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Abstract

Knowledge on cortical development is based mainly on small rodents besides primates and carnivores, all being altricial
nestlings. Ungulates are precocial and born with nearly mature sensory and motor systems. Almost no information is avail-
able on ungulate brain development. Here, we analyzed European wild boar cortex development, focusing on the neuro-
peptide Y immunoreactive (NPY-ir) neuron system in dorsoparietal cortex from E35 to P30. Transient NPY-ir neuron types
including archaic cells of the cortical plate and axonal loop cells of the subplate which appear by E60 concurrent with the
establishment of the ungulate brain basic sulcal pattern. From E70, NPY-ir axons have an axon initial segment which elon-
gates and shifts closer towards the axon’s point of origin until P30. From E85 onwards (birth at E114), NPY-ir neurons in
cortical layers form basket cell-like local and Martinotti cell-like ascending axonal projections. The mature NPY-ir pattern
is recognizable at E110. Together, morphologies are conserved across species, but timing is not: in pig, the adult pattern
largely forms prenatally.
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Introduction

Knowledge on cortical development is based mainly on data
from small rodents and, to a lesser extent, from cat, ferret
and primates including human, all being altricial nestlings.
By contrast, ungulates are precocial, born with nearly mature
sensory and motor systems, and are immediately mobile.
Almost no information is available on ungulate brain devel-
opment, despite the pig being an important model for human
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Pigs are cooperative animals with individual personali-
ties (Friel et al. 2016) which can easily be trained on condi-
tioning tasks (Gieling et al. 2011). In contrast to human or
rodent infants (Dilger and Johnson 2010; Mudd and Dilger
2017), behavior can be assessed immediately after birth,
since for instance, in wild boar, olfaction develops prena-
tally (Fulgione et al. 2017). Piglets learn by observing elders
and have good long-term memory (Veit et al. 2017). Alto-
gether, the pig is an emerging translational model filling the
gap between studies in rodents and clinical trials in humans
(Vodicka et al. 2005; Mudd and Dilger 2017).

Exploration of the pig CNS began decades ago in ana-
tomical studies, followed by physiological and hodological
studies locating somatosensory, motor, frontal, auditory, and
visual cortex (Lind et al. 2007). The pig is gyrencephalic and
resembles the human brain in terms of anatomy and develop-
ment more than brains of commonly used small laboratory
animals do (Lind et al. 2007). Developmental changes in
fatty acid accretion parallel those of humans, and the gray
matter/white matter (GM/WM) ratio as well as the gyration
index is similar to human (Sweasey et al. 1976; Pond et al.
2000; Mudd and Dilger 2017). Stereotaxic atlases, PET and
MRI imaging data exist to guide surgery and characterize
transmitter systems (Lind et al. 2007). Longitudinal MRI
data in domestic pig and human reveal similar growth trajec-
tories with 1 week of pig brain volume growth being equal
to 1 month of human infant brain development (Mudd and
Dilger 2017). However, one has to take into account the
detrimental effects of domestication (Kruska 1970; Lahvis
2017) resulting in an average reduction of the total brain
weight in domestic pig by about 41% compared to wild boar
(Bondel 2017).

Yet, little information exists on early pig brain develop-
ment at the cellular level. From the forest to the lab: our
goal is to characterize cortex development of a precocial
ungulate at the cellular level, and the European wild boar,
Sus scrofa (LINNAEUS 1785), was our ‘breed’ of choice.
Here, we characterized the early appearing neuropeptide Y
(NPY) neuron system in cortical plate and subplate. It is to
our knowledge, the first study on fetal brain development at
the cellular level in a non-domesticated, non-captive, large-
brained ungulate which is—according to folk wisdom—
extremely smart.

