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A B S T R A C T

Perinatal infection and inflammatory episodes in preterm infants are associated wit diffuse w ite matter injury
(WMI) and adverse neurological outcomes. Inflammation-induced WMI was previously s own to be linked wit 
later  ippocampal atrop y as well as learning and memory impairments in preterm infants. Early evaluation of
injury load and t erapeutic response wit non-invasive tools suc as multimodal magnetic resonance imaging
(MRI) would greatly improve t e searc of new t erapeutic approac es in preterm infants. Our aim was to
evaluate t e potential of multimodal MRI to detect t e response of interleukin-1 receptor antagonist (IL-1Ra)
treatment, known for its neuroprotective properties, during t e acute p ase of injury on a model of neonatal
WMI.

Rat pups at postnatal day 3 (P3) received intracerebral injection of lipopolysacc aride wit systemic IL-1Ra
t erapy. 24  later (P4), rats were imaged wit multimodal MRI to assess microstructure by diffusion tensor
imaging (DTI) and neuroc emical profile of t e  ippocampus wit 1H-magnetic resonance spectroscopy.
Astrocyte and microglial activation, apoptosis and t e mRNA expression of pro-inflammatory and necroptotic
markers were assessed.

During t e acute p ase of injury, neonatal LPS exposure altered t e concentration of  ippocampus meta-
bolites related to neuronal integrity, neurotransmission and membrane integrity and induced diffusivity re-
striction. Just 24  after initiation of t erapy, early indication of IL-1Ra neuroprotective effect could be detected
in vivo by non-invasive spectroscopy and DTI, and confirmed wit immuno istoc emical evaluation and mRNA
expression of inflammatory markers and cell deat .

In conclusion, multimodal MRI, particularly DTI, can detect not only injury but also t e acute t erapeutic
effect of IL-1Ra suggesting t at MRI could be a useful non-invasive tool to follow, at early time points, t e
t erapeutic response in preterm infants.

1. Introduction

More t an 50% of very low birt weig t (VLBW) preterm infants are
affected by w ite matter injury (WMI) (Volpe, 2009; Pavlova and
Kragelo -Mann, 2013). Magnetic resonance imaging (MRI) allows t e
detection of diffusive WMI in up to 79% of preterm infants (Maalouf
et al., 2001). Perinatal inflammation and infection (from c or-
ioamniotis, necrotizing enterocolitis, sepsis and sustained ventilation)
are major risk factors of WMI (K waja and Volpe, 2008). Toget er wit 

 ypoxic-isc emic injuries, inflammatory injuries are t e main pat o-
genic factors in periventricular leukomalacia (PVL) (K waja and Volpe,
2008). T e diagnosis is usually confirmed at t e end of t e  ospitali-
zation by imaging. In t e mont s following disc arge, p ysical and
occupational t erapies are t en introduced if found clinically relevant.
To date, t ere is no recognized t erapy to treat WMI at t e earliest
onset. Wit t e advancements in non-invasive imaging tools, t e
question t at comes to mind is if an early recognition of on-going WMI
by imaging could trigger t e application of a t erapy and if its effect
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could t en be monitored.
A robust animal model of inflammatory WMI, consisting in t e in-

jection of lipopolysacc arides (LPS) in t e corpus callosum of rat pups,
was s own to reproduce t e pat op ysiological  allmarks seen in
preterm infants wit WMI suc as microglia activation, astrogliosis,
ventricular dilatation and  ypomyelination (Cai et al., 2003; Pang
et al., 2003; Lodygensky et al., 2010). T is animal model s owed sev-
eral neurobe avioral alterations, observed in preterm infants wit 
WMI, w ic includes  yperactivity, memory impairments and motor
deficits (Fan et al., 2008b; K waja and Volpe, 2008; Volpe, 2009; Fan
et al., 2011; Wang et al., 2013; Back and Rosenberg, 2014). Furt er-
more, late  ippocampal atrop y following preterm birt exacerbated by
WMI is also reproduced in t is model (Fan et al., 2005; Lodygensky
et al., 2005; Fan et al., 2008a; T ompson et al., 2008). An up-regulation
of pro-inflammatory cytokines associated to adverse neurodevelop-
mental outcomes in preterm infants was also seen in t is model, w ic 
includes interleukin-6 (IL-6), tumor necrosis factor alp a (TNF-α) and,
long-lasting elevated levels of interleukin-1β (IL-1β) (Pang et al., 2003;
Lodygensky et al., 2014; Jin et al., 2015; Galinsky et al., 2018). Parti-
cularly, clinical and animal studies in WMI suggest t at IL-1β plays a
central role in t e acute and c ronic p ase of injury (Girard et al., 2010;
Favrais et al., 2011; Rosenzweig et al., 2014). Compared to IL-6 and
TNF-α, exposure to IL-1β alone in neonatal animals resulted in a more
severe neuropat ological p enotype c aracterized by microglial acti-
vation, increased cell deat , oligodendrocytes impairments and be a-
vioral alterations (Lee et al., 1993; Pang et al., 2003; Cai et al., 2004;
Pang et al., 2006). T e study of Girard et al. demonstrated t at acute
p ase of WMI in preterm infants was c aracterized by an increased
expression of IL-1β and IL-1 receptor, wit no expression of its natural
antagonist t e IL-1 receptor antagonist (IL-1Ra) (Girard et al., 2010). As
mentioned earlier, t ere is currently no approved t erapeutic drug in
inflammatory WMI but  uman recombinant IL-1Ra is an interesting
t erapeutic target wit promising neuroprotective potential t at was
approved by t e FDA in 2013 in t e pediatric population to treat
neonatal-onset multisystem inflammatory disease (Dinarello et al.,
2012; Rosenzweig et al., 2014). In t e LPS-induced WMI model de-
scribed earlier, simultaneous intracerebral injection of IL-1Ra (but not
wit TNF-α antibody) decreased t e extent of LPS-induced injury (Cai
et al., 2003; Pang et al., 2003). Furt ermore, systemic administration of
IL-1Ra protected against brain injury in models of perinatal systemic
inflammation (Girard et al., 2012; Savard et al., 2013; Savard et al.,
2015).

