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a  b  s  t  r  a  c  t

Studies  have  demonstrated  that  nutrient  deficiency  during  pregnancy  or in  early  postnatal  life  results
in  structural  abnormalities  in the  offspring  hippocampus  and  in  cognitive  impairment.  In an  attempt  to
analyze  whether  gestational  protein  restriction  might  induce  learning  and  memory  impairments  asso-
ciated  with  structural  changes  in  the  hippocampus,  we  carried  out  a  detailed  morphometric  analysis  of
the hippocampus  of  male  adult  rats  together  with  the  behavioral  characterization  of  these  animals  in
the Morris  water  maze  (MWM).  Our results  demonstrate  that  gestational  protein  restriction  leads  to  a
decrease  in  total  basal  dendritic  length  and  in  the  number  of  intersections  of  CA3  pyramidal  neurons
whereas  the  cytoarchitecture  of  CA1  and  dentate  gyrus  remained  unchanged.  Despite  presenting  sig-
nificant  structural  rearrangements,  we  did  not  observe  impairments  in  the  MWM  test. Considering  the
clear dissociation  between  the  behavioral  profile  and  the  hippocampus  neuronal  changes,  the functional
significance  of  dendritic  remodeling  in  fetal  processing  remains  undisclosed.

©  2012  ISDN.  Published  by  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

A  growing body of evidence supports the hypothesis that
disturbances during critical periods of fetal development may
determinate permanent structural and functional alterations in
organs and systems and predispose individuals to metabolic,
endocrine, and cardiovascular diseases later in life (Ashton, 2000;
Barker, 1998; Lesage et al., 2006; O’Regan et al., 2004; Plagemann,
2004; Seckl and Meaney, 2004). Gestational psychological and
nutritional stresses may  be involved in fetal programming as
shown in several experimental models (Persson and Jansson, 1992;
Woodall et al., 1996; Godfrey et al., 1996; Langley-Evans et al., 1996;
Mesquita et al., 2010a,b).

Although the underlying mechanisms are still unclear, the
association between maternal undernutrition and hormonal
dysfunction has been proposed to induce intrauterine fetal
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programming. Studies have shown that excessive levels of fetal
glucocorticoids may  impair brain development, affect behavior
and delay cognitive and intellectual functions later in life both
in humans and animal models (Johnson et al., 1981; Uno et al.,
1990, 1994; Szuran et al., 2000; Antonow-Schlorke et al., 2001;
Matthews, 2001; Antonow–Schlorke et al., 2003; French et al.,
2004; Karemaker et al., 2008; Weinstock, 2008; Seckl, 2008; de
Lima et al., 2012).

It is also known that the hippocampus is a brain area crucial for
learning, it memorizes processes and has synaptic plasticity, but the
details of this fine modulation are not completely understood. The
hippocampus is a brain structure that is related to emotion, mem-
ory and spatial learning (Bannerman et al., 2004). This structure is
divided into two  parts: the ventral hippocampus (VH) and the dor-
sal hippocampus (DH), and this separation is made in accordance
with the functionality described in the literature (Fanselow and
Dong, 2010). In information processing, DH is primarily involved in
the cognitive process of learning and memory associated with nav-
igation, exploration, and locomotion, whereas VH is the part of the
temporal lobe associated with motivational and emotional behav-
ior (Fanselow and Dong, 2010). Particularly, studies suggest that the
CA3 region of DH mediates the acquisition and encoding of spatial
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information within short-term memory with duration of seconds
and minutes. Also, CA3 mediates encoding of information requir-
ing multiple trials to construct relational representations. It should
be noted that spatial information represents the critical attribute
or domain that is processed in CA3 (Kesner, 2007). It might also
be observed, that neuroanatomical studies that have investigated
the effects of prenatal malnutrition have found deficits, such as
loss of neurons (Lister et al., 2005) decrease of body size, length of
apical dendrites and branching and spine density in the CA3 pyra-
midal cells layer (Diáz-Cintra et al., 1991). Regarding the cellular
and molecular mechanisms underlying structural remodeling in
the hippocampus, the role of adrenal steroids appears to be most
crucial (McEwen, 1999), since repeated corticosterone administra-
tion induces retraction of apical dendrites in the CA3 sub region of
the hippocampus in adult male rats.

