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Abstract

Introduction: Chronic reduction of oxygen and nutrient delivery to the fetus has
been related to neurodevelopmental problems. Placental underperfusion
induces a significant reduction in oxygen and nutrient delivery, whereas
maternal undernutrition causes mainly nutrient deficiency. A comparison of the
neurodevelopmental effects of both situations in pregnant rabbits was
performed.

Material and Methods: The placental underperfusion model was induced after
uteroplacental vessel ligation at 25 days of pregnancy. The undernutrition
model was induced after a reduction of 70% of the basal maternal intake at 22
days of pregnancy. Neurobehavioral tests were applied in the derived offspring
at the neonatal period and at long-term. Structural brain differences were
evaluated by brain networks obtained from diffusion magnetic resonance
imaging.

Results: Birth weight was significantly lower in both cases. However, stillbirth
was only increased in the placental underperfusion model. Cases from both
models presented poorer neurobehavioral performance and network
infrastructure, being more pronounced in the placental underperfusion model.
Discussion: Prenatal insults during the last third of gestation resulted in
functional and structural disturbances. The degree of neurodevelopmental
impairment and its association with structural brain reorganization seemed to be
related to the type of the prenatal insult, showing stronger effects in the

placental underperfusion model.

Key words: Animal model, behavior, brain networks, fetal growth restriction,
placental insufficiency, undernutrition.

Abbreviations:

FA: fractional anisotropy;, FGR: fetal growth restriction; MRI: magnetic
resonance imaging; OFBT: open field behavioral test; ORT: object recognition

task; PU: placental underperfusion; UN: undernutrition.



Introduction

Fetal growth restriction (FGR) has been related to neurobehavioral
problems during the childhood period [1, 2] that also persist long term [3, 4].
Interestingly, long-term follow-up studies have described cognitive impairments
and learning difficulties at school age [5] involving short-term memory, and
attention and anxiety problems [3, 4].

Although this evidence exists, the exact mechanisms underlying fetal
brain programming due to FGR are still unknown. Notwithstanding their obvious
limitations, animal models provide an opportunity to advance the investigation of
the pathophysiology of this condition. There are two major approaches to
reproduce preclinical FGR models: models based in placental underperfusion
(PU) and models based in undernutrition (UN) [6]. PU models are based on the
reduction of uteroplacental blood flow, which decreases supply of both oxygen
and nutrients, whereas UN models are based on the reduction of maternal
intake, which results mainly in a decrease of nutrients. Regarding PU models,
different methods have been described. While generalized reduction in the
uteroplacental blood supply by means of uteroplacental embolization and
bilateral uterine artery ligature resulted in nonpredictable reductions of placental
perfusion [7], selective ligature of uteroplacental vessels performed in pregnant
rabbits has been demonstrated to develop a gradable model of FGR [8].
Regarding UN models, maternal food deprivation has also demonstrated human
FGR characteristics in pregnant rabbits [9,10].

Although nutrients and oxygen have been described to be essential
elements needed to complete normal fetal brain programming [11], we
hypothesized that neurodevelopmental effects of oxygen and nutrient restriction
during fetal neurodevelopment would have a greater impact on brain
programming in comparison to a nutrient deficiency alone. For that purpose, the
current study attempts to describe the neurodevelopmental impact of what are
probably the two major causes worldwide of adverse intrauterine environment
affecting the biologic growth potential (PU model by means of uteroplacental
vessel ligation and UN model during pregnancy) induced during the last third of
gestation [8]. In the offspring derived from these models, neurobehavioral tests

at the neonatal and long-term period and structural brain changes using



structural brain networks from ex-vivo diffusion magnetic resonance imaging

(MRI) at the long-term period were evaluated.



Materials and Methods

The methodology of the study and flow chart are summarized in Figure 1.

