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Non-invasive in vivo MRI detects long-term microstructural brain 
alterations related to learning and memory impairments in a model of 
inflammation-induced white matter injury 
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A B S T R A C T   

Magnetic resonance imaging (MRI) is currently under investigation as a non-invasive tool to monitor neuro-
developmental trajectories and predict risk of cognitive deficits following white matter injury (WMI) in very 
preterm infants. In the present study, we evaluated the capacity of multimodal MRI (high-resolution T2-weighted 
imaging and diffusion tensor imaging)to assess changes following WMI and their relationship to learning and 
memory performance in Wistar rats as it has been demonstrated for preterm infants. Multimodal MRI performed 
at P31-P32 shown that animals exposed to neonatal LPS could be classified into two groups: minimal and overt 
injury. Animals with overt injury had significantly enlarged ventricles, hippocampal atrophy, diffusivity changes 
in hippocampal white and gray matter, in the striatum and the cortex. Following neonatal LPS exposure, animals 
presented learning and memory impairments as shown at the fear conditioning test at P36-P38. The severity of 
learning and memory deficits was related to increased mean diffusivity in the hippocampal region. In conclusion, 
non-invasive multimodal MRI (volumetric and DTI) assessed and classified the extent of injury at long-term 
following neonatal LPS exposure. Microstructural changes in the hippocampus at DTI were associated to 
learning and memory impairments. This further highlights the utility of multimodal MRI as a non-invasive 
quantitative biomarker following perinatal inflammation.   

1. Introduction 

Preterm born infants are at high risk of neurodevelopmental im-
pairments following exposure to sterile and/or infectious inflammatory 
episodes during the perinatal period. Using MRI, it was found that more 
than 70% of very preterm (VP) infants (born <32 weeks or very low 
birthweight < 1250 g) suffered from diffuse white matter injury (WMI) 
[1,2]. Within this population, up to 50% are at risk of adverse 
long-lasting neurodevelopmental outcomes including cognitive and 

behavioral deficits, attentional defects and learning and memory im-
pairments [3–5]. 

MRI is a powerful tool to assess brain developmental trajectories in 
preterm neonates by allowing early detection of brain injuries and long- 
term follow-up studies [6,7]. On volumetric MRI, VP infants exhibited 
altered growth rates, delayed maturation, and lower volume in different 
cerebral regions, particularly in the hippocampus, compared to 
term-born infants [8–11]. It was established that the hippocampal at-
rophy persisted up to early adulthood and increased the risk of learning 
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and memory impairments [12–17]. Furthermore, long-lasting alter-
ations in cortical thickness and/or organization were also associated 
with memory impairments observed in VP infants [18,19]. 

Diffusion tensor imaging (DTI), an MRI technique based on aniso-
tropic diffusion, allows in vivo assessment of white and gray matter 
microstructure integrity and maturation during neurodevelopment 
[20–22]. The use of serial DTI acquisitions recently showed that gray 
and white matter had similar maturation rates, which could be affected 
by preterm birth and presence of WMI [23,24]. Compared to term in-
fants, preterm neonates exhibited changes in diffusivity in different 
white matter fibers, particularly the corpus callosum, that persisted up 
to early adulthood and in these cases, the alterations correlated to 
long-term deficits including memory and learning impairments [25–29]. 
These microstructural alterations in the white matter reflected deficits in 
myelination, axonal integrity, and brain connectivity [30,31]. Likewise, 
DTI performed at term equivalent age showed that preterm infants had a 
more immature cortical development compared to term infants, which 
was characterized by an increased mean diffusivity [24,32]. Although it 
is still under investigation, it was posited that gray matter diffusivity 
changes could reflect alterations in cellular complexity, synaptogenesis, 
and neurite growth [32–34]. Furthermore, DTI is an interesting tool for 
early evaluation of therapeutic response in both clinical and preclinical 
research. Clinical DTI allowed in vivo assessment of injury progression 
and efficacy of therapeutic interventions in pediatric central nervous 
system tumors [35–37], adult and pediatric stroke [38–41], and 
depressive disorders in adults [42–44]. DTI detected the neuroprotective 
response of different experimental molecules on animal models of 
neonatal WMI such as following LPS exposure or hypoxia-ischemia 
[45–48]. The increasing use of DTI in both clinical and preclinical 
research pinpoints the need to define its capacity to evaluate ongoing 
neuroinflammatory injury in the developing brain. 

A robust model of inflammatory WMI consists of intracerebral in-
jection of lipopolysaccharides (LPS) in the corpus callosum of 3–5-day- 
old rats during an age period where the rat brain is equivalent to a 
preterm infant’s brain [49–51]. This model mimics multiple patho-
physiological changes seen in VP infants with WMI such as gliosis, 
ventricular dilatation, hypomyelination and late hippocampal atrophy 
[48–50,52–56]. As ventricle dilation is a well-established hallmark of 
WMI, our previous studies showed the presence of variability in extent of 
injury at 21 days following neonatal LPS exposure with a subgroup of 
animals presenting highly dilated ventricles [54]. Similar to neuro-
developmental impairments seen in neonates with WMI, this animal 
model exhibited behavioral alterations including motor deficits, hy-
peractivity, less anxiety-like behaviors and learning and memory im-
pairments [57–60]. Moreover, this model exhibited changes on MRI 
similar to the pathophysiological hallmarks seen in VP infants with 
WMI. During the acute phase of inflammation (24 h post injury), this 
model had diffusivity restriction that correlated to increased apoptosis, 
astrogliosis and microglia activation [48,61]. Using magnetic resonance 
spectroscopy (MRS), we have previously shown that hippocampus 
metabolism was altered during the early phase of inflammation (24 h 
post-injury) that preceded the known axonal injury and hippocampal 
atrophy that appears at later in this animal model [48,56,57]. Although 
long-term behavioral and histopathological changes are well understood 
in this animal model, little is known on long-term changes on MRI and 
their relationship to pathophysiological processes. Currently, the ma-
jority of the long-term animal studies using LPS-induced WMI model 
evaluated neuropathological changes using post-mortem analysis with 
very few using in vivo evaluation of injury progression. Thus, there is a 
need to assess these long-lasting neurological alterations with 
non-invasive in vivo biomarkers particularly in the context of 
neurodevelopment. 

