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ABSTRACT

Preterm birth is known to severely impact the neurological development of newborns with long-lasting complications and higher
risks of neurological disorders. Sheep (Ovis aries) is well known as a pre-clinical model in therapeutic studies, such as extra-uterine
support. The aim of our study was to investigate the relevance of the lamb as a pre-clinical model for preterm birth when cortical
maturation of preterm and term lamb is addressed. Cesarean sections were performed on time-dated pregnant ewes to obtain
13 lambs at 100 days and 140 days of pregnancy each (corresponding to 24 and 36 weeks of pregnancy in humans, respectively).
Brains were collected and separated in frontal lobe, temporo-parietal lobe, occipital lobe, and cerebellum. Immunohistochemistry
staining was used for each brain area by targeting neurons, interneurons, synaptic vesicles, oligodendrocytes, myelin, astrocytes,
and microglia. Quantifications were normalized by the surface area of analysis. Overall, 140-days late preterm lambs have
significantly higher mean positivity for interneurons, synaptic vesicles, oligodendrocytes, astrocytes, and myelin than 100-days
extremely preterm lambs. Similarly, significantly higher mean positivity for neurons was found in the cerebellum of 140-days
term lambs. No significant difference was observed regarding microglia. Based on the cellular and structural markers used in
this study, brain development in lamb seems to follow an antero—posterior direction similarly to what was reported in humans.
Further studies with more specific markers and in-depth analysis will allow for a more accurate and exhaustive description of
brain development in lamb.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
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Journal of Comparative Neurology, 2026; 534:¢70149 1of15
https://doi.org/10.1002/cne.70149


https://doi.org/10.1002/cne.70149
https://orcid.org/0000-0003-0315-1210
mailto:yoann.rodriguez@uvsq.fr
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/cne.70149
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcne.70149&domain=pdf&date_stamp=2026-03-24

1 | Introduction

In humans, preterm birth is defined as birth happening before
37 weeks of pregnancy and represents around 10% of worldwide
birth each year, therefore about 15 million (Blencowe et al. 2012;
Walani 2020; WHO 2023). Among those, 5% of preterm births
are extremely preterm births (< 28 weeks of gestational weeks
[GW]) with a reduced survival rate and an increased risk of
neurodevelopmental impairment.

From a clinical perspective, extremely preterm infants tend to
have lower cognitive score, as well as lower gross and fine
motor functions with various severity levels of cerebral palsy,
and increased risks of visual and hearing impairment (Adams-
Chapman et al. 2018) due to a reduced development of the cortex,
lesions of the white matter, a significantly lower cortical surface
and grey matter volume, and a higher volume of cerebrospinal
fluid (Ajayi-Obe et al. 2000; Inder et al. 2005; Peterson et al. 2000;
Volpe 2005).

This impaired neurological development has been shown to also
result in long-lasting cognitive complications. Studies following
pre-term infants through up to 5 years after birth have shown that
while the rate of cerebral palsy decreased and mean intelligence
quotient (IQ) increases with GWs (12.4%-2.4% cerebral palsy rate
and 89.6-97.3 mean IQ, for children born 24-26 weeks and 32-34
weeks, respectively), there still were significant differences with
children born at term (Pierrat et al. 2021). Neurodevelopmental
disabilities such as behavioral difficulties and developmental
coordination disorders were also more frequent in extremely
preterm infants even several years after birth. Those findings
correlate with the significantly higher needs of extremely preterm
children for educational support and complex developmental
interventions to compensate for their disabilities, with up to 60%
of children with severe neurodevelopmental disabilities requiring
an intervention (Torchin et al. 2015).

More in-depth studies of the impact in neurodevelopment
researched cellular and structural alterations that could be
resulting from preterm birth by using animal models. Studies
on rodents have already shown that inflammation, one of the
most frequent factors of preterm birth, leads to the activation
of microglia and subsequently reduce the myelinization process
(Morin et al. 2022) as well as negatively impacts the development
and regulation of interneurons (Stolp et al. 2019) and glial cells
(Morin et al. 2022).

Other animal models such as sheep (Ovis aries), which is already
being used as a model for placental development, metabolic
function, and nutrient transport, and has been shown to have
many commonalities with human pregnancy (Barry and Anthony
2008) and human neuroanatomy (Banstola and Reynolds 2022),
have also been of interest in that regard. Studies have already
shown that the lamb’s respiratory kinetic and overall weight
and size was similar to that of a human child, making the
lamb a valid model for research on prematurity. Based on this,
studies on therapeutics alternative for preterm birth looked at
extrauterine support and were able to demonstrate brain growth
and myelination (Partridge et al. 2017) as well as histologic
and transcriptomic expression (Cohen et al. 2024) in preterm

lamb on extrauterine support similar to same-age term fetal
lamb.

While this field of research would most likely profit from using
a primate model, due to the inherent resemblance with human
beings, the limitations, both economical, logistical, and ethical,
as well as the previous research done and knowledge already
at hand on the ovine model led us to seek to provide a more
exhaustive description of brain development during the last
trimester of pregnancy in sheep by characterizing the cortical
maturation of preterm lambs. This approach aimed to validate
the relevance of this animal model for perinatal research. Cortical
development was evaluated using immunohistochemical analysis
of eight cellular and structural markers commonly impacted
by prematurity in humans and other animal models: neu-
rons, interneurons, synaptic vesicles, oligodendrocytes, myelin,
astrocytes, and microglia (Mallard et al. 2014; Wallois et al. 2020).