Animals, FGR induction, and ethics statement

FGR was induced in pregnant rabbits during the last third of gestation
following two different approaches: placental underperfusion (PU) and
undernutrition (UN). The PU model was induced in nine pregnant rabbits
following the detailed protocol previously described [8]. Briefly, ligation of 40%
to 50% of the uteroplacental vessels of all the gestational sacs of one horn was
performed at 25 days of pregnancy, whereas the contralateral horn was used as
a control. At 30 days of pregnancy, a cesarean section was performed. The UN
model was performed in three pregnant rabbits, reducing 70% of the basal food
intake, corresponding to approximately 45 g/day of the standard chow
specifically designed for the pregnant and lactating rabbit mother (2030 Teklad
Global Rabbit Diet). Basal food reduction was started from 22 days of gestation
up to 31 days of gestation, when a vaginal delivery was allowed [12]. As a
control for the UN model, we included three rabbits that were feed ad libitum.
Vaginal delivery was allowed or induced with oxytocin at 31 days of pregnancy.
Pups from both models were weighed and identified with a subcutaneous chip.
The PU model pups were housed and breastfed by a surrogate, whereas in the
UN model, pups were fed by their own mother, with a maximum of eight pups in
both models. Pups were housed until the 30th postnatal day, when they were
weaned. Thereafter, both groups of rabbits were housed in groups of three with
a reversed 12/12h light cycle, and free access to water and food. The animal
experimentation in this study was approved by the Animal Experimental Ethics
Committee of the University of Barcelona (permit number: 206/10-5440).

Functional tests protocol evaluation

At postnatal day 1, neurobehavioral evaluation was performed following
the methodology previously described [13,14], evaluating general motor skills,
reflexes, and olfactory sensitivity.

Between postnatal days 60 and 70, evaluation of learning, anxiety, and

memory was performed. Concerning the learning evaluation, a Skinner box was



constructed as detailed in Leal-Campanario et al. (box for operant conditioning
and instrumental learning for rabbits, 2012. Inscription number in Spain:
P2001231369), and the protocol was adapted from the methodology previously
described [15] with food reward reinforcement and a continuous reinforcement
schedule. One week before starting the evaluation, rabbits were food-deprived
(~20 g/d of food chow) to increase their motivation to get the food reward. After
observing a 10% to 15% reduction in their basal weight, the first shaping phase
was started. This phase lasted 5 days, and any advancement toward the feeder
bar was rewarded. After 2 days of rest, the training phase lasting 5 more days
was performed, and a reward was given only when the animal specifically
pressed the lever. In this phase, the learning criterion was considered to be
when the animal pressed the lever and went directly toward the food dispenser
to obtain the reward at least three times in one session. All sessions lasted 10
minutes and were recorded for posterior analysis. After the Skinner test, the
animals were allowed to rest for 2 days before continuing with the Open Field
Behavioral Test (OFBT) and the Object Recognition Task (ORT), respectively.
These tests were applied following methodology published previously [16], and
examinations were recorded and analyzed using a video tracking software
(SMART Software Tracking System from Panlab). OFBT variables included
“latency” (time in seconds the animal leaves the familiar starting point and starts
exploring the open field) and “number of internal and external areas explored.”
Variables recorded in the ORT included: time in seconds exploring the two
objects presented in the familiarization phase and time in seconds exploring the
familiar and the novel objects in the testing phase. The discriminatory index (DI)

was then calculated as follows:

time exploring novel object — time exploring the familiar one

~ time exploring novel object + time exploring the familiar one
After the neurobehavioral tests, rabbits were anesthetized (Ketamina +
Xylacine) and euthanized with an endovenous overdose of sodium
pentobarbital. Brains were then fixed with 10% buffered formalin solution
through a cardiac perfusion fixation protocol. After fixation, brains were removed

and placed in 10% buffered formalin solution overnight.



MRI acquisition, tractography, brain parcellation, network

extraction, and analysis

A sub-sample of fixed brains was selected to be scanned (16 animals
from PU and 14 from the UN). MRI was performed using a 7T animal MRI
scanner (BrukerBioSpin MRI GmbH). Due to technical issues, high-resolution
three-dimensional T1 weighted images were obtained in the UN's brain samples
by a modified driven equilibrium Fourier transform (MDEFT) sequence; whereas
T2-weighted images were obtained in the PU's brain samples by a rapid
acquisition with relaxation enhancement (RARE) sequence. In both models,
diffusion-weighted images (DWI) were acquired using a diffusion sequence
covering 30 gradient directions with a b-value of 3000 s/mm? together with a
baseline (b = 0 s/mm?) image. Pre-processing, tractography, brain parcellation,
and brain network extraction were performed following the methodology
previously described [17], obtaining an FA-weighted network for each subject.
The Brain Connectivity Toolbox was used to characterize global functioning of
each network by means of graph theory network features [18]. Particularly, we
assessed infrastructure (average strength), integration (global efficiency), and
segregation (local efficiency) of each FA-weighted network (see Supplementary
material for a more detailed methodology explanation).
Statistics

