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Abstract

Very preterm infants show low levels of insulin-like growth factor-1 (IGF-1), which is associated with postnatal growth
restriction and poor neurologic outcomes. It remains unknown whether supplemental IGF-1 may stimulate neurode-
velopment in preterm neonates. Using cesarean-delivered preterm pigs as a model of preterm infants, we investi-
gated the effects of supplemental IGF-1 on motor function and on regional and cellular brain development. Pigs
were treated with 2.25 mg/kg/d recombinant human IGF-1/IGF binding protein-3 complex from birth until day 5 or 9
before the collection of brain samples for quantitative immunohistochemistry (IHC), RNA sequencing, and quantitative
PCR analyses. Brain protein synthesis was measured using in vivo labeling with [2H5] phenylalanine. We showed
that the IGF-1 receptor was widely distributed in the brain and largely coexisted with immature neurons. Region-spe-
cific quantification of IHC labeling showed that IGF-1 treatment promoted neuronal differentiation, increased subcorti-
cal myelination, and attenuated synaptogenesis in a region-dependent and time-dependent manner. The expression
levels of genes involved in neuronal and oligodendrocyte maturation, and angiogenic and transport functions were al-
tered, reflecting enhanced brain maturation in response to IGF-1 treatment. Cerebellar protein synthesis was in-
creased by 19% at day 5 and 14% at day 9 after IGF-1 treatment. Treatment had no effect on Iba1™ microglia or
regional brain weights and did not affect motor development or the expression of genes related to IGF-1 signaling. In
conclusion, the data show that supplemental IGF-1 promotes brain maturation in newborn preterm pigs. The results
provide further support for IGF-1 supplementation therapy in the early postnatal period in preterm infants.
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Deficiency of systemic insulin-like growth factor-1 (IGF-1) is associated with delayed neurologic develop-
ment in preterm infants. Here, we show that the IGF-1 receptor is primarily expressed in immature neurons
in the developing brain of the translational preterm pig model. Supplementation with IGF-1 accelerates neu-
ron differentiation in the hippocampus and promotes myelination in subcortical white matter regions in a
time-dependent way. Furthermore, systemic IGF-1 supplementation stimulates cerebral protein synthesis.
Our study suggests that IGF-1 therapy in the early postnatal period might be supportive for neurodevelop-
\ment in preterm infants. /
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Introduction

Insulin-like growth factor-1 (IGF-1) and its receptors are
centrally involved in the regulation of fetal growth and
organ development (Hansen-Pupp et al., 2007; Hellstrém
et al., 2016). The level of IGF-1 in the serum of human fe-
tuses is high during the last trimester and then decreases
immediately after birth, followed by a gradual increase
during the first postnatal weeks (Lineham et al., 1986;
Langford et al., 1998; Bunn et al., 2005). Compared with
full-term infants, neonates born very preterm (<32 weeks
of gestation) have a sustained period of low-plasma IGF-1
levels (Lineham et al., 1986; Hellstrom et al., 2016), and a
decrease in levels correlates with several morbidities,
such as postnatal growth restriction (Kajantie et al., 2002),
retinopathy of prematurity (ROP; Liegl et al., 2016), bron-
chopulmonary dysplasia (Hellstrém et al., 2003; Loéfqvist
et al., 2012), and necrotizing enterocolitis (NEC; Hansen-
Pupp et al., 2011, 2013; Beardsall et al., 2014; Hellstrém
et al., 2016). Additionally, low postnatal IGF-1 levels have
been linked to reduced volumes of whole-brain, cerebel-
lum, gray matter, and unmyelinated white matter (WM),
together with reduced head circumference and impaired
neurodevelopment (Hellstrém et al., 2016). However,
cause—effect relationships between plasma IGF-1 and
brain development in preterm infants remain unclear.

Circulating IGF-1 is mainly produced and secreted from
the liver, and in fetuses and infants, its production is regu-
lated by insulin (Hellstrém et al., 2016). Circulating IGF-1
is able to cross the blood-brain barrier, where neuronal
activity stimulates brain region-dependent IGF-1 uptake
(Carro et al., 2005; Nishijima et al., 2010). IGF-1 mediates
signaling through high-affinity binding to IGF-1 receptor
(IGF1R)/insulin receptor (InR) heterodimers. IGF1R is
known to be widely expressed throughout the brain in
neuronal progenitor cells, mature neurons, oligodendro-
cytes, and endothelial and neuroepithelial cells of the cho-
roid plexus in both human and rodent brains (Marks et al.,
1991; Garcia-Segura et al., 1997; Zeger et al., 2007; Suh
et al., 2013; Ziegler et al., 2015; Labandeira-Garcia et al.,
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2017), but its expression in larger animals is unknown.
The bioavailability of circulating IGF-1 and its half-life are
modulated by at least six high-affinity IGF1-binding
proteins (IGFBPs1-6; Clemmons, 2016), and the level
of the most important of these, IGFBP3, follows the
levels of plasma IGF-1 in utero (Langford et al., 1998).
In addition to systemically derived IGF-1, this anabolic
and neuroactive peptide is produced locally in the
brain and is involved in a wide range of homeostatic
and developmental processes including gliogenesis, oli-
godendrocyte maturation, myelination, axon growth, and
regulation of cell survival (Bartlett et al., 1992; Beck et
al., 1995; Chrysis et al., 2001; Zeger et al., 2007; Liu et
al., 2009; Jin et al., 2019). Accordingly, the overexpres-
sion of IGF-1 in rodent brains resulted in brain enlarge-
ment, while the deletion of IGF-1 or conditional deletion
of IGF1R expression in the brain led to microcephaly and
hypomyelination (Beck et al., 1995; Zeger et al., 2007;
Kappeler et al., 2008).

Our previous studies showed that preterm pigs have
low IGF-1 levels in plasma, thus resembling preterm neo-
nates. Furthermore, the treatment of preterm pigs with ex-
ogenous IGF-1 tended to reduce the incidence and
severity of NEC (Andersen et al., 2016; Holgersen et
al., 2020).

Given the high risk of long-term major neurodevelop-
mental disorders associated with prematurity, including
cerebral palsy and intellectual disability (Soleimani et al.,
2014), there is a distinct need to identify novel therapeutic
strategies to improve brain development in preterm in-
fants. Here, we hypothesized that exogenous IGF-1 can
improve brain maturation. To test our hypothesis, we sup-
plemented preterm pigs with IGF-1/IGFBP-3 at normal
physiological levels and analyzed the developing brain at
day 5, after an intense period of physiological adaptation
to life ex utero, and then again at day 9, when preterm
pigs showed more advanced motor development (Sangild
et al., 2013; Andersen et al., 2016; Bak et al., 2021).

Materials and Methods

Animal model

All animal procedures were performed in accordance with
the Danish National Committee on Animal Experimentation (li-
cense no. 2014-15-0201-00418) and complied with ARRIVE
(Animal Research: Reporting of In Vivo Experiments)
guidelines.