Results

External appearance and developmental
trajectories

The external features of the fetuses are shown in Online

resource 2. Pigment is seen in the eye at E35. Toes are pre-
sent at E45, and hooves at E60. The cusps of the canini have
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emerged in mandible and maxilla at E65/E70, and skin pig-
mentation is evident at the chin. At E60, a chin wart is pre-
sent, sprouting black chin hair until E70. Skin pigmentation
starts at E70 and more is present at E85 at snout, mandible,
head, legs and feet. Hair is present at the eye brows from
E85 onwards, and eyes become surrounded by eyelashes.
The typical black and tan stripes of boar piglets are present
at E100 and older, with fine black and brown hair covering
head, face, back, and flanks. Canini and first incisivi are
present in maxilla and mandible. The same tooth pattern is
present at E110, and the cusps of next-emerging teeth can be
recognized, but are still covered by epidermis. The features
match the description of Henry (1968a). From E45 onwards,
the skull bones become increasingly well vascularized, and
blood vessels are present in the meninges already at E45.
The dura mater becomes successively harder and difficult to
cut at the falx cerebri and tentorial membrane.

Fetal measures are shown in Online resource 3. Curves
for body weight, crown—rump length, and the weights of
heart, lung, liver, kidney (average), spleen, and gastrointes-
tinal tract (with stomach and gut not emptied) reveal a more
or less linear increase until E110. Lung weight increases
steeper towards the latest fetal stage, presumably in prepara-
tion for birth. Body weights and developmental trajectories
correspond well with reported data (Pond et al. 2000). The
average gestational length in domesticated pig and wild boar
is E114 (Henry 1968b). After birth, body and organ growth
increase steeply.

Sulcal pattern

Dorsal views of the fetal and postnatal brains arranged to the
same scale are shown in Fig. 1. An E70 brain is shown in
lateral and ventral view. All brains have been subsequently
sliced into blocks and cut coronally according to the verti-
cal plane indicated in the E70 lateral view. The orientation
matches the stereotaxic coordinates used for MRI imaging
of neonatal and adult pigs (Andersen et al. 2005; Sauleau
et al. 2009; Saikali et al. 2010; Conrad et al. 2014). The
heads of E35 have been processed and cut in toto, there-
fore the E45 is the youngest brain presented here. Sulci are
not yet recognizable at E35 and E45. Major sulci are well
recognizable at E60. We follow the species-comparative
approach (Brauer and Schober 1970) and identified in dor-
sal views of the hemispheres the basic pattern typical for
ungulates (Nickel et al. 1991) consisting of the ansate sul-
cus, the coronal sulcus branching off the ansate around its
rostro-lateral bend, the continuation of the ansate towards
the temporal lobe, finally meeting the suprasylvian sulcus.
Further, we identify the first paramedian sulcus delineating
a substantially long paramedian gyrus rostral to the ansate
sulcus as the cruciate sulcus. The E60 brain already displays
a shallow fissure projecting from the rostral pole towards
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Fig. 1 Representative brain E45 E60
stages. Dorsal views of the
brains at the ages examined
with major sulci labeled (earli-
est at E60). The youngest stage,
E35, is not shown as its head
was processed in toto for paraf-
fin embedding. Major sulci are
highlighted by black lines in
one hemisphere. ans, ansate sul-
cus; B olf, olfactory bulb; cor,
coronal sulcus; Cr, cerebellum;
cruc, cruciate sulcus; E, embry-
onic/fetal day; ec, ectomarginal
sulcus; en, endomarginal sulcus;
F syl, sylvian fissure; marg,
marginal sulcus; P, postnatal
day; rhi, rhinal fissure; sss,
suprasylvian sulcus. Brains E45,
E60, E70, E85, E100 and E110
have been photographed during
dissection and after a short
exposure to fixative containing
picric acid. Brain P30 has been
photographed before immer-
sion into fixative. The brain of
the adult domestic pig from the
Institute’s collection has been P30
photographed months after fixa-
tion. Scale for all 2 cm

the already formed ansate sulcus, and medial to the already
formed coronal sulcus (Fig. 1), it has formed into the cruci-
ate sulcus at E70. The cruciate sulcus is present in all older
brains except for 1 out of 5 brains of the E100 litter (Online
resource 4, brain no. 5). The sulcus is variable in length, may
not always merge with the longitudinal fissure, and may indi-
vidually form smaller sulci. The caudal pole is dominated
by the marginal sulcus, which is paralleled by the endo- and
ectomarginal sulci. In one of our cases, the entomarginal
sulcus has been more prominent than the marginal sulcus
(Online resource 4, brain no. 3). Together, the pattern of

ventral lateral

E70 dorsal

adult, domestic

major sulci can be recognized in the postnatal and all fetal
brains down to E60, and is present in all five E100 brains.
Additional minor sulci develop from E85 onwards with quite
some variability between individuals and hemispheres.

