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ABBREVIATIONS

Co: Control diet

DTI: Diffusion tensor images

k: Nodal degree

L: Characteristic path length

MCP: Moderate calorie-protein restriction diet
Mean C: Mean clustering coefficient
MRI: Magnetic resonance images
PCA: Principal Component Analysis
PFA: Paraformaldehyde

R-C: Rich-club

ROI: Region of interest

SP: Severe protein restriction diet

SW: Small-worldness



ABSTRACT

Brain structural connectivity is known to be altered in cases of intrauterine growth restriction and premature
birth, although the specific effect of maternal nutritional restriction, a common burden in human populations,
has not been assessed yet. Here we analyze the effects of maternal undernutrition during pregnancy and lactation
by establishing three experimental groups of female mice divided according to their diet: Control (Co),
Moderate calorie-protein restriction (MCP) and Severe protein restriction (SP). Nutritionally restricted dams
gained relatively less weight during pregnancy and the body weight of the offspring was also affected by
maternal undernutrition, showing global growth restriction. We performed magnetic resonance images (MRI) on
the offspring’s brains after weaning and analyzed their connectivity patterns using complex graph theory. In
general, changes observed in the MCP group were more subtle than in SP. Results indicated that brain structures
were not homogeneously affected by early nutritional stress. In particular, the growth of central brain regions,
such as the temporo-parietal cortex, and long integrative myelinated tracts were relatively preserved, while the
frequency of short tracts was relatively reduced. We also found a differential effect on network parameters:
network degree, clustering, characteristic path length and small-worldness remained mainly unchanged, while
the rich-club index was lower in nutritionally restricted animals. Rich-club decrease reflects an impairment in
the structure by which brain regions with large number of connections tend to be more densely linked among
themselves. Overall, the findings presented here support the hypothesis that chronic nutritional stress produces

long-term changes on brain structural connectivity.
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INTRODUCTION

The development of the central nervous system is a complex process that demands large amounts of
energy as well as specific nutritional components (Morgane et al., 2002; Kuzawa et al., 2014; Barrickman,
2016). Since most of brain development occurs prenatally and during lactation, maternal nutrition has been
identified as a key factor for brain growth and maturation both in human populations (Ivanovic et al., 2000;
Odabas et al., 2005; Kar et al., 2008) and in experimental animal models (Cordero et al., 1986; Morgane et al.,
1993, 2002; Ranade et al., 2008, 2012; Antonow-Schlorke et al., 2011; Durén et al., 2011; Hunter et al., 2016).
The experimental approaches have been mainly devoted to assess the effects of different conditions of maternal
nutrient restriction on the brain of the offspring (Hunter et al., 2016). Different changes are found depending on
the degree of restriction (from mild to severe deprivation), the developmental stage and the duration of the
nutritional stress (there are studies in which the treatment is only induced in a part of the pregnancy, or
throughout the whole gestation, or include lactation), the kind of nutrient that is reduced (e.g. protein restriction,
calorie-protein restriction) as well as the animals used (most studies are done on rats although mice and non-
human primates have also been used) (Alamy and Bengelloun, 2012). Overall, these works have mainly focused
on histological and physiological alterations of specific brain regions while the effect of early malnutrition on
the structural connectivity between them is still largely unknown. Understanding the consequences of
environmental factors on the connectivity is particularly relevant given that it represents the anatomical support
of information flow (Sporns et al., 2004).

In recent years, advances in methods for high resolution magnetic resonance imaging (MRI) have
opened new possibilities for the assessment of structural properties of the whole brain. Among other advantages,
MRI-based techniques provide the opportunity to track and visualize the myelinated tracts that link brain
regions. The observed connections are commonly summarized as networks whose nodes and edges are formed
by anatomical regions and tracts, respectively. Properties of such structural networks have been analyzed using
complex graph theory, which allows inferences about connectivity patterns that are not possible from the study
of elements in isolation (Sporns et al., 2005; Stam, 2014). The architectural properties of these networks were
found to be strongly influenced by genetic, epigenetic and environmental factors (Hoff et al., 2013; Stam, 2014).
Among them, special attention was paid to the probable effect of fetal growth restriction and preterm birth on
structural connectivity (Ball et al., 2012; Batalle et al., 2012, 2014; Karolis et al., 2016). According to these
works, the organization of brain structural connections is to some extent robust to perturbations in somatic
growth, although they report changes in network properties. However, the causes of growth perturbation
explored were the reduced placental flow, induced either by experimental ligation of uteroplacental vessels or
by placental insufficiencies, and other maternal and fetal alterations rather than the maternal malnutrition per se,
which is a common burden in several human populations. Other studies have used MRI to assess the effects of
nutrition on human brain development (Isaacs, 2013; Vasu et al., 2014; Strammen et al., 2015; Beauport et al.,
2016), although the influence of other socio-environmental factors and comorbidities cannot be discarded
(Hunter et al., 2016). A few experiments have done so in animal models (Sussman et al., 2013a, 2013b), which
unlike human studies, can be used to isolate the influence of specific factors. However, none of previous
experimental works has characterized the effect of early nutrient restriction on brain structural networks.