2 | Materials and Methods
2.1 | Animals and Tissue Samples

Tissues were collected from time fixed pregnant ewes’ fetuses,
from “Ile-de-France” sheep lineage (RRID:NCBITaxon_9940).
After 100 (n = 4) and 140 (n = 4) days of pregnancy (normal
term = 145-150 days), caesarean sections were performed with a
paralumbar approach after local anesthesia. Extremely preterm
(n = 13) and late preterm (n = 13) fetal lambs were immedi-
ately euthanized after removal using Dolethal (pentobarbital,
10 mL, IM, Vetoquinol, Lure, France). Anatomical dissections
were conducted within 1-h post-euthanasia. Brains were isolated
and sampled, and separated into frontal lobe, parieto-temporal
lobe, occipital lobe, and cerebellum. Half of the samples were
immediately frozen in dry ice and stored at —80°C. The other half
were placed in PFA 4% (paraformaldehyde 4%) and stored at 4°C
for 3 days before their fixation in paraffin.

2.2 | Immunohistochemistry
2.2.1 | Antibodies

Neurons were studied by targeting NeuN (Millipore Cat#
MAB377, RRID:AB_2298772), a neuron-specific protein expressed
by most mature neurons during migration, as a marker for char-
acterization (Mullen et al. 1992; Weyer and Schilling 2003). For
interneurons, we targeted the expression of the calcium binding
protein Calbindin-D28K (Swant Cat# cb38a, RRID:AB_3107026)
that is mainly found in that cellular type (Floyd et al. 2018;
Toledo-Rodriguez et al. 2004). Astrocytes were characterized
using the Glial Fibrillary Acidic Protein (GFAP) (Agilent Cat#
70334, RRID:AB_10013382), a sensitive and almost universal
marker of astrocytes that increases in concentration at 28GW
when astrocytes enter the intermediary area of the white matter
(Poulot-Becq-Giraudon et al. 2022; Reske-Nielsen et al. 1987).
To characterize microglia, we decided to target the ionized
calcium-binding adaptor molecule 1 (Ibal) (FUJIFILM Wako
Pure Chemical Corporation Cat# 019-19741, RRID:AB_839504),
a microglial and macrophage specific calcium-binding protein.
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TABLE 1 | Description of the antibodies, their targets, and their respective protocol for staining.
Antibody Host Target Dilution HIER Counterstain Supplier
Calbindin Rabbit Interneurons 1/10 000 ER2 10 min 5min Swant CB-38a
GFAP Rabbit Astrocytes 1/500 ER110 min NA Dako Z334
NeuN Mouse Neurons 1/1000 ER110 min 1 min Merck MAB377
Olig2 Rabbit Oligodendrocytes 1/200 ER2 20 min 1min IBL IBL18953
Synaptophysin Mouse Synaptic vesicles 1/100 ER110 min 5 min Sigma S5768
MBP Mouse Myelin 1/1000 ER110 min 5 min Merck MAB382
Ibal Rabbit Microglia 1/1000 ER110 min 5 min Wako 019-19741

Note: ER1: pH 6.0 citrate buffer, ER2: pH 8.0 EDTA buffer.
Abbreviation: HIER: heat induced epitope retrieval.

Since oligodendrocytes originate from oligodendrocytes progen-
itor cells (OPCs) due to the influence of several transcription
actors (Oligl, Olig2, Nkx2.2, and Sox10), we decided to target
one of those transcription factors, namely Olig2 (IBL—America
Cat# 18953, RRID:AB_2267671) known for oligodendrocytes dif-
ferentiation, as our marker of choice. Regarding myelin, we
decided to target one of its main components, the Myelin Basic
Protein, or MBP (Millipore Cat# MAB382, RRID:AB_94971). As
for synaptic vesicles, synaptophysin (Sigma-Aldrich Cat# S5768,
RRID:AB_477523) is a protein found in virtually all neurons
and neuroendocrine cells in the brain and interacting with
synaptobrevin, an essential protein in synaptic vesicle, making it
a perfect target for quantification and characterization (Calhoun
et al. 1996; Wiedenmann et al. 1986).

2.2.2 | Antibody Characterization

The specificity and characterization of the antibodies used in this
study are supported by multiple complementary sources. First,
thanks to the manufacturer datasheets that provided validation
data through immunoblotting and/or immunohistochemistry in
commonly studied species such as mice, rats, and humans as
well as other species in some cases (guinea pig, chicken, rabbit,
or monkey) (Table 1). These data were further substantiated by
peer-reviewed studies that have confirmed antibody specificity
in various species and experimental contexts. For instance anti-
synaptophysin in humans (Ip et al. 2011), mice (Frost et al. 2019),
and rats (Bello-Medina et al. 2024); anti-Ibal in mice (Deng et al.
2025) and rats (Fronczak et al. 2022); anti-Olig2 in mice (Isogai
et al. 2015) and humans (Ohira et al. 2013); anti-calbindin 28k in
mice (Boon et al. 2019); anti-NeuN in lamb (Fowke et al. 2018;
Zhou et al. 2022); anti-MBP in mice (Chhor et al. 2017; Jarjour
et al. 2008); and anti-GFAP in lamb (Joyeux et al. 2019; Mitchell
et al. 2023). For each antibody, the observed staining patterns in
our experiment were consistent with the one reported in previous
studies.