Maturation of NPY-ir neurons
At all ages examined, NPY-ir is already expressed by very
immature neurons migrating in the developing gray matter

(GM) (Fig. 2a). We have assembled a serial longitudinal
sequence of differentiation (Fig. 2b—e), which resembles that
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Fig.2 Stages of cellular maturation and degeneration. a Migrat-
ing neuron in CP with a growth cone at the leading tip; E70. b Very
immature neuron with tiny soma and marginal cytoplasm; E85, WM.
¢, d Slightly more mature neurons; E85 WM. e Larger soma with
prominent branching dendrite; E85, layer VI. f Fully mature neurons
with intact somata with a smooth outline; E85, layer VI. g Slightly
shrunken soma; E85, WM. h, i Somata with vacuoles; E85, layer V
and VI. j Shrunken soma with strongly beaded neurites; E85, layer V.
k Shrunken soma and beaded neurites with vacuoles. 1 Neuron with
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fragmented dendrites; note that its intact axon passes microns near
the break site. m Fragmented neuron; E85, WM. n Immature neuron
with shrunken soma and swollen dendrite with vacuoles. o Heavily
fragmented neuron next to a very immature soma (arrow); E70, layer
VI. p Healthy mature neuron with intact soma in the same focal plane
as a cell with vacuoles; E85, WM. Vacuoles indicated by arrowheads,
axons indicated by fine arrows, immature somata indicated by bold
arrows. a-n and o—p are at the same magnification to document the
differences in soma sizes. Scale bars 25 pm
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reported for kitten (Wahle and Meyer 1987). Fully mature
multipolar to bitufted neurons with large somata and a
smooth outline (Fig. 2g) give rise to long projecting and
looping axons. Axonal loop neurons reside in the subplate/
white matter (SP/WM), but also in the developing GM up
to the marginal zone (MZ). Besides, intensely NPY-ir neu-
rons can be found in various stages of degeneration with
shrunken somata, varicose neurites, breaks in the somatic
membrane and in dendrites, and vacuoles in somata and
dendrites (Fig. 2g-1). Note in Fig. 21 that the intact axon of
the affected neuron passes microns near a large dendritic
break site; this argues against gross histological artifacts as
a reason for the damage. The final stage of disintegration is
an aggregation of ir-material, variable in shape (Fig. 2m).
Disintegration can also affect immature neurons as indicated
by small soma, large nucleus:cytosol ratio, and unipolar
appearance (Fig. 2n). Immature, mature healthy-looking,
and degenerating neurons occur close to each other in GM/
WM (Fig. 20, p). The same phenomenon has been observed
at E70, E85, and E100, suggesting a heterochronic matura-
tion and cell death not only in SP/WM, but also in GM.

Fig. 3 Distribution of NPY-ir neurons from E60-P30. 10-um-thick
paraffin sections of dorsal cortex at the ages indicated have been used.
Blue dots represent mature intensely labeled neurons (intact or degen-
erating), orange triangles represent immature neurons with weakly
labeled small somata and/or unipolar morphology. Sections are taken
mid-level rostral to the ansate sulcus and comprise cingulate, sigmoid
and coronal gyrus, which display large layer V pyramidal neurons,
and the somatosensory rostrum/face region lateral to the coronal sul-