Statistical comparisons were performed by general linear models (GLM)
and were adjusted by gender in long-term data. Interaction of group (controls
and cases) and gender was first included into the model, but as it did not show
any significant effect, was excluded of the final model. Significance was
declared at p<0.05 (uncorrected). Normality was assessed by Shapiro—Wilk test
and homoscedasticity by Levene's test, and when the null hypothesis was
rejected, log-transformation was performed before GLM analysis. Descriptives
of the variables were expressed as mean and standard deviation for normal
distributions, whereas median and interquartile range were used for non-normal
distributions. To evaluate functional impairments in both models, the mean
difference (mean result in controls minus mean result in cases) and its 95%CI
were calculated for each model and for each functional variable. Association of

network features with functional results was performed by means of a partial



correlation or GLM, as needed. The software package STATA13.0 was used for

the statistical analyses.



Results

Perinatal data

Stillbirth was statistically higher in cases coming from the PU model
compared to their respective controls (44% vs. 5%, p<0.001). No stillbirth was
observed in the UN model. Postnatal mortality rate did not differ between cases
and controls in both models (42% vs. 32%, p=0.55 in PU; 6% vs. 5%, p=0.94 in
UN, cases vs. controls, respectively). Regarding birth weight, both models had
a similar effect, observing a significant birth weight decrease in cases compared
to their respective controls (Figure 2). The degree of growth restriction induced
by both models was similar [birth weight in PU: 30.23 g (SD 12.08); birth weight
in UN: 51.92 g (SD 7.57)], as both FGR’s birth weights corresponded to their
10" percentile derived from normal birth weight distribution (10" percentile from
PU: 33 g; 10" percentile from UN: 53 g).

At the long-term period evaluation, no differences in weight [1444 g (SD
136) vs. 1589 g (SD 376), p=0.24 in PU; 1378 g (SD 101) vs. 1442 g (SD 111),
p=0.17 in UN, cases vs. controls, respectively] and gender distribution (% of
females: 55% vs. 62%, p=0.73 in PU; 33% vs. 31% in UN, cases vs. controls,

respectively) were observed in these models.

Functional results

At the neonatal period, cases from both models showed poorer results in
almost all the parameters (Supplementary Table S1). These differences were
more pronounced in the PU model, as shown in Figure 3, where mean
difference and its 95%CI for each functional variable were higher in the PU
model.

At the long-term period, all the animals that reached that period did not
present any motor abnormality that could have interfered in the execution of the
neurobehavioral tasks. Due to technical problems, Skinner tests and OFBT
were not available in 11 animals from PU and 8 animals from UN. ORT was
attempted in all animals with a successful OFBT test; however, only 17 animals
from the PU and 23 animals from the UN model were suitable to be included in

the ORT analyses, since they explored at least one object in the Familiarization
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phase and at least one time both objects in the Testing phase [19]. Skinner test
results showed a lower proportion of cases from the PU model reaching the
learning criteria when compared with their controls (30% vs. 77%, p=0.03 cases
vs. controls, respectively), whereas no differences were observed in the UN
model (44% vs. 56%, p=0.56 cases vs. controls, respectively). Regarding OFBT
results, cases from both models presented a significantly increased latency of
leaving the familiar starting point and a reduced number of external and internal
boxes explored. When ORT was assessed, a decreased DI was observed in
cases compared to their respective controls in both models (Supplementary
Table S2). Again, these differences at the long-term period were more
pronounced in the PU model, as shown in Figure 4, where mean difference and
its 95%CI for each functional variable were higher in the PU model compared
with the UN model.