Here, we focus on maternal malnutrition as the source of growth restriction and explore its

consequences in structural connectivity. As different kinds of nutrient restriction can produce variable effects on



phenotypic traits we applied two complementary designs. One experimental group that models the effect of
maternal severe protein restriction while maintaining a constant supply of energy and other micronutrients, and
another group that models the effect of moderate restriction in the total amount of food resulting not only in a
protein reduction but in a global calorie-protein restriction. Since both kinds of nutrient restriction (severe
protein and moderate calorie-protein) have different prevalence and affect different human groups worldwide
(Latham et al., 1997; FAO, 2006), we used well-established experimental models to account for their effects on
brain structural connectivity.

We previously demonstrated that chronic protein restriction affects maternal body weight and placental
structure during early-middle pregnancy, and impairs body and brain growth of the offspring later during
perinatal life (Gonzalez et al., 2016). Protein restriction applied only during pregnancy also produces several
long-lasting physiological and behavioral changes on the offspring, including hyperinsulinemia and glucose
intolerance, hyperleptinemia, diet-induced obesity, and changes in the anxiety profiles, sleep patterns and
circadian rhythms (Barker et al., 1993; Sutton et al., 2010; Crossland et al., 2017). The effect of global reduction
of the intake has been less explored, although some studies demonstrate that it-also leads to modifications of the
body weight (Smart et al., 1976; Zhang et al., 2010) and produces significant alterations on brain development,
by affecting cell proliferation, cell death, myelinogenesis, neuronal process formation and cell motility, even
when the reduction is moderate (Antonow- Schlorke et al., 2011). On the basis of these studies we hypothesize
that chronic nutrient restriction during early life has important consequences in brain structural connectivity. If
this were the case, we would also expect that altered connectivity relates to morphological changes on the
anatomical elements that conform the network (brain regions and white matter tracts connecting them).

Here, maternal nutritional restriction was applied from early intrauterine life to the end of lactation
because mouse newborns are relatively immature, and thus several developmental processes -such as increasing
axonal and dendritic density and myelination- take place during postnatal life, while in humans and many other
mammals part of these changes occur prenatally (Semple et al., 2013). It is worth noting that despite of such
differences in the developmental timing between the mouse brain and other species, the sequence of key events
in brain development is highly conserved (Clancy et al., 2001). Consequently, the temporal extension of the
nutritional stress applied here leads to a wide coverage of key neurodevelopmental events.

In'sum, through the combination of experimental models with mice, micro-MRI techniques and
complex graph analyses, this study will contribute to discuss the extent in which connectivity properties are

disrupted or maintained under the influence of a particular and controlled environmental factor.



EXPERIMENTAL PROCEDURES
Animals and experimental design

C57BL/6J male and female 4-week-old mice from the Animal Facility of Faculty of Veterinary,
National University of La Plata, Argentina, were acclimatized during 4 weeks on a 12-h light 12-h dark cycle.
After this period, nulliparous females were randomly divided into three groups: Control (Co), Moderate low
calorie-protein (MCP) and Severe low-protein (SP), and they were mated overnight. During the mating period,
two females of the same group were housed in a standard cage and, one hour before the beginning of the dark
cycle, a male was introduced in the cage and it was left until the next morning at the beginning of the light
cycle. At this moment, the male was removed from the cage and females were examined for postcoital vaginal
plug as a signal of pregnancy confirmation. In those cases where postcoital plug was found, females were
separated and housed in single cages. Dams from Co and SP groups received the corresponding diets starting
from the day of pregnancy confirmation (EO) up to weaning of the pups. Co group-had ad libitum access to a
20% protein diet with a caloric proportion of 3.8 Kcal/g (TD91352, Harlan Teklad, Madison) that is
recommended for standard rodent breeding, while SP animals had ad libitum access to a protein-restricted diet
(6%) in the form of casein and DL-Methionine but which has the same composition of calories as the Co diet
(TD90016, Harlan Teklad, Madison). Moderate low calorie-protein (MCP) diet consisted on a reduction in the
total amount of food dispensed to the dams. In this case, we followed the pair-feeding technique and from day
E10, pregnant dams were fed with 80% of daily intake of a Co dam with similar weight and at the same day of
pregnancy (Cesani et al., 2006). In order to obtain a better representation of each group and reduce potential bias
due to maternal effects, analyzed animals derived from at least 3 dams in each group (n of dams: Co=6, MCP=3,
SP=3).