Preterm piglets (Danish Landrace x Yorkshire x Duroc)
were delivered on postnatal day 1 (P1) from five sows by
cesarean section at day 106 of gestation (term=117d).
Following resuscitation, they were housed in individual
oxygenated and temperature-regulated incubators and
reared to either P5 or P9. Pigs were stratified by birth
weight and sex and were randomly allocated to two
groups treated with either recombinant human (rh)IGF-
1/rhIGFBP-3 complex (2.25 mg/kg/d; mecasermin rinfa-
bate, Takeda), hereafter indicated as IGF-1, or vehicle
(control group), hereafter indicated as CON. The treat-
ments were delivered either as continuous systemic in-
fusion via an intra-arterial cord catheter until P5 or
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subcutaneously three times daily until P9. Selected
doses and administration routes were based on a previ-
ous pharmacokinetic study in preterm pigs shown to el-
evate plasma IGF-1 levels within physiological levels for
young pigs (Holgersen et al., 2020). The used modes of
administration (systemic and/or subcutaneous) are both
relevant for routine administration to preterm infants, if/
when ongoing clinical trials are successful (ClinicalTrials.
gov Identifiers NCT03253263 and NCT01096784, using
systemic infusion). Within 1-3 h after delivery, pigs were
fitted with an orogastric feeding tube and an arterial um-
bilical catheter for enteral and parenteral nutrition, respec-
tively, and fed every 3 h with gradually increasing volumes
of infant formula (16-80 ml/kg/d for 4d or 16-96 ml/kg/d
for 8d) supplemented by continuous parenteral nutrition
via the cord catheter at a constant rate of 120 ml/kg/d for
4d or 96-144/ml/kg/d for 8d, using a commercially avail-
able parenteral nutrition product (Kabiven, Fresenius Kabi)
modified as described previously (Sangild et al., 2013). The
composition of the formula was 25 g/L Fantomalt, 2 g/L
Phlexy-Vits, 25 g/L MIPRODAN 40, 55 g/L Lacprodan DI-
9224, 43 g/L Liquigen MCT, and 30 g/L Calogen LCT.
Detailed physiological and clinical responses to IGF-1
treatment, including gut, metabolic, and immune effects,
are reported in a separate article (Holgersen et al., 2022).

Behavior analysis

Neuromotor scoring and open field testing were per-
formed on P7 using an open-field square arena (120 x
120 cm) surrounded by black wooden walls and placed in a
secluded room bordered by curtains to shield from any out-
side disturbances. Video recordings from the arena were
subdivided into a central square, peripheral areas, and cor-
ners [left bottom (LB), right bottom (RB), right top (RT), left
top (LT)] to assess zone-dependent activities, as illustrated
in Extended Data Table 1-1A. To assess general locomotor
activity level and willingness to explore the environment, ani-
mals were individually placed in the middle of the arena and
allowed to walk freely for 4 min while being recorded by a
bird’s-eye view-placed camera. The arena was cleaned with
soap water between animals. The total distance traveled,
and the velocity and time spent in different areas of the
arena were analyzed with the video-tracking software
(EthoVision XT10, Noldus Information Technology).

For neuromotor scoring, two independent observers
scored the pigs for the ability to stand, motor activity (walk
vs stand/sit), gait and posture (normal vs asymmetric/stiff),
head position (normal vs tilt), and anxiety (relaxed vs fear-
ful/tense/stressed) every 30 s during the first 2 min of the
open field arena exploration, with each parameter scored
as absent=0 or clearly present=1. Scores for each pig
were summarized. Animals incapable of getting on their
feet at P7 were omitted from the open field test and neuro-
motor assessments. All behavioral tests and analyses were
performed by researchers blinded to the treatment groups.

Tissue collection
On P5 or P9, the pigs were anesthetized and then killed
with intracardiac injection of sodium pentobarbital. The
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brain was weighed and hippocampal tissue was isolated
from the left hemisphere and snap frozen in liquid nitrogen
and stored at —80°C. The entire right brain hemisphere
was immersed in 4% paraformaldehyde (PFA) made in
PBS, 0.1 m, pH 7.4, for 48 h, divided transversally into four
tissue slabs, according to a pig brain stereotaxic atlas
(Feélix et al., 1999), and fixed for an additional 6 h in PFA.
The slabs were dehydrated and embedded in paraffin for
coronal sectioning. The brain water fraction was estimated
by weighing the remaining left hemisphere before and after
drying the tissue until the weight was constant in an oven
at 45°C. In addition to 11-12 brains per group at P5 and
P9, brains from seven preterm newborn pigs were col-
lected at P1 for immunohistochemical analysis. Gut pa-
thology (NEC) was scored macroscopically in the colon
and the proximal, middle, and distal small intestine by
two independent investigators immediately after the pigs
were killed, as described previously (Holgersen et al.,
2020).

CSF was collected by suboccipital puncture immedi-
ately after the pigs were killed, centrifuged at 2500 x g
and 4°C for 10 min, and stored at —80°C. The concentra-
tion of IGF-1 in plasma samples collected at both P5 and
P9 and in CSF samples collected at P5 was measured by
an IGF-1 ELISA kit (E20, Mediagnost).

Brain protein synthesis in vivo

Fractional rates of protein synthesis were measured with a
flooding dose (10 ml/kg) of L-phenylalanine (Phe; 1.5 mmol/
kg) containing L-[ring-’Hs]Phe at 30mol % (0.45 mmol/kg;
Cambridge Isotope Laboratories) injected intra-arterially
30 min precisely before the pigs were killed. Collected cer-
ebellum samples were snap frozen in liquid nitrogen and
stored at —80°C. Analysis for tracer enrichment in the brain
and calculation of fractional rates of protein synthesis (Ks;
percentage of protein mass synthesized/d) were performed
as described previously (Rudar et al., 2021).

Immunohistochemistry and imaging data processing
Paraffin-embedded brain tissue slabs containing the hip-
pocampus were serially sectioned (5 um) on a rotating mi-
crotome (Microm HM 360, Microm International). Sections
collected on microscope slides (Superfrost Plus, Menzel-
Glaser) were deparaffinized and rehydrated in graded etha-
nol followed by washes in PBS. Cresyl violet staining was
performed for neuroanatomical evaluation of collected sec-
tions to ensure the presence of corresponding regions of
interest (ROIs). For immunohistochemistry (IHC) labeling,
heat-mediated epitope retrieval was performed in 0.01 m
sodium citrate buffer, pH 6, containing 0.05% Tween-20,
which was heated in a microwave oven to 95°C for 30 min.
After quenching endogenous peroxidase in 0.3% hydrogen
peroxide (H2O,; MilliporeSigma Merck) for 10 min, sections
were blocked with 1% BSA dissolved in PBS containing
0.05% Triton X-100 (PBSTX-BSA) and were then incubated
for 16 h at 4°C with primary antibody (Extended Data Fig.
1-1) diluted in PBSTX-BSA, while for doublecortin (DCX) la-
beling, the primary antibody incubation time was 70 min.
The PBS-rinsed sections were incubated with species-
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specific HRP-conjugated secondary antibodies (Extended
Data Fig. 1-1) for 30 min at room temperature (RT), rinsed
in PBSTX, and then incubated in a diaminobenzidine
(DAB; Sigma-Aldrich) solution containing 0.1% H,O, for
10min at RT. Sections were nuclear counterstained with
Mayer’s hematoxylin (HTX; Histolab), dehydrated in rising
alcohol series ended with xylene (100%) and coverslipped
with Pertex Mounting Medium (Histolab). As antibody-
binding controls, adjacent sections were processed si-
multaneously but excluded the primary antibody incuba-
tion from the labeling protocol. A minimum of two
sections per animal from two different levels were ana-
lyzed. Sections from 11-12 animals per treatment group
at each time point (i.e., P5 and P9) were labeled and
analyzed.