Considering the paucity of evidence, in the present study, we
aim to analyze the effects of gestational protein restriction on
learning and memory functions and correlate these with the cytoar-
chitecture of the dorsal hippocampus of adult male rats. The CA3
pyramidal cells were selected because they are an essential link
in the DH trisynaptic circuit. Furthermore, as stated above, the DH
function has been implicated as substrate for learning and spatial
memory.

2. Experimental procedures

2.1. Animals

The experiments were conducted on age-matched, male offspring of sibling-
mated Wistar Hannover rats (250–300 g) allowed free access to water and normal
rat  chow. The general guidelines established by the Brazilian College of Animal
Experimentation (COBEA) were followed throughout the investigation. Our local
colonies originated from a breeding stock supplied by CEMIB/Unicamp, Campinas,
SP,  Brazil. Immediately after weaning at 3 weeks of age, animals were maintained
under controlled temperature (25 ◦C) and lighting conditions (0700 h–1900 h), with
free access to tap water and standard rodent laboratory chow (Nuvital, Curitiba, PR,
Brazil) and followed up to 12 weeks of age. The dams were maintained on isocaloric
standard rodent laboratory chow with normal protein content [NP] (17% protein)
or  low protein content [LP] (6% protein) ad libitum intake throughout the entire
pregnancy. The day that sperm were seen in the vaginal smear was  designated
as day 1 of pregnancy. All groups returned to the NP chow intake after delivery.
Food consumption was  determined every day (subsequently normalized for body
weight), and body weight was recorded once a week. The male pups were weighted
and  the ano-genital distance (AGD) was measured. These animals were followed
and maintained with normal chow until 16 weeks old. Rats from the NP (n = 9 rats
from different mothers) and LP (n = 9 rats from different mothers) groups were used
for  behavioral analysis. Following the behavioral tests, the animals were deeply
anaesthetized with a mixture of ketamine (75 mg/kg body weight, i.p.) and xylasine
(10  mg/kg body weight, i.p.) and the monitoring of the corneal reflex controlled the
level of anesthesia. The rats were perfused transcardially with either saline contain-
ing heparin (5%) for 15 min, under constant pressure, followed by 0.1 M phosphate
buffer (PB; pH 7.4) containing 4% (w/v) paraformaldehyde, or saline for Golgi–Cox
staining.

2.2. Behavioral analysis

2.2.1. Morris water maze (MWM)
Possibly the most widely used test of spatial learning in rats is the Morris water

maze test (Morris, 1984). The whole cognitive performance test was  performed and
analyzed in a blinded fashion for different trained observers. Behavioral tests were
conducted in a circular black tank (170 cm diameter) filled to a depth of 31 cm (at
22 ◦C) and placed in a dimly lit room with extrinsic clues. The tank was divided
into imaginary quadrants and had a black platform (12 cm diameter, 30 cm height)
placed in one of them.

2.2.1.1. Working memory task. We used the test described by Kesner et al. (2000) as
a  test of PFC function: its goal is to assess the ability of rats to learn the position of the
hidden platform and to keep this information on-line during four consecutive trials.
The working memory test consisted of 4 d of acquisition (4 trials/day). One each trial
day, the position of the platform was  kept constant, but the position was  varied on
each  successive day such that all four quadrants were used. Rats were placed, facing
the  wall of the maze, at a different starting point north (N), east (E), south (S) or
west  (W)  at the start of each of the four daily trials. A trial was  considered ended
when the rat escaped onto the platform; when this escape failed to occur within
120 s, the animal was gently guided to the platform, and an escape latency of 120 s

was recorded for that trial. Rats were allowed to spend 30 s on the escape platform
before being positioned at a new starting point. The time (in seconds) spent to reach
the platform (escape latency) was  recorded in the consecutive trials.