All pups were weaned at day 20 of postnatal life (P20) and they were housed individually and fed
standard diet until P34. Around this age, mice are experiencing adolescence stage characterized by the onset of
their reproductive maturation and other physiological changes that preclude adulthood (Brust et al., 2015).
Sample preparation consisted on deeply anesthetize P34 mice to be perfused with 4% paraformaldehyde (PFA)
through the left ventricle to fix brain. After perfusion, extracranial tissues were removed and skulls were
immersed into 4% of PFA during 48h and then they were stored in PBS until scanning. In total, 23 specimens
were scanned and analyzed, including both males and females in similar proportions within each group (Co=5
males and 5 females, MCP= 3 males and 3 females and SP= 3 males and 4 females). Body weights were
compared between groups by means of ANOVA and using a post-hoc LSD test in order to distinguish multiple
comparisons. Sexual dimorphism for morphometric measurements (body weight and brain volume) was
evaluated by means of a Student’s-t test.

All procedures were carried out according to the guidelines of the Canada Council on Animal Care and
in compliance with the Committee for the Care and Use of Experimental Animals (CICUAL) of the Faculty of
Veterinary of the National University of La Plata (Protocol number 42-2-14P). This study does not include any
kind of human sample.

MRI acquisition and network construction
Fixed brains were scanned in a 9.4T animal MRI scanner (Bruker 9.4T BioSpec, Experimental Imaging

Centre of the University of Calgary, Canada) to obtain high resolution MRI. T2-weighted echo-gradient



sequences, with TE 10 ms and field-of-view 15 x 15mm and matrix size of 128 x 128 x 30 were carried out.
From these images, twenty-four regions of interest (ROIs) were manually segmented (Table 1) following Allen
Reference Atlas available at http://www.brain-map.org/ Lein et al., (2007) and Dorr et al., (2008) and using

Avizo software. From three-dimensional reconstructions, a volumetric estimation of each parcellated ROI was
obtained.

Connections between previously parcellated ROIs were extracted by means of an algorithm that
reconstructs tractography from diffusion tensor images (DTI) with 30 directions using software tools of
MedInria (Toussaint et al., 2007) and DSI Studio (http://dsi-studio.labsolver.org/). By this procedure, we
obtained a matrix containing the number of tracts that were reconstructed between each pair-of nodes (i and j).
Because the number of tracts is expected to be strongly associated with the volume of regions, we performed a

standardization taking into account the volumes of the two participating nodes. Each edge was thus defined as

_ VOL{+VOL;

ejj = where VOL;and VOL; correspond to the volumes of the two connected nodes and n is the

2n tracts '’

total number of tracts connecting them. These values were used to estimate a weighted connectivity matrix for
each specimen that reflects its brain structural connections. Further data analysis is based on these weighted

connectivity matrices.

Network analyses

Concepts and analyses based on graph theory were used to quantify patterns of brain connectivity.
Here, brain networks were defined by their nodes (parcellated ROIs) and edges (given by the weights of the
weighted connectivity matrix defined above) connecting pairs of nodes. All network measures were computed
using Brain Connectivity Toolbox (Rubinov and Sporns, 2010) and the package igraph for R (Csardi and
Nepusz, 2006).

First, a set of basic and general parameters were estimated to describe global aspects of networks and
compare experimental groups. As a measure of network segregation, we used the clustering coefficient as

defined by Onnela etal., (2005) for weighted matrices. This measure represents the intensity of edge triangles

1 » Wij+wig)
si(ki=1) S0k 2

around a node and is defined as: C; = a;;a; a;, Where s; corresponds to the strength of

node i. According to this definition, only those link weights that were adjacent to node i swi; and w, are
considered and a link between nodes j and k is required. The clustering coefficients of the 24 nodes were
averaged to obtain the mean clustering coefficient (mean C) for each specimen. To describe the global network
integration, we computed the characteristic path length (L) as the average of all the shortest paths connecting
each node with all nodes, where the shortest path between two nodes is defined as the minimum sequence of

nodes that links them. The formula used to obtain L was the following: L = @Ziij d(v;,v;), where nis the

number of nodes, and d (v;, v;) refers to the shortest distance between nodes i and j.

Related to the previously described parameters, we estimated a measure of small-worldness (SW) for
each specimen. A small-world pattern is defined by having a characteristic path length similar to a random
equivalent network and a larger clustering coefficient (Watts and Strogatz, 1998). To assess whether the mouse
brain networks studied here follow the small-world pattern, the network of each specimen was compared to a
sample of one hundred random networks with the same degree and strength. In order to compare normalized
values, we calculated the ratios between the original parameters for clustering (C,) and characteristic path length
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(Lp) and the same values for the random sample of networks (C, and L;). Finally, the SW value was obtained by

Cp/Cr

dividing the normalized values of C and L, where SW = L
14 T

. If SM values are larger than 1, then a small-

world pattern can be designated.

In addition, we developed a complementary approach to assess global similarity between groups
regarding their patterns of connectivity. The procedure consisted in estimating a median weighted connectivity
matrix per group by obtaining the median value of each weight within the group. Then, each median weight
value of the matrix of one group was regressed on the corresponding median weight of another group to account
for their correlation and, therefore their similarity.