Recent amelioration in neonatal intensive care led to a decrease in
cystic PVL w ic made diffuse WMI suc as non-cystic PVL t e most
common WMI in preterm infants (K waja and Volpe, 2008). Compared
to cystic PVL, diffuse WMI cannot be identified reliably by ultra-
sonograp y as its cystic counterpart (Inder et al., 2003). In t e study of
Inder et al., on a 30weeks born preterm, t e use of diffusion weig ted
imaging was able to detect early signs of injury (5 days post birt ), wit 
widespread apparent diffusion coefficient reduction in t e w ite matter
at a time w ere ultrasonograp y and traditional MRI did not detect any
c anges (Inder et al., 1999). T is s arp decrease in diffusivity seen on
mean diffusivity maps (MD) occurs during t e first few days following
brain injury and was initially described in patients wit stroke and in
newborns wit birt asp yxia (McKinstry et al., 2002). In rat pups in-
jected wit LPS intracerebrally, MD restriction detected in vivo  as been
s own to strongly correlate wit apoptosis in t e corpus callosum
(Lodygensky et al., 2014). In rat pups, MRS detected metabolic c anges
identical to preterm infants wit w ite matter injury s owing an in-
creased concentration of lactate and macromolecules in t e corpus
callosum 24  following t e LPS injection (Lodygensky et al., 2014). In
a clinical setting, in vivo MRI (DTI and MRS) was able to monitor early
t erapeutic response in different diseases including glioblastoma (Najac
and Ronen, 2016; Price et al., 2016), breast cancer (Bat en et al., 2011;
S arma et al., 2011; Cao et al., 2012), strokes (Sc abitz and Fis er,
1995; Seitz and Donnan, 2010), and depression (Caverzasi et al., 2012).

T e aim of t is paper was to demonstrate, in rat pups, t e use of
magnetic resonance tec nologies (DTI and MRS) as potential tools for in
vivo monitoring of t erapeutic response to IL-1Ra following LPS ex-
posure.

2. Methods

2.1. Animal preparation

Sprague-Dawley dams and t eir litter composed of male rats at one
day of life (P1) were obtained from C arles River Laboratories (C arles
River, Canada). T ey were allowed to acclimatize to t e animal facility
prior to experimental procedures. T e animals  ad free access to water
and food and were exposed to 12  lig t/dark cycles. All animal-
 andling procedures were approved by t e Institutional Committee for
Animal Care of t e Montreal Heart Institute Researc Center, following
t e recommendations of t e Canadian Council of Animal Care.

2.1.1. Intracerebral injection
Forty-eig t 3 days old (P3) male Sprague-Dawley rats (average

weig t of 8.77 ± 0.09 g) were randomly assigned to one of t ree ex-
perimental groups: S am (n= 17), LPS (n= 16) and LPS+ IL-1Ra
(n= 15); wit eac litter  aving at least 2 animals from eac treatment
group. LPS exposed animals received an intracerebral injection of a
suspension of 16 µg/µL LPS (1mg/kg; Lipopolysacc aride E. coli, ser-
otype 055:B5; SigmaAldric , Oakville, ON, Canada), in sterile saline
(0.5 µL for 8 g pup) and, S am pups received an equivalent volume of
0.9% sterile saline solution alone. T e intracerebral injection was made
in t e corpus callosum at a level equivalent to P-7, c9 (Ramac andra
and Subramanian, 2011) under ultrasound guidance using Vevo LAZR
micro-ultrasound system (FUJIFILM VisualSonics Inc., Toronto, ON,
Canada) as it was previously publis ed (Lodygensky et al., 2014). A
micropipette mounted on a microprocessor-controlled injector (Micro4
from World Precision Instruments, Sarasota, FL, USA) wit a rate of 100
nL/min was used for t e injections. All t e intracerebral injections were
performed under isoflurane anaest esia.

2.1.2. Animal treatment
LPS animals were furt er divided into two groups: one wit IP in-

jection of IL-1Ra (LPS+ IL-1Ra; 2mg/kg; Kineret-Anakinra, Amgen,
T ousand Oaks, CA, USA) and t e ot er wit IP injection of 0.9% sterile
saline (LPS). Doses were administered at 5min, 6  and 22–24  after
intracerebral LPS injection. Half of t e animals (n=24) were imaged at
MRI, eut anized and t e brains were collected for im-
muno istoc emistry. For t e ot er  alf (n= 24), MRI was not per-
formed, pups were eut anized, and t e brains were collected for bio-
c emical and gene expression analysis.

2.2. Nuclear magnetic resonance

Animals were anaest etized by isoflurane (3% for induction;
0.5–2% for maintenance) in a mixture of 0.25% air and 0.5% O2 and
placed in a tailor-made MRI-compatible ertalyte  ead- older. T e
procedure was performed according to previously described protocols
(Lodygensky et al., 2014). P ysiology monitoring was conducted wit a
custom-built pressure pillow combined wit a temperature probe
placed under t e abdomen. Temperature was maintained stable at
36 °C. Respiration was maintained between 50 and 100 breat s/min by
adapting t e level of isoflurane. Imaging and spectroscopy acquisitions
were conducted using a specifically designed quadrature surface coil
consisting of two geometrically decoupled loops of 14mm in diameter.
All MRI/MRS experiments were acquired on an actively s ielded 7-T/
30-cm  orizontal bore magnet scanner interfaced wit a DirectDrive
console (Agilent, Palo Alto, CA, USA) wit gradients of 600 mT/m.
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2.2.1. Diffusion Tensor Imaging (DTI)
Diffusion-weig ted images were acquired wit a coronal-plane re-

solution of 117× 234 µm2 and a slice t ickness of 600 µm. Data was
acquired using a standard spin ec o sequence (repetition time=2.2 s
and an ec o time=35ms) wit an origin-symmetric diffusion gradient
direction (2× 6) and b-values of 0 and 700 s/mm2 similarly to our
study using t is animal model (Lodygensky et al., 2010). T e diffusion-
weig ting gradients were applied for a duration (∂) of 7ms and a delay
(Δ) of 21ms wit 4 averages and a total scan time of 1  .

2.2.1.1. DTI analysis. T e diffusion tensor was fitted to t e diffusion-
weig ted data (weig ted linear least square) and different scalar maps
were extracted from t e tensor. Fractional anisotropy (FA), radial
diffusivity (RD), axial diffusivity (AD), mean diffusivity (MD) and
color-coded (Red, Green and Blue - RGB) FA maps were derived from
t e diffusion tensor using a software written in Matlab (Mat Works,
Natick, MA, USA) developed by Song et al. (Song et al., 2002; Song
et al., 2003; Sun et al., 2003; Song et al., 2005). T e color-coded FA
map was used as principal view for t e positioning of regions of interest
(ROIs), as it offers a greater contrast between w ite and grey matter,
but t e placement was validated wit t e ot er scalar maps. T e ROIs
were positioned by a rater (L.A.) on t e corpus callosum and on
ipsilateral and contralateral cingulum, as labeled by Paxinos and
Watson atlas (Paxinos and Watson, 2007), on t ree consecutive slices
at a level equivalent to P-1, c7 and P-1,c10 (Ramac andra and
Subramanian, 2011). T e ROIs were drawn using NIH’s ImageJ
software and for eac slice, t e mean of t e ROIs was measured on
t e FA, RD, AD and MD maps as previously publis ed (Lodygensky
et al., 2010; Lodygensky et al., 2014).