2.2.1.2. Reference memory task. The reference memory test was described by Morris
(1984) and assesses the function of the hippocampus: its goal is to assess the ability
of  rats to learn the position of the hidden platform and to keep this information
during all test days. The test consisted of 4 d of acquisition (4 trials/day). During
the four days the platform remained in the same quadrant. Rats were placed, facing
the wall of the maze, at a different starting point north (N), east (E), south (S) or
west  (W)  at the start of each of the four daily trials. A trial was  considered ended
when the rat escaped onto the platform; when this escape failed to occur within
120 s, the animal was gently guided to the platform, and an escape latency of 120 s
was recorded for that trial. Rats were allowed to spend 30 s on the escape platform
before being positioned at a new starting point. The time (in seconds) spent to reach
the platform (escape latency) were recorded in the consecutive trials

2.3. Histological procedures

Whole brains were collected from NP and LP animals (that were transcardially
perfused with 0.9% saline) and processed for Golgi–Cox staining according to a pub-
lished protocol (Gibb & Kolb, 1998). Briefly, brains were removed and immersed in
Golgi–Cox solution (1:1 solution of 5% potassium dichromate and 5% mercuric chlo-
ride  diluted 4:10 with 5% potassium chromate (Glaser & Van der Loos, 1981) for 14
days; the brains were then transferred to a 30% sucrose solution (3 days) before being
cut on a vibratome. Coronal sections (200 �m thick) were collected in 6% sucrose and
blotted dry onto gelatin-coated microscope slides. They were subsequently alkalin-
ized in 18.7% ammonia, developed in Dektol (Kodak, Linda-Velha, Portugal), fixed
in  Kodak Rapid Fix (prepared to manufacturer’s instructions), dehydrated through
a  graded series of ethanols and cleared in xylene before being mounted and cover
slipped. Slides were coded before morphometric analysis in both sets.

2.4. Dendritic tree analysis

Three-dimensional reconstructions of representative Golgi-impregnated neu-
rons from the dorsal hippocampus (sections between −2.52 and −3.60 mm from
bregma) were blindly performed for NP and LP offspring. The criteria used to select
neurons for reconstruction were as follows: (i) full impregnation of the neurons
along the entire length of the dendritic tree; (ii) dendrites without significant trun-
cation of branches; (iii) relative isolation from neighboring impregnated neurons to
avoid interference with the analysis; and (iv) no morphological changes attributable
to  incomplete dendritic impregnation of Golgi–Cox stain. For each selected neuron,
all branches of the dendritic tree and the location of all dendritic spines were recon-
structed at 600× magnification, using a motorized microscope (Carl Zeiss Axioplan 2,
with  oil immersion objectives), attached to a camera (DXC-390; Sony Co., Japan) and
the Neurolucida software (MicroBrightField, VT, USA). Three-dimensional analysis
of  the reconstructed neurons was performed using NeuroExplorer software (Micro-
BrightField). For the dendritic analysis (NP = 9, LP = 9), the hippocampus was divided
into three areas CA1, CA3 and dentate gyros. For each region of the hippocampus
five  neurons out of a total of twenty neurons per region of each experimental group,
per animal were reconstructed. As a result in this study we have analyzed 120 neu-
rons from the hippocampus. Two aspects of dendritic morphology were examined:
dendritic length and number of dendritic intersections.

2.5. Data presentation and statistical analysis

The whole cognitive performance test and the structural study were performed
and  analyzed in a blinded fashion by different trained observers. All data are reported
as  mean ± SEM. Data obtained over time were analyzed using appropriate ANOVA
or Kruskal–Wallis one-way analysis of variance. Post hoc comparisons between
selected means were made by Bonferroni’s contrast test when initial ANOVA indi-
cated statistical differences between experimental groups. Comparisons involving
only two samples of independent observations tend within or between groups were
made using the Student’s t-test or Mann–Whitney U test. A P value < 0.05 was  con-
sidered to indicate significance.

3. Results

3.1. Birth weight and brain weight

The birth weight of the LP male pups was significantly reduced
when compared to NP male pups (p ≤ 0.0001). Ano-genital distance
relative to body weight was significantly increased in the LP group.
The weight of brains, corrected for total body weight, was not dif-
ferent in 16-wk old LP rats when compared to NP (Table 1).
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Table  1
Maternal dietary intake and birth weight, ano-genital distance and brain weight of maternal protein-restricted (LP–6% casein) offspring compared to normal protein (NP–17%
casein) intake during pregnancy. Mean ± SEM; n refers to the number of litters. Statistically different when p < 0.05.