We also analyzed the influence of individual nodes. Nodal degree (k) was calculated by counting the
number of edges connected to each node in all specimens. Then, frequency distributions for nodal degree were
built separately for the three experimental groups. In addition, nodal efficiency was estimated on the
neighborhood of each node as the inverse average shortest path connecting each node with the rest of them
(Latora and Marchiori, 2001). Also, nodal betweenness centrality was computed as the portion of all shortest
paths that include a given node. This measure reflects the participation of a node in the network. Finally, in order
to obtain a more detailed description of the patterns of those regions that are central to the network, we analyzed
the rich-club (R-C) structure. We followed Karolis et al., (2016) to construct a normalized R-C index to better
compare groups. To this end, a raw R-C index was obtained as proposed by Opsahl et al., (2008) and multiplied
it by the ratio of the number of nodes of the R-C and the total number of nodes in the network. After
exploration, this normalized R-C index was calculated for a range of k-values from 6 to 19. Once values for
each specimen were obtained, we calculated mean values and deviations by experimental group.

For those parameters where we found a remarkable dispersion of values, we performed a Bartlett test to
assess the similarity of variances between groups. In this analysis two sets of values are compared to determine

whether their variances could derive from the same population or they are as dissimilar as to be improbable.

Variation of spatial parameters: node size and tract length

In order to assess to what extent variation in the size of those elements that conform the nodes and links
of the brain networks can impact on network topology, we analyzed the volume of the ROIs and the length of
the tracts that connect them. First, a Principal Component Analysis (PCA) was carried out on ROIs volumes of
the three samples to summarize the main axes of size variation. The aim of the PCA is to extract new axes that
are linear combinations from the original variables (in our case, volumes of the ROIs). The output of PCA is
then a set of orthogonal axes, where each one resumes variation of those traits that change in a coordinated
fashion. The first PC resumes the maximum amount of variation and the other axes successively less variation.
In addition, the loading of each original variable on each PC can be analyzed to have an estimation of the
contribution of these particular variables to the new axes. For computing PCA, we used the function prcomp
from R.

To better capture patterns of correlated variation in size among ROIs and inter-group differences in
these patterns, we estimated partial correlation matrices for each group and plotted their values as heatmaps to
detect the intensity and the direction of coordinated variation between regions in each group. Partial correlation

was preferred in this case because it provides a measure of association between the size variation of two ROIs



while variation in other variables is controlled. These analyses were carried out using the R package ppcor (Kim
et al., 2015).

Finally, the number of tracts connecting each pair of ROIs and the mean length of these sets of tracts
were obtained from tractography. We analyzed the frequency distribution of these mean tract lengths as well as
the total mean length per specimen. Inter-group comparisons were carried out by means of ANOVA and post-
hoc LSD test.



RESULTS
Effects of nutrient restriction on weight and brain size

Weight changes in the dams along pregnancy as well as in the offspring reflected the metabolic effect
of nutrient restriction in our study. At the pregnancy confirmation (EQ.5), there were no significant differences
between dams’ body weight (mean values and standard deviations: Co=21.38g +1.71, MCP=20.85g +0.81,
SP=21.31g £1.5), while by the end of pregnancy (E18.5) comparisons indicated significant differences (p<0.05)
between Co and both restricted groups (Co=37.65¢ £1.71, MCP=34.38¢g +3.12, SP=31.75¢g £1.72). These
differences became more evident when mothers’ weight gain is evaluated: Co gained in average 76.82% of
weight in the time between E0.5 and E18.5, while MCP increased the 64.64% and SP only gained 49.12%. In
spite of this variation, we did not detect any case of premature birth and all specimens were born between E19.5
and E20.5.

Concerning the effect of the diet on the offspring, we evaluated body weight at P34, which corresponds
to the moment when experimental treatments were completed. Here, significant differences (p<0.01) between
Co and restricted groups were found (mean values and standard deviations: Co=17.61g +2.87, MCP=14.18g
+1.78, SP=12.51g £1.99). When sexual dimorphism was analyzed-at P34 within each group, no significant
differences were found in the body weight between sexes. At this age, brain volumes of Co (432.57mm?® +21.25)
were highly significantly larger (p<0.01) than those from MCP(373.83mm? +6.81) and SP (352.74 mm®

+14.87). No significant sexual dimorphism was detected within groups regarding brain volume.