2.23 | Immunohistochemistry

Immunostaining was performed on the UVSQ Histopathol-
ogy platform Facility. Approximately 7 pm sections were pre-
pared on the sagittal plane using Leica RM2265 microtome
(Leica Biosystems RM2265 Fully Automated Rotary Micro-

tome (RRID:SCR_018041) and placed on SuperFrost Plus slides
(ref. JISOOAMNZ) for each frontal, parieto-temporal and occip-
ital lobe, and cerebellum. Immunohistochemistry was per-
formed using an automated ITHC stainer (Leica BOND-III
Stainer RRID:SCR_026521). Sections were deparaffinized and re-
hydrated using Dewax Solution (AR9222) provided by Leica.
Heat-induced epitope retrieval (HIER) varied according to the
antibody supplier’s suggestions and various on-site tests, using
either pH 6.0 citrate buffer (ER1) or pH 8.0 EDTA buffer (ER2).

Primary antibodies were used at various concentrations based
on the supplier’s suggestions and adjustments (Table 1) and
diluted using Bond Primary Antibody Diluent (AR9352). Primary
antibodies were incubated during 60 min for each sample.
Peroxydase-conjugated Donkey anti-mouse or anti-rabbit IgG
secondary antibodies (Jackson ImmunoResearch Labs Cat# 715-
035-151, RRID:AB_2340771 and Jackson ImmunoResearch Labs
Cat# 711-036-152, RRID:AB_2340590, respectively) were used at
a concentration of 1:200 for 30 min. Each slide was stained
by immersion in mixed DAB for 5 min, while the time for
counterstaining with hematoxylin varied according to the target
and the antibody.

All staining reagents were part of the Bond Intense R Detection
Kit (DS9263). After staining, sections were dehydrated through a
series of baths: 70% ethanol, 90% ethanol, 100% ethanol for 3 min
each, followed by a 5-min xylene bath. All slides were sealed and
dry for a minimum of 24 h before image acquisition.

2.2.4 | Image Analysis

Pictures of each slide were collected using an AperioAT2 DX
System (Leica Aperio AT2 DX System, RRID:SCR_027461) with
a x20 objective and analyzed using QuPath (RRID:SCR_018257)
(Bankhead et al. 2017). Image analysis was either performed on
whole tissue or on selected area based on the type of staining
(Figure 1).

For GFAP, MBP, Ibal, and calbindin, selections for whole tissue
analysis were made using the Thresholder tool with a 32.26 pym/px
resolution (extremely low) on Average Channel with a threshold
of 230. Cleaning and correction of selection were performed
manually. For each run, the stain vectors for hematoxylin and
DAB were automatically estimated using the Estimate Stain
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FIGURE 1 | Example in the cerebellum of manual selection of the
cortex layers (left) and whole tissue selection (right) with 140 days
lamb on the left side and 100 days on the right side for both selection
examples. (a-d): frontal lobe; (e-h): parietal lobe; (i-1): occipital lobe;
(m-p): cerebellum.

Vectors tool on the most representative slide, and new values were
applied to each slide of the run. Quantification of signal intensity
was done using positive pixel count with a 2.02 pm/px resolution
(high) or 1.01 um/px resolution (very high) targeting DAB with a
threshold of 0.2 on the entire selection.

For NeuN and synaptophysin, 5-10 random areas encompassing
all six cortical layers (from outside of the tissue to the white
matter) were manually selected while Olig2 was analyzed by
quantification of manually selected areas in the white matter.
Stain vectors correction was applied for each run using the
same method as previously. Quantification of cell density was
performed through positive cell count using optical density sum
with a 5 um background radius, 1 pm median filter radius, 1.5 uM
sigma, a 5 um? minimum area and 0.2 pum single threshold for
NeuN, and a 5 pm background radius, 2 pm median filter radius,
2 um sigma, a 5 ym? minimum area and 0.2 pym single threshold
for Olig2. Both settings used the Nucleus: DAB OD Mean as
a score compartment to detect positive cells. Quantification of
signal intensity for synaptophysin followed the same positive
pixel count protocol as before.

Each comparison group included all 26 lambs with one image per
marker per brain area per lamb. In case of folding of the tissues,
problematic folds were removed by manual selecting the folds
and excluding them from the analysis. Data normalization was
performed by calculating the percentage of positivity per mm? of
the analyzed surface. For positive cell counts requiring multiple
manual selections, the mean percentage of positive cells per mm?
across all selections per lamb was used

2.2.5 | Statistical Analysis

Statistical analyses were performed with R v4.4.3 (R Project
for Statistical Computing, RRID:SCR_001905) in RStudio

v2024.12.0+467 (RStudio, RRID:SCR_000432) using the
tidyverse (tidyverse, RRID:SCR_019186), DescTools (DescTools,
RRID:SCR_027454), coin (coin, RRID:SCR_027455), and rstatix
packages (rstatix, RRID:SCR_021240) (Hothorn et al. 2006;
Kassambara 2023; R Core Team 2024; Wickham et al. 2019). All
samples are independent from each other and were treated as
such. Extremely preterm fetal lambs (100 days) were compared to
late preterm fetal lambs (140 days). Comparisons of proportions
were performed with a Fisher test. Comparisons of means
were performed using a Fisher-Pitman permutation test via
the oneway_test function of the “coin” package version 1.4-
3. Confidence intervals were calculated using a bootstrap
approach with the MeanDiffCI function of the “DescTools”
package version 0.99.60. p-values under 0.05 were considered
statistically significant. Results are displayed as mean + SD for
the histological comparisons of the surface area of each section
and mean difference [CI95] for the immunohistochemical
analysis of each marker.