The aim of this study was to evaluate the capacity of DTI and volu-
metric MRI to assess the extent of injury at 4 weeks after neonatal 
exposure to LPS and whether the imaging biomarkers correlated with 
learning and memory impairments in this animal model. 

2. Methods and materials 

2.1. Animal preparation 

All animal-handling procedures were approved by the Institutional 
Committee for Animal Care of the Montreal Heart Institute Research 
Center, following the recommendations of the Canadian Council of 
Animal Care. The animals were given ad libitum access to water and 
food and were exposed to 12 h light/ dark cycles. Similar to our previous 
studies, only male rats were used in this study to limit results variability 
related to animal sex [48,62]. 

2.1.1. Intracerebral injection 
Six litters of male Wistar rat pups with dam (6–8 pups per litter) were 

obtained from Charles River (Charles River, QC, Canada). A total of 22 
three-days-old (P3) male Wistar rats were randomly assigned to the 
Sham group (n = 10) or to the LPS group (n = 12) with each litter having 
at least 2 animals from each treatment group. At the time of the intra-
cerebral injection, pups in the Sham group had an average body weight 
of 9.41 ± 0.34 g and LPS pups weighted 9.43 ± 0.32 g. The LPS group 
received an intracerebral injection of a suspension of 16 μg/μl LPS (1 
mg/kg Lipopolysaccharide E. coli, serotype 448 055:B5, SigmaAldrich, 
Oakville, ON, Canada), in sterile saline (0.5 μl for 8 g pup). An equiva-
lent volume of 0.9% sterile saline solution alone was injected to the 
Sham pups. The intracerebral injection was made in the left corpus 
callosum at a level equivalent to P-7, c9 [63] under ultrasound guidance 
using Vevo LAZR micro-ultrasound system (FUJIFILM VisualSonics Inc., 
Toronto, ON, 457 Canada) as previously published (See supp. Fig. 1) 
[48,61]. A micropipette mounted on a microprocessor-controlled 
injector (Micro4 from World Precision Instruments, Sarasota, FL, USA) 
with a rate of 100 nL/min was used for the injections. All the injections 
were performed under isoflurane anesthesia. The pups were placed on a 
thermal blanket for recovery and before being returned to their dam. 
The pups were weaned at P21 and were housed in standard poly-
propylene cages with four rats per cage. Brain MRI was done at P31-P32 
and behavioral testing was performed at P36-P38. 

2.2. Magnetic resonance imaging 

All MRI experiments were acquired on an actively shielded 7 T/ 
30 cm horizontal bore magnet scanner interfaced with a DirectDrive 
console (Agilent, Palo Alto, CA, USA) with gradients of 600 mT/m as 
previously described [48,52]. For MRI acquisition, rats were anes-
thetized with isoflurane (3% for induction; 0.5–2% for maintenance) 
[64]. Physiological monitoring (body temperature and respiration rate) 
was conducted with a custom-built pressure pillow combined with a 
temperature probe placed under the abdomen. Temperature was 
maintained stable at 36.0 ◦C using a warm air fan (SA Instruments, 
Stony Brook, NY, USA). Respiration was maintained around 75 breath-
s/min by adapting the level of isoflurane. 

At 4 weeks following the intracerebral LPS injection (P31-P32), T2- 
weighted images and diffusion weighted imaging (DWI) were acquired 
on Sham (n = 10)and LPS (n = 12) animals with an average body 
weight of 136.9 ± 6.27 g and 126.5 ± 3.03 g respectively. P31-P32 rat 
brain corresponds to the neurodevelopmental period of school-aged 
children (9–11 years old) [51,65]. Multimodal MRI acquisitions were 
conducted using a receive only surface coil positioned over the rat brain 
and in combination with a quadrature transmit birdcage coil with an 
internal diameter of 69 mm as previously published (Rapid Biomedical, 
Germany) [64,66]. T2-weighted images of the whole brain were ac-
quired using true fast imaging with steady-state precession (true FISP) 
sequence with repetition time (TR) = 4.6 ms, echo time (TE) = 2.3 ms, a 
133 µm3 isotropic resolution and a field of view (FOV) of 24 mm 
× 20 mm × 15 mm. The total acquisition time was 5 min per animal. 
Coronal DWI of the entire brain were acquired using a dual spin-echo 
multi-slice (SEMS) imaging sequence with TR = 1800 ms and TE = 35 
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ms. Diffusion-weighted volumes (δ = 7 ms; Δ = 21 ms; b = 900 s/mm2) 
were acquired in two sets of 6 non-collinear directions applied in 
origin-symmetric fashion. Data were acquired with an acquisition ma-
trix of 128 × 64 over 25 slices, and with a native resolution of 141 μm 
× 234 μm × 800 μm. The total acquisition time was 54 min per animal. 

2.2.1. Volumetric measurements of the lateral ventricles and the 
hippocampus 

The lateral ventricles and hippocampi were manually segmented on 
T2-weighted coronal slices using Fiji [67]. The volume (mm3) of each 
structure was computed by summing the size of the evaluated 2D areas 
multiplied by the slice thickness (0.133 mm). 

