity [16],
trauma [17], cellular stress [18] and increased tau protein levels [19]. Since food
restriction can be considered a major insult for the developing brain, it seemed relevant
to study the evolution of clusterin levels in our model to find out if malnutrition also
triggers clusterin upregulation in the NAC. It is important to note that clusterin has been
related with loss of control over eating [20], nicotine dependence [21] and the risk of

cocaine and alcohol abuse [22] in humans.

Methods

The study was conducted under an approved animal protocol (EC 280790000085) in
accordance to the EC Directive 86/609/EEC. This protocol was based on a method
previously described in detail [23]. Wistar rats were bred with controlled temperature
and artificial dark—light cycle (light from 07:00 to 19:00) and fed ad libitum with a
commercial standard laboratory diet containing by weight 19 % protein, 56 %
carbohydrate (starch and sucrose) 3.5 % lipid, 4.5 % cellulose, vitamin and mineral mix,
and 12 % water.

Females were caged with males for 24 h, and mating was confirmed by the presence of
spermatozoa in vaginal smears. Each dam was housed individually from the 14™ day of
pregnancy. The protocol used to undernourish animals was based on the amount of food

consumed by a group of control rats (C, n = 6) which was prepared in parallel and fed



with standard diet ad libitum all along the experiment. In summary, restricted rats
received 10 g of the standard food daily from 16" day of gestation until delivery, which
represents 40-50 % of that ingested by controls and prevents the 20 % increase of body
weight observed in these rats during this period. Next, the restricted mothers received
40 % of the food consumed by controls, that is: 15, 20 and 25 g daily of food during the
Ist, 2nd and 3rd week of lactation, respectively. Upon weaning, the rats of restricted
mothers were divided into two groups; those assigned to the chronic undernourished
group (U, n = 9) received 35 % of the diet daily consumed by controls until the end of
the experiment, while the others had free access to standard chow (U + Ad lib, n = 3).
Water was given ad libitum. We selected the females of each litter for this study
because previous work demonstrated a higher sensitivity of undernourished females to
develop a metabolic syndrome with decreased pro-opio-melanocortin expression when
undernourishment was discontinued [24, 25]. The expression of FH and clusterin in
subcellular fractions of NAC and PFC was determined by western blotting. Rats were
decapitated at 5 months of age, the NAC and PFC rapidly dissected as described by
Heimer et al. [26], frozen in liquid N> and stored at —80 °C until use. For protein
quantification the tissues were unfrozen, homogenated in 200 pL of lysis buffer
(sucrose 25 mM; EDTA 0.5 mM; Tris 10 mM; pH = 7.4) by using a TissueLyser LT
bead (Qiagen Iberia, Madrid, Spain; two cycles of 1 min at 50 oscillations/s) and
centrifuged (2500 rpm, 5 min, 4 °C). The supernatant was centrifuged again (12700
rpm, 5 min, 4 °C) to separate the mitochondrial fraction (pellet) and the cytosolic
fraction (supernatant). The efficacy of this procedure was checked by studying the
presence/absence of specific proteins of each fraction (superoxide dismutase 2 for the

mitochondrial fraction, AKT for the cytosolic fraction; results not shown).