3 | Results
3.1 | Animal Comparison

The description of the two experimental groups is provided in
Table 2. There was no difference in the number of lambs, as well
as no statistically significant difference in the number of male
and female fetal lambs (13 lambs [5 females and 8 males] in the
extremely preterm group and 13 lambs [6 females and 7 males]
in the late preterm group). However, there was a significant
difference (p < 0.001) in the mean weight between the extremely
preterm group (953 g [675; 1200]) and the late preterm group
(3455 g [2370; 4875)).

The histological comparison revealed significant differences in
the surface area of each section of the frontal lobe, parieto-
temporal lobe, occipital lobe, and cerebellum between extremely
preterm (100 days) and late preterm (140 days) fetal lambs, with
sections from the late preterm group being significantly larger
than the extremely preterm group. No significant difference was
observed between male and female both within and between each
group (data not shown). Due to these differences, the results
from quantifications were normalized based on the surface area
analyzed for each sample.

3.2 | Immunohistochemical Analysis
3.2.1 | Cellular Markers

The immunohistochemistry comparison of the number of pos-
itive neurons for NeuN (Figure 2a) between late preterm (140
days) and extremely preterm (100 days) showed no significant
difference in the frontal lobe (5.49% [—1.4; 13.17], p = 0.19), the
parietal lobe (7.44% [0.21; 15.15] p = 0.06), and the occipital lobe
(5.67% [—1.46; 12.38] p = 0.16) when normalized by the area of
analysis. However, the percentage of positivity was significantly
higher in the cerebellum (26.51% [21.17; 31.64] p < 0.001) for lambs
at late preterm compared to extremely preterm. When analyzing
the granular layer of the cerebellum, we found that the mean
cell area and mean percentage of NeuN-positive cells were both
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FIGURE 2 | Immunohistochemistry evaluation of positivity for NeuN (cortex) (a), and calbindin (whole tissue) (b) in the different brain areas at
100 days (white) and 140 days (grey), normalized by the surface of the analyzed area. n.s. = non-significant p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

significantly higher in the 140-days group compared to the 100
days-group (respectively, 4.12 mm? [0.87; 7.32] p < 0.05 (Figure 3a)
and 53.78% [44.72; 60.96] p < 0.0001 (Figure 3b)). As analyzed
zones were sampled at random over various areas of the cortex,
these results can be generalized to the cerebellar cortex, reducing
sampling bias and inter-lobules differences.

Conversely, the comparison of interneurons positive for calbindin
(Figure 2b) showed significant differences between term and
extremely preterm lambs regarding the frontal lobe, the parietal
lobe and the occipital lobe (7.53% [3.1; 11.66] p < 0.01, 2.58%
[0.3; 4.89] p < 0.05, and 3.05% [0.69; 5.38] p < 0.05) in 140-days
fetal lamb, but no significant difference in the cerebellum (6.14%
[—0.61;12.69] p = 0.07).
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TABLE 2 | Description of the experimental groups and statistical comparison of the mean surface area of each brain area between fetal sheep at 100
and 140 days.
Extremely Late preterm
Description preterm (100 days) (140 days) p-value
Animals n.s.
Ewe 4 4
Lambs 13 13
Sex n.s.
Female 5(38%) 6 (46%)
Male 8 (62%) 7 (54%)
Weight in g (mean [min — max]) 953 [675 — 1200] 3455 [2 370 — 4875] ok
Mean surface area in um? (mean
[min — max])
Frontal lobe 153.76 [118.4 — 198.8] 244.65 [183.7 — 334] ok
Parietal lobe 252.16 [208.9 — 287.8] 433.53 [318.6 — 499] otk
Occipital lobe 195.32 [140.1 — 271.6] 271.7 [118 — 429.7] *
Cerebellum 70.8 [31 — 136] 154.45 [104.4-239.8] oAk
Abbreviation: n.s. = non-significant.
p>0.05.
*p < 0.05.
**p < 0.001.
“4p < 0,000
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FIGURE 3 | Immunohistochemistry evaluation of the cell area in mm? (a), and percentage of NeuN-positive cells (b) in the granular layer of the

cerebellum at 100 days (white) and 140 days (grey), normalized by the surface of the analyzed area. *p < 0.05, ****p < 0.0001.
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FIGURE 4 | Immunohistochemistry evaluation of positivity for GFAP (whole tissue) (a) and Ibal (whole tissue) (b) in the different brain areas at
100 days (white) and 140 days (grey), normalized by the surface of the analyzed area. n.s. = non-significant p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

For astrocytes (Figure 4a), comparisons of GFAP staining
between 100- and 140-days fetal lamb found no significant
difference in the frontal lobe (4.4% [—0.98; 9.19] p = 0.11) and the
cerebellum (5.75% [—3.89; 14.07], p = 0.22), but both the parietal
lobe (13.46% [7.85; 17.8] p < 0.001) and the occipital lobe (7.8%
[6.14; 11.48] p < 0.01) showed significantly higher mean positivity
for the 140-days group.