2.2.2. DTI preprocessing and analysis 
Fractional anisotropy (FA), radial diffusivity (RD), axial diffusivity 

(AD), mean diffusivity (MD) and color-coded (Red, Green and Blue - 
RGB) FA maps were reconstructed by using the RESTORE algorithm for 
robust tensor fitting offered by DIPY [68,69]. Using the tensor-based 
template buildup tool implemented in DTI-TK [70,71], we created our 
own population-specific template to reduce potential biases. First, all 
DWI images were resampled to 128 × 128 x 32 (141 µm x 141 µm x 
800 µm). To ensure a good quality template, outliers were removed by 
setting the threshold (≥ 0.05 µm2/ms) of the main direction diffusivity 
coefficient and signal isolated voxel were removed by using median 
OTSU masking method [69]. Then, the five images with the highest 
signal-to-noise (SNR) and normal brain morphology were chosen and 
were treated and averaged as the initial template. Next, the five chosen 
diffusion tensor images were used to update the initial template through 
three rigid registration iterations, three affine iterations and six diffeo-
morphic iterations with a threshold on the convergence of 0.002. The 
template was updated after each iteration by averaging the normalized 
images. All steps were conducted using the Euclidean Distance Squared 
between tensors as a metric. Since we used young rat brains in this 
project, the species of DTI-TK was set as RAT [70] and the length scale 
for piecewise affine deformation was decreased to 0.05 mm [52]. After 
creating the template, all the rat brains were registered to the template 
following the above registration steps (three rigid registration iterations, 
three affine iterations and six diffeomorphic iterations) without updat-
ing the template. The registration results were visually checked to 
confirm proper alignment. 

In this study, a total of 15 regions of interest (ROIs) were manually 
delineated on the color-coded FA map derived from the brain template. 
ROIs were placed on the corpus callosum, on the ipsilateral and 
contralateral fimbria, the ipsilateral and contralateral hippocampus 
(subdivided into the CA1, CA2/CA3 and dentate gyrus areas), on the 
ipsilateral and contralateral dorsal striatum and on the ipsilateral and 
contralateral cortical region encompassing the retrosplenial and motor 
cortex. The corpus callosum and fimbria were chosen as they were 
connected to long-lasting memory impairments in preterm-born in-
dividuals [18,19,72,73]. The hippocampus was selected as it is highly 
vulnerable, particularly the CA1 region, to adverse insults in both 
human and rodents [56,74–77]. The dorsal striatum was selected as it 
was shown to be altered following neonatal LPS exposure [60,61]. 
Moreover, ROIs were also placed on the ipsilateral and contralateral 
retrosplenial and motor cortex as we previously showed altered con-
nectivity patterns in these regions following neonatal LPS exposure [78]. 
The selected ROIs were also overlaid on the registered maps of the 
subjects to visually check if the ROIs were positioned on the right re-
gions for each subject. In our results, one rat brain failed the registration 
process due to presence of significant anatomic deformations. For this 
brain failing registration, the ROIs were drawn manually on its 
color-coded FA map. After the data preprocessing, averaged diffusivity 
values (AD, RD, MD, and FA) in each ROI of each brain were calculated. 
In order to access cortical microstructural changes, principal diffusion 
direction vectors were displayed over the FA maps by using FSL tool 
[79]. 

2.3. Fear conditioning test 

Memory and learning processes were assessed by performing a fear 
conditioning test at P36-P38 which is equivalent to human early 
adolescent neurodevelopment (12–14 years old) [51,65]. Furthermore, 
P36–38 was chosen as rats aged over P24 exhibit mature freezing 
behavior during the fear conditioning test [80]. The apparatus includes 
a cage with an electrified grid floor contained in a soundproofed cubicle 
with speakers and dimmed lighting (6.4 lux) (Harvard Apparatus). The 
test was done over 3 days. On day 1 (P36), the rats were placed inside 
the cage for 5 min to acclimate. On day 2 (P37), the animals were placed 
in the cage for 5 min, during which time they heard a non-aversive 
sound (2 kHz, 60 dB, 2 s) followed by an electrical shock (0.5 mA for 
2 s) that were presented at 2 min and 4 min. This allowed the rats to 
learn that the sound (conditioned stimulus) is coupled to an electrical 
shock (unconditioned stimulus) [81,82]. On day 3 (P38), the rats were 
submitted to a test session during which they were placed in the setup 
for 5 min, with the sound occurring alone at 2 min and 4 min. The setup 
was cleaned with 70% ethanol between each animal at each day of 
behavioral testing. Freezing behavior was used as a measure of fear 
memory and learning and was defined as the percentage of time spent in 
complete absence of all movement except that required for respiration 
[83,84]. Freezeframe software (Actimetrics, Wilmette, IL, USA) was 
used to deliver tones and shocks and to perform unbiased behavioral 
analysis of freezing behavior [85]. 

2.4. Statistical analysis 

All statistical tests were done using the GraphPad Prism 9.1.0 soft-
ware (GraphPad Software, La Jolla, CA) and statistical significance was 
set at P-value < 0.05. We tested for normal distributions using the 
Shapiro-Wilk test. For the analysis of MRI data, outlier values were 
removed using the ROUT method with Q = 0.5% [84]. MRI data 
(volumetric measure and DTI) were analyzed using Kruskal-Wallis test 
followed by Dunn’s multiple comparisons test. All MRI data are pre-
sented as median ± 95% confidence interval (CI). Freezing behavior 
data during the different sessions of fear conditioning were analyzed 
with 2-way ANOVA (time and group) with Dunnett post hoc test for 
selected comparisons. Freezing behavior data are presented as mean 
± SEM. 