Distribution and growth of NPY-ir somata

The distribution of NPY-ir somata has been plotted from
E60-P30 in 10-pm-thick paraffin sections (Fig. 3). At E60,
the majority of neurons reside in infragranular layers, but
also in the cell-dense cortical plate and in the MZ. Surpris-
ingly few are in the SP/WM at this age. At E70 and ES85,
numerous neurons are in GM and WM filling the space at
near equal density despite a substantial size increase of the
cortical sections. In addition, NPY-ir neurons and axons are
scattered in the subventricular zone (SVZ) at E70 and E85
(Fig. 3). Many cells are immature at E60 and E70 (stages
shown in Fig. 2a—d). These immature cells decline in num-
ber until E110. The percentages of immature neurons from
all NPY-ir neurons (Fig. 3) are at E60: 53%, E70: 36.6%,
E85: 23.6%, E100: 8.9%, and P30: 3.4%. Besides cellular
degeneration, the decrease in overall cell density is likely
due to the enormous expansion of the cortex causing a dilu-
tion of cells in the larger cortical volume until P30. We can-
not exclude underestimation of numbers due to somatoden-
dritic staining falling below detection limits.

3000 pm

cus with less prominent layer V pyramidal cells. Note that the scale
does not exactly match the scale bars in the other figures, because the
paraffin embedding shrinks fetal brains more than processing for cry-
ostat sectioning. CC, corpus callosum; CP, cortical plate; IG, indu-
sium grisium; 1Z, intermediate zone; MZ, marginal zone; SP, sub-
plate; SVZ, subventricular zone; VZ, ventricular zone; WM, white
matter; I and I[I-VI, cortical layers. Scale bar 3 mm
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DAPI / merge

Substantial soma growth occurs in GM/MZ (Online
resource SA) with somata being small at E60 and E70 (mean
with S.E.M., 68 +4.4 um? and 68 +3.7 um?, resp.) due to
many very immature NPY-ir neurons. Somata are larger at
E85 (140 + 11.4 um?), are even larger at E110 (189 +13.9

@ Springer

pmz) and at P30 (241 +10.7 umz) due to decline of imma-
ture cells and increased numbers of mature NPY-ir neurons.
NPY-ir neurons in SP/WM (Online resource 5B) are larger
than those in GM/MZ from E70 onwards (76 +5.5 pmz),
with somatic area continuously increasing in size from
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«Fig. 4 Neurochemical characterization of NPY-ir neurons at E85 and
E100/110. A NPY-ir (red, arrow) and NeuN-ir (green) neurons in SP/
WM at E85; inset shows the cluster of neurons at higher magnifica-
tion. b NPY-ir (red, arrow) and NeuN-ir (green) neurons in SP/WM
at E85; inset shows a NeuN-ir subplate neuron with NPY-ir boutons
in close apposition. ¢ NPY-ir and NeuN-ir neuron and NPY-ir axons
in the SVZ at E85; fibers do not invade the VZ. d NPY-ir neurons
among NeuN-ir layer V pyramidal cells at E110. Note the weak and
mainly nuclear expression of NeuN-ir in NPY-ir neurons in com-
parison to the strong nuclear and cytosolic expression in neighbor-
ing neurons. Arrows point to double-labeled neurons; the merged
picture has a DAPI counterstain. e, f GAD-65/67-ir neurons are pre-
sent in GM and SP/WM at ES85, as is a dense network of fibers and
boutons. The boutons form clusters resembling basket-like terminals
(e) around GAD-negative somata; boutons also occur in close apposi-
tion to NPY-ir somata (e, arrow; see enlargement of the boxed area,
turned 90° counterclockwise). Note that NPY-ir neurons in SP/WM
are GAD-negative (see insets in e, f; in b, arrows delineate the NPY-ir
cell from blood vessel epithelia marked by autofluorescence in both
channels). g Large NPY-ir, GAD-negative neuron in GM at E85. h
NPY-ir, GAD-positive neuron in GM at E100. i NPY-ir, weakly
GAD-positive neuron in GM at E110; note numerous basket-like
terminals. j NPY-ir, GAD-positive axon with growth cone in GM at
E100. Scale bars 25 pm in a—d, c—f, and 50 pm in e, f

E85 (151 +13.9 um?) to E110 (205 + 17.6 um?) and to P30
(270 +16.2 um?).