Finally, Ibal staining showed very low overall positivity with
an average of 2%-4% positive cells in both groups. However,
the consistency of the staining and positivity was such that
we allowed ourselves to carry out a statistical comparison.
No significant difference was found in any of the brain areas
regarding Ibal staining for microglia between 140- and 100-days
lambs (Figure 4b) (respectively, 1.45% [0.21; 2.68] p = 0.053, 0.67%
[—0.41; 1.57] p = 0.2, 0.34% [0.03; 0.69] p = 0.056 and 0.92% [0.01;
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FIGURE 5 Immunohistochemistry evaluation of positivity for Olig2 (white matter) (a) and MBP (whole tissue) (b) in the different brain areas at

100 days (white) and 140 days (grey), normalized by the surface of the analyzed area. n.s. = non-significant p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

1.76] p = 0.072 for frontal lobe, parietal lobe, occipital lobe, and

cerebellum).

322 |

Regarding the oligodendrocytes (Figure 5a), the percentage of
positivity of Olig2 was significantly higher for 140-days fetal lambs

Myelinization

in the frontal lobe (15.74% [3.12; 28.14] p < 0.05) and the parietal
lobe (19.66% [13.86; 26.63] p < 0.001) with no significant difference
between the two groups in the occipital lobe (1.36% [—12;16.95] p=
0.85) and the cerebellum (—2.03% [12.47; 9.39] p = 0.72). However,
immunohistochemistry analysis of MBP staining for the myelin
sheath (Figure 5b) showed a significantly higher percentage of
myelinization (p < 0.001) for 140-days fetal lambs in all four brain
areas: frontal lobe (18.02% [14.38; 21.91]), parietal lobe (24.11%
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FIGURE 6 | Immunohistochemistry evaluation of positivity for synaptophysin (cortex) in the different brain areas at 100 days (white) and 140 days

(grey), normalized by the surface of the analyzed area. n.s. = non-significant p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.

[20.3; 28.18]), occipital lobe (16.29% [10.87; 21.98]), and cerebellum
(16.71% [9.6; 23.99]) compared to 100-days fetal lambs.

3.2.3 | Synapses

The comparison of synaptic vesicle positive for synaptophysin
(Figure 6) showed significant differences between late preterm
and extremely preterm lambs regarding the frontal lobe, the
parietal lobe and the occipital lobe (40.43% [25.57; 53.58] p < 0.001,
11.94% [2.92; 22.1] p < 0.05 and 9.73% [3.06; 19.89] p < 0.05) in 140-
days fetal lamb, but no significant difference in the cerebellum
(7.77% [2.37; 19.48] p = 0.19).

4 | Discussion

Preterm birth represents 10% of worldwide birth with about
5% being extremely preterm birth, with an increased risk of
neurological impairment due to lower cortical surface and brain
lesions, and a lower rate of survival. Current research offers an
extensive understanding of the impact of extremely preterm birth
on neurodevelopment in both humans and rodents. As the need
for therapeutic alternatives for preterm care increases, recent
studies (Cohen et al. 2024; Partridge et al. 2017) demonstrated
that extra-uterine devices such as artificial placenta could allow
for similar brain growth when used on extreme pre-term fetal
lambs compared to same-age term fetal lambs who went through
normal gestation. These studies showed promising data but
highlight the need for a more exhaustive description of brain
development in the lamb. Based on this premise, we aimed
to provide detailed characterization and comparisons of the
frontal lobe, the parieto-temporal lobe, the occipital lobe and

the cerebellum during the last trimester of pregnancy in fetal
lambs by targeting cellular and structural markers that are known
to be impacted by prematurity. The specificity of the antibodies
used during this study was assessed based on the low inter-
species variability of these target antigens and the consistency
of staining patterns observed in our experiments compared to
those reported in the literature. Through immunohistochemical
analyses, our results confirmed that extremely preterm birth is
associated with significant alterations in brain maturation, both
in terms of cortical surface and cellular and structural markers.

Noticeably, higher percentages of relative positivity were
observed in 140-days term fetal lambs for calbindin and
synaptophysin in the frontal, parietal, and occipital lobes.
Calbindin-reactive interneurons are a subtype of GABAergic
neurons playing a significant role in cortical development by
providing excitatory drive (Aksenov et al. 2022; Letinic et al.
2002; Toledo-Rodriguez et al. 2004; Wang and Kriegstein 2009)
while synaptophysin is a glycoprotein found in synaptic vesicles
and playing a crucial role in neurotransmission (Ryan and Grant
2009). Those results indicate a more advanced development
of GABA interneurons and higher synaptic activity in late
preterm fetal lambs compared to extremely preterm fetal lambs,
which corroborates with data in human and mouse showing
a decrease in GABA signaling as well as synaptic dysfunction
in extremely preterm infants (Stolp et al. 2019). However, there
was no significant difference found in the proportion of NeuN-
positive cells in the frontal, parietal and occipital lobe, unlike
in the cerebellum where neurons were found in higher relative
proportions in 140-days term fetal lambs. This lack of difference
in most brain areas can be explained by the developmental
kinetic of neurons, similar to that of humans where neuronal
proliferation and migration in the cerebral cortex are mostly
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TABLE 3 | Immunohistochemistry comparison of the percentage of NeuN-positive staining in each cortical layer and white matter for each brain

region at 100 and 140 days, normalized by the surface of the analyzed area.