Patterns of connectivity

Fig. 1 shows the results for global connectivity network parameters. Although groups largely
overlapped, mean clustering (mean.C) was slightly larger in SP than in Co group (Fig. 1a). It is also interesting
to note that the dispersion of MCP, and to a lesser extent of SP, increased (Fig. 1a). In fact, a Barlett test for
variance homogeneity showed that dispersion of the mean C parameter in MCP was significantly larger than in
Co, while SP showed only.a marginally significant difference with Co (Table 2). The characteristic path length
(L) also showed a remarkable overlapping of groups with a larger dispersion in MCP and SP than Co (Fig. 1b),
although only MICP showed a significantly increased variance (Table 2). In addition, small-worldness (SW)
showed a subtle decrease in SP, but this difference was not significant and the coefficient of all specimens was
larger than 1 suggesting a maintained small-worldness structure in all cases (Fig. 1¢). Overall, main measures of
global network segregation and integration showed that, although the parameters are largely conserved for all
experimental groups, some subtle differences are observed between control and nutritional restricted groups
(Fig. 1). In general, these results are in agreement with the pair-wise regressions of the median weighted
connectivity matrices. We found a linear relationship among weights of connectivity matrices in all the
between-group comparisons (Fig. 2). The correlation values between all pairs of groups were significant (Co vs
MCP r=0.966 p<0.0001; Co vs SP r=0.913 p<0.0001; MCP vs SP: r=0.934 p<0.0001), indicating that general
network structure was preserved in both nutritionally restricted groups. It is worth noting that R-squared was the
largest for the comparison between Co and MCP and the smallest for Co and SP (Fig. 2).

The frequency distributions of k for the three groups are shown in Fig. 3a. The curves are very similar,
and present a slightly skewed shape, that overlaps in the whole k range for the three groups (Fig. 3a). For nodal

centrality we did not find any differences among groups although a detailed analysis of the rich-club structure of



these nodes showed some differences. In all experimental groups, the rich-club (R-C) index increases smoothly
for relatively small R-C degrees, and then grows steeply for those degrees larger than k= 14 that more probably
correspond to hubs (Fig. 3b). R-C indices were systematically lower for SP, which is especially evident for R-C
degrees larger than 15 (Fig. 3b). Regions and links that participate in the R-C for nodes with degree larger than
15 are showed per group (Fig. 3c). A striking result is that all experimental groups shared most of nodes
involved in R-C relations: temporo-parietal cortex, striatum, hippocampus and midbrain. In the figures
representing a transversal view of brains, it is evident that these regions are all centrally placed in relation to the
antero-posterior axis of the brain (Fig. 3c). However, a difference was found for the SP group, in-which the

thalamus was not included into the regions that conformed R-C structures (Fig. 3c).

Properties of nodes and tracts

The first two PCs performed on ROIs volumes account for more than 75% of variation. PC1 is linearly
related to total brain volume (r=0.891, p<0.0001) and the regions that contribute the most to the variation along
this axis are the temporo-parietal cortex and the cerebellum (Fig. 4). All regions showed positive loadings on
PC1, which reflects that this axis mostly summarizes absolute size differences. Along PC1, specimens belonging
to Co group occupied more positive positions suggesting that their temporo-parietal cortex and cerebellum are
relatively larger. On the other hand, SP specimens were placed towards the negative values of PC1, indicating
an opposite pattern to Co, while MCP group occupied an intermediate position. The second PC (PC2) is less
associated with total brain volume changes (r=0.424, p=0.044) and groups overlapped along this axis. PC2
loadings of ROIs showed a particular pattern-where temporo-parietal cortex is negative while cerebellum is the
most positive (Fig. 4). This means that PC2 captures some differences in relative size among specimens. In
particular, a portion of size variation of temporo-parietal cortex is decoupled from variation of other important
regions, especially the cerebellum (Fig. 4).

Partial correlation matrices showing the association between volumes of ROIs are displayed in Fig. 5 as
heatmaps. The ordination of the regions is given by a hierarchical clustering algorithm. In Co group, we
observed two well-defined clusters, where correlations between regions of the same cluster are generally
negative while inter-cluster correlations tend to be positive or very low. In both restriction groups this structure
is relatively modified and those two big blocks are not as clear as in Co. In addition, the proportion of positive
correlations is relatively reduced in MCP and SP (Fig. 5). Another result deriving from these heatmaps involves
those regions that participate of R-C structures in previously described connectivity networks. In Co, most of the
ROIs that were central in the connectivity networks, showed correlation values near to 0 between them. In other
words, their sizes did not present correlated variation. On the other hand, for the restricted groups several R-C
regions such as the temporoparietal cortex and the midbrain had negative or positive correlated variation with
other central regions (Fig. 5).