2.2.2. Magnetic resonance spectroscopy
Anatomical images were acquired to allow t e positioning of t e

volumes of interest (VOI) for t e spectroscopy experiments. T ey were
obtained wit a fast spin ec o MRI sequence (repetition time=3 s,
ec o train lengt =8, effective ec o time=78ms) wit an in-plane
resolution of 58×117 µm2 and a slice t ickness of 600 µm and a total
scan time of 5min. T e VOIs were placed on t e ipsilateral  ippo-
campus known to  ave an impaired growt following LPS exposure
(VOI=1.5×3×2 mm3). T e B0 magnetic field  omogeneity was
adjusted using FASTMAP (Gruetter, 1993). Localized spectra were ac-
quired wit SPECIAL sequence using a very s ort ec o time (2.7ms)
combined wit water suppression and an outer volume suppression as
described previously (Mlynarik et al., 2006; Lodygensky et al., 2014).
T e spectra were acquired in 18 blocks of 16 to improve signal-to-noise
ratio, a bandwidt of 5 kHz, 4096 complex data points and a repetition
time of 4 s, for a total acquisition time of 19min. An additional spec-
trum wit an unsuppressed water signal was acquired for referencing
and eddy-current correction.

2.2.2.1. MRS analysis. Spectra were post-processed using an in- ouse
MATLAB pipeline before t e metabolite quantification using t e
LCModel (Provenc er, 1993). FIDs were corrected for t e p ase and
frequency s ifts between t e blocks of t e spectra, due to t e B0
magnetic field drift in time, as described in (Near et al., 2015). All
blocks were t en summed toget er to increase t e SNR, a DC offset
correction and a left s ift of t e 4 first complex data points were also

applied to minimize t e first-order p ase error. All t ese steps were
conducted using t e FID-A matlab toolbox (Simpson et al., 2017). T e
following 18 metabolites were quantified using LCModel: alanine (Ala),
aspartate (Asp), creatine (Cr), γ-aminobutyric acid (GABA), glucose
(Glc), glutamate (Glu), glutamine (Gln), glycine (Glyc), glutat ione
(GSH), glycerop osp orylc oline (GPC), p osp orylc oline (PC ),
myo-inositol (Ins), lactate (Lac), N-acetylaspartate (NAA), N-
acetylaspartylglutamate (NAAG), p osp ocreatine (PCr),
p osp oet anolamine (PE) and taurine (Tau). In addition to t ese,
lipids and macromolecules signals at specific c emical-s ifts were also
considered as targets for t e searc of a biomarker and were studied in
t e same way as t e aforementioned molecules.

Only metabolite wit a Cramer-Rao lower bound inferior to 20 were
kept. A limit on linewidt (30 Hz maximum) and SNR (5 minimum) was
also applied.

2.3. Tissue preparation for immunohistochemistry

Following t e MRI, t e rats were deeply anaest etized wit iso-
flurane and transcardially perfused wit saline followed by 4% paraf-
ormalde yde (PFA). Brains were extracted and submerged in 4% PFA
for 24  at 4 °C and t en cryoprotected by immersion in 30% sucrose for
at least 48  . Brains were kept at 4 °C until cutting. Coronal sections
(50 µm t ick) were cut on a cryostat and conserved at − 20 °C in
cryoprotectant solution (30% et ylene glycol in 0.03mol/L PBS and
15% sucrose) until staining. Special care was taken to ensure t at t e
midline of t e brain was absolutely perpendicular to t e blade for
cutting coronal sections.

2.3.1. Immunohistochemistry
Immuno istoc emistry was performed on five free-floating brain

sections, 300 µm apart, for eac animal using t e antibodies listed in
Table 1 to evaluate cell deat (fractin), microgliosis (Iba-1) and astro-
gliosis (GFAP). Briefly, t e selected cryosections were was ed in PBS
and, transferred to blocking buffer (1% BSA, 1–5% normal goat serum
(NGS), 0.3% Triton X100) for 2  wit gentle agitation. Sections were
t en incubated in t e primary antibody solution prepared wit diluent
buffer (1% BSA, 0.1% Triton X100 and 1% NGS) at 4 °C overnig t wit 
gentle agitation. T e day after, sections were was ed in PBS and in-
cubated for 2  at room temperature in t e secondary antibody solution
prepared in diluent buffer. At t e end, sections were was ed in PBS,
stained wit PureBlu DAPI solution (0.074% in PBS; Bio-Rad, Mis-
sissauga, ON, Canada) for 5min, was ed in PBS and mounted on ge-
latin-coated slides. Slides were air-dried and mounted wit Fluorogel
(EMS, Cedarlane Labs, Burlington, ON, Canada) before scanning t em
at 20× in t e slide scanner Axioscan Z1 (Zeiss, Toronto, ON, Canada).

2.3.2. Immunohistochemistry analysis
ROIs wit fixed dimension (2000 × 1000 pixels) were drawn out

t e AxioScan w ole brain images and quantified using ImageJ. For t e
quantification, a pixel intensity t res old was defined as t e non-spe-
cific background noise intensity as seen on t e control brain slices in-
cubated solely wit t e Alexa488 secondary antibody. For t e parti-
culated labeling of fractin, t e number of Fractin+ pixels (fractin) was
quantified in t e corpus callosum and in t e ipsi- and contralateral
cingulum. T e percentage of area covered by Iba-1+ and GFAP+

Table 1
List of antibodies used for immuno istoc emistry.

Antibody Specificity Company Dilution

Rabbit Anti-Fractin 32 kDa Fractin fragment Millipore (Etobicoke, ON, Canada) 1:500
Rabbit Anti-GFAP Total GFAP protein Cell Signaling (Beverly, MA, USA) 1:500
Rabbit Anti-Iba1 17 kDa calcium-binding protein Wako (Osaka, Japan) 1:500
Alexa488-Goat Anti-rabbit IgG Rabbit IgG (H+L) (secondary) Life Tec nologies, Invitrogen 1:1000
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immunolabelling was performed in t e ipsilateral and contralateral
sides of cortex,  ippocampus and cingulum and in t e corpus callosum.
T e values of t e sections were averaged toget er to obtain one value
per ROI for eac animal.