3. Results 

3.1. Volumetric measurement on T2-weighted images 

Ventriculomegaly at ex vivo MRI and post-mortem histology is a well- 
established pathophysiological hallmark in this animal model [49,52, 
54,78]. The hippocampus is known to undergo late atrophy following 
WMI in human and in this animal model [12,13]. Based on the presence 
of visually discernable ventriculomegaly following qualitative analysis 
of T2-weighted images, LPS exposed animals were further separated into 
two subgroups: LPS (Min. injury) = 9 and LPS (Overt injury) = 3. 

3.1.1. Neonatal LPS exposure induces ventricular dilatation 
Knowing that lateral ventricle enlargement is the most common 

histopathological hallmark in LPS-injected rats, we measured lateral 
ventricles volume on T2-weighted images acquired at P31/32 (Fig. 1 A). 
Compared to Sham animals, LPS animals with minimal brain injury had 
non-significative bilateral ventricle dilation which represented ≈ 19% 
increase in total lateral ventricles volume (3.485 ± 0.21 vs 4.159 
± 0.183 mm3 respectively, P value = 0.179) (Fig. 1 B). LPS rats with 
overt injury presented more than 100% bilateral increase in lateral 
ventricles volume that was statistically significant compared to Sham 
animals (3.485 ± 0.21 vs 69.580 ± 25.44 mm3 respectively, P value =
0.003) (Fig. 1 B). Thus, neonatal LPS exposure resulted in bilateral 
ventriculomegaly which reached statistical significancy in a subgroup of 
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highly injured animals. 

3.1.2. Neonatal LPS exposure is associated to hippocampal atrophy 
We investigated changes in hippocampus volume on T2-weighted 

images (Fig. 2 A) in the animals exposed to neonatal LPS. We found 
that there was no statistically significant difference in hippocampus 
volume between Sham and LPS (Min. injury) group (Fig. 2). The LPS 

(Overt injury) animal showed significant reduction (≈13% reduction) in 
the ipsilateral hippocampus volume (Fig. 2 B) and the total volume of 
hippocampus (Fig. 2 B) compared to Sham animals. There was a trend 
toward reduced contralateral hippocampus volume between Sham and 
LPS (Overt injury) animals (27.96 ± 0.64 vs 25.39 ± 0.95 mm3 

respectively, P value = 0.0836) (Fig. 2 B). In order to determine if the 
extent of ventricle dilatation was associated to hippocampus atrophy, 
we applied a linear regression analysis which demonstrated indeed a 
highly significant relationship between the lateral ventricles volume 
(LVvol) and the total volume of hippocampus (HCvol):  

ln (HCvol) = − 0⋅049 × ln (LVvol) + 4⋅042; R2 = 0.392, P = 0.002⋅           

Thus, LPS (Overt injury) animals in the present study are charac-
terized by the presence of ventriculomegaly and concurrent hippocam-
pal atrophy. 

3.2. Neonatal LPS exposure leads to memory and learning impairments 

To assess the presence of learning and memory impairment following 
neonatal LPS exposure, we performed at P36-P38 a fear conditioning 
test in which a conditioned stimulus (sound) is paired to an uncondi-
tioned stimulus (shock) (Fig. 3 A). The efficiency of learning and 
memory is portrayed by an increased freezing behavior during condi-
tioning and test sessions. During the habituation period, animals 
exhibited very low freezing behavior that was not significantly different 
between the groups (Fig. 3 B). Two rats in the Sham group exhibited 
abnormally low levels of freezing during conditioning (> 2 standard 
deviation from the mean) and were excluded from further analysis 
accordingly to previous studies [86–90]. During the conditioning ses-
sion, the freezing value increased following the first sound-shock 
coupling in the Sham group. The LPS (Min. injury) animals had 
increased freezing percentage to a similar extent than Sham animals 
(Fig. 3 C). The LPS (Overt injury) group had lower freezing behavior 
following the first sound-shock coupling compared to Sham and LPS 
(Min. injury) groups that reached statistically significance at the 
180–240 s interval (Fig. 3 C). 

During the test session, Sham animals showed increased freezing 
behavior particularly after the first sound which indicates proper 
learning and memory processes (Fig. 3 D). LPS (Overt injury) animals 
showed the lowest amount of freezing behavior compared to Sham 
group that was significant as early as after the first sound (120–180 s 
interval) (Fig. 3 D). Compared to Sham animals, LPS (Min. injury) had a 
shorter freezing behavior that reached statistical significance only after 
the second sound (Fig. 3 D). Combined together, these results indicate 
that learning and memory processes deficits increase with the extent of 
brain injury in neonatal LPS-induces WMI. 

3.3. Neonatal LPS exposure alters DTI-defined microstructure in the 
hippocampus white and gray matters 

DTI was acquired on 22 animals (10 Sham, 9 LPS (Min. injury) and 3 
LPS (Overt injury)) to measure fractional anisotropy (FA), mean diffu-
sivity (MD), axial diffusivity (AD) and radial diffusivity (RD) in the 
central part of the corpus callosum and in the ipsilateral and contra-
lateral fimbria and hippocampus subdivisions (Figs. 4 A and 5 A). Using 
the ROUT method, diffusivity values of one Sham animal were excluded 
as it was considered as an outlier due to poor SNR, thus only 9 Sham 
animals were used in DTI analysis. 