Neurochemical characterization of NPY-ir neurons

NPY-ir cells coexpress the neuronal marker protein NeuN/
RBFOX3 (Fig. 4a—d). Interestingly, at all ages and irrespec-
tive of position in SP/WM or GM, NPY-ir neurons dis-
play only a weak and mainly nuclear expression of NeuN.
This differs clearly from the stronger nuclear and cytosolic
expression in neighboring neurons, which are presumptive
subplate pyramidal cells (Fig. 4a, b) or pyramidal cells of the
GM (Fig. 4d). The proportion of NPY-ir from total neurons
in the SP/WM is 2.49, 1.67, 1.69 and 0.81% at E70, ES85,
E100, and E110, respectively.

Neurons with looping axons have been identified with
GAD staining in SP/WM of postnatal kitten (Wahle et al.
1987). In the adult mammalian cortex, NPY is colocalized
in non-fast-spiking GABA-ergic neurons overlapping in dis-
tribution with somatostatin and calbindin (Markram et al.
2004; Qu et al. 2016). The neurons form boutons around
somata and along dendrites (Wahle et al. 1986) in line with
morphologies of small basket and Martinotti neurons. Thus,
the assumption has been that NPY-ir neurons of SP/WM
are GABA-ergic. In early postnatal rodent subplate, NPY-ir
neurons colocalize somatostatin and nitric oxide synthase,
typical markers of interneurons (Qu et al. 2016). In fetal wild
boar, GAD-65/67-ir neurons occur in SP/WM, and there are
numerous varicose axons some of which form basket-like
terminals entwining large GAD-negative somata (Fig. 4a,
inset). Unexpectedly, double-labeling of NPY-ir and GAD-
65/67-ir at E85 and E100 reveals that the intensely NPY-ir

neurons of SP/WM are GAD-negative (Fig. 4e, f). A quan-
tification in several sections at E85 reveals 57 NPY-ir neu-
rons and 180 GAD-ir neurons (ratio 1:3.2), but not a single
double-labeled neuron. Further, the intensely NPY-ir axons
and boutons in SP/WM and GM/MZ are void of GAD-ir
(Fig. 4g), as are a number of large NPY-ir neurons in GM. At
E85-E100, NPY-ir boutons are closely apposed to GAD-ir
neurons suggesting axosomatic and axodendritic contacts
(Online resource 6A, B). Vice versa, NPY-ir neurons of SP/
WM (Fig. 4a) and GM/MZ are targeted by GAD-ir bou-
tons; note that these NPY-ir neurons are also GAD-negative
(Online resource 6C, D), indicating that NPY-ir and GAD-ir
neurons are reciprocally wired. However, at E100, E110 and
P30 many NPY-ir somata in GM/MZ are GAD-ir at variable
intensity, and GAD-ir is found in growth cones of NPY-ir
axons (Fig. 4h—j). This is the expected colocalization in the
persisting interneurons.

NPY-ir fibers innervating pial blood vessels

The innervation arises from sympathetic neurons of the
superior cervical ganglion, uses noradrenaline as main
transmitter, and mediates vasoconstriction (Hamel 2006).
In human, NPY-ir fibers along meningeal vessels seem to
be present from gestational week 12 onwards (Kawamura
et al. 1991). In boar, NPY-ir fibers are absent at E35 (not
shown), but present along cerebral meningeal blood vessels
from E45 onwards, which is weeks before the cortical neu-
ron systems start to express NPY-ir (Online resource 7A, B).
The coarse axons, often in bundles, have large varicosities
and are thicker than the axons intrinsic to layer I (Online
resource 7D, E). They run parallel to the vessels, likely small
arteries (Online resource 7A, C, D, F, H, I), and freely in the
meninges (Online resource 7G), but do not follow vessels
descending into the cortex (Online resource 7J).