Digital images were obtained at 40x magnification
using a slide scanner (model NanozoomerS60, Hamamatsu
Photonics). To analyze selected brain structures, the specif-
ic ROI was delineated on digital images using a free-form
polygon annotation tool (NDP.view 2 software, Hamamatsu
Photonics). The anatomic location of each ROI was identi-
fied based on a pig brain atlas (Félix et al., 1999; Saikali et
al., 2010). The ROIs were extracted from the digital images
and analyzed with ImagedJ 1.53c using the Fiji extension.
Quantification of the fraction of the immunoreactive area
(area percentage) displaying an intensity value above back-
ground levels was performed for each traced ROI for
synaptophysin (Syn), myelin basic protein (MBP), DCX,
allograft inflammatory factor 1 (Iba1), oligodendrocyte
transcription factor 2 (0Olig2), and neuronal-specific
nuclear protein (NeuN) labeling using the color decon-
volution function for DAB-brown and HTX-blue, and
normalized to the total area of the ROI. The number of
labeled cells (cell percentage) in each ROI was further
quantified for Olig2 and NeuN staining using Fiji de-
fault autothreshold segmentation algorithm, water-
shed separation, and smoothing of boundary, and was
normalized to the area of the ROI.

To acquire density color-coded heat maps of IGF1R la-
beling, a color deconvolution was performed in Imaged
using H and DAB settings. The resulting brown image
(DAB) containing 255 different intensity values was digi-
tally divided into four levels (red, green, blue, and black)
each covering 25% of total intensity, where the red color
represented the strongest DAB pixel intensity (green, me-
dium; blue, low; black, background).

For immunofluorescence double labeling, sections
were pretreated as described above and incubated
overnight at 4°C using a mixture of two primary anti-
bodies made in different species followed by incuba-
tion with a mixture of two fluorophore-conjugated
species-specific secondary antibodies (Extended Data
Fig. 1-1). Sections were counterstained with DAPI
(Thermo Fisher Scientific) and coverslipped in antifade
solution. Confocal laser-scanning microscope analy-
ses were performed (Model LSM800 Microscope,
Zeiss) using a 20x dry lens or a 40x or 63 x oil-immer-
sion lenses. Detection levels were set for each channel
in the adjacent control sections lacking primary anti-
body incubation.
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RNA sequencing

Considering that NEC may affect hippocampal gene ex-
pression in preterm pigs (Sun et al., 2018), we only as-
sessed gene expression in pigs not having any gut lesions
(n=10 randomly selected for each group at P5). The fro-
zen hippocampus was freeze fractured by a cryogenic tis-
sue pulverizer and homogenized in QIAzol Lysis Reagent
(QIAGEN). Total RNA was isolated using the RNeasy Lipid
Tissue Mini Kit (QIAGEN), and constructed libraries were se-
quenced on the lllumina NovaSeq platform with paired-end
150 bp read production (Novogene Europe). Quality and
adapter trimming of raw reads was performed using
TrimGalore (Babraham Bioinformatics). The remaining
clean reads were aligned to the porcine genome (Sscrofal1.1)
using HISAT2 (Kim et al., 2015). The annotated gene infor-
mation of the porcine genome was downloaded from
Ensembl (release 99), and the script htseqg-count (Anders
et al., 2015) was used to generate a gene count matrix.

Gene expression by real-time quantitative PCR

RNA was isolated, as described for the RNA-sequenc-
ing (RNA-seq) method, from hippocampi collected on P5
and P9 from animals without lesions in the gut. Total RNA
was reverse transcribed to cDNA with a high-capacity
cDNA reverse transcription kit (Thermo Fisher Scientific)
according to the manufacturer instructions. Gene expres-
sion analysis was performed by quantitative real-time
PCR analysis using a LightCycler 480 SYBR Green |
Master kit on a LightCycler 480 PCR platform (both from
Roche). Porcine-specific primers, listed in Extended Data
Figure 6-1, were designed with Primer-BLAST software
(National Center for Biotechnology Information). Relative
expression of target genes was determined and normal-
ized to the housekeeping gene hypoxanthine-guanine
phosphoribosyltransferase 1 (HPRT1) using the 2744CT
method.

Statistics

Using the R software package (version 4.0.3; R
Foundation), the effect of IGF-1 supplementation on
IGF-1 plasma level, protein synthesis rate, hippocam-
pal gene expression, and behavioral analyses were an-
alyzed for each specific time point separately (i.e., at
P5, P9 and behavior at P7), using multiple linear re-
gression (Im function) with litter, birth weight, and sex
as covariates to correct for any confounding effects of
these variables. For IHC analysis, gut pathology was
additionally included as an interaction term because of
previous studies showing association between gut pa-
thology and these outcomes (Sun et al., 2018). The ef-
fects of covariates and interaction term with gut were
reported when significant. The effect of age on cortical
and hippocampal levels of the Syn immunoreactive
area was analyzed separately for each treatment group
using multiple linear regression with the above-mentioned
covariates and interaction term. Model validation was per-
formed by testing the normality and homoscedasticity of
the residual and fitted values. Data were transformed using
log transformation when required, and a nonparametric
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Table 1: Variables recorded in the open field test with
preterm pigs at postnatal day 7

Parameter Unit Control (n=9) IGF-1(h=12) p

Mean velocity cm/s 5.92 +1.33 6.38 = 1.02 0.73
Distance traveled cm  708.28 + 159.34 762.13 +=121.27 0.74
Time moving s 78.59 +9.70 79.17 =6.99 0.89
Time not moving s 4116 =9.72 40.47 =7.09 0.85
Time in center % 4516 +9.74 27.47 =9.47 0.48
Time in border area % 54.84 =9.74 72.53 £9.47 0.48
TimeinzonelLB % 1.09 +1.09 8.98 + 3.06 0.10
TimeinzoneLT % 9.27 +4.77 13.50 + 4.11 0.60
Timeinzone RT % 3.62 +2.47 5.43+2.90 0.70
TimeinzoneRB % 2.59+1.57 220+1.17 0.86

Results are presented as the mean + SEM and analyzed using a linear model.
For detailed outline of the open field test, including a schematic overview of
the arena, the percentage of animals able to stand and included in the test,
representative heatmaps of cumulative tracking in the arena, and correlation
between neuromotor score and birth weight, see Extended Data Table 1-1.

analysis was performed when data did not fit the model.
Correlation analysis was performed with Pearson R corre-
lation using GraphPad Prism (version 7.0.0; GraphPad
Software). Data are visualized with GraphPad Prism or R
software and are presented as the mean = SEM except
quantitative PCR (gPCR) data, which is presented as the rela-
tive expression compared with controls. p <0.05 was con-
sidered statistically significant, and 0.05<p<0.1 was
reported as a tendency toward an effect. For RNA-seq data,
significant differentially expressed genes (DEGs) were identi-
fied by DESeq2 (Love et al., 2014) using a threshold of
Benjamini-Hochberg test-adjusted p value < 0.1.