2.4. Tissue preparation for biochemical and gene expression analysis

For protein and RNA preparation and gene expression analysis, 24
pups (n= 8 pups per group) were used. 24  following t e injection,
t e animals were deeply anaest etized wit isoflurane and transcar-
dially perfused wit saline. Brains were extracted, and t e ipsilateral
 emisp ere was snap-frozen on dry ice. Ipsilateral brain  emisp eres
were reduced to powder by grinding t e tissue in liquid nitrogen and
t e powder was kept at −80 °C until use.

2.4.1. Protein extraction and ELISA
For protein extraction, tissue powder was resuspended in RIPA

buffer (100 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1mM EDTA,
1% Triton X-100, 0.5% sodium deoxyc olate) wit protease in ibitor
cocktail and PMSF added. T e suspension was incubated for 15min and
centrifuged at 10,000g for 15min at 4 °C. Protein determination was
performed using a standard Bradford protocol. Aliquots were made and
kept frozen at −80 °C until use. In order to quantify t e IL-1Ra in brain
extracts of treated animals, an ELISA immunoassay was performed
using a commercial rat IL-1Ra ELISA kit (TSZ Elisa, Biotang, Lexington,
MA, USA).

2.4.2. RNA preparation and gene expression analysis
Total RNA was extracted wit t e RNeasy mini kit according to t e

manufacturer's instructions (Qiagen, Hilden, Germany). RNA quality
and concentration were assessed by spectrop otometry using t e
Nanodrop apparatus (T ermoscientific, Wilmington, DE, USA). Total
RNA (1 µg) was subjected to reverse transcription using t e iScript™
cDNA synt esis kit (Bio-Rad, Hercules, CA, USA). RT-qPCR was per-
formed in triplicate for eac sample using SYBR Green Supermix (Bio-
Rad. Hercules, CA, USA) for 40 cycles wit a 3-step program (20 s of
denaturation at 95 °C, 30 s of annealing at 58 °C and 30 s of extension at
72 °C). Amplification specificity was assessed wit a melting curve
analysis. T e sequences of t e primers used are provided in Table 2.

2.5. Statistics

All statistical analyses were performed using Grap Pad Prism 7
software (Grap Pad Software, La Jolla, CA). All data are presented as
mean ± SEM. Comparisons between groups were performed using
Kruskall-Wallis tests followed by Dunn’s multiple comparisons test.

Statistical significance was set below 0.05.

3. Results

At P4, we did not see significant difference in body weig t between
t e groups (S am=10.05 ± 0.20 g; LPS= 9.33 ± 0.30 g and
LPS+ IL-1Ra= 9.28 ± 0.12 g) but we noted a significant decrease in
weig t gain from P3 to P4 in t e LPS (0.40 ± 0.18 g; p= 0.022) and
LPS+ IL-1Ra (0.45 ± 0.28 g; p= 0.043) animals compared to S am
(1.47 ± 0.22 g).

3.1. 1H-MRS of the hippocampus.

24  post-injection of lipopolysacc aride in t e corpus callosum of
rat pups, MRS was acquired in t e ipsilateral  ippocampus (Fig. 1A) on
a 7 T scanner on 24 animals (8 S am, 9 LPS, 7 LPS+ IL-1Ra). T e ip-
silateral  ippocampus was c osen to evaluate t e detection of early
signs of injury in a region known to undergo late atrop y (Lodygensky
et al., 2005; T ompson et al., 2008; T ompson et al., 2014). Of t e 24
spectra processed, 2 were rejected because one  ad insufficient re-
solution (linewidt > 20) and SNR, and anot er one  ad ROI place-
ment errors, leaving a total of 22 spectra; 8 S am, 8 LPS and 6 LPS+ IL-
1Ra. Glutamate, glutat ione, N-acetylaspartate, p osp or-
ylet anolamine and taurine were quantified in all spectra wit a
CRLB < 20%. GABA was also detected in all but one spectrum wit a
CRLB < 20%. Due to t eir resonance proximity in 1H-MRS, creatine
and p osp ocreatine, glutamate and glutamine, N-acetylaspartate and
N-acetylaspartylglutamate, and finally p osp oc oline and glycer-
op osp oc oline, were combined by two to allow better concentration
estimation. For t ese combinations (respectively Cr+PCr, Glu+Gln,
NAA+NAAG and PC +GPC), concentrations could be estimated wit 
a CRLB < 20% for all spectra except for PC +GPC for w ic two
spectra  ad a CRLB > 20%. Only GPC was not identified in more t an
50% of t e processed spectra.

3.1.1. Changes in metabolite and metabolite combination
From t e metabolites and metabolite combination evaluated

(Table 3), four  ad significant concentration c anges between t e S am
and LPS-treated groups (Fig. 1B). Glutamate (Glu), N-acetylaspartate
(NAA), N-acetylaspartate+N-acetylaspartylglutamate (NAA+NAAG)
and p osp orylet anolamine (PE) significantly decreased between
S am and LPS animals (Glu: p= 0.007; NAA: p=0.01; NAA+NAAG:
p=0.001; PE: p=0.02). For t ese metabolites,  owever, t ere was no
significant difference between S am and LPS+ IL-1Ra group. We ob-
served a general improvement of t e four metabolites concentration
c anges induced by LPS in animals treated wit IL-1Ra, particularly for

Table 2
List of primers used for gene expression analysis.

Gene Forward (F) and Reverse (R) primer sequences Ref.

GAPDH F-5′-AAGGTCGGTGTGAACGGATT-3′ (Ma et al., 2015)
R-5′-TGAACTTGCCGTGGGTAGAG-3′

IL-1β F-5′-GGCAACTGTCCCTGAACTCAA-3′ (Lodygensky et al., 2014)
R-5′GCCTCAAAGAACAGGTCATTCTC-3′

IL-6 F-5′-TCCTACCCCAACTTCCAATGC-3′ (Ma et al., 2015)
R-5′TAGCACACTAGGTTTGCCGAG-3′

iNOS F-5′-GAGTGAGGAGCAGGTTGAGGATTAC-3′ (C en et al., 2015)
R-5′AGGAAAAGACCGCACCGAAG-3′

MLKL F-5′-CCCGAGTTGTTGCAGGAGAT-3′ (Liu et al., 2016)
R-5′TCTCCAAGATTCCATCCGCAG-3′

RIPK1 F-5′-CTTAAGCCCAAGTGCAGTCA-3′ (Z ao et al., 2016)
R-5′ATAGCCCAACAAGGAGGATG-3′

RIPK3 F-5′-CAGTGTTGGCTGGAAGAGAA-3′ (Z ao et al., 2016)
R-5′AGGCTCAGAACTCCAGCAAT-3′

TNF-α F-5′-CTATGTGCTCCTCACCCACA-3′ (Rivera et al., 2013)
R-5′TGGAAGACTCCTCCCAGGTA-3′
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NAA and NAA+NAAG. NAA decreased of 19% for LPS
(2.31 ± 0.06 µmol/g) and of 6% for LPS+ IL-1Ra animals
(2.67 ± 0.15 µmol/g); and NAA+NAAG (Fig. 1B) decreased of 21%
in injured animals (3.11 ± 0.11 µmol/g) compared to 11% in treated
animals (3.51 ± 0.19 µmol/g).