The total number of tracts between all pairs of ROIs reconstructed in the tractography showed similar
values and no significant differences between experimental groups in this tract property (mean values and
standard deviations: Co=1513.10 +41.67, MCP=1532.50 £177.46, SP=1471.14 +148.63). In contrast, significant
differences between groups were found for tract length. Fig. 6a shows the total mean tract length per specimen.
Specimens SP had in average mean tract lengths longer than the other groups (Fig. 6a). The ANOVA test
revealed that mean tract lengths are significantly different (F=4.344, p=0.027) between Co and SP groups (LSD



test p=0.009) and between MCP and SP (LSD test p=0.005). Because values in Fig. 6a correspond to the means
per specimen, the pattern found may result from two different scenarios, the higher tract length might result
from the presence of a relatively larger amount of longer tracts in SP or from a relatively smaller proportion of
short tracts. To address these alternatives, we analyzed the frequency distributions of tract lengths. In all cases
the distributions present a sharp peak followed by a quick decay and a flat tail (Fig. 6b), revealing the presence
of many connections between close neighbors and also some connections between distant nodes. These
distributions were fit with a Gamma distribution following Kaiser et al, (2009). The parameters for the
distributions values are the following: Co: a=5.67, b=0.46, c=0.935, r?=0.98; MCP: a=5.67, h=0.48, ¢=1.006,
r?=0.99; SP: a=5.14, b=0.57, ¢=0.95, r>=0.99. Note that the distributions for Co and MCP are indistinguishable,
and there are differences with SP. In fact, a shift is observed in SP group where shorter lengths have a relatively
smaller frequency (Fig. 6b). When absolute frequency of tracts of SP is subtracted to the Co frequency, it is
more evident that there is a drop of tracts with length between 1 and 3 mm in SP group (Fig. 6b inset). This drop
in the frequency of short tracts in SP group is followed by an increase of tracts of 3-4 mm, but this change is not
as pronounced as the drop in shorter tracts (Fig. 6b inset). Thus, we infer that higher total mean tract lengths of
SP resulted from a relatively reduction in the number of shorter paths.in SP animals rather than an actual
increase in length. Finally, in order to understand if this difference in tract length distributions derived from a
change in tracts connecting particular nodes or whether it was a generalized pattern, we estimated the mean tract
length by node (i.e. the average tract length of all the tracts that link a node with any other node). We found that
for most nodes SP had a larger mean tract length than Co group (Table 3), suggesting that this pattern cannot be

associated to a restricted set of brain structures, but it is a generalized change.



DISCUSSION

Phenotypic traits are variably influenced by nutritional stress (Nijhout, 2003; Gonzalez et al., 2011).
We found that experimentally induced nutritional restriction during prenatal and early postnatal life is associated
with some significant changes in brain connectivity. In particular, our results suggest that early nutrient
restriction affected the connectivity of highly connected brain regions, which was described by the rich-club (R-
C) index. Brain networks of animals that were exposed to early and chronic nutritional deprivation had lower
values of R-C index. This shift can be understood as a reduction in the magnitude of those connections that
relate highly connected nodes with similar also highly connected structures. Recently, the impact of
developmental disruptions on brain R-C organization has been analyzed in a sample of adults that were preterm
born (Karolis et al., 2016). In contrast to our findings, the cortical R-C structures were strengthened in preterm
cases, probably as a consequence of preservation of those connections and nodes that are central in the network.
Some differences related to the nature of the perturbation can account for these contrasting results. Preterm
individuals experience an early interruption of intrauterine life and, although some maturational events are
altered, rich-club architecture may exhibit postnatal “catch-up”. This explanation is supported by other studies
that found patterns compatible with compensatory processes in long-term myelination after intrauterine growth
restriction (Tolcos et al., 2011; Illa et al., 2013). In this line Batalle et al., (2014), who used an animal model of
utero-placental ligation to reproduce intrauterine growth restriction, found that even when some changes in
network structure were observed, those regions that were hubs in specimens that had growth restriction
correspond to the same central regions in control ones. In-.our model, regions that are part of R-C structures are
largely conserved between experimental groups, although SP showed a difference regarding the participation of
the thalamus, a key subcortical structure especially known by their interaction with cortical regions. Due to the
complex integration with other structures, the thalamus is involved in important aspects of the sensory-motor
and cognitive functions (Schmitt and Halassa, 2017). The fact that in SP the thalamus is not among the R-C
structures does not necessarily imply that interactions with other regions are not guaranteed by direct or indirect
ways. However, this shift may impact on the performance of those functional circuits where the thalamus is
involved.

We also found remarkable differences in the total tract length along with a reduction of the number of
short tracts in relation to longer tracts in animals under chronic nutrient restriction. Because brain networks are
spatially defined, there are some constraints that do not depend on the topology itself but on the physical or
spatial properties of nodes and links (Gastner and Newman, 2006; Bullmore and Sporns, 2012). Some structures
of the network are more expensive to maintain than others. Several studies suggest that central and highly
connected nodes are more demanding in blood flow and oxygen intake (van den Heuvel and Sporns, 2011; van
den Heuvel et al., 2012; Alexander-Bloch et al., 2013b; Crossley et al., 2014). Also, long myelinated tracts that
are usually less frequent in the brain and are mostly involved in integrative functions of the networks (van den
Heuvel et al., 2012; Crossley et al., 2014), are more expensive to produce and their growth as well as the
transmission of energy along them require more investment of the organism (Bullmore and Sporns, 2012).
Therefore, prioritizing highly costly long myelinated tracts under metabolic and nutrient restriction may seem
contradictory. On the other hand, perturbations of the integrative long-distance tracts may have several
disrupting effects. In fact, different studies have showed that in severe neurological disorders, highly connected

regions and long-distance edges are usually those that suffer more damage (Alstott et al., 2009; Achard et al.,