Brain network results

Overall, animals with a history of FGR presented a significant decrease
in brain network parameters when compared with their respective controls in
both models at the long-term period. Regarding global and local efficiencies,
cases presented decreased values, although these differences were only
statistically significant in the PU model (Figure 5). In addition, significant
correlations were observed between global network features and
neurobehavioral results, especially in the OFBT variables (Supplementary Table
S3).
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Discussion

Our results showed that FGR models induced functional impairments in
the neonatal and the long-term periods that correlate with structural changes
observed by network analysis. Interestingly, these differences were more
pronounced in the PU model, suggesting a link between severity of the prenatal
insult and the degree of the neurodevelopmental consequences later in life.

Regarding perinatal results, both models induced a reduction of birth
weight, but only PU model was related to an increased fetal and early postnatal
mortality, reproducing severe forms of human FGR [20]. The same findings
were observed in previous animal studies, in which PU was associated with
changes in cardiovascular Doppler parameters, leading to increased fetal
mortality [9]. This contrasted with the UN models, based either on global
nutrient reduction or low-protein diet, which were associated with birth weight
reduction with no significant increase in fetal mortality [6, 9, 21].

Neurobehavioral data confirm previous studies showing that both FGR
models correlate with neonatal and long-term neurobehavioral impairments,
especially for PU cases. During the neonatal period, clinical studies have
described neurobehavioral problems related to FRG, including psychomotor
delays and cerebral palsy in the most severe cases [22, 23], or subtler
neurocognitive difficulties in less severe forms [24, 25]. Along this line,
important motor [26] and olfactory problems [27] were observed in a severe
and acute hypoxic-ischemic model in pregnant rabbits, whereas weaker
functional disturbances were observed in less severe and chronic PU exposure
[28]. At the end of the spectrum, moderate nutrient restriction in pregnant mice
has been related to subtle neurobehavioral impairment, such as delayed
development of physical and coordinated movements [21, 29]. At the long-term
period, reports on infants having suffered from FGR showed neurocognitive
difficulties [30] that were even more prevalent in those cases with evident signs
of placental insufficiency [31]. In basic research, FGR animal models including
UN, a low-protein diet, and PU showed higher degrees of anxiety, reduced
social interaction, and depression-related behaviors [16, 29, 32], as well as
learning, short-term memory, and attention problems [21, 33-35]. Our results

support the notion that severity and type of insult during the prenatal period
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results in a differential effect on neurobehavior, with more remarkable changes
in the PU model.

In addition, this study provides new evidence on brain reorganization
underlying neurobehavioral and cognition impairments in both models. Global
reduction in FA-weighted average strength in both models supported the idea
that FGR has an impaired network infrastructure. These results are in line with
previous results in a rabbit model, in which average degree of structural brain
networks was also decreased [17]. However, altered regional organization
evidenced by means of reduced global and local efficiencies was only found in
the PU model, demonstrating a more severe effect at this level. Because FA
has been related to axonal packing, neuronal density, and myelination of fiber
tracts [36], these results suggested that altered network connectivity could be
mainly associated with less mature connections. These results are in line with
previous studies in humans [37] and animal models [17], showing significantly
reduced FA-weighted network efficiencies in FGR at the long-term period.

Overall, this work provides evidence demonstrating that chronic reduction
of nutrients with or without a reduction of oxygen, even when started at later
stages of pregnancy, still result in a real impact on brain programming. Data
presented in this work strengthen the concept that poor nutrition during prenatal
life has an impact on later neurobehavioral and cognitive development [38].
Moreover, this study also proves that chronic hypoxia added to undernutrition
during the prenatal period has a more severe effect on functional and structural
neurodevelopment, thus making the PU suitable to study neurodevelopment
consequences of severe forms of FGR. On the contrary, the UN model can be
of interest to study effects of less severe forms of FGR.