Parameters Normal protein (NP) (n = 9) Low protein (LP) (n = 9) P

Maternal dietary intake (g) 16.1 ± 2.1 18.5 ± 2.7 <0.001
Birth  weight (g) 6.5 ± 0.06 5.5 ± 0.1 0.0514
Ano-genital distance (mm/g) 1.4 ± 0.02 1.5 ± 0.02 0.0075
Brain  weight (g) 0.005 ± 0.0001 0.006 ± 0.0001 0.1

Fig. 1. Morris water maze training performance. (A) No differences in working memory between NP and LP groups. (B) No differences in reference memory between NP and
LP  groups. The graphics represent the number of quadrants traversed by the animal to find the platform.

3.2. Behavior analysis – Morris water maze

3.2.1. Working memory
For the working memory, ANOVA repeated-measures for escape

latency showed no significant difference across our experimental
groups (F = 1.21, p = 0.28). A significant difference across days was
found, suggestive of learning (p = <0.0001; Fig. 1A).

3.2.2. Reference memory
For the reference memory, repeated-measures ANOVA for

escape latency showed no changes in the LP group when compared
to NP animals (F = 0.76, p = 0.39). Again, both groups learned the
task across the days (p = <0.0001; Fig. 1B).

3.3. Dendritic tree analysis

We  analyzed the apical and basal dendrites of CA1, CA3 and den-
tate gyrus of NP and LP animals. We  found no significant differences
between the groups in the length of basal and apical dendrites of
CA1 neurons (NP, 1450 ± 101.9 vs. LP, 1638 ± 99.52 p = 0.1; Fig. 2A
basal dendrites), (NP, 1024 ± 77.9 vs. LP, 1175 ± 93.99 p = 0.2; Fig. 2B
apical dendrites).

In CA3 pyramidal neurons, we observed a significant decrease in
the length of basal dendrites in the LP group (NP, 1265 ± 102.3 vs.
LP, 920.5 ± 72.49 p = 0.01; Fig. 3A), but no differences in apical den-
drites (NP, 1621 ± 131.8 vs. LP, 1360 ± 120.0 p = 0.15; Fig. 3B). Sholl
analysis revealed a reduction of dendritic intersections (between
40 and 120 �m from the perikarya) in LP when compared with that
observed in NP (Fig. 3C). In granule neurons of the dentate gyrus, we

did not observe any differences between groups (NP, 1841 ± 146.2
vs. LP, 1794 ± 126.7 p = 0.81; Fig. 4).

4. Discussion

Evidence supports the assertion that disturbances during crit-
ical periods of fetal development may  determinate permanent
structural and functional alterations in organs and systems and
predispose individuals to metabolic, cardiovascular and behavioral
disorders later in life (Ashton, 2000; Barker, 1998; Lesage et al.,
2006; O’Regan et al., 2004; Plagemann, 2004; Seckl and Meaney,
2004). Gestational psychological and nutritional stresses may  be
involved in fetal programming as shown in several experimental
models (Persson and Jansson, 1992; Woodall et al., 1996; Godfrey
et al., 1996; Langley-Evans et al., 1996; Mesquita et al., 2010a,b).
As a result of this interest, a number of experimental studies have
been developed to elucidate underlying biological mechanisms of
programming.

The current study showed, in gestational protein-restricted off-
spring, a reduced birth weight of pups, which directly reflects the
importance of proper protein intake during pregnancy for fetal
growth and maturation. We  also observed an increase of the ano-
genital distance in prenatal protein restricted male offspring. This
data are in accordance with previous observations from us and
other authors that maternal food restriction causes increased ano-
genital distance, which, in turn, is associated with enhanced levels
of progesterone, corticosterone, estradiol and testosterone at 19
days of gestation in female and male offspring (Zambrano et al.,
2005; Mesquita et al., 2010a,b).