Results

Short-term treatment with IGF-1 does not affect motor
development or brain growth

Pigs treated with IGF-1 showed significantly higher lev-
els of IGF-1 in plasma samples collected at P5 and P9
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(70.9 = 4.1 and 91.0 = 11.8 ng/ml, respectively) than the
corresponding control pigs (27.4 = 4.2 and 19.9 = 2.6 ng/
ml; both p < 0.001; Holgersen et al., 2022). Levels of IGF-
1 in the CSF were below the detection limit of the assay
for both treated and control animals.

In contrast to term newborn pigs, which can walk within
minutes of birth, 90% gestation preterm pigs show de-
layed ability to stand, and walking does not start before
P3 to P6 (Holme Nielsen et al., 2018). The open field test
was therefore performed on P7, testing only the pigs that
were able to stand at this time (Extended Data Table 1-
1B). Mean velocity, total traveled distance, time moving,
and percentage of time spent in different areas of the arena
were not different between the CON and IGF-1 groups
(Table 1, Extended Data Table 1-1B,C). Neuromotor devel-
opment assessed by a cumulative neuromotor score (for de-
tails, see Materials and Methods) also showed no differences
between groups, suggesting no effect of IGF-1 supplementa-
tion on the early development of motor activity (at least in the
short term). Birth weight tended to positively affect the neuro-
motor score (r=0.43, p =0.055; Extended Data Table 1-1D).
Comparisons of absolute or relative total brain weights and
weights of different brain regions showed no differences be-
tween treatments at either P5 or P9 (Table 2), indicating no ef-
fect of the treatment on body and gross brain growth
parameters. The brain water fraction did not differ between
treatment groups but was reduced in female pigs compared
with male pigs at P9 (p =0.03).

IGF1R is differentially expressed in the developing pig
brain

First, the expression and localization of IGF1R in the
brain were characterized using samples from newborn
pigs (P1) and CON pigs from P9. IGF1R immunoreactivity
(IR) of different intensities was widely present in the brains
of P1 and P9 CON preterm pigs. Digital heatmaps of en-
tire coronal sections showed high levels of IGF1R-IR (Fig.

Table 2: Total brain and region weights in control and IGF-1 pigs at P5 and P9

CON IGF-1 o

P5 P9 P5 P9 P5 P9

17 21 18 21
Number of animals (F/M, 6/11) (F/M, 10/11) (F/M, 8/10) (F/M, 13/8)
Total body weight (g) 1046.3 * 58.75 1203.33 * 65.89 994.17 + 64.96 1285.81 = 82.36 0.53 0.133
Total brain (g) 26.58 + 0.40 30.04 = 0.48 26.50 + 0.44 30.23 = 0.47 0.55 0.79
Total brain (%) 2.66 +0.14 2.63+0.13 2.83+0.16 2.52+0.14 0.29 0.33
Cerebrum (g) 20.93 = 0.30 24.44 = 0.40 20.93 = 0.35 24.64 +0.42 0.62 0.72
Cerebrum (%) 78.77 = 0.53 81.36 +0.16 79.01 +0.36 81.46 + 0.2 0.85 0.50
Cerebellum (g) 2.47 +0.07 2.72+0.06 2.35+0.05 2.75+0.04 0.35 0.77
Cerebellum (%) 9.27 +0.21 9.04+0.08 8.86 + 0.07 9.1+0.12 0.14 0.77
Hippocampus (g) 0.44 +0.02 0.50 + 0.01 0.46 + 0.01 0.51 +0.01 0.33 0.36
Hippocampus (%) 1.67 +0.06 1.65 = 0.04 1.76 + 0.05 1.69 = 0.03 0.40 0.37
Brainstem (g) 2.622 + 0.1 2.88+0.05 2.58 + 0.06° 2.85+0.05 0.42 0.46
Brainstem (%) 9.85 + 0.32 9.60 = 0.15 9.79 +0.20° 9.44+0.11 0.48 0.23
Striatum (g) 0.24 +0.01 0.31+0.01 0.23 +0.01 0.31+0.01 0.21 0.58
Striatum (%) 0.90 + 0.04 1.03 = 0.03 0.86 +0.05 1.04 = 0.03 0.15 0.59
Water content (%) 84.86 + 0.08 85.20 + 0.09 85.02 = 0.07 85.02 = 0.08 0.20 0.19
Brain/liver ratio 0.918 + 0.057 0.640 = 0.031 1+0.07 0.65+0.04 0.16 0.98

Relative values (%) are the weight of a brain region relative to the total brain weight or total brain weight relative to body weight. Results are presented as the
mean * SEM and were analyzed using a linear model for each time point. F, Female; M, male.

an=17.
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IGF1R/DCX/DAPI IGF1R/Olig2/DAPI

IGF1R/Iba1l/DAPI

Figure 1. Expression of IGF1R in the developing pig brain. Ai-iii, IGF1R immunoreactivity shown as density color-coded heatmaps
from coronal sections of the right brain hemisphere at postnatal day 1, in the dorsal (i) and ventral (jii) hippocampus, and in PvWM
(arrows; ii). Blue—green—red colors correspond to low-, middle-, and high-density IGF1R immunoreactivity, respectively. D, Dorsal;
V, ventral; M, medial; L, lateral. Scale bars: Ai-iii, 5 mm; Ai-iii insets, 1 mm. CC, corpus callosum; PHC, perirhinal cortex; Sub, sub-
iculum. Arrows (yellow) indicate clusters of cells with high levels of IGF1R expression. B, Representative confocal microscopy im-
ages of the hippocampus (Hipp) and PvWM showing IGF1R (red) and DCX (green) fluorescence labeling, which is displayed as
yellow when colocalized. Arrows (white) indicate areas with double staining. Double staining of IGF1R (red) with Olig2, GFAP, or
Ibal (all green) showed no overlapping labeling. Cell nuclei were counterstained with DAPI (blue). Scale bar, 50 um. For details
about primary and secondary antibodies used for labeling, see Extended Data Fig. 1-1. For additional images and single-channel

images of IGF1R, DCX and Olig2 fluorescence labeling, see Extended Data Fig. 1-2.

1A) in the outer layers of the cerebral cortex, particularly
in the parietotemporal cortex and entorhinal and perirhinal
cortices, in clusters of cells within periventricular WM
(PvWM; Fig. 1Aii), and in the pyramidal cell layers of the
dorsal and ventral hippocampus and the dentate gyrus
(DG; Fig. 1Aiiii). Confocal microscopy images confirmed
the higher expression of IGF1R in the hippocampus,
PVWM, and cortex than in the white matter (Extended
Data Fig. 1-2C). Relatively low levels of IGF1R were de-
tected in major white matter tracts, such as the internal
capsule (IC) and subcortical white matter [intragyral WM
(IGWM); Fig. 1A]. To characterize whether IGF1R