3.1.2. Changes in free lipids and Macromolecules
Lipid peaks are readily identifiable due to t e ultras ort ec o time

used in t e SPECIAL sequence. Of t e 3 lipids and macromolecules
concentrations measured (Table 3), a significant increase (p=0.009)
was found for t e lipid 20+macromolecule 20 (Lip20+MM20),
w ose peak is  ig est at 2.0 ppm and were combined due to t eir re-
sonance proximity. Lip20+MM20 (Fig. 1B) concentration increased of
45% in t e LPS group (13.19 ± 0.72 µmol/g) and of only 36% in t e
LPS+ IL1-Ra group (12.38 ± 0.92 µmol/g) w en compared to S am
animals (9.07 ± 0.65 µmol/g).

3.2. DTI study

DTI was acquired on 24 animals (S am=8, LPS=9 and LPS+ IL-
1Ra=7) to measure fractional anisotropy (FA), mean diffusivity (MD),
axial diffusivity (AD) and radial diffusivity (RD) in t e central part of
t e corpus callosum and in t e ipsilateral and contralateral cingulum.
Due to t e presence of artifacts and/or blood, t e ROIs could not be
drawn in some animals of t e LPS and LPS+ IL-1Ra groups and, ROIs
were drawn in all 8 S am animals. T us, in t e corpus callosum, 8 LPS
and 6 LPS+ IL1-Ra were used; 6 LPS and 4 LPS+ IL-1Ra were assessed
for t e ipsilateral cingulum and 7 LPS and 6 LPS+ IL-1Ra for t e
contralateral cingulum.

We did not record any significant c anges in FA values in t e 3
regions evaluated (Fig. 2). Animals t at received LPS  ad a significant
decrease in MD and AD in t e 3 ROIs evaluated (Fig. 2B, C and D) and
RD decreased in t e ipsilateral and contralateral cingulum (Fig. 2C and
D). LPS+ IL-1Ra group  ad significant decrease in RD in t e corpus

Fig. 1. Metabolites were evaluated by MRS 24  following induction of inflammatory injury and IL1-Ra t erapy. (A) Representative spectrum acquired on t e
ipsilateral  ippocampus ( ig lig ted in w ite rectangle on T2 weig ted coronal image on P4 rats). (B) Bar grap s of metabolites concentration in t e  ippocampus;
statistically significant c anges compared to S am are indicated. Values are represented as mean ± SEM. *p < 0.05; **p < 0.01; compared to S am.
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callosum and contralateral cingulum. IL-1Ra treated animals  ad a
significant restriction of MD in t e corpus callosum and in t e con-
tralateral cingulum alt oug to a lesser extent t an LPS animals. T ere
was no significative difference for AD values in t e 3 ROIs between
S am and LPS+ IL-1Ra group (Fig. 2E).

3.3. Immunohistological markers

To support t e DTI/MRS results in t e t ree groups evaluated in t is
study, immuno istological evaluations were performed to assess
apoptosis (fractin), microgliosis (Iba-1) and astrogliosis (GFAP.

Table 3
Concentrations of metabolites quantified in t e ipsilateral  ippocampus using t e LCModel. Values are expressed as µmol/g (mean ± SEM). Concentrations in bold
s owed a statistical difference (*p < 0.05; **p < 0.01) compared to S am animals (see Fig. 1).

Metabolites S am LPS LPS+ IL-1Ra

Alanine 2.32 ± 0.25 2.43 ± 0.21 3.02 ± 0.61
Creatine+ P osp ocreatine 6.65 ± 0.14 6.80 ± 0.28 6.63 ± 0.39
Creatine 5.38 ± 0.39 4.42 ± 0.73 4.34 ± 0.70
GABA 2.37 ± 0.14 2.04 ± 0.15 1.88 ± 0.18
Glutamine 2.47 ± 0.17 2.38 ± 0.17 2.53 ± 0.41
Glutamate 8.09 ± 0.22 6.69 ± 0.25** 7.08 ± 0.37
Glutamate+Glutamine 10.29 ± 0.24 8.89 ± 0.43 9.35 ± 0.60
Glutat ione 2.68 ± 0.16 2.22 ± 0.16 2.15 ± 0.14
Glycine 3.30 ± 0.15 2.86 ± 0.19 2.75 ± 0.18
N-acetylaspartate 2.84 ± 0.16 2.31 ± 0.06* 2.67 ± 0.15
N-acetylaspartate+N-acetylaspartylglutamate 3.96 ± 0.16 3.11 ± 0.11** 3.51 ± 0.19
P osp oc oline 1.44 ± 0.05 1.24 ± 0.11 1.34 ± 0.23
P osp oc oline+Glycerop osp oc oline 1.53 ± 0.06 1.25 ± 0.09 1.47 ± 0.08
P osp orylet anolamine 6.71 ± 0.18 5.71 ± 0.21* 6.11 ± 0.45
Taurine 19.79 ± 0.57 19.31 ± 0.65 18.72 ± 0.78
Lipid 09+macromolecule 09 14.27 ± 0.60 15.26 ± 0.88 16.15 ± 0.42
Lipid 20+macromolecule 20 9.07 ± 0.65 13.19 ± 0.72* 12.38 ± 0.92
Macromolecule 09 11.80 ± 1.06 10.20 ± 0.89 12.03 ± 0.55