Extreme preterm

100 days (mean

Extreme preterm

140 days (mean Mean difference

Brain areas Cortical layers [SD]) [SD]) [IC 95%] p-value.signif
Frontal lobe
Molecular layer 0.28 [0.27] 2.04 [1.39] 1.76 [0.74, 3.11] ns
External granular layer 0][0] 12.98 [9.8] 12.98 [5.86, 23.03] ns
External pyramidal layer 0.05 [0.09] 25.51 [5.27] 25.46 [21.05, 29.88] *
Internal granular layer 0.4 [0.13] 25.58 [4.36] 25.18 [21.36, 28.95] ok
Internal pyramidal layer 1.33 [1.95] 24.62 [11.46] 23.29 [14.68, 35.31] *
Multiform layer 1.81[1.52] 20.99 [12.21] 19.18 [10.72, 31.79] *
White matter 0.39[0.32] 0.58 [0.37] 0.19 [-0.14, 0.69] ns
Parietal lobe
Molecular layer 0.23[0.47] 0.93[0.45] 0.7 [-0.04, 1.12] ns
External granular layer 0.34 [0.69] 4.01 [3.64] 3.67 [1.43, 7.74] ns
External pyramidal layer 0.09 [0.18] 18.51 [10.47] 18.42 [10.46, 27.2] *
Internal granular layer 5.3 [5.43] 26.2 [8.2] 20.9 [10.31, 27.15] *
Internal pyramidal layer 13.61 [2.38] 20.85 [8.03] 7.24[0.43,14.4] ns
Multiform layer 17.73 [2.94] 14.08 [9.95] —3.65[—12.91, 4.82] ns
White matter 5.39 [1.71] 0.71[0.8] —4.68 [-5.83, —2.68] *
Occipital lobe
Molecular layer 1.78 [1.77] 3.6 [3] 1.82[-0.87, 4.76] ns
External granular layer 2.72 [3.99] 8.53 [2.34] 5.81[0.99, 9.02] ns
External pyramidal layer 7.36 [4.88] 17.3 [9.54] 9.94 [1.76, 19.42] ns
Internal granular layer 19.06 [5.94] 16.6 [8] —2.46 [-12.13, 7.17] ns
Internal pyramidal layer 22.05 [8.5] 20.9 [9.57] —1.15[-12.88, 8.55] ns
Multiform layer 18.45[9.66] 19.89 [4.43] 1.44 [—6.46, 11.49] ns
White matter 1.91[1.2] 5.6 [3.12] 3.69 [1.44, 7.39] ns
Cerebellum
Molecular layer 0][0] 0.13 [0.26] 0.13 [0, 0.26] ns
External granular layer 0[0] 0.27[0.54] 0.27 [0, 0.54] ns
External pyramidal layer 7.41 [6.13] 13.89 [7.35] 6.48 [-2.25,13.79] ns
Internal granular layer 30.96 [3.43] 79.22 [3.76] 48.26 [44.36, 53.8] *E
Internal pyramidal layer 41.68 [15.32] 86.66 [2.21] 44.98 [31.64, 59.64] *
Multiform layer 35.52 [27.56] 83.97 [9.32] 48.45 [26.53, 76.93] *
White matter 0.49 [0.79] 1.15 [1.17] 0.66 —0.48, 1.91] ns
Abbreviation: ns: non-significant.
*p < 0.05.
*p < 0.0L

done by 24 weeks of gestation, which is roughly equivalent to a
100 gestational days in lambs, with maturation going on up to
37 weeks of gestation (Adams-Chapman 2006). Regarding the
difference in the cerebellum, it can be explained by the impact of
extremely preterm birth on the cerebellar development (Barron
and Kim 2020; Haldipur et al. 2011; Iskusnykh et al. 2018; Volpe
2009).

Similarly, significantly higher relative positivity was observed
for Olig2, in the frontal and parietal lobe, and for MBP, in all
four cerebral lobes of 140-days fetal lambs. Olig2 staining was
used to assess oligodendrocytes, a type of glial cells involved in
the structural plasticity of the brain (Monje 2018) and whose
main function is the production of myelin, an extra membranous
axonal structure primarily made of MBP and playing a major
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TABLE 4 | Immunohistochemistry comparison of the percentage of calbindin-positive staining in each cortical layer and white matter for each

brain region at 100 and 140 days, normalized by the surface of the analyzed area.