April 2023, 10(4) ENEURO.0430-22.2023

expression occurs in specific cell populations, costain-
ing of IGF1R with DCX (immature neurons), Olig2 (pan-
oligodendrocyte), GFAP (mature astrocyte marker), or
Ibal (microglia marker) was performed in the brains of
P1 preterm pigs. In addition, DCX and IGF1R colabeling
was characterized at P9. IGF1R cellular colocalization with
DCX was detected in the hippocampus and in clusters of
immature neurons located within the periventricular layer,
both at P1 and P9 (Fig. 1B, Extended Data Fig. 1-2A,B).
Cellular colabeling was detected both in the outer cell mem-
brane and in distal processes. When coexpressed in the
same structural brain regions, cellular colocalization was not
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Figure 2. Exposure to IGF-1 promotes neuronal maturation in a spatiotemporal manner. A, Representative image of NeuN/hematox-
ylin-labeled section illustrating the selected regions of interest analyzed in the study, including IGWM, cingulate, parietal, temporal,
and perirhinal cortexes. D, Dorsal; V, ventral, M; medial, L; lateral. Insert, Enlarged ventral hippocampal area with the following de-
lineated subregions selected for analysis: perirhinal cortex, CA1, CAS, granular cell layer (GCL), and hilus. The subiculum separates
the hippocampus from the entorhinal cortex. B, Quantification of the intensity of NeuN-IR in cortical subregions at P5 and P9, re-
spectively. C, Representative images of NeuN/hematoxylin-labeled dentate gyrus on P9 from pigs treated with vehicle (CON) or
IGF-1. Scale bar, 200 um. D, Quantification of the intensity of NeuN-IR in hippocampal subregions (average of ventral and dorsal) at
P5 and P9. DG, Granular cell layer of DG; Sub, subiculum. E, Left, Quantification of the intensity of DCX-IR in subregions of the ven-
tral hippocampus at P5. n=11-12/age and treatment group. Right, Representative images of DCX/hematoxylin-labeled dentate
gyrus on P5 from pigs treated with vehicle (CON) or IGF-1. Scale bar, 100 um. Values are presented as the mean = SEM. All data
were analyzed using a linear model for each time point. Statistically significant effects of treatment are shown as follows: “p < 0.05,
**p <0.01, **p <0.001.

observed for IGF1R-IR with Olig2, GFAP, or lbal labeling
(Fig. 1B, Extended Data Fig. 1-2C). The widespread expres-
sion of IGF1R in the hippocampus and cortical parenchyma
(Fig. 1A, Extended Data Fig. 1-2C) suggests a role of IGF-1
in the developing preterm pig brain.

April 2023, 10(4) ENEURO.0430-22.2023

IGF-1 treatment promoted neuronal maturationin a
spatiotemporal manner

To measure whether systemic treatment with IGF-1 in-
fluences the neuronal cell population in the developing
pig brain, the number of mature neurons (NeuN" cells)
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and total area of NeuN-IR were quantified in the parietal
and entorhinal cortex, subiculum, and different subre-
gions of the dorsal and ventral hippocampus of control
and IGF-1-treated pigs at P5 and P9 (Fig. 2A). The num-
ber of NeuN™ neurons in the total cortical area was not dif-
ferent between groups at P5 (CON, 71.49 = 3.32; vs IGF-1,
71.55 £ 3.31; p=0.775) and P9 (CON, 63.16 = 3.83; vs IGF-
1, 65.07 £ 3.31; p=0.212), while in the hippocampus it was
increased in IGF-1 pigs at P9 (CON, 46.4 +5.5; vs IGF-1,
475+ 3.5; p=0.025). However, the area of NeuN-IR
labeling was significantly higher in cortical and entire hippo-
campal areas at P5 in the IGF-1 group (cortex, p=0.038;
hippocampus, p =0.049) and within the total cortical region
at P9 (CON, 19.1 =1.2; vs IGF-1, 21.5*=1.5; p=0.0008).
Quantification of NeuN-IR within different cortical and hip-
pocampal subareas showed time-dependent and region-
dependent changes. In the cortex, the mean NeuN-IR was
significantly higher in the parietal cortex at P5 (p=0.001)
and in both the parietal cortex (p=0.0004) and entorhinal
cortex at P9 in the IGF-1 group (p =0.02; Fig. 2B). In the hip-
pocampus, the IGF-1 group also had higher NeuN-IR in
cornu ammonis 3 (CA3; p =0.002) and in the area of granular
cells of the DG (p =0.03) at P5 and P9 (CA3, p =0.0004; DG,
p=0.0009; Fig. 2C,D). Furthermore, in the subiculum and
other hippocampal subregions, such as the CA1 and hilus,
the area of NeuN-IR at P9 was also significantly higher in the
IGF-1 group (CA1, p=0.022; hilus, p=0.043; subiculum,
p =0.0005; Fig. 2D). These findings indicate that treatment
with IGF-1 in preterm pigs accelerates the maturation of
neurons in a region-specific manner during early postnatal
development.

Quantification of the area of DCX™-IR in the same ROls
as for NeuN labeling showed a significant increase in the
IGF-1 group only at P5 and was limited to the subiculum
(p=0.01) and ventral hippocampus (p=0.047), specifi-
cally to different subfields of the ventral hippocampus, in-
cluding the CA3 (p =0.048) and hilus (p = 0.02; Fig. 2E).

Synaptophysin expression is moderately affected by
IGF-1 treatment at P9

Next, we sought to examine the area of Syn-IR, an integral
membrane protein of synaptic vesicles, commonly used as a
marker of synaptic density (Masliah et al., 1990). Compared
with P5, an overall tendency of decreased Syn-IR was ob-
served at P9 in cortical areas of both groups and significantly
in hippocampal regions of the IGF-1 group (p=0.009; Fig.
3A-C). Compared with CON, treatment with IGF-1 had no ef-
fect on Syn-IR at P5 in all analyzed regions, including the
parietal and entorhinal cortexes and hippocampal sub-
fields, whereas at P9, it was decreased in the IGF-1 group
in the total cortical areas (p =0.032) and showed a tend-
ency to lower IR in the hippocampus (p=0.07; Fig. 3A).
Interestingly, we observed a significant negative correla-
tion between birth weight and Syn-IR in the entire hippo-
campus (r = —0.53; p=0.01) but not in the total cortical
region at P5 (Fig. 3C). Specifically, at P5, a higher birth
weight significantly correlated with lower Syn-IR in the
CA3, DG and hilar regions of the hippocampus, while at
P9, this correlation disappeared (Fig. 3D).

April 2023, 10(4) ENEURO.0430-22.2023
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IGF-1 treatment promoted oligodendrocyte
development and myelination in a spatiotemporal
manner

To determine whether systemic treatment with IGF-1
during the early perinatal period influences myelination,
the total number of oligodendrocytes (Olig2™ cells) was
counted, and the immunoreactive area of Olig2 and MBP
were quantified in ROIs of WM tracts, including IGWM, IC,
PVWM projections, and hippocampal subregions of pre-
term pigs at P5 and P9. Compared with CON, IGF-1 treat-
ment had a significant effect on the number of Olig2™
cells in the IGWM (p = 0.022) and hilar region of the hippo-
campus (p=0.038; Extended Data Fig. 4-1A) at P5.
Likewise, the area of Olig2-IR was also higher in total
IGWM (p =0.003) and PvWM (p = 0.048) and in the hippo-
campus (p =0.009) of IGF-1-treated pigs at P5 (Fig. 4A),
particularly in the total CA area (p=0.037). When total
IGWM was subdivided into (1) cingulate, (2) parietal, and
(3) temporal subregions, the mean area of Olig2"-IR was
significantly higher in the parietal and temporal subcorti-
cal areas for the IGF-1 group (p=0.016 and p=0.014, re-
spectively; Fig. 4B). Furthermore, the increase in Olig2-IR
area in the hippocampus (p =0.009; Fig. 4A) was driven
by the dorsal part of the hippocampal formation, which
showed significantly higher values of Olig2-IR in the IGF-1
group in both dorsal CA and hilus fields (p=0.03 and
p=0.005, respectively; Fig. 4C). While these changes
were observed in the first postnatal week (P5), at P9 no
difference was found between the CON and IGF-1 groups
for the number of Olig2™ cells and the level of the Olig2-IR
area in these regions, with the exception of Olig2™ cell
numbers increasing in the ventral CA field of IGF-1 pigs
(p = 0.046; Extended Data Fig. 4-1C).