Fig. 2. In vivo diffusion tensor imaging of P4
rat pups acquired in eac group. (A) Example
of coronal RGB (red, green, and blue) map wit 
t e ROIs (ipsilateral cingulum, corpus callosum
and contralateral cingulum)  ig lig ted in
w ite. T e colors in t e RGB map represent t e
preferred direction of water diffusion. Red
corresponds to medial-lateral, green to super-
ior–inferior, and blue to rostral–caudal direc-
tions. (B, C and D) Bar grap of fractional an-
isotropy (FA), mean diffusivity (MD), axial
diffusivity (AD) and radial diffusivity (RD) in
t e (B) corpus callosum, (C) ipsilateral cin-
gulum and (D) contralateral cingulum. (E)
Table of scalar map values represented as
mean ± SEM. *: P < 0.05; **: P < 0.01; ***:
P < 0.001 compared to t e S am. Diffusivity:
μm2/ms. (For interpretation of t e references
to colour in t is figure legend, t e reader is
referred to t e web version of t is article.)
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3.3.1. Apoptosis
T e marker of apoptosis fractin was expressed in t e ROIs evaluated

in t e t ree groups (Fig. 3A–C). Compared to S am animal, LPS ex-
posed animals  ad increased fractin expression in t e 3 ROIs and t e
difference were significant in t e corpus callosum and contralateral
cingulum (Fig. 3D). A slig t reaction was observed in t e ipsilateral
cingulum of t e S am animal near t e site of t e injection (Fig. 3A) t at
could contribute to t e increased value in t is region compared to t e
ot er two (Fig. 3D). T e LPS+ IL-1Ra group  ad markedly improved
fractin expression compared to LPS group, t oug t e values were not
significant. Knowing t at we  ave previously s own t at diffusion re-
striction  ad an inverse correlation wit cell deat marker expression,
we looked at possible interactions between fractin expression and DTI.
We found t at fractin expression  ad a negative correlation to AD in t e
corpus callosum and contralateral cingulum and t is correlation was
stronger in t e corpus callosum compared to t e contralateral cingulum
(Fig. 3E and F).

3.3.2. Microgliosis
Microgliosis was assessed by immunolabelling brain slices wit Iba-

1 (Fig. 4). LPS exposure induced bilateral microglia activation wit in
t e different ROIs as seen wit increased Iba-1 expression (Fig. 4A and
B). Compared to t e s am group, Iba-1 expression increased sig-
nificantly in t e ipsilateral and contralateral cortex of LPS animals
(Fig. 4B). Treatment wit IL-1Ra induced a slig t decrease in Iba-1
expression particularly in t e  ippocampus (Fig. 4B). Correlation

analyses were performed between Iba-1 expression and c anges seen in
t e DTI and MRS in corresponding ROIs. From t e metabolites we
measured by MRS, we looked at correlation between Iba-1expression
and metabolites associated to microglia activation and neuroin-
flammation w ic includes total creatine, total c oline, glutamate and
t e free lipids and macromolecules (Za r et al., 2014; Pardon et al.,
2016). We did not observe any significant correlation between Iba-1
expression and t e metabolites of interest, alt oug we observed trends
between creatine (r= -0.62, p= 0.06) and Lip20+MM20 (r= 0.46,
p=0.08) and Iba-1 expression. Correlation analysis wit t e different
DTI parameters s owed t at Iba-1 expression was inversely associated
to AD in t e corpus callosum and contralateral cingulum (Fig. 4C and
D) and also, to MD in t e contralateral cingulum (Fig. 4D).

3.3.3. Astrogliosis
Astrocyte activation was quantified on brain slices marked wit 

GFAP (Fig. 5). Images in Fig. 5 s owed t at, LPS exposure induced an
important astroglial reaction, w ic was partially dimmed by a treat-
ment wit IL-1Ra (Fig. 5A). Quantification of GFAP immunolabelling
demonstrated t at LPS induced a significant increase in astrocyte ac-
tivation in t e contralateral cingulum and t e treatment wit IL-1Ra
tended to decrease it (p= 0.085) (Fig. 5B). Quantification of astro-
gliosis revealed a strong reaction in t e cortex of LPS exposed animals
compared to S am alt oug it did not reac statistical significance
(Fig. 5B). However, LPS did not seem to influence astrocyte activation
in t e ipsi- and contralateral  ippocampus and in t e corpus callosum

Fig. 3. Post-mortem evaluation of t e apoptotic
marker fractin. (A-C) Representative images for
eac group: (A) S am, (B) LPS (C) LPS+ IL-1Ra.
(D) Bar grap of t e number of fractin+ particles
expression in t e corpus callosum, ipsilateral and
contralateral cingulum. In t e images at 1×, t e
boxed areas represent t e regions of interest
obtained at 20×, images correspond to t e ipsi-
lateral cingulum. Scatter plot of t e axial diffu-
sivity for t e natural logarit m of t e fractin
quantification in (E) t e contralateral cingulum,
wit t e following regression line:
AD=−0.070× ln(fractin)+ 1.90; R2=0.33,
P= 0.03 and (F) t e corpus callosum, wit t e
following regression line: AD=−0.043× ln
(fractin)+ 1.98; R2=0.52, P= 0.003. Values
are represented as mean ± SEM. Bars:
1×=1000 μm, 20×=20 μm.*p < 0.05, com-
pared to S am.
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(Fig. 5B). Correlation analysis between immuno istoc emistry and
MRS/DTI were done. For MRS, we evaluated t e correlation between
GFAP in t e ipsilateral  ippocampus and t e following metabolites
myo-inositol, GSH, glutamine, glutamate, and lactate t at are asso-
ciated to astrogliosis (Xu et al., 2011; Harris et al., 2015). Un-
fortunately, we were not able to quantify myo-Inositol and lactate wit 
sufficient precision in our study. We did not observe any significant
correlation between t e 3 remaining metabolites and GFAP expression
in t e ipsilateral  ippocampus, but we saw a trend toward an interac-
tion between GFAP expression and glutamine (r= 0.54, p= 0.09).
Assessment of correlation between DTI and GFAP expression revealed
an inverse relations ip between radial diffusivity and t e extent of
astrocytic activation in t e ipsilateral and contralateral cingulum
(Fig. 5C and D).

3.4. Intracerebral level of IL-1Ra:

To confirm t e presence of IL-1Ra wit in t e brain parenc yma
following its systemic injection, we performed an ELISA wit extracts
from t e ipsilateral brain  emisp ere. LPS+ IL-1Ra  ad a significant
increase in cerebral IL-1Ra concentration compared to t e S am and
LPS groups (p < 0.05, Fig. 6). T is result suggests t at t e 23% in-
crease in IL-1Ra is due to t e presence of t e recombinant IL-1Ra in t e

ipsilateral brain  emisp ere.