Fig. 2. Basal (A) and apical (B) dendritic length of CA1 neurons.
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Fig. 3. Basal (A) and apical (B) dendritic length of CA3 neurons. The gestational protein restriction led to a decrease in the length of basal dendrites of neurons of the CA3 sub
region  of the dorsal hippocampus. By Sholl analysis we found a reduction of dendritic intersections (between 40 and 120 �m from the perikarya) in LP when compared with
that  observed in NP (C).

The dorsal hippocampus is a brain region related to emotion,
memory and spatial learning. In information processing, DH is pri-
marily involved in the cognitive process of learning and memory
associated with navigation, exploration and locomotion, whereas
the VH is the part of the temporal lobe associated with motivational
and emotional behavior (Fanselow and Dong, 2010). Here, in mater-
nal protein-deprived offspring model, we performed the MWM  test
to assess the DH related forms of learning and memory (Stewart
and Morris, 1993). Several characteristics have contributed to the
prevalent use of the MWM,  including in this study, among which
are the lack of required pretraining, its high reliability across a wide
range of tank configurations and testing procedures, the extensive
evidence of its validity as a measure of hippocampal-dependent
spatial navigation and reference memory, its specificity as a mea-
sure of place learning and, its relative immunity to motivational
differences across a range of experimental treatments (Morris,
1993; Vorhees and Williams, 2006). Thus, despite MWM  capital-
izing on this strength, in the current study, we did not found
significant differences between cognitive process of learning and
memory response in LP and NP offspring, suggesting that such
functional process of DH were not altered by gestational protein
restriction intake. Additionally, the spatial learning results, con-
firming previous study from (Tonkiss et al., 1994, 1997), has not
shown any effect or impairment of performance in prenatal protein
restricted offspring.

Fig. 4. Dendritic length of dentate gyrus neurons.

We  may  hypothesize that the timing of the maternal nutritional
insult can differentially affect the development and function of neu-
rons such as observed in other models where protein restriction
starts five weeks before breeding. Neuroanatomical studies that
have investigated the effects of prenatal malnutrition have found
deficits such as loss of neurons (Lister et al., 2005) decrease of
body size, length of apical dendrites and branching and spine den-
sity in the CA3 pyramidal cell layer (Díaz-Cintra et al., 1994). In
CA1, it has been observed deficits in spine density of pyramidal
cells in the stratum molecular (Cintra et al., 1997). On the dentate
gyrus, these studies have found reductions in somatic axis and in
the number of dendrites branching and spines (Cintra et al., 1990).
In an attempt to analyze whether three-week gestational protein
restriction might cause structural changes in the hippocampus, we
carried out a detailed morphometric analysis of CA3 DH dendritic
cytoarchitecture in Golgi–Cox stained preparations of adult male LP
offspring. Although we  have not noticed any change in the MWM
tests assessing the DH learning and memory function, by applying
3-dimensional analysis of Golgi–Cox stained dorsal hippocampus,
the current study have demonstrated significant decreases in the
length of apical dendrites and in the branching and intersections of
apical and basal dendrites of CA3 pyramidal neuron, in gestational
protein-restricted offspring. On the other hand, the architecture
of CA1 and dentate gyrus was unchanged. Taking into account the
above data, the current study revealed a clear dissociation between
behavioral test response and changes in hippocampus neurons
changes as a consequence of fetal programming. The functional
significance of dendritic remodeling in terms of absolute impact
on hippocampus processing has remained elusive. Supporting our
data showing no significant MWM  score differences despite of
reduced dendritic arborization in this pyramidal cell layer, recently,
Koubeissi et al. (2011) have demonstrated that bilateral cuts of the
CA3 dorsal hippocampus layer did not affect MWM  scores in rats.

From a behavioral perspective, studies have been demonstrat-
ing that the CA3 region of the hippocampus plays an important
role in the encoding of new spatial information within short-term
memory with duration of seconds and minutes. This can easily be
observed in tasks that require rapid encoding, novelty detection,
working memory or recall trial, primarily, for spatial information.
These are tasks that have been assumed to reflect the operations
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of episodic memory and require interactions between CA3 and the
dentate gyrus via mossy fiber inputs. The output from CA3 via the
fimbria and the medial and lateral perforant path plays a suppor-
ting role in the neural circuit for the operation of these tasks. The
CA3 also supports sequential processing of information in cooper-
ation with CA1 based on the Schaffer collateral output from CA3
to CA1. However, as well as observed in the current work, many
authors have hypothesized that the atrophy observed in the den-
drites of hippocampus neurons may  be a compensatory response
to protect the hippocampus from further damage (Ohl and Fuchs,
1999; McEwen, 2001; Bartolomucci et al., 2002; de Quervain et al.,
2009).