Analysis of MBP-IR in the brains of preterm pigs showed
progressive myelination processes from P5 to P9 for most of
the analyzed regions in both the CON and IGF-1 groups.
Compared with CON pigs, IGF-1 pigs had a significantly
higher MBP-IR area in the total IGWM region, both at P5
(CON, 18.17 = 0.69; vs IGF-1, 21.68 = 1.07; p=0.019) and
P9 (CON, 22.82 = 1.77; vs IGF-1, 28.35 = 1.62; p=0.002).
Detailed analysis of MBP-IR in three predetermined areas
of IGWM located within the cingulate gyrus and parietal
and temporal cortices showed region-dependent and
time-dependent effects of IGF-1 treatment on myelina-
tion. Specifically, at P5 only temporal IGWM had signifi-
cantly higher MBP-IR (p=0.027), whereas at P9, all
three analyzed intragyral subfields had higher MBP-IR
in the IGF-1 group (p=0.008 for temporal, p=0.0003
for parietal, and p =0.008 for cingulate IGWM; Fig. 5A,
B). No differences in MBP-IR between the CON and
IGF-1 groups were observed in the hippocampal subre-
gions at P5 or P9. Together, data on both Olig2-IR and
MBP-IR indicate that systemic treatment with IGF-1 ac-
celerated ongoing myelination and promoted the matu-
ration of oligodendrocytes in a region-specific manner.

Effects of IGF-1 on hippocampal gene expression,
brain protein synthesis, and microglia

The RNA-seq results showed that among 16,681 pig
genes with ascertainable gene symbols, the individual
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Figure 3. IGF-1 treatment is significantly associated with decreased synaptophysin expression on P9, when synaptophysin levels
are no longer correlated with birth weight. A, Quantification of synaptophysin-IR in the total cortex area (average of temporal, cin-
gulate, parietal, and entorhinal cortex) and hippocampus proper (Hipp; average of dorsal and ventral CA1, CA3 (plus pyramidal
layer), dentate gyrus molecular layer plus subgranular zone, hilus, and ventral subiculum quantification) on P5 and P9. n=11-12/
age and treatment group. Values are presented as the mean = SEM. Data were analyzed using a linear model for each time point
and for each treatment group. Statistically significant effects of treatment or time are shown as follows: *p < 0.05; **p <0.01. B,
Representative images of synaptophysin/hematoxylin-labeled dentate gyrus on P5 and P9 from pigs treated with IGF-1. Scale
bar, 100 um. C, D, Correlation between birth weight and synaptophysin-IR on P5 (green) and P9 (purple) in the cortex and hippo-
campus proper (C), and in hippocampal subregions CA3, granular cell layer of DG, and hilus (D); data from hippocampal regions
are the average of dorsal and ventral quantifications. Correlation data were analyzed by Pearson R correlation analysis; p <0.05

is considered statistically significant. ns, Nonsignificant.

expression level of 670 genes differed between groups
(p <0.05; Extended Data Fig. 6-2). Principal component
analysis (PCA) showed no obvious separation, indicating
similar hippocampal gene expression between IGF-1 and
CON pigs (Fig. 6A). Using DESeg2 with an adjusted p < 0.1
threshold, only three genes were identified as DEGs, includ-
ing upregulation of RPL23A, encoding ribosomal protein
L23a, a component of the large ribonucleoprotein complex
responsible for protein synthesis, and downregulation of
CNMD and QRFPR, encoding chondromodulin and pyro-
glutamylated RFamide peptide receptor, respectively (Fig.
6B, Extended Data Fig. 6-2). Downregulated CNMD expres-
sion was confirmed by gPCR (p <0.001 between groups;
r=0.74, p <0.001 for RNA-seq to gPCR correlation), and
QRFPR expression tended to be reduced (p =0.1; Fig. 6C).
In addition to the RNA-seq results (Extended Data Fig. 6-2),
the expression of selected genes related to glial and neuro-
nal maturation was measured by gPCR, including Opalin
(p <0.001), AQP4 (p<0.05), TTR (p<0.01), and EEF1A2
(p < 0.05; Fig. 6C). These changes in expression did not per-
sist until P9 (Extended Data Fig. 6-3A). Likewise, for genes

April 2023, 10(4) ENEURO.0430-22.2023

related to IGF-1 signaling, expression (as measured by
gPCR) was not affected by IGF-1 treatment for IGF1, IGF2,
IGFBP3, IGF1R, IGF2R, and the IRS1 gene (encoding InR
substrate 1) at P5 (Extended Data Fig. 6-3B) or P9
(Extended Data Fig. 6-3C).

IGF-1 supplementation significantly increased protein
synthesis in the brain, as indicated by 19% and 14%
greater cerebellar Ks values in IGF-1 than in CON pigs
at P5 and P9, respectively (Fig. 6D). The protein synthe-
sis rates positively correlated with plasma IGF-1 levels
at P5 (r=0.47, p=0.0099), but not at P9 (r=0.14,
p =0.54; Fig. 6D).

Finally, we evaluated whether the area of Iba1-IR, repre-
senting microglial cells, was affected by IGF-1 treatment
(Extended Data Fig. 6-3D). A tendency toward increased
values was observed in the IGF-1 group in the dorsal DG
at P5 (CON, 3.21 = 0.13; vs IGF-1, 3.73 = 0.2; p=0.061)
and ventral DG at P9 (CON, 2.7 +0.32; vs IGF-1,
2.9+ 0.26; p=0.07). No differences were detected be-
tween groups in the remaining hippocampal areas and all
other analyzed ROls, such as cortical areas, subiculum,
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Figure 4. Continuous exposure to systemic IGF-1 promotes oligodendrocyte development. A-C, Quantification of the area of
Olig2*-IR on P5 in IGWM (average of temporal, cingulate, and parietal subcortical tracts), PvWM, hippocampus proper (average of
dorsal and ventral CA and hilus quantification; A), in different WM subcortical tracts (B, left), and in separate dorsal and ventral hip-
pocampal total CA and hilar region at P5 (C). n=11-12/treatment group. Data are given as the mean = SEM. All data were analyzed
using a linear model for each time point; statistically significant effects of treatment are shown as *p <0.05, **p <0.01. B, Right,
Representative images of Olig2 labeling in the dentate gyrus of control and IGF-1-treated pigs at P5. Scale bars: left, 500 um; right,
100 um. Sections were counterstained with hematoxylin. For the effect of IGF-1 treatment on Olig2™* cell number and on the level of
Olig2 on postnatal day 9, see Extended Data Figure 4-1.