3.5. RNA expression:

T e expressions of mRNA for pro-inflammatory (IL-1β, IL-6, iNOS
and TNF-α) and necroptotic (RIPK1, RIPK3 and MLKL) genes in t e
ipsilateral brain  emisp ere were determined by quantitative PCR
(qPCR). Compared to t e s am group, t e LPS  ad a strong in-
flammatory response for t e 4 pro-inflammatory genes tested (Fig. 7).
IL-1ra treatment decreased LPS-induced expression of pro-in-
flammatory genes particularly for IL-1β and iNOS (Fig. 7).

Compared to S am animals, LPS animals  ad a significant increase
in t e expression of t e 3 genes related to necroptosis (Fig. 8). Animals
treated wit IL-1Ra  ad a significant increased expression of RIPK3 and
MLKL but not of RIPK1 (Fig. 8). IL-1Ra treatment decreased t e LPS-
induced expression of RIPK3 and MLKL respectively by 27.53% and
15.83% (Fig. 8).

4. Discussion

T e present study provides new insig ts on t e use of multimodal
MRI as an early monitoring tool of inflammatory injury and t erapeutic
response in t e immature rat brain.

Fig. 4. Evaluation of microglia activation by Iba-1
immuno istoc emistry. (A) Representative images for
S am, LPS and LPS+ IL-1Ra animals taken at 1× and
10× using Zeiss AxioScan. (B) Bar grap of t e per-
centage of t e area covered by Iba-1 expression in t e
ROIs. T e corpus callosum is  ig lig ted in red. In t e
images at 1×, t e boxed areas represent ROIs; images
at 10× correspond to t e ipsilateral cingulum. (C)
Scatter plot of t e AD effect for Iba-1 expression in t e
corpus callosum, wit t e following regression line:
AD=−0.016× Iba-1 expression+1.86; R2=0.35,
P=0.015 (D) Scatter plot of t e AD andMD effects for
Iba-1 expression in t e contralateral cingulum, wit 
t e following regression lines: AD=−0.018× Iba-1
expression+1.77; R2=0.33, P=0.02 and
MD=−0.013× Iba-1 expression+1.29; R2=0.30,
P=0.027. Bars: 1×=1000 μm, 10×=100 μm.
*p < 0.05.
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4.1. Neonatal LPS exposure alters the hippocampal metabolism

Using 1H-MRS, we s owed t at intracerebral LPS induced acute
metabolic c anges in t e  ippocampus, w ic precede t e late atrop y
known to occur in t is preclinical model (Wang et al., 2013). In ac-
cordance to previously publis ed results, we observed a decrease in t e
NAA and NAA+NAAG levels in injured animals typically known to be
associated wit impaired neuronal integrity (Lodygensky et al., 2014;
van de Looij et al., 2014a; van de Looij et al., 2014b). In our study,
glutamate levels in t e  ippocampus decreased following LPS exposure
in a similar manner to c anges seen during t e acute p ase of neonatal
 ypoxia-isc emia (van de Looij et al., 2011; Sanc es et al., 2018) and in
t e striatum of adult rats subjected to quinolinic acid injury (Tkac et al.,
2001). T e decrease in glutamate level can reflect altered neuro-
transmitter production following neuronal cell deat and, it could also
represent c anges in t e glutamate-glutamine cycle between neurons
and glia. We also measured decreased levels of p osp or-
ylet anolamine (PE), a precursor of p osp atidylet anolamine, and, a
decrease in PE levels was associated to myelination impairments and
also to sign of lower cellular proliferation in perinatal  ypoxia-isc emia
(Raman et al., 2005; Wang et al., 2016). Moreover, PE levels reduction
could reflect a weakened antioxidative status in t e brain since PE is a
substrate in sp ingolipid peroxidation (Han et al., 2017). T e con-
centration of lipid 20 and macromolecule 20 increased following LPS

Fig. 5. Evaluation of astrocyte activation by im-
muno istoc emistry wit GFAP. (A) Representative
images for S am, LPS and LPS+ IL-1Ra animals
taken at 1× and 10× using Zeiss AxioScan. (B) Bar
grap of t e surface covered by GFAP expression in
t e different regions of interest. In t e images at 1×,
t e boxed areas represent t e regions of interest; at
10×, images correspond to t e ipsilateral cortex. (C-
D) Scatter plot of t e RD effect for GFAP expression
in (C) t e ipsilateral cingulum, wit t e following
regression line: RD=−0.009×GFAP expres-
sion+ 1.11; R2=0.45, P=0.018 and (D) t e con-
tralateral cingulum, wit t e following regression
lines: RD=−0.010×GFAP expression+ 1.22;
R2=0.41, P=0.026. Bars: 1×=1000 μm,
10×=100 μm.*p < 0.05.

Fig. 6. IL-1Ra concentration measured by ELISA in t e ipsilateral brain  emi-
sp ere. Results are presented in ng/ml (mean ± SEM). *p < 0.05.
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injury similarly to data publis ed on t is model (Lodygensky et al.,
2014). Increase in lipids and macromolecules was seen as a sign of
microglial cell activation in adult mice subjected to systemic LPS
(Pardon et al., 2016) and also in tumors (Yamasaki et al., 2015). In
brain tumors, increase in lipid and macromolecule concentrations was
associated wit membrane rupture and cell deat (Sijens et al., 1996;
Nakamura et al., 2018).

4.2. DTI

DTI is a sensitive tool t at allows in vivo evaluation of cerebral
microstructure and is very sensitive to c anges following injury.
Alt oug t e exact mec anisms and cell types associated to t e dif-
ferent diffusivity parameters  ave not been accurately identified yet,
studies suggest t at axial and radial diffusivity could reflect t e in-
tegrity of axonal and myelin content (Z ang et al., 2012; Tuor et al.,
2014; Stolp et al., 2018). However t e t eory is more complex in t e
setting of a young and immature brain and acute injury. In accordance
to publis ed results for bot preterm infants and animal models wit 
WMI, we recorded, during t e acute p ase of injury, a decrease in
diffusivity (AD, RD and MD) following LPS exposure wit out c anges in
fractional anisotropy (Lodygensky et al., 2011; Lodygensky et al., 2014;
Tuor et al., 2014). Moreover, c anges in axial diffusivity correlated to
fractin expression in t e corpus callosum and contralateral cingulum

and also, to a lesser extent, wit microgliosis. Radial diffusivity  ad an
inverse correlation wit astrogliosis in t e ipsilateral and contralateral
cingulum. T e c anges in axial diffusivity are probably a reflection of
combined ongoing damage wit increase in cell deat , microglial ac-
tivation and axonal beading (Budde and Frank, 2010; Xie et al., 2010).
T e c anges in radial diffusivity seen in t is study, at an age prior to t e
onset of myelination, could represent ongoing astrogliosis and could
also be related to axonal injury as it was seen in animal model of
neonatal stroke and in traumatic brain injury (Z uo et al., 2012; Tuor
et al., 2014; Sing et al., 2016). T us, DTI parameters alteration could
be a reflection of t e acute neuroinflammatory response c aracterized
by astrocyte activation, microgliosis and apoptotic cell deat .