Interestingly, although earlier studies have reported atrophy
only in apical dendrites, our results indicate that fetal program-
ming caused significant atrophy in basal dendrites of hippocampus
CA3 pyramidal neurons. Vyas et al. (2002) showed that induced
chronic immobilization stress decreases total dendritic length and
number of branch points in both apical and basal dendrites of
CA3 pyramidal cells. Although the underlying mechanisms are still
unclear, the association between maternal undernutrition and hor-
monal dysfunction has been proposed to induce intrauterine fetal
programming. Studies have demonstrated that gestational pro-
tein restriction leads to severe physiological and morphological
changes in neurons (Huang et al., 2003; Hoffmann and Schmitt,
2004; Hermel et al., 2001; Feoli et al., 2006; de Lima et al., 2012),
in addition to behavioral changes (de Oliveira, 1985; Riul et al.,
1999) and delays in cognitive and intellectual functions (Barnes,
1976; Wainwright and Colombo, 2006). During normal pregnancy,
the fetus is protected from the high maternal glucocorticoid (GC)
levels by placental 11-�HSD2, which efficiently inactivates corti-
costerone to 11-dehydrocorticosterone in rodents. In the LP model,
it has been demonstrated a decreased activity and expression of this
placental enzyme and, as a consequence, there is an excessive expo-
sure of fetuses to the maternal steroids (Benediktsson et al., 1993;
Stewart et al., 1995; Langley-Evans et al., 1996; Langley-Evans,
1997). The excessive levels of fetal glucocorticoids can impair
brain development and affect behavior later in life both in humans
and animal models (Johnson et al., 1981; Uno et al., 1990, 1994;
Szuran et al., 2000; Antonow-Schlorke et al., 2001; Matthews, 2001;
Antonow–Schlorke et al., 2003; French et al., 2004; Karemaker et al.,
2008; Weinstock, 2008; Seckl, 2008). Many studies have shown
that both chronic exposure to stressors and pharmacological treat-
ments (e.g. dexamethasone) induce atrophy of dendrites of CA3
pyramidal cells (Fuchs et al., 1995; Magariños and McEwen, 1995;
Woolley et al., 1990). More specifically, structural changes in dorsal
CA3 region have been reported as a neural consequence of chronic
stress (Watanabe et al., 1992; Magariños et al., 1996; McEwen and
Magariños, 1997; Lambert et al., 1998; Vyas et al., 2002; McLaughlin
et al., 2009; Christian et al., 2011).

The adrenal steroid appears to be crucial in structural remodel-
ing (McEwen, 1999) since repeated corticosterone administration
induces retraction of apical dendrites in the CA3 subregion of
the hippocampus in adult male rats. Mineralocorticoid receptors
in the hippocampus mediate the enhancement of neurogenesis
and differentiation of processes of cultured hippocampus neurons,
whereas glucocorticoid receptors are involved in the suppression
of their morphology (Fujioka et al., 2006). Repeated corticosterone
administration induces retraction of apical dendrites in the CA3 sub
region of the hippocampus in adult male rats (Woolley et al., 1990).
Stress-induced CA3 dendritic retraction is prevented by steroid
synthesis blocker (Magariños and McEwen, 1995).

In our model we have demonstrated enhanced plasmatic cor-
ticosterone levels in 16-wk-old LP programmed rats (data not
published), thus we may  hypothesize that higher steroid levels may
be a striking factor involved in the structural remodeling of the
hippocampus as observed herein. However, our study is not able

to answer the question whether CA3 dendritic atrophy is related
to in uteri underdevelopment or results from a postnatal adapta-
tion to programmed physiology in adult life. Further time-course
studies should be done to assess both the corticosterone levels and
its action over hippocampus dendritic 3-dimentional analysis in
embryos and early postnatal age of gestational protein restricted
animals.
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