2012; Crossley et al., 2014). In other words, when costly central network elements are affected, brain
functioning is compromised with cognitive or behavioral consequences. Accordingly, we hypothesize that long-
distance integrative tracts were preferentially preserved at expenses of other local and probably redundant
connections as a generalized response in the analyzed brain structures. This plastic response could allow
maintenance of the integrity and topology of the network, reducing the impact of nutrient restriction in brain
function. However, several studies have found alterations in behavior related to the exposure to maternal
undernutrition (e.g. Villescas et al., 1981). Recently, studies using a similar protocol of maternal protein
restriction to ours, described behavioral changes in the offspring such as an increase in anxiety, problems in
social play, motivation, exploratory activity as well as disruptions of sleep (Belluscio et al., 2014; Crossland et
al., 2017). More work is required to relate structural networks patterns to specific functional or behavioral
outcomes.

Regarding morphological changes in the structures that conform the nodes of the networks, we found
that the size of regions that are central to network structure are to some extent less affected. This is especially
the case of the temporo-parietal cortex, which is relatively preserved compared to the global size reduction of
the brain observed with nutrient restriction. Our results suggest that nutritional stress during development has a
differential effect on size variation of analyzed regions. Consequently, the correlations among the sizes of brain
regions were altered. Although these correlations between size of ROIs, measured by the thickness or volume,
have been widely used to describe the structural covariation at a sample or population level, it is still an open
question how they relate to functional and structural connectivity networks measured at the individual level
(Alexander-Bloch et al., 2013b; Di et al., 2017). Some authors suggest a close relation under the assumption that
the formation of axonal connections between regions is accompanied by structural covariation between them
(Mechelli et al., 2005; Lerch et al., 2006). According to this reasoning, the early establishment of structural and
functional connections between two regions would cause a trophic link that leads to coordinated maturation,
which would be then expressed in coordinated variation of ROIs size (i.e. structural covariation) (Alexander-
Bloch et al., 2013a, 2013b). However, there is also evidence supporting that structural covariance reflects
information about a different kind of biological processes than white matter connectivity and metabolic or
functional analyses (Gong et al., 2009; Di et al., 2017). Previous research on phenotypic variation have found
that the observed patterns of association between morphological traits result from the tendency of the system to
produce coordinated variation but correlations among traits are only evident when there is variation in the
studied sample (Hallgrimsson et al., 2007; Hallgrimsson et al., 2009). In this study, we have shown that when
size variation is introduced as a result of growth restriction, structural covariation changes substantially and this
structure of covariation does not necessarily reflects the connectivity patterns of fibre tracts measured at the
individual level.

Other basic network parameters such as degree distributions, clustering, characteristic path length and
centrality of brain networks were maintained even when noticeable changes were found in the size of brain
structures and other variables. One possibility is that these properties of connectivity networks were not
sensitive to the induced stress. On the other hand, the observed pattern could be the result of buffering
mechanisms unfolded during development to prevent seriously disrupting changes in brain network that could
affect different brain functions as have been suggested in other cases (Baker et al., 2010). In this sense, plasticity

of the nervous system during early life has been widely found to produce compensatory effects at different



anatomical levels (Blitz et al., 2004; Tovar-Moll et al., 2014). This possibility is partially supported by results
provided by Batalle et al., (2014) and Karolis et al., (2016), which show that global integration of structural
network is preserved at expenses of other features during growth perturbation.

Additionally, an increase in within-group variation was found for some connectivity parameters in the
undernourished groups, despite the fact that mean values of network parameters remained unchanged. An
increase in phenotypic variance has been associated with impaired buffering against environmental insults
during development (Palmer 1994; Leung et al., 2000). Indeed, it has been found that a deprivation of nutritional
resources in utero leads to an increase of dispersion in morphological (Gonzalez et al., 2014) as well as.in
behavioral traits (Eixarch et al., 2012). Our results can be indicative of perturbations of the developmental
processes that produce those phenotypic traits. Further work on this topic, which includes larger samples, is
required to reveal how nutritional stress impacts on the ability of the developing system to canalize brain
growth.