4.3. Neonatal LPS exposure leads to inflammation and cell death

LPS activation of toll like receptor 4 (TLR-4) induces a pro-in-
flammatory p enotype c aracterized by microglia activation, astro-
gliosis, inflammatory marker expression and cell deat via bot cas-
pase-dependant (apoptosis) and caspase-independent (necroptosis)
pat ways (Nikseres t et al., 2015; Savard et al., 2015). Similarly to
previous results in t is animal model at P3 and P5, LPS exposure at P3
induced a strong neuroinflammatory profile wit t e expression of t e
pro-inflammatory markers IL-1β, iNOS, IL-6 and TNF-α, gliosis (in-
crease Iba-1 and GFAP expression) and expression of bot apoptotic and

Fig. 7. C anges in pro-inflammatory gene expres-
sion in brain of P4 rat pups. Relative mRNA levels
are presented in arbitrary units (AU, mean ± SEM)
compared to S am group. n=8 per group. IL-1β,
interleukin 1β; IL-6, interleukin 6; iNOS, inducible
nitric oxide synt ase, and TNF-α, tumor necrosis
factor α. *p < 0.05; **p < 0.01; ***p < 0.001
compared to S am.

Fig. 8. C anges in necroptotic gene expression in
brain of P4 rat pups 24  after exposure. Relative
mRNA levels are presented in arbitrary units (AU,
mean ± SEM) compared to S am group. n= 8 per
group. RIPK1, Receptor-interacting serine/t reo-
nine-protein kinase 1; RIPK3, Receptor-interacting
serine/t reonine-protein kinase 3; MLKL, Mixed
Lineage Kinase Domain-Like protein. **p < 0.01
compared to S am.
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necroptosis markers (Pang et al., 2003; Lodygensky et al., 2014). To our
knowledge, it is t e first time t at t e LPS-induced expression of ne-
croptosis markers is s own in t e intracerebral LPS-injection model. It
was previously demonstrated t at, following neonatal  ypoxia, ne-
croptosis was associated to neuronal and oligodendrocytes cell deat 
and disruption of normal myelination process (Qu et al., 2016; Qu et al.,
2017). Furt ermore, RIPK3 and MLKL expression can increase t e ac-
tivity of t e NLRP3 inflammasome w ic favors t e establis ment of a
pro-inflammatory state via IL-1β production (Lawlor et al., 2015).

4.4. Early indication of IL-1Ra neuroprotective effect during the acute
injury phase

During t e acute p ase of injury, alt oug t e effect of IL-1Ra did
not reac statistical significance levels, we observed t at IL-1Ra exerted
partial neuroprotective effect wit similar trends in in vivo MRI and
immuno istoc emistry and gene expression analysis. T e effect of
t erapy at t is point cannot be expected to be complete as t e animals
were only exposed to 3 injections. In Girard et al. study, IL-1Ra s owed
neuroprotective trends during t e acute p ase of injury (24–48  post-
injury) in an animal model of adult stroke, but its neuroprotective and
restorative effects were more prominent w en assessed at later time
points (Girard et al., 2014). If animals would  ave been imaged and
analyzed at later time points, DTI and MRS biomarkers of acute injury
would not  ave been usable and t e cytokine storm would be over.
Indeed, t e mean diffusivity reduction is only present in t e first days
following LPS (Lodygensky et al., 2010; Lodygensky et al., 2014).
Furt ermore, in vivo MRI is  ig ly relevant w en performed during an
acute event as it can determine t e immediate effect of t erapy so t at
it could be replaced if found inefficient, similarly to its use in glio-
blastoma multiform management (Ryg et al., 2014; de Souza et al.,
2015; Toussaint et al., 2017). We demonstrate  ere for t e first time
t at t e first stages of a neuroprotective effect could be identified using
in vivo DTI and MRS, w ic gives complementary information during
t e acute inflammatory injury. T ese c anges were similar to cell deat 
and inflammatory markers evaluated by immuno istoc emical and
bioc emical met ods. In  uman preterm infants, early imaging was
s own to be superior in detecting WMI and predicting outcomes (Inder
et al., 1999; Martinez-Biarge et al., 2016; Guo et al., 2017; Nguyen
et al., 2019). Wit t e development of new MRI systems for t e Neo-
natal Intensive Care Unit (Tkac et al., 2013; Mer ar et al., 2017),
sequential imaging will be easier to perform and assist in t e early
injury detection and monitoring of t erapy.

4.5. Limitations

One limit of t is study is t e initiation of IL-1Ra t erapy wit in
5min of inflammation onset. T e timing of t erapy was based on t e
kinetics as aforementioned. By starting t erapy early, we maximised
t e c ances to detect positive c anges. We believe t at t e translational
value is still present as t e available timeframe is wider in  uman
preterm infants. Anot er limitation is t e fact t at, alt oug DTI is
more sensitive t an conventional MRI in early detection of brain injury,
it lacks specificity in regard to t e p ysiological processes involved
(Winklewski et al., 2018; Novikov et al., 2019). T erefore, t e devel-
opment of new tec niques and models to analysis diffusion t at goes
beyond t e use of tensors would lead to a better understanding of t e
contribution of different pat op ysiological mec anisms on diffusivity
c anges during t e acute and c ronic p ase of injury. Nonet eless, t e
presence of correlation between DTI and immuno istoc emical mar-
kers underlines its potential to detect t e early neuroinflammatory re-
action and t erapeutic response in neonatal WMI.

5. Conclusion

In conclusion, we s owed t at in vivo DTI reflected ongoing

neuroinflammation as seen wit  istology, and MRS detected early
metabolic c anges in t e  ippocampus prior to appearance of  istolo-
gical signs of injury. Furt ermore, DTI and MRS s owed early signs of
response to neuroprotection during t e acute p ase of injury. If con-
firmed in ot er animal models, t ese results would suggest t at in vivo
multimodal MRI can detect not only t e first stage of major w ite
matter injury and metabolic impairment but assess t e effect of
t erapy. As clinical MRI is being used more and more in t e neonatal
intensive care unit, it is  ig ly relevant to evaluate t e potential role of
MRI as a central part in t e design of future neuroprotective trials in
 uman neonates.
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