The protein content of each fraction was determined by the Bradford method (Quick
Start kit, Biorad, California, USA) using bovine serum albumin as the standard, and
adjusted to 1 mg/ml in Laemli buffer (10% gliycerol; 2% SDS, 5% B-mercaptoethanol,
0.01% bromophenol blue in Tris 0.5 M, pH = 6.8). Samples were load into 15 %
polyacrylamide/bisacrylamide gels in an electrophoresis system (Bio-Rad, Madrid,
Spain). Proteins were separated by molecular weight (90 V 15 min, then 150 V 45 min)
and secondly blotted (2.5 A, 25 V, 7 min) onto nitrocellulose membranes (0.2 um pore
size, Bio-Rad) by a Transblot-Turbo Transfer System (Bio-Rad). The membranes were
washed for 5 min twice with washing buffer (PBS, 0.5% Tween 20, 0.1% skimmed
milk), treated with blocking buffer (PBS, 0.5% Tween 20, 5% skimmed milk) for 30
min and washed again for 5 min five times. Afterwards, the membranes were incubated
with primary antibodies overnight at 4 °C with agitation, we used NBP1-68308
antibody for clusterin (1:1000) and NBP1-47754 for FH (1:1000) (Novus Biologicals,
Littleton, CO, USA). Once this incubation was finished, the membranes were washed
for 5 min five times and then incubated for 1 h at room temperature with peroxidase-
linked secondary antibodies (1:5000 anti-rabbit for clusterin and 1:5000 anti-mouse for
FH; Santa Cruz Biotechnology, Dallas, TX, USA). Membranes were revealed by ECL-
Supersignal™kit following manufacturer’s instructions (GE Healthcare, New Jersey,
USA) and the bands quantified by densitometry in a ChemiDoc XRS+ apparatus (Bio-
Rad). All densitometries were expressed in arbitrary units (A.U.). In all Western blot
analyses, PB-actin was used as loading control; to ahieve this, the membranes were
incubated with a primary antibody anti- B-actin (Santa Cruz Biotechnology; 1:5000
dilution) for 1 h at room temperature with agitation, then washed, incubated with an
anti-mouse peroxidase-linked secondary antibody (sc-2005, Santa Cruz Biotechnology;

1:5000 dilution) for 30 min and revealed as previously described.



The comparison of body weights between the three experimental groups was performed
by using ANOVA followed by Bonferroni’s multiple comparisons tests, after checking
normality of data with the Kolmogorov-Smirnov test. The same analysis was applied to
compare clusterin expression in each brain area and cell fraction separately, as well as

fumarate hydratase expression. Significance was considered at the 0.05 level.

Results

The dieting procedure provoked marked differences in the body weights of rats (F(2,15)
= 115.2, p < 0.0001). Those animals that were undernourished during the perinatal
period and postnatal life exhibited a marked reduction of body weight at 5 months of
age; when restrictions were only applied during pregnancy and lactation but the rats
were allowed free access to standard chow from weaning, their body weights were
similar than those of control animals (Fig. 1A).

The statistical analysis also revealed a significant effect of the diet on the expression of
FH and clusterin in the mitochondrial fraction of the NAC (FH: F(2,15) = 17.79, p =
0.0001; clusterin: F(2,15) = 11.38, p = 0.001). A significant effect of the diet on the
cytosolic density of clusterin was also observed (F(2,15) = 6.25, p < 0.02). Chronic
undernourishment upregulated both FH (Fig. 1B) and clusterin (Fig. 1C) in the
mitochondrial fraction of the NAC; by contrast, when restrictions were applied only
during the perinatal period, mitochondrial FH was found downregulated and clusterin
expression decreased not only in the mitochondria but also in the cytosolic fraction of
this brain area.

Although both FH and clusterin tended to be increased in the cytosolic fraction of the

PFC of undernourished rats with respect to controls, the effect did not reach statistical



significance. ANOVA also discarded significant differences between groups concerning

mitochondrial clusterin expression in the PFC.

[Figure 1 near here]

Discussion

The results obtained confirmed the region-specific upregulation of FH previously
reported in the mitochondrial fraction of the NAC which was suggested to be a
neurochemical correlate of increased sensitivity to reward [9]. The present experiments
demonstrate that FH upregulation does not happen when the animals turn to ad libitum
chow during postnatal life, however the expression of the protein is not entirely normal
at 5 months of age but indeed reduced with respect to controls. It is tempting to interpret
FH downregulation as a correlate of long-term decreased sensitivity to reward, but this
remains to be firmly established by conducting behavioral studies. In any case, the
finding that rehabilitation to normal feeding for a period as long as 5 months does not
restore the normal expression of FH indicates the existence of long-lasting metabolic
alterations in the reward system. This is in agreement with the broadly accepted idea
that perinatal malnutrition by itself is a significant risk factor for the appearance of
several neuropsychiatric disorders in the adulthood, including addiction [5]. Further
experiments must address the study of the evolution of FH levels at shorter time
intervals from the moment of switching the animals to chow ad libitum, as well as the
possible parallelisms of these changes with behavioral alterations affecting food seeking
and food reward.