IC, and PYWM at P5 or P9 (Extended Data Fig. 6-3E,F). P9: 0.79 £0.05, p=0.23); IL10 (IGF-1 fold change: P5:
Likewise, no differences between groups were detected 1.09+0.10, p=0.63; P9: 1.98 £0.85, p=0.24); and
for hippocampal expression of inflammation-related S700A9 (IGF-1 fold change: P5: 0.87 = 0.12, p =0.84; P9:
genes IL6 (IGF-1 fold change: P5: 0.84 = 0.05, p=0.25; 1.51 =1.06, p =0.46), and were analyzed with gPCR.
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Figure 5. Treatment with IGF-1 promotes myelination of fiber tracts in preterm pigs. A, Representative images of the posterior cin-
gulate cortex on P9 at low magnification (left; scale bar, 1 mm) and high magnification (right; scale bar, 100 pum), immunostained for
MBP and counterstained with hematoxylin. Preterm-born pigs were treated with either vehicle (Control; top panel) or IGF-1 (bottom
panel). CC, Corpus callosum. B, Quantification of myelination in three intragyral white matter regions: cingulate (Cing), parietal and
temporal (temperature) cortices on P5 and P9. CON, n=12; IGF-1, n=11. Data are given as the mean = SEM. All data were ana-

lyzed using a linear model for each time point. Statistically significant effects of treatment are shown as *p <0.05, *p <0.01,
***p < 0.001.
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Figure 6. Hippocampal transcriptome profile in response to IGF-1 treatment. A, PCA plot demonstrating marginal segregation of
hippocampal gene expression in the CON and IGF-1 groups at P5. B, Boxplot of three significant differentially expressed genes be-
tween CON and IGF-1. n=11/treatment group. C, Relative expression (fold change compared with CON) of selected genes in the
hippocampus of P5 pigs analyzed by gPCR. n=11-13/treatment group. D, Left, Ks values (percentage of protein mass synthesized
per day) in the cerebellum measured in the CON and IGF-1 groups at P5 and P9. D, Right, Correlation between Ks and plasma IGF-
1 levels at P5 and P9. In B-D, results are presented as the mean = SEM. Data were analyzed using a principal component analysis
(A), DESeq2 (B), using a linear model for each time point (C, D, right), or Pearson R correlation (D, left), a Benjamini-Hochberg cor-
rection was applied in B; in C and D, statistically significant effects of treatment are shown as *p < 0.05, “*p <0.01, **p < 0.001. ns,
Nonsignificant. For gPCR primer list, see Extended Data Figure 6-1. For detailed RNA-sequencing results, see Extended Data
Figure 6-2. For the effect of IGF-1 treatment on the expression of genes related to IGF-1 signaling and gene expression on P9, see
Extended Data Figure 6-3A-C. For details on Iba-1 labeling, see Extended Data Figure 6-3D-F.

Discussion

Preterm infants show reduced plasma IGF-1 levels for
several weeks after birth, and this condition has been
speculated to contribute to impaired brain development and
a high risk of neurodevelopmental disorders (Hansen-Pupp
et al., 2011, 2013; Hellstrom et al., 2016). Multicenter inter-
vention studies are currently testing the effects of supple-
mental IGF-1/IGFBP3 in extremely preterm infants on
respiratory outcomes and ROP (ClinicalTrials.gov Identifiers
NCT03253263 and NCT01096784, respectively; Horsch et
al., 2020). The possible effects of such treatment on pre-
mature brain growth and development are unknown.
Using preterm pigs as a model, we observed that sys-
temic injection of IGF-1 stimulated brain protein synthe-
sis and promoted gray matter and white matter
maturation in a spatiotemporal manner, but did not af-
fect brain weight or motor skills in the early perinatal
period.

Preterm pigs are a good proxy to explore human brain
development, as their brain anatomy, developmental tra-
jectory in the perinatal period (Dobbing and Sands, 1979),
gray matter to white matter ratio (Zhang and Sejnowski,
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2000), and region-dependent maturation processes are
similar to those in humans (Ishibashi et al., 2012; Stinnett
et al., 2017; Liu et al., 2021), although functional aspects
of brain development (e.g., neuromuscular development
and movement control) develop earlier in pigs versus in-
fants. Additionally, preterm pigs have low circulating IGF-1
levels and immature immune, gut, and metabolic systems,
making them sensitive to sepsis, hypoglycemia, and gut
disorders such as NEC (Andersen et al., 2016; Nguyen et
al., 2016; Holme Nielsen et al., 2018; Holgersen et al.,
2020), for which they are a clinically relevant model of pre-
term infants.

Our results showed that the immature pig brain ex-
pressed IGF1R at the gene and protein levels, consistent
with results from other newborn mammals, including hu-
mans (Liu et al., 2009). Immunoreactivity to IGF1R was
detected throughout the brain with high densities in corti-
cal regions and the hippocampus. At the cellular level,
IGF1R staining was colocalized with DCX™ neurons, indicat-
ing that immature neurons are the primary target for systemic
and/or locally produced IGF-1. The preterm pigs treated with
vehicle had low plasma IGF-1 levels (27.4 = 4.2 ng/ml at P5),
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which is in agreement with our previous reports (Andersen et
al., 2016; Holgersen et al., 2020). While treatment with IGF-1,
either intravenously for 5d or subcutaneously for 9d, in-
creased plasma IGF-1 to the desired normophysiological
level (70.9 £4.1 and 91.0 = 11.8 ng/ml, respectively), this
treatment length may have been insufficient to affect brain
weight, motor skills, or water brain content (a surrogate
marker of brain maturation; Holme Nielsen et al., 2018). The
absence of an IGF-1 effect on early postnatal brain growth
is consistent with observations that brain growth was not
negatively affected until P40 in IGF-1 knock-out mice
(Cheng et al., 2000). IGF-1 supplementation did not
modulate hippocampal expression of IGF1R or IGF1 or
its downstream signaling elements at P5 and P9, indi-
cating that physiological IGF-1 signaling in the brain
was maintained. On the other hand, it cannot be ex-
cluded that the transient downregulation of TTR mRNA,
encoding protein transthyretin, might negatively affect
hippocampal IGF1R expression (Vieira et al., 2015), as it
is known to act synergistically with IGF-1 on IGF1R acti-
vation (Vieira et al., 2016). Alternatively, the transient al-
terations in the expression of IGF-1 and related genes
might arise before P5, as it was recently shown for IGF-
1 expression in the choroid plexus of preterm rabbit
pups treated with IGF-1/IGFBP3 complex (Gram et al.,
2021). In this study, the greatest changes in gene expres-
sion were observed at 24 h and limited changes at 72 h
after treatment start, suggesting an acute and transient ef-
fects of systemic IGF-1 on brain gene expression (Gram et
al., 2021). Our RNA-seq data of the entire hippocampal
structure at P5 showed marginal changes in gene expres-
sion, while IHC results at the same time point indicated
clear region-dependent differences between groups. This
mismatch between RNA-seq and IHC data could be ex-
plained by selected regions used for IHC, mRNA stability,
regulation of translation by multitargeted small RNAs, and
turnover rate of proteins (Schwanhausser et al., 2011).
Furthermore, our data are in agreement with known low
correlation between transcriptomics and protein expression
shown for many tissues including the brain (Bauernfeind
and Babbitt, 2017).