There were no significant differences in FA between groups in the 
corpus callosum and the ipsilateral and contralateral fimbria (Fig. 4). No 
significant difference in all diffusivity parameters (MD, AD and RD) in 
the corpus callosum and the ipsilateral and contralateral fimbria was 
observed between Sham and LPS (Min. injury) animals (Fig. 4). Animals 
in the LPS (Overt injury) group had significant increase in MD, AD and 
RD in the corpus callosum and ipsilateral fimbria compared to Sham 

Fig. 1. Lateral ventricles volume measured on coronal T2-weighted images 
acquired at P31-P32. (A) Representative images of lateral ventricles in animals 
of each group. The ROI overlay depicts the ipsilateral side in gray and the 
contralateral side in black. (B) Bar graph of quantification of lateral ventricles 
volume on T2-weighted images. Note the significant bilateral ventricular dila-
tation in LPS animal with overt injury (LPS Overt injury). Values are repre-
sented as median ± 95% CI. * * p < 0.01 compared to Sham. 

Fig. 2. Hippocampus volume measured on coronal T2-weighted images ac-
quired at P31-P32. (A) Representative images of hippocampus from each group 
of animals. The ROI overlay depicts the ipsilateral side in light gray and the 
contralateral side in black. (B) Bar graph of hippocampus volume on T2- 
weighted images for ipsilateral hippocampus, contralateral hippocampus, and 
total hippocampus. Note the significant hippocampal atrophy in LPS animal 
with overt injury (LPS Overt injury). Values are represented as median ± 95% 
CI. *p < 0.05 compared to Sham. 
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group (Fig. 4 B and C). Compared to LPS (Min. injury), animals in the 
LPS (Overt injury) had increased MD in the ipsilateral fimbria (Fig. 4 C). 

There were no significant changes in diffusivity parameters (MD, AD 
and RD) in all the between Sham and LPS (Min, injury) in all the hip-
pocampal subdivisions (Fig. 5). No significant changes in FA between 
the groups were observed (Fig. 5) except a decrease in FA in the 
contralateral CA2/CA3 in LPS (Overt injury) animals compared to Sham 
(Fig. 5 E). Animals with overt injury presented significant increase in 
MD, AD and RD in the ipsilateral CA1 region compared to Sham animals 
(Fig. 5 B). LPS (Overt injury) group had increased MD and RD compared 
to Sham group in the ipsilateral CA2/CA3 region (Fig. 5 D). Compared to 
Sham group, animals with overt injury showed significant increase in RD 
in the contralateral CA1 and CA2/CA3 regions (Fig. 5 C and E). 
Compared to LPS ( and Min. injury), animals in the LPS (Overt injury) 
had significant increase in MD in the ipsilateral CA1 and CA2/3 regions 
and increased RD in the ipsilateral CA1, CA2/CA3 and dentate gyrus 
subdivision (Fig. 5 B, D and F). 

Knowing that the fimbria and the CA1 region partakes in learning 
and memory processes, we looked at the possibility that changes in 
mean diffusivity would identify animal performance at P38 during the 
fear conditioning testing session at the 180–240 s interval (Fig. 3 D). We 
found a significant linear regression between ipsilateral fimbria mean 
diffusivity and the percentage of freezing at the 180–240 s interval:  

% of freezing= − 46⋅60 × MDipsilateral fimbria + 106⋅9; R2 = 0.330; P = 0.010⋅ 

There was also a significant relationship between mean diffusivity in 
the ipsilateral CA1 region and freezing behavior at 180–240 s interval:  

% of freezing= − 71⋅23 × MDipsilateral CA1 + 125⋅3; R2 = 0.304; P = 0.014⋅   

3.4. Neonatal LPS exposure induces alteration in the striatum and the 
cortex 

As previous studies showed that LPS exposure led to acute alteration 
of diffusivity in the striatum with increased apoptosis and lost-lasting 
decreased striatum volume [60,61], we measured diffusivity changes 
in the ipsilateral and contralateral dorsal striatum (Fig. 6 A). There was 
no significant difference in MD, RD and FA between the groups in the 
ipsilateral and contralateral dorsal striatum (Fig. 6 C and D). Compared 
to the Sham group, animals in the LPS (overt injury) group had signif-
icant increase in AD in the ipsilateral striatum and a trend toward 
increased AD in the contralateral striatum (p = 0.05). 

In light of the qualitative appearance of reduced cortical thickness on 
T2 weighted images of severely injured animal and on the long-lasting 
cortical alterations reported in this animal model [53,78], we looked 
at the presence of cortical alterations on DTI performed at P31–32 
following neonatal LPS exposure (Fig. 6 B). We observed that LPS (Overt 
Injury) had a trend toward increased RD compared to Sham (p = 0.07) 
and this increase in RD was statistically significant against the LPS (Min. 
Injury) group in the ipsilateral cortical region (Fig. 6 E). There was no 
significant change in FA, MD and AD between the groups in the ipsi-
lateral cortex (Fig. 6 E). We did not detect any significant alteration in 
diffusivity in the contralateral cortex (Fig. 6 F). 

4. Discussion 

In the present study, multimodal MRI (T2 weighted and DTI) iden-
tified animals exposed to neonatal LPS with minimal injury from ones 
with overt injury. The severity of learning and memory impairments 
increased with extent of injury seen with non-invasive MRI. Animals 
with minimal injury had no significant difference on quantitative mea-
sures performed with multimodal MRI compared to Sham animals and 
exhibited subtle signs of memory impairments during fear conditioning 
test. Animals with overt injury displayed signs of severe memory 

Fig. 3. Effect of neonatal LPS exposure on learning and memory at P36-P38. (A) Schematic of a rat in the fear conditioning apparatus. Chart of averages over 60 s of 
percentage of freezing behavior during (B) Habituation session; (C) Conditioning session in which a shock is coupled to a sound and (D) Testing session where the 
animal is only presented the sound. Values are represented as mean ± SEM. * p < 0.05; ** p < 0.01; ** p < 0.001 compared to Sham. 
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impairments and they presented ventriculomegaly, hippocampal atro-
phy, and increased diffusivity (AD, RD, and MD) especially in the hip-
pocampus. Additionally, increased AD in the dorsal striatum and subtle 
nonsignificant increased RD in the retrosplenial and motor cortices were 
seen in animal with overt injury. Interestingly, increase in mean diffu-
sivity in the ipsilateral CA1 region and fimbria were associated with a 
reduction in freezing behavior during the fear conditioning test. 