Clusterin levels paralleled to some extent those seen with FH. To our knowledge this is
the first report of diet-induced changes of clusterin in the reward system; previous work

demonstrated that the central administration of clusterin provokes anorexia and weight



loss in the mouse, but this effect was related with a regulation of both leptin and ghrelin
effects on hypothalamic neurons [27]. Clusterin downregulation in the NAC of animals
refed ad libitum was even more marked than that of FH, since it also applied to the
cytosolic pool of the protein. The functional consequences of clusterin changes are to be
established, but they could be indicative of altered susceptibility to brain damaging
stimuli if we bear in mind the neuroprotective role of the protein [28]. This
neuroprotection has been partially related to an anti-apoptotic effect which involves
both the cytosolic and mitochondrial pools of clusterin; thus, cytosolic clusterin seems
to prevent the arrival of Bax to the mitochondria, whilst mitochondrial clusterin inhibits
the formation of Bax-Bak complexes [29]. Besides, cytosolic clusterin seems to bind
misfolded proteins and traffic them to the proteasome for degradation [30]. According
to these mechanisms, long-term downregulation of clusterin such as that observed in the
NAC could reflect a situation of higher risk of damage and reward dysfunction, which is
compatible with an increased susceptibility to addiction. Obviously, this hypothesis
should be addressed with specific behavioral work, on one hand, and neurotoxicity
assessments, on the other. Another question that remains to be clearly established is the
region specificity of the effects observed: even when statistical differences were only
achieved in the NAC, some other tendencies observed in the PFC will deserve further
attention.

The main limitations of the present work are the exclusive use of females and the low
number of animals in the refed group. Other studies on the effects of perinatal
malnutrition were only conducted in males [7,8], therefore the availability of data from
both sexes will help to obtain a clearer picture of the effects of undernourishment.
Concerning refeeding, the homogeneity and consistency of the results obtained in our

study make it highly probable that further experimentation will confirm our findings.



In conclusion, the present experiments confirm that perinatal and postnatal food
restriction provoke deep neurochemical changes in the NAC with marked upregulations
of FH and clusterin. After perinatal malnutrition, the free access to a standard normal
diet fails to restore normal protein levels but leads to a downregulation that could be
related with the reported increase in the susceptibility to neuropsychiatric disorders, i.e.

addiction.
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FIGURE CAPTION

Figure 1. Panel A. Body weights of animals fed on chow (control, C), undernourished
peri- and postnatally (U) and undernourished prenatally but fed on normal chow ad
libitum upon weaning (U + Ad Lib). *p<0.05 vs C; +p<0.05 vs U (ANOVA +
Bonferroni’s posthoc tests). Panel B. Expression of fumarate hydratase (FH) in the
mitochondrial (M-) and cytosolic (C-) fractions of the nucleus accumbens (NAC) and
prefrontal cortex (PFC) of rats fed on chow (control, C), undernourished peri- and
postnatally (U) and undernourished prenatally but fed on normal chow ad libitum upon
weaning (U + Ad Lib). *p<0.05 vs C; +p<0.05 vs U (ANOVA + Bonferroni’s posthoc
tests). Panel C. Expression of clusterin (CLU) in the mitochondrial (M-) and cytosolic
(C-) fractions of the nucleus accumbens (NAC) and prefrontal cortex (PFC) of rats fed
on chow (control, C), undernourished peri- and postnatally (U) and undernourished
prenatally but fed on normal chow ad libitum upon weaning (U + Ad Lib). *p<0.05 vs

C; +p<0.05 vs U (ANOVA + Bonferroni’s posthoc tests).