In sum, our results indicated that chronic nutritional restriction had a differential influence on the
properties of connectivity networks in mice brains. We modeled two scenarios of maternal nutritional restriction
and showed that despite having a global impact on mothers and offspring’s body weight as well as in brain
volume, the effect on brain connectivity was heterogeneous with some variables more affected than others.
Particularly, our results showed that the tendency for brain regions with large number of connections to be more
densely linked among themselves was affected by early undernutrition. This was especially the case for the
thalamus, although the functional consequences of such reduced connectivity need to be assessed. Concerning
the components of connectivity networks, a remarkable finding was the relative preservation of the number of
longer tracts after maternal severe protein restriction in comparison to local shorter connections. This last aspect
(tract length) was one of the variables that remained unchanged for the moderate calorie-protein restriction case.
In general, we found that both maternal nutritional stress models displayed different results, reinforcing the idea
that more systematic studies comparing different protocols would be desirable to discern the specific effects of
different environmental inputs on brain development. Overall, the findings presented here support the
hypothesis that chronic nutritional stress produces long-term brain reorganization which is thought to underlie
neurobehavioral changes, although the specific mechanisms responsible for the observed structural changes
remains to 'be explored. In this sense, further studies are needed to assess whether the observed patterns result
from a differential susceptibility intrinsic to brain elements or they are the consequence of compensatory

mechanisms unfold in different ontogenetic stages.
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LEGENDS

Figure 1. Inter-group comparisons for basic network parameters: Distribution of (A) mean clustering
coefficient, (B) characteristic path length and (C) small-worldness coefficient, largely overlapped between
groups.

Figure 2. Between-groups correlations of connectivity weight matrices. All pairs of groups are highly
associated.

Figure 3. (A) Degree frequency distribution by experimental group. Curves correspond to a Gamma distribution
fitted for each group. All experimental groups displayed a very similar pattern of k distribution. (B) Rich-club
index. Solid lines indicate average values and transparencies account for standard error. In the inset, the values
for degrees between 15 and 18 are showed in detail. R-C indices for k larger than 14 display differences among
experimental groups, with Co showing in most of the cases a larger value. (C) Schematic representation of
nodes involved in rich-clubs with k>15. Nodes are represented by squares and links between them are depicted
by lines. While most of the participating regions are repeated in all groups, thalamus is not present in SP.

Figure 4. PCA on ROIs volumes. Distribution along PC1 and PC2 in relation to total brain volume. Bubble size
corresponds to total brain volume with the largest value being 426.22mm? and the smallest 333.91mm?. On the
right, a summary of some remarkable ROIs loadings for PC1 and PC2.

Figure 5. Heatmaps representing partial correlations within each experimental group.

Figure 6. (A) Total mean tract length. SP group displayed larger values compared to Co and MCP. (B)
Frequency distribution of mean tract length. Curves correspond to a Gamma distribution fitted for each group.
Inset: Absolute frequency of MCP and SP is subtracted to frequency of Co, the arrow indicates the drop of
frequency of tracts in SP.



Table 1 Identification of studied brain regions

Number Region name Abbreviation
1 Olfactory bulbs right OIfB right
2 Olfactory bulbs left OIfB left
3 Cerebellum right Crbright
4 Cerebellum left Crb left
5 Corpus callosum right CoCall right
6 Corpus callosum left CoCall left
7 Midbrain right Midb right
8 Midbrain left Midb left
9 Striatum right Str right
10 Striatum left Str left
11 Frontal cortex right FrCx right
12 Frontal cortex left FrCx left
13 Temporo-parietal cortex right TempParCx right
14 Temporo-parietal cortex left TempParCx left
15 Hypothalamus right Hythal right
16 Hypothalamus left Hythal left
17 Hippocampus right Hipp right
18 Hippocampus left Hipp left
19 Thalamus right Thal right
20 Thalamus left Thal left
21 Occipital cortex right OccCx right
22 Occipital cortex left OccCx left
23 Fimbria left Fim right
24 Fimbria right Fim left



Table 2 Bartlett test for variance homogeneity

mean C Co MCP

Co

MCP 5.3798 (p=0.02037)

SP 3.0919 (p=0.07868) 0.3383 (p=0.5608)
L Co MCP

Co

MCP 4.0875 (p=0.0432)

SP 2.3414 (p=0.126) 0.2541 (p=0.6142)



Table 3 Difference between Co and SP in the mean tract length by node

Region Difference (mm)
Cerebellum left -0.107
Cerebellum right -0.592
Corpus callosum left 0.132
Corpus callosum right -0.153
Fimbria left -0.518
Fimbria right -0.197
Frontal cortex left -0.073
Frontal cortex right -0.388
Hippocampus left -0.060
Hippocampus right -0.437
Hypothalamus left -0.179
Hypothalamus right -0.003
Midbrain left 0.014
Midbrain right -0.188
Occipital cortex left -0.119
Occipital cortex right -0.072
Olfactory bulb left -0.215
Olfactory bulb right -0.880
Striatum left -0.310
Striatum right -0.407
Temporo parietal cortex left -0.515
Temporo parietal cortex

right -0.019
Thalamus left -0.122
Thalamus right -0.209




HIGHLIGTHS
- Maternal undernutrition impacts on the development of brain structural networks
- Connectivity parameters were differentially affected by nutritional restriction
- Rich-club structure was altered in cases of severe protein restriction
- Longer integrative tracts are less affected than shorter local ones