The presence of variability in severity of LPS-induced injury could be 
due to interindividual variability present in rodents [91–93]. It was 
shown in animal model of traumatic brain injury and neonatal 
hypoxia-ischemia that neurological injury progression and intensity 
differed between animals [94–96]. Although the mechanisms leading to 
interindividual differences are not well understood, it was posited that 
they could result from difference in the epigenetic landscape [91,97]. In 
a previous study, we demonstrated that the methylation level of several 
genes related to inflammation and myelination differed between ani-
mals exposed to intracerebral LPS [54]. Furthermore, the variability in 
the response to LPS started as early as during the acute phase of injury 
[54,98]. As injury severity progression can differ between animals, it is 
important to take in consideration the presence of this variability in 
animal models particularly when testing for neuroprotective molecules. 

Consistent with previous studies, neonatal LPS exposure induced 
memory and learning impairments at P36-P38 during the fear condi-
tioning test with the deficit’s severity increasing with extent of injury 
[55,60,99,100]. In our study, animals with overt WMI had difficulties to 
associate tone-shock pairing during the conditioning session and 
consequently, these animals had poorer performance during the testing 
session. During the fear conditioning test, learning and memory pro-
cesses require proper connective integrity between different brain areas 
including the hippocampus and cortical regions such as the retrosplenial 
cortex [84,101–103]. The lack of learning in the animal with overt 

injuries could result from the alterations in the hippocampal region and 
the retrosplenial region as seen with multimodal MRI. The alteration in 
learning following neonatal LPS exposure was also seen during the 
step-down passive avoidance test, which assesses learning and memory, 
as animals with WMI required more electric shock to learn to stay on the 
platform and they presented poorer performance when tested 24 h later 
[55,60,100]. Although animals with minimal injury associated tone to 
shock to a similar extent than Sham animals, they displayed decreased 
freezing behavior during the testing session. If confirmed in future 
studies, these results would suggest that fear conditioning testing 
represent a robust and sensitive behavioral assay to discriminate 
learning and memory performance depending on the extent of WMI 
between animals. 

Volumetric analysis of T1- and T2-weighted MRI acquisitions is used 
to detect subtle changes in neurodevelopmental trajectory in preterm 
infants [8]. In accordance to previously published data in humans and 
animals WMI, T2-weighted volumetric assessment showed that severely 
injured animals had overt ventriculomegaly and hippocampal atrophy 
at 28 days post-injury (P31-P32) [4,15,49,52,56,104]. Although not 
significant, a subtle increase in lateral ventricle volume was present in 
animal with minimal injury. The mechanisms leading to this increase are 
not fully well understood; however, it was posited that ventricular 
dilatation could result either from loss of tissue or from increased 
intraventricular pressure following intraventricular hemorrhage 
[105–109]. As moderate or severe intracerebral hemorrhage is a rare 
occurrence in our animal model, the ventricular dilatation should be 
mostly induced by loss of tissue in the periventricular area [110]. 
Interestingly, the increase in lateral ventricle volume was associated to 
hippocampal atrophy in our study. In a recent study, the hippocampal 
atrophy was associated to lateral ventricle dilatation in preterm infants 
with severe encephalopathy and the changes in hippocampal volume 

Fig. 4. In vivo diffusion tensor imaging acquired in P31-P32 rats exposed to neonatal LPS. (A) Examples of coronal RGB (red, green, and blue) map with the 
highlighted ROIs (the corpus callosum and the ipsilateral and contralateral fimbria. The ROI overlay depicts the ipsilateral side in white (left side) and the 
contralateral side in gray (right side). The colors in the RGB map represent the preferred direction of water diffusion. Red corresponds to medial-lateral, green to 
superior-inferior, and blue to rostral-caudal directions. Bar graph of mean diffusivity (MD), axial diffusivity (AD), radial diffusivity (RD) and fractional anisotropy in 
the (B) corpus callosum, (C) ipsilateral fimbria, and (D) contralateral fimbria. Values are represented as median ± 95% CI. * p < 0.05 compared to Sham or LPS (Min. 
injury). Diffusivity values (MD, AD and RD) are in: μm2⋅ms-1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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correlated to poorer cognitive performance at 2 years of age [111]. 
Moreover, it was suggested that lateral ventricle dilation could accen-
tuate hippocampal atrophy by activating several deleterious pathways 
including increased inflammatory response [111,112]. Thus, ventricular 
dilatation might not solely be a consequence of periventricular tissue 
loss, but it could also accentuate the vulnerability of surrounding cere-
bral regions. Our results further highlight the need for a better under-
standing of pathophysiological mechanisms linking these two central 
hallmarks of neonatal WMI. 