Distribution of NPY-ir axons

Thionin-staining reveals a broad MZ, as described for the
domestic pig, containing reelin-ir neurons (Nielsen et al.
2010). Large layer V pyramidal neurons are easily detected
at E70. A cell-dense cortical plate with small somata per-
sists until E85. Layers have formed until E100 (Fig. 5).
None or just one NPY-ir neuron is present per section at
E45 and no axons are detectable. Substantial numbers of
NPY-ir somata are present at E60 in the cortex and the MZ
has numerous horizontal axons (Fig. 6a), many bearing
growth cones (Fig. 6b—d). The density of fibers increases
to highest level at P30, despite comparatively low num-
bers of NPY-ir somata at this age (Fig. 5). Long axons in
WM and vertically ascending axons passing though the
GM towards the MZ dominate younger stages, although
horizontally and obliquely oriented axons are detectable

@ Springer
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Fig.5 Development of the
axonal innervation. Panels
from pia mater down to white
matter are shown; large dots
represent labeled somata, lines
represent axons; all plotted
from cryostat sections. Next to
every panel, a photomicrograph
from thionin-stained material
has been aligned to identify the
laminar compartments. In the
small sketches (scale bar 3 mm,
youngest stages represented
larger than the older stages),
rectangles indicate the position
where axons were sampled.
Large pyramidal neurons of
layer V are identifiable by E60
(inset) and helped to delineate
the layers. Scale bar 200 um

E45 EG0 E70

already from E85 onwards. A dense neuropil labeling is ~ NPY-ir cell types

dominant at P30. NPY-ir axons seldom pass close to other

NPY-ir somata or neurites, suggesting that they do not At E70 and E85, a peculiar neuron type is present in the
form synapses among each other. GM just below the cell-dense cortical plate: this cell has

@ Springer
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Fig.6 Innervation and cell types. a Very few fibers in the marginal
zone (MZ) at E60. b—d Axonal growth cones in GM or WM at E70,
E80, E100. e Archaic cell with very small soma and T-branched den-
drite below cortical plate (CP); E85. f Photomontage of axonal loop
cell; e 70, WM. g Axonal loop cell; E85, WM. h Photomontage of
axonal loop cell with long projecting axon; E85, WM. i Axonal loop
with collateral; E100, WM. j Mostly intact mature somata scattering

from layer V/VI down into upper WM; E100, coronal gyrus. k Cell in
upper GM with ascending axon, E100. 1 Mature neurons in layer V/
VI surrounded by plexus of varicose axons; P30. m Dense innerva-
tion of layer I with varicose axons; P30. n No staining is seen after
omitting the primary antibody, here at E85, same at the other ages
analyzed. Axons indicated by arrows. MZ is facing up. Scale bars
25 um for a, e—i, k—n; 10 um for b—d; 100 um for j

@ Springer
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Fig.7 NPY-ir cell types. Cam-
era lucida drawings of fairly A
completely stained neurons and
initial axonal patterns sampled
from thick tissue slabs at E85.
a Archaic cells of the cortical
plate. b Axonal loop cells of
the deep white matter; the four
cells resided close together

and are shown here with slight
offset to avoid neurite overlap.
¢ Axonal loop cells in layer VI
and upper subplate; note the
hairpin loops. d Neurons with
vertically projecting axons
resembling immature Martinotti

cells. Some axons reach into c '
the MZ. The neurons in the MZ
project horizontally. e Neurons
of layers V/VI with horizontally
ramifying axons resembling
basket cell projections. Laminar
boundaries are indicated; MZ,
marginal zone; SP, subplate.
Arrows point to axons. The cells
marked by asterisk are shown

as photomontages in Fig. 6f, h;
MZ is up

a small bipolar soma, and two thick horizontal or oblique
dendrites branching in a T-shaped pattern (Figs. 6e, 7a).
In keeping with previous nomenclature, we consider
these cells as “archaic” neurons (Wahle and Meyer 1987).
Axonal loop cells are detected in GM and SP/WM at
E70, E85 and still at E100 (Figs. 6f—j, 7b, ¢), and they are
intensely NPY-ir. Their axons can be followed for mil-
limeters through the WM (Fig. 6h). Neurons with ascend-
ing axons (Fig. 6k) resembling Martinotti cells (Fig. 7d)
are present at E85 and become prominent at E100. Other
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neurons at E85 and E100 already project horizontally in
infragranular layers with axons resembling basket cell pro-
jections (Fig. 7e). Neurons at P30 (Fig. 61) are multipolar,
reside mainly in infragranular layers, and the staining is
more punctate suggestive of NPY-ir enriched in vesicles.
The neurons are surrounded by a dense plexus of varicose
axons and boutons in the neuropil and numerous horizon-
tal axons run in layer I (Fig. 6m). The WM is almost void
of NPY-ir axons at P30.
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NPY-ir neurons appear functional