The main strength of this study is the evaluation of neurodevelopmental
consequences in two models of FGR by using the same animal species during
the same period. There are a high number of studies describing
neurodevelopmental problems in FGR by using different animal species that
have provided an undoubted value. However, the rabbit model may have some
advantages over the rodent model, as it closely resembles humans in terms of
timing of perinatal brain white matter maturation as compared to rats [13]. As in

humans, brain maturation begins in the intrauterine period and continues during
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the postnatal period. Apart from that, the suitability of PU and UN in rabbits to
reproduce human features of FGR has been established [8, 10, 26]. Finally,
another strength of this study is the fact that both models followed the same
evaluation protocol, in terms of functional test and brain connectivity
assessment, offering the possibility to compare the two models.

Limitations of the study include methodological differences between the
designs of both models. First, animals from the PU group were delivered at 30
days of pregnancy (near term) by cesarean section, whereas animals from the
UN group were allowed to deliver vaginally at 31 days’ gestation. In reality,
these differences make our results more transferable to clinics, as severe FGR
tends to be delivered earlier during pregnancy by means of a cesarean section,
whereas less severe cases, which seems to be more accurately reproduced by
the UN model, usually are delivered near term by vaginal delivery. Depending
on the method of delivery, fetal oxytocin exposure was different. In addition, the
difference in the time of birth between the two models has a direct impact on the
weight at birth. This difference was evident in the birth weight of the control
animals, where controls in the PU model were smaller than the controls in the
UN model. Finally, the difference in rearing of the pup could also have an
important effect in later neurodevelopment observed in both models. Animals
coming from the PU model were fed by a surrogate, whereas animals from the
UN model were fed by their mother, who had, however, been undernourished.
In order to limit bias due to these design differences, structural and functional
differences were assessed, comparing each FGR animal with their matched
control, minimizing potential confounders between models. Regarding the brain
network extraction, we have applied a tractography method based on DTI
appropriate for the 30 gradient directions acquisition. It is known that this
technique is less robust in fiber crossing areas than techniques based on high-
angular resolution diffusion imaging, leading to a lower number of recovered
fiber trajectories. However, it has been shown that, from the point of view of
case-control studies based on brain network analysis, DTI-based tractography
could reduce inter-subject variability, being more sensitive to inter-group

variance [39].

Conclusion
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This study demonstrates that sustained intrauterine exposure to placental
underperfusion or undernutrition results in functional disturbances and
correlates  with  brain  network reorganization. The  severity of
neurodevelopmental impairment and its association with structural brain
reorganization seem to be related to the degree of the prenatal insult, with more
remarkable effects in the placental underperfusion model.

The present study adds new evidence regarding neurodevelopmental
problems of prenatal origin and improves the understanding of brain
programming due to prenatal insults associated with neurobehavioral
dysfunctions in FGR. Moreover, it demonstrates the feasibility of using brain
network features from diffusion MRI as biomarkers to assess and monitor

potential treatments using different experimental models.
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FGR models in
pregnant rabbit
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Figure 1. Study design, methods, and flow chart of the animals included

A) lllustrative images and scheme of FGR induction models and number of

animals derived from both models.

B) lllustrative images of neurobehavioral tests applied and number of animals

evaluated.

C) lllustrative images of MRI acquisition, processing, and connectome analysis.

Abbreviations: UN= undernutrition; PU= placental underperfusion; OFBT= open

Field Behavioral test; ORT= object Recognition Task.
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Figure 2: Birth weight differences in study groups

Birth weight (grams) in controls and cases for both models. * p<0.05 statistical

significance.
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Figure 3: Mean difference of neonatal functional performance in both
models

Mean difference (mean result in controls minus mean result in cases) and its
95%CI between controls and cases for each model and for each functional log-
transformed variable at the neonatal period * p< 0.05 statistical significance.
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Figure 4: Mean difference of long-term functional performance in both
models

Mean difference (mean result in controls minus mean result in cases) and its
95%CI between controls and cases for each model and for each functional log-
transformed variable at the long-term period.

Abbreviations: OFBT= open Field Behavioral Test; ORT= object Recognition

Task. * p< 0.05 statistical significance.
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Figure 5. FA-weighted network features

FA-weighted network features in controls and cases for both models, including
average strength, and global and local efficiency of weighted FA network.
Abbreviations: UN= undernutrition; PU= placental underperfusion. * p<0.05

statistical.