Despite the lack of effect of IGF-1 supplementation on
overall brain weight, IGF-1 treatment led to an increase
in brain protein synthesis, suggesting high sensitivity of
the neonatal brain to the anabolic effects of systemic
IGF-1. The positive correlation between plasma IGF-1
levels and the rates of brain protein synthesis at P5 but
not at P9 may suggest a developmental decline in IGF-1
responsiveness after preterm birth or reflect the differen-
tial response to continuous intra-arterial and intermittent
subcutaneous IGF-1 administration. The data are in line
with previously shown anabolic effects of systemic IGF-
1 administration on other visceral organs and tissues,
such as the heart, muscle, and spleen in neonatal pigs
(Davis et al., 2002).

Treatment with IGF-1 affected the fraction of area im-
munoreactive to NeuN, a nuclear DNA binding protein ex-
pressed by postmitotic neurons (Mullen et al., 1992). The
observed increase in area fraction of NeuN"-IR in both
the cortex and hippocampus at P5 and at P9 suggests a
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time-dependent and region-dependent effect of IGF-1 on
neuronal maturation, although the number of NeuN™ cells
only increased in the hippocampus at P9 for the IGF-1
group and was similar to CON in the hippocampus at P5
and for both time points in the cortex. Previous studies
have also shown limited correlation between NeuN immu-
noreactivity and neuron numbers when the physiological
state has been affected, suggesting that altered NeuN ex-
pression is associated with maturation and stability of
neurons rather than a direct estimation of neuron numbers
(Unal-Cevik et al., 2004; Lavezzi et al., 2013; Duan et al.,
2016). Our results are in agreement with a study in trans-
genic mice showing that IGF1R signaling regulated the
maturation of newly formed neurons within the DG (Nieto-
Estévez et al., 2016). In further support of our results,
overexpression of IGF-1 increased the number of differ-
entiated neurons in the cortex and DG before and after
birth in mice (Popken et al., 2004). In the developing
mouse brain, maturing neurons express elongation fac-
tor EEF1A2 in parallel with a decreasing expression of
EEF1A1, which eventually disappears at P20 (Pan et al.,
2004). We observed that IGF-1 may promote this transi-
tion in the preterm pig brain with an upregulation of
EEF1A2 in parallel with a decrease in EEF1A1 expres-
sion at P5.

In addition to the differences observed in the hippo-
campal area and subiculum, we observed a higher area of
NeuN-IR in the entorhinal cortex of IGF-1-treated P9 pigs,
a region anatomically and functionally connected to the hip-
pocampus and implicated in memory functions (Bellmund
et al., 2019; Ronaghi et al., 2019). In humans, reduced thick-
ness of the entorhinal cortex is correlated with lower cogni-
tive scores in adolescents born very preterm (Skranes et
al., 2012). In both pigs and humans, the entorhinal cortex
develops during the second trimester (Liu et al., 2021).
Additionally, in rodents, the entorhinal-hippocampal
connection is formed in the fetus, and its circuits ma-
ture in the early neonatal period in region-dependent
sequential waves (Deng et al., 2006; Donato et al., 2017;
Valeeva et al., 2019). In preterm pigs, IGF-1 supplemen-
tation appeared to affect both the entorhinal cortex and
hippocampal areas, particularly in CA1 and CA3, which
are known to receive direct projections from the entorhi-
nal cortex. This indicates that systemic IGF-1 can modu-
late the maturation of the entire entorhinal-hippocampal
network, likely supporting advanced cognitive functions
(Donato et al., 2017). The possibility that longer-term
IGF-1 supplementation supports cognition and memory
in preterm pigs remains to be investigated.

In mammalian brain development, neural circuits go
through an initial rapid increase in the number of synapses
followed by a gradual decrease by selective elimination
via microglia-mediated pruning (Paolicelli et al., 2011).
This sculpturing process, described in many regions of
the developing mammalian brain (Bourgeois et al., 1989;
Anderson et al., 1995; Zehr et al., 2006; Petanjek et al.,
2011), depends on gestational age at birth and appears
to be critical for learning potential (Afroz et al., 2016). The
timing of synapse elimination is region and species de-
pendent, with synaptic density being highest in infants at
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1-2 years of age and declining toward adulthood (Glantz
et al., 2007; Paolicelli et al., 2011). In this study, we ob-
served a slight decrease in the area of immunoreactivity
for the presynaptic marker synaptophysin over time in
cortical areas and the hippocampus in both groups, po-
tentially reflecting spine ramification over time or differ-
ences in IGF-1 administration for the P5 (intra-arterial)
and P9 (subcutaneous) end points, although treated pigs
at both time points had IGF-1 plasma levels within physi-
ological relevant levels. Treatment with IGF-1 clearly pro-
moted this developmental process in the cortex and with
a tendency in the hippocampus at P9. The negative cor-
relation between birth weight and Syn™-IR in the hippo-
campal regions at P5 (but not at P9) could suggest that
the IGF-1-associated decrease in Syn™-IR seen at P9
(but not at P5) changes this correlation; thus, IGF-1 treat-
ment overturns the effect of birth weight. However, the
opposite might be true, and the levels of Syn™-IR could
also be dependent on in utero growth and development,
thus interfering with IGF-1 treatment effects on synaptic
density on P5. In fetal lambs, dendritic tree density de-
creases with gestational age toward term, as estimated
by MAP2 immunoreactivity (Czikk et al., 2015), but apart
from this, little is known about neural circuit formation in
larger animals.

Preterm infants are highly susceptible to cerebral
white matter injury (Back, 2017). In contrast to oligoden-
drocyte progenitors, differentiating preoligodendrocytes
are especially vulnerable to hypoxic and inflammatory
insults, which may induce differentiation arrest and
myelination failure (Back et al., 2002). IGF-1 transiently
enhanced the number and area of Olig2+—IR at P5,
which was followed by increased MBP-IR at P9 in sub-
cortical regions, indicating a maturation effect on oligo-
dendrocytes. Our observations are in agreement with
results from transgenic mice, showing enhanced differ-
entiation and maturation of oligodendrocytes overex-
pressing IGF-1 (Ye et al., 1995). Conversely, deletion of
IGF-1 (Ye et al., 2002) or oligodendrocyte-specific condi-
tional ablation of IGF1R inhibited myelination (Zeger et
al., 2007).

In conclusion, our results show that systemic IGF-1
supplementation, within normal physiological levels, en-
hances gray and white matter development in the immedi-
ate postnatal period in preterm pigs. Specifically, our data
suggest that IGF-1 targets immature neurons and pro-
motes the expression of genes associated with the dif-
ferentiation of neurons, which leads to an increased
area and number of mature neurons in cortical and hip-
pocampal regions. Furthermore, our data also suggest
that IGF-1 promotes subcortical oligodendrocyte matu-
ration, resulting in increased myelination. The effects
were spatiotemporally dependent, thus reflecting the
dynamic nature of neonatal brain development. It re-
mains to be shown whether supplemental IGF-1 will
also enhance motor skills and total brain volume later in
life or following more prolonged IGF-1 administration.
Our results indicate the clinical significance of IGF-1
supplementation for brain development in hospitalized
preterm infants, but more studies are needed.
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