Functionally mature neurons fire action potentials whose
initiation requires an axon initial segment (AIS). To obtain
data for AIS development, we co-stained for NPY and the
AIS scaffold protein BIV-spectrin. BIV-spectrin was pre-
sent in the axons of small immature-looking as well as
mature intensely NPY-ir neurons of SP/WM and GM/MZ
already at E70 (Fig. 8a—i). Axonal loop cells have an AIS
as do neurons in GM at E§5-E110 (Fig. 8a—d) including
Martinotti neurons with ascending axons and presumptive
bitufted neurons with descending axon (Fig. 8g, h, resp.).
At the younger ages, AIS are short, and elongate with age
(Fig. 8e, £, h).

Early on, a majority of the NPY-ir cells has the axon
emanating from the soma, and nearly all have AIS residing
distal to the axon’s point of origin (Fig. 8i). In 6 sections at
E85, 108 cells in the GM have been assessed for axon ori-
gin: 89 cells (82%) have the axon arising from the soma;
85 of them (96%) have the AIS distal with a considerable
gap to the soma. Also at E85, 21 cells have been assessed
in SP/WM. Here, 17 (81%) have the axon arising from the
soma; and 16 of them (94%) have a distal AIS. At E110
and P30 too few cells are found in WM, and therefore all
NPY-ir cells from 4 to 6 sections have been pooled. At
E110, of 86 cells, 63 (73%) have axons emerging from the
soma; 55 of them (87%) have a distal AIS. At P30, of 185
cells, 114 (62%) have axons emerging from the soma; 100
of them (88%) had a distal AIS (Fig. 8i). In the remaining
cells at the three ages, the axons arise from dendrites, and
in a majority of these cells the AIS has a clear gap to the
axon’s point of origin (Fig. 8f). Considering all 185 cells
assessed at P30, the AIS was distal to the axon’s point of
origin in 87% of the neurons, irrespective of the axon’s
origin from the soma or from a primary or higher order
dendrite. Together, from E85-P30, the proportion of distal
AIS declines slightly from 96 to 88%, but the proportion
of NPY-ir neurons with a somatic axon onset declined sub-
stantially from 82 to 62%.

Concurrently, the AIS itself changes. The gap between the
point of origin of the axon and the pIV-spectrin-ir AIS nar-
rows down in particular after E110 to finally 9.87 +3.63 um
at P30 (Online resource 8A). AIS length (mean + SD)
increases from 8.76 +3.42 um at E70, to 14.79 +5.82 um
at E85, to 25.22+7.68 um at E110, and 26.27 +6.68 pm
at P30 (Fig. 8i; Online resource 8B). As a reference, we
have determined the length of AIS in non-NPY-ir presum-
ably pyramidal neurons of supragranular layers around the
apical parts of three gyri. Their average length (mean + SD)
is 22.51 +7.54 pm at E85, and thus already much longer
than the AIS of NPY-ir neurons at E85. Length increases
to 24.91+8.04 um at E110, and 26.55 +7.03 um at P30
(Online resource 8C).

Discussion
Gyration of developing boar cortex

The nomenclature of the gyri and sulci differs in the lit-
erature, a problem rooted in the early decades of the last
century. Sulcal patterns are variable between hemispheres,
individuals and various breeds (Rawiel 1939), in particu-
lar the miniaturized breeds. In a dorsal view, the ansate
sulcus is prominent and characteristic for the ungulate
cortex (Nickel et al. 1991). The coronal sulcus branches
off the ansate at its rostro-lateral bend (Campbell 1905;
Brauer and Schober 1970; Minervini et al. 2016). The cru-
ciate sulcus has been allocated to sulci at several different
positions (Schmidt 2015; Bjarkam et al. 2017). We have
adopted the nomenclature of Brauer and Schober (1970),
who position the cruciate sulcus rostral and medial to the
coronal sulcus in artiodactyles and perissodactyles, as did
Craner and Ray (1991). This is in line with comparative
anatomical evidence, homology principles and our own
ontogenetic observations. The prominent cruciate sul-
cus of the boar may not be so clearly recognizable at the
homologous position in domesticated or minipig breeds
(Lind et al. 2007; Bjarkam et al. 2017).