Extreme preterm
100 days (mean

Extreme preterm

140 days (mean Mean difference

Brain areas Cortical layers [SD]) [SD]) [IC 95%] p-value.signif
Frontal lobe
Molecular layer 2.12 [2.11] 1.7 [0.33] —0.42 [-2.55, 0.68] ns
External granular layer 4.38 [2.64] 1.85[0.94] —2.53 [-5.33, —0.53] ns
External pyramidal layer 4.15[1.89] 1.21[0.57] —2.94 [-4.96, —1.69] *
Internal granular layer 2.9 [1.04] 1.11[0.35] —1.79 [-2.61, —0.85] *
Internal pyramidal layer 2.5[0.97] 1.38 [0.27] -1.12 [-1.86, —0.27] ns
Multiform layer 1.78 [0.9] 1.45[0.61] —0.33[-1.12, 0.54] ns
White matter 1.63 [0.73] 2.14 [0.66] 0.51[—0.32,1.27] ns
Parietal lobe
Molecular layer 2.74 [1.09] 1.84 [0.58] —0.9 [-2.09, —0.12] ns
External granular layer 6.23 [3.88] 2.44 [1.11] —3.79 [-7.23, —0.48] ns
External pyramidal layer 2.96 [1.94] 0.96 [0.35] —2[-3.55, -0.31] ns
Internal granular layer 1.33 [1.3] 1[0.4] —0.33[-1.61, 0.77] ns
Internal pyramidal layer 1.7 [2.12] 1.23[0.54] —0.47 [-2.98, 0.93] ns
Multiform layer 1.6 [1.42] 1.69 [1.12] 0.09 [-1.37,1.47] ns
White matter 1.24 [11] 3.51[L5] 2.27[0.77,3.92] ns
Occipital lobe
Molecular layer 1.34[0.46] 1.73 [1.49] 0.39 [—0.58, 2.05] ns
External granular layer 3.71[2.44] 2.67 [1.27] —1.04 [-3.06, 1.35] ns
External pyramidal layer 1.5[1.26] 1.47 [0.67] —0.03 [-1.28, 0.95] ns
Internal granular layer 0.6 [0.41] 1.16 [0.37] 0.56 [0.07, 0.94] ns
Internal pyramidal layer 0.47 [0.42] 1.06 [0.5] 0.59 [-0.02, 1.11] ns
Multiform layer 0.46 [0.35] 1.12 [0.44] 0.66 [0.26, 1.14] ns
White matter 0.35[0.1] 1.13 [0.19] 0.78 [0.64, 1] o
Cerebellum
Molecular layer 32.93 [17.55] 36.06 [22.41] 3.13[-19.81, 29.84] ns
External granular layer 31.1 [17.3] 30.39 [25.39] —0.71 [—20.08, 40.53] ns
External pyramidal layer 20.51 [12.43] 18.33 [17.7] —2.18 [-17.13, 22.23] ns
Internal granular layer 6.11 [3.92] 6.08 [9.18] —0.03 [-6.34, 11.13] ns
Internal pyramidal layer 6.49 [3.69] 5.56 [9.61] —0.93 [-7.58, 11.5] ns
Multiform layer 21.77 [9.7] 6.64 [7.77] —15.13 [-26.06, ns
—5.78]
White matter 553 [12.81] 15.39 [9.76] —39.91 [—52.96, *
—28.25]

Abbreviation: ns: non-significant.
*p < 0.05.
**p < 0.0L

role in maintaining the action potential while enabling faster
propagation of the signal (Stadelmann et al. 2019). In humans, an
increase in the number of oligodendrocytes is observed between
28 and 41 weeks of pregnancy, leading to a progressive increase in
myelination, but were found to be disrupted in their progression
in case of injury to the periventricular cerebral white matter at

around 23-32 postconceptional weeks (Back 2017; Back et al.
2001, Back et al. 2006, Back et al. 2007; Jakovcevski and Zecevic
2005). Our results in lamb show a similar progression with
a clear difference in the myelinization of the brain between
late preterm and extremely preterm fetal lamb. This is further
supported by the data collected (Partridge et al. 2017) showing
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TABLE 5 | Immunohistochemistry comparison of the percentage of synaptophysin-positive staining in each cortical layer and white matter for each

brain region at 100 and 140 days, normalized by the surface of the analyzed area.

Extreme preterm
100 days (mean

Extreme preterm

140 days (mean Mean difference

Brain areas Cortical layers [SD]) [SD]) [IC 95%] p-value.signif
Frontal lobe
Molecular layer 5.65 [6.06] 80.33 [13.37] 74.68 [58.75, 83.81] ok
External granular layer 0.54 [0.69] 84.79 [7.44] 84.25 [77.86, 90.42] *E
External pyramidal layer 0.05 [0.05] 82.68 [4.78] 82.63 [77.62, 85.52] ok
Internal granular layer 0.06 [0.02] 81.5[5.09] 81.44 [77.22, 85.65] wk
Internal pyramidal layer 0.04 [0.04] 79.49 [6.32] 79.45 [75.29, 86.02] ok
Multiform layer 0.04 [0.05] 60.87 [7.11] 60.83 [56.62, 68.33] o
White matter 0.04 [0.03] 16.62 [19.4] 16.58 [6.05, 36.84] ns
Parietal lobe
Molecular layer 29.1[27.02] 18.31 [14.66] —10.79 [—41.83,11.13] ns
External granular layer 21.87 [19.67] 70.01 [24.49] 48.14 [20.64, 71.31] *
External pyramidal layer 3.89 [4.93] 51.23 [12.97] 47.34[29.43, 55.73] *
Internal granular layer 4.48 [5.31] 58.62 [6.23] 54.14 [45.27, 60.24] ok
Internal pyramidal layer 7.16 [7.07] 34.23 [6.11] 27.07 [18.35, 33.89] *
Multiform layer 3.74 [4] 4.95[2.33] 1.21[-3.9, 4.27] ns
White matter 1.49 [1.38] 0.09 [0.05] —1.4[-2.85, —0.48] ns
Occipital lobe
Molecular layer 0.96 [1.03] 0.45[0.71] —0.51[-1.52, 0.7] ns
External granular layer 0.81[0.96] 0.28 [0.46] —0.53 [-1.55, 0.22] ns
External pyramidal layer 0.02 [0.01] 0.41 [0.46] 0.39 [0.09, 0.88] ns
Internal granular layer 0.13[0.17] 0.15[0.24] 0.02 [-0.2, 0.35] ns
Internal pyramidal layer 0.14 [0.17] 0.04 [0.04] —0.1[-0.26, 0.03] ns
Multiform layer 0.19 [0.24] 0.03 [0.06] —0.16 [-0.45, 0] ns
White matter 0.04 [0.04] 0.05 [0.09] 0.01 [—0.05, 0.12] ns
Cerebellum
Molecular layer 33[23.28] 91.89 [3.31] 58.89 [42.09, 77.84] *E
External granular layer 18.46 [15.68] 43.82[13.21] 25.36 [9.18, 41.21] *
External pyramidal layer 10.92 [11.81] 43.99 [10.6] 33.07 [20.91, 46.09] *
Internal granular layer 16.51 [10.67] 38.75[8.43] 22.24 [12.08, 32.97] *
Internal pyramidal layer 14.76 [7.31] 41.89 [10.77] 27.13 [17.12, 38.04] *
Multiform layer 8.37[7] 13.27 [9.83] 4.9[-3.8,16.16] ns
White matter 1.43 [2.22] 5.57 [6.85] 4.14 [-0.88,10.21] ns
Abbreviation: ns: non-significant.
*p < 0.05.
*p < 0.0L