DTI allows non-invasive assessment of microstructural changes 
during physiological and pathological neurodevelopment in both white 
and gray matter in the brain. Using in vivo DTI at P31-P32, we showed 
that rats with overt brain injury following neonatal LPS exposure had 
increased diffusivity (MD, AD and RD) in the corpus callosum and within 
the fimbria (white matter tract) and the CA1 region (gray matter) of the 

hippocampus. These changes in LPS exposed animals are consistent with 
previous research which found that preterm birth and WMI were asso-
ciated to increase in MD values driven mainly by changes in RD 
[113–116]. Moreover, analysis of hippocampus subdivision showed that 
CA1 region of the hippocampus had greater diffusivity alterations 
compared to the CA2/CA3 or the dentate gyrus subdivision. This is in 
accordance with the with studies in VP born adolescents that showed 
enhanced vulnerability of CA1region compared to other hippocampus 
subdivisions [76,77]. The increase in MD, AD and RD observed in the 
corpus callosum, the ipsilateral fimbria and the CA1 region of the hip-
pocampus could reflect synergistic effects between axonal loss and 
dysmyelination known to occur in WMI [49,117–119]. Previous studies 
using in vivo and ex vivo DTI of the hippocampus showed that increase in 
diffusivity, particularly in the CA1 region, could reflect pyramidal 
neurons death, dendritic loss and ongoing activation of glial cells 

Fig. 5. In vivo diffusion tensor imaging of the hippocampus acquired in P31-P32 rats exposed to neonatal LPS. (A) Example of coronal RGB (red, green, and blue) map 
with the highlighted ROIs of the different hippocampus subdivisions. The ROI overlay depicts the ipsilateral side in white (left side) and the contralateral side in gray 
(right side). The colors in the RGB map represent the preferred direction of water diffusion. Red corresponds to medial-lateral, green to superior-inferior, and blue to 
rostral-caudal directions. Bar graph of mean diffusivity (MD), axial diffusivity (AD), radial diffusivity (RD) and fractional anisotropy in the (B) Ipsilateral CA1 region, 
(C) Contralateral CA1 region, (D) Ipsilateral CA2/CA3 region, (E) Contralateral CA2/CA3 region, (F) Ipsilateral Dentate gyrus and (G) Contralateral Dentate gyrus. 
Values are represented as median ± 95% CI. * p < 0.05 compared to Sham or LPS (Min. injury). Diffusivity values (MD, AD and RD) are in: μm2⋅ms-1. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article) 
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[120–123]. In this animal model of WMI, it has been demonstrated that 
hippocampal atrophy is accompanied by increased neuronal cell death 
and injury to axons and dendrites within the CA1 region [55,56]. 
Combined together, DTI assessed diffusivity changes in the fimbria and 
CA1 region that could reflect deleterious pathological processes due to 
hippocampal atrophy. 

Additionally, we observed an increase in MD in the fimbria and CA1 
region that was related to poorer performance during the fear condi-
tioning test at P36–38. It is established that the hippocampus is crucial 
for memory formation particularly in the context of discrete cued fear 
conditioning paradigm such as the one used in this study [124–126]. In 
rodents, early life immune activation was associated to a disruption of 
hippocampus neurodevelopmental processes leading to learning and 
memory deficits [99,127–130]. Thus, the changes at DTI in the fimbria 
and CA1 region could result from deleterious pathological processes 
leading in the most severe cases to hippocampal atrophy (as seen on 
volumetric assessment) with subsequent Wallerian degeneration as 
previously published [131–133]. In summary, in vivo DTI is able to 
assess long-term microstructure changes in the white and gray matter 
within the hippocampal region that are associated to learning and 
memory impairments. To our knowledge, this is the first study to 
demonstrate that microstructural alterations at in vivo DTI in the hip-
pocampal region were associated to learning and memory impairment 
using in neonatal LPS-induced WMI. 

Analysis of diffusivity within the dorsal striatum, which encompasses 

the caudate nucleus and the putamen, revealed the presence of increased 
AD in animals with overt injury. This unexpected increase of AD in the 
striatum was also found in other human and animal studies [134,135]. 
As changes in AD are associated to neuronal integrity, the increase in AD 
could reflect axonal loss within the striatum [136]. Injury to the stria-
tum, which includes macro- and microstructural alterations, has been 
consistently reported in VP-born individuals from term-equivalent age 
up to early adulthood [19,137–140]. Using the LPS-induced WMI model, 
it was demonstrated that LPS exposure led to increased apoptosis within 
the striatum during the acute phase of injury and was also associated 
with decreased striatum volume at adulthood [60,61]. Thus, the re-
ported increase in AD could reflect neuron and axon loss possibly 
leading to striatum atrophy. 

In the current study, we detected a trend toward increased radial 
diffusivity in the ipsilateral retrosplenial and motor cortical regions 
using in vivo DTI. Previously published data showed long-term alter-
ation of cortical diffusivity parameters (MD, AD and RD) in preterm 
infants WMI and rodents’ model of WMI [23,32,141,142]. Furthermore, 
increase in RD was associated to disruption of myelin integrity or 
long-lasting hypomyelination [136,143]. Within different cortical re-
gions, perinatal LPS exposure led to neuronal alteration and hypo-
myelination in different animal species [53,144,145]. If confirmed, the 
changes in radial diffusivity seen with in vivo DTI could represent 
ongoing myelination alteration extending beyond the initial inflamma-
tory insult. 

Fig. 6. In vivo diffusion tensor imaging of the dorsal striatum and cortex acquired at P31-P32 in rats exposed to neonatal LPS. Examples of coronal RGB (red, green, 
and blue) map with the highlighted ROIs for (A) the ipsilateral and contralateral striatum and (B) the ipsilateral and contralateral cortical region encompassing the 
motor and retrosplenial cortex. The ROI overlay depicts the ipsilateral side in white (left side) and the contralateral side in gray (right side). Bar graph of mean 
diffusivity (MD), axial diffusivity (AD), radial diffusivity (RD) and fractional anisotropy (FA) in (C) the ipsilateral dorsal striatum, (D) the contralateral dorsal 
striatum, and in the (E) the ipsilateral and (F) contralateral cortical region encompassing the motor and retrosplenial cortex. Values are represented as median ± 95% 
CI. * p < 0.05 compared to Sham or LPS (minimal injury). Diffusivity values (MD, AD and RD) are in: μm2⋅ms-1. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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Within the different ROIs analyzed at DTI, there was no significant 
alteration of FA except an increase in the contralateral CA2/CA3 region 
of the hippocampus. The lack of FA changes compared to MD, AD and 
RD is in accordance with several published studies in VP-born popula-
tion. At term-equivalent age, MD, AD and RD changes had a more sig-
nificance compared to FA in several types of white matter injury in VP- 
born infants [113,146,147]. Similarly, changes in FA were less signifi-
cant compared to MD, AD and RD at long-term (up to adulthood) in 
VP-born individuals [148,149]. Thus, the lack of significant change in 
FA underlines the fact that changes in MD, AD and RD allow a better 
characterization of injury during the acute and chronic periods. 