a regular myelinization kinetics in extremely preterm lamb on
extra-uterine support.

Likewise, we characterized astrocytes and microglia, two sub-
types of glial cells with numerous functions, ranging from home-
ostasis regulation to defining cortical architecture for astrocytes
(Verkhratsky and Nedergaard 2018), and controlling neuronal
differentiation, playing a role in synaptic pruning and immune

response as well as several other roles for microglia (Hattori 2023;
Hickman et al. 2018; Ikegami et al. 2019; Santos et al. 2020). We
described those two cellular types using respectively GFAP and
Ibal as markers and found a significantly higher relative propor-
tion of astrocytes in the parietal and occipital lobe of term fetal
lambs, with a general trend in higher relative proportion overall.
Since GFAP staining was analyzed on whole tissue selection, with
normalization on based on the analyzed selection, this difference
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between the two groups can be explained by the difference in
brain maturation. While astrocytes are found in every area of the
brain at 17GW in humans, that observed difference is similar to
what can be seen in normal human fetal brain where astrocytes
increase in size and number at 22GW (Reske-Nielsen et al. 1987).
However, no significant difference was found for microglia in any
of the analyzed brain area. This is similar to what can be found
in the human brain as microglial entry and colonization as well
as overall microglial development happens the earliest in brain
development, with peak density happening at roughly 24 weeks
of gestation (Menassa and Gomez-Nicola 2018).

Overall, our findings align with the known neurodevelopmental
alterations and impact of extremely preterm birth reported in
humans and other animal models, supporting the validity of the
lambs as a pre-clinical model in studying pathologies and thera-
peutic alternatives for extremely preterm birth. As such, our data
greatly contribute to the current scientific literature dedicated to
the sheep as a model for pregnancies and developmental biology
by deepening our understanding of brain development in that
model.

However, the relatively small size of our groups may hamper
the detection of smaller differences between our two groups. In
addition, our study focused on large brain areas and markers,
and the lack of molecular analyses such as transcriptomic does
not allow us to have a more precise analysis of the difference
between extremely preterm and late preterm fetal lambs in terms
of gene expression for each marker nor is it possible to assess other
phenomenon such as inflammation. The use of relatively broad
markers such as Olig2, which does not differentiate between
different type of cells within the lineage of oligodendrocytes, or
calbindin, which also stains Purkinje cells that are unique to
the cerebellum in addition to staining interneurons, means that
further studies using more specifics markers would be necessary
to obtain a finer characterization.

Furthermore, our study did not include inter-areal or inter-zonal
comparison of staining within each sample but rather focused on
the overall quantification of markers. That decision was made
due to the high variability of the delineation of cortical layers,
which would introduce the substantial risk of selection bias,
and supported by a small-scale analysis of NeuN, calbindin, and
synaptophysin (Tables 3-5). However, that decision can induce a
bias in the interpretation of the data as positivity of staining can
vary depending on the analyzed area of the brain. Similarly, more
comprehensive and accurate findings could have been obtained
through tissue clearing or stereological analysis of our samples.

Finally, as the extremely preterm birth in our study was non-
pathologically induced, our data might not reflect the actual of
the events taking place during a naturally occurring extremely
preterm birth, namely the activation of microglia, cell death or
brain injuries resulting from hypoxia or inflammation. Future
studies should explore more diverse brain areas with a larger
sample size, additional markers and finer analyses, such as single
cell in situ profiling, in order to draw a more accurate description
of the cortical development in lambs, its alterations by pathologies
and its differences or similarities with human development.

5 | Conclusion

In conclusion, our study provides a comprehensive description of
cortical maturation between extremely preterm and late preterm
fetal lambs and highlights the similarities with human develop-
ment, particularly an antero-posterior development regarding a
selection of cellular and structural markers. These results support
the use of fetal lamb as an animal model for extremely preterm
birth and pathologies that alter brain development.
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