Qualitative analysis of MRI T2-weighted images at term equivalent 
age was used in clinical trials for the neuroprotective effect of erythro-
poietin on preterm infants [150–152]. Similarly, we evaluated the safety 
of hydrocortisone on the hippocampal integrity using basic structural 
MRI [12]. In this study, true FISP sequence allowed to acquire 
high-resolution T2-weighted images in a timely manner to assess volu-
metric changes in LPS-induced WMI neonatal model. True FISP 
sequence is known to produce high-quality images and is less susceptible 
to signal loss, motion artifacts and radiofrequency absorption [153, 
154], and was able to identify with accuracy macroscopic neuropatho-
logical consequences such as hippocampal atrophy as previously 
described in neonatal WMI models. Although, T2-weighted volumetric 
measurement did not correlate to behavioral deficits in our study, we 
believe that high resolution structural MRI with segmentation of perti-
nent regions remain highly relevant in the identification of neuro-
developmental disruptors or efficient neuroprotective strategies. 

DTI was used as an imaging biomarker to assess white matter 
integrity at term equivalent age in clinical trials to assay the neuro-
protective potential of melatonin, erythropoietin, and antenatal mag-
nesium sulfate [155–158]. Knowing that multimodal MRI represent a 
promising non-invasive biomarker of cerebral integrity in clinical trials 
in preterm infants, there is currently a need for robust diffusion MRI 
(dMRI) method to acquire high resolution and high-quality images in a 
relatively short period of time. Within our study, DTI provided signifi-
cant findings that related to outcome measures. Future diffusion imag-
ing studies could consider the use of more advance methods to better 
confirm component changes in gray matter and white matter. 

Multi-shell diffusion imaging methods, such as diffusion basis spec-
trum imaging (DBSI) would be an interesting choice [136]. The DBSI 
model allows the evaluation of intracellular diffusion, extracellular 
diffusion, water diffusion as well as diffusion of fiber groups [159–161]. 
More importantly, this method has been validated and is currently used 
to identify microstructural changes in patients suffering from multiple 
sclerosis [160,162]. Recently, researchers combined DBSI with machine 
learning algorithms as a new imaging biomarker to facilitate the 
detection and characterization of tumors in adult glioblastoma and pe-
diatric high-grade brain tumors [163,164]. Thus, DBSI is an interesting 
model to further analyze component specific changes in our model of 
inflammation induced WMI. 

Another multi-shell diffusion MRI technique is the neurite orienta-
tion dispersion and density imaging (NODDI) method. NODDI applied to 
datasets with only 3 or 4 b-values (including b =0) and assesses neurites 
density and the extent of neurites dispersion [165]. This method has 
been used to follow neurodevelopmental changes in preterm and 
term-born neonates [166–169]. During neurodevelopment, NODDI 
revealed an increase in orientation dispersion index within cortical gray 
matter that reached a plateau at 38 weeks post-menstrual age which was 
related to ongoing cortical neurite growth and dendritic arborization 
[166,168]. NODDI is an interesting method as it models accurately 
dendrite dispersion and density and is complementary to standard DTI 
measures. 

One limitation of this study is that only male rats were used. Previous 
studies shown that there was no significant difference in extent of injury 
and neurobehavioral deficits between male and female rats exposed to 
intracerebral LPS during the neonatal period [49,56,170]. Thus, we 

believe that neonatal LPS exposure should led to similar insult in female 
rats. Nonetheless, this should be confirmed in future studies that include 
both sexes. The inclusion of male and female and analyses based on sex 
in preclinical studies will greatly improve current knowledge on sexu-
ally dimorphic differences particularly for the development of neuro-
protective targets. Another limitation of this study is the lack of 
significant microstructural change between the LPS (Min. injury) and 
the Sham groups even in the presence of subtle behavioral changes at the 
fear conditioning. This shows the current limitation of the DTI technique 
in our study. The use of more advanced DTI techniques such as NODDI 
or DBSI, as discussed previously, open the possibility to detect subtle 
microstructural alterations in the animals showing minimal injury at 
MRI. 

5. Conclusion 

In conclusion, the present study demonstrated that in vivo multi-
modal MRI techniques (volumetric and DTI) allow a thorough evalua-
tion of extent of brain injury following neonatal LPS-induced WMI. 
Animals more severely affected presented ventriculomegaly and hip-
pocampal atrophy on T2-weighted images and alteration at DTI in the 
striatum and the cortex. Furthermore, microstructural changes at DTI in 
the hippocampal formation (particularly in the fimbria and the CA1 
region) were related to learning and memory impairments in our animal 
model. The results presented in this study further consolidate the po-
tency of DTI as a robust marker of ongoing neurodevelopmental alter-
ations following injuries in the immature brain. As multimodal MRI is 
becoming more readily available and used in the neonatal intensive care 
unit, it is becoming essential to understand its full potency as a robust 
and sensitive tool for early evaluation and follow-up of neuroprotective 
response in the development of future therapeutic targets. 
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