Time course of NPY-ir innervation

The developmental trajectory described here for wild boar
has similarities and differences to that reported for altri-
cial species. One similarity is the turnover of transient
neurons as described in cat (Wahle and Meyer 1987),
human (Uylings and Delalle 1997) and rat, where cell
death has been confirmed at the EM level (Valverde and
Facal-Valverde 1988). Transient neurons and ontogenetic
neuron death in SP and GM are well accepted. Also the
MZ displays successive generations of distinct populations
of Cajal-Retzius neurons (Meyer and Gonzélez-Gémez
2017). The loss of SP neurons is not specific for a par-
ticular type (Arias et al. 2002). In human cortical WM,
many neurons survive into adulthood (Suérez-Sol4 et al.
2009). A second similarity is the morphology and posi-
tion of transient archaic neurons resembling those seen
shortly after birth in cat (Wahle and Meyer 1987). Further,
NPY-ir axonal loop cells provide a dense, transient inner-
vation in boar, cat and human. Excitatory and peptidergic
SP neurons with ascending projections are present in rat
from E17-P4 (Woodhams et al. 1985), and postnatally in
cat (Wahle et al. 1987; Wahle and Meyer 1987) and ferret
(Kanold and Luhmann 2010). In human, NPY-ir neurons
of the SP including axonal loop cells appear shortly before
birth, and persist for weeks (Uylings and Delalle 1997).
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Wild boar, monkey (Mehra and Hendrickson 1993), and
human (Uylings and Delalle 1997) display NPY-ir neurons
in the MZ/layer I; they rarely occur in rat and cat. The
major difference is the timing. In rat, cat, and monkey,
the adult NPY-ir innervation pattern develops postnatally,
until about P21 in rat (Woodhams et al. 1985), P50 in
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cat (Wahle and Meyer 1987), and even longer in macaque
(Mehra and Hendrickson 1993). In wild boar, differenti-
ated neurons with basket cell axons and Martinotti cell
projections are recognizable at E85, E100, E110, over-
lapping with the transient innervation by SP/WM cells.
Thus, in wild boar the persisting NPY-ir innervation and
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«Fig.8 Development of the axon initial segment of NPY-ir neurons.
NPY-ir neurons (green) in GM and WM including axonal loop cells
display PIV-spectrin (red) positive AIS from E70 onwards. a, b
Axonal loop cells in SP/WM at E85; the boxed area in A is magnified
to show the AIS. Asterisk indicates the loop and in b, the descending
collateral. ¢ NPY-ir neuron in GM at E85; note many rather short AIS
of nearby pyramidal cells. d NPY-ir neuron in deep layer VI at E110.
The boxed area is magnified as insets to show the alternating pattern
of strong PIV-spectrin-ir and NPY-ir vesicle clusters. e, f NPY-ir neu-
rons at the border of MZ and layer II at E110. Note that surrounding
AIS are longer than at E85. g NPY-ir Martinotti neuron in layer V
with ascending axon at P30. h NPY-ir neuron with descending axon
in supragranular layers at P30. Note long AIS of neighboring pyrami-
dal neurons. Axons arise from the soma in a, ¢, d, g, h, and from a
dendrite in b, e, f. In A—G, the AIS are distal with a clearly visible
gap to the axon’s point of origin. In h, the AIS locates proximally
and close to the axon’s point of origin from the soma. All cells ori-
ented with the MZ to the top. i Graphical summary of AIS develop-
ment. The averages of the four parameters analyzed are plotted over
age. See text and Online resource 8 for the quantitative data. AIS are
delineated by arrow heads. Scale bars 25 pm

near-adult soma size form already before birth. The results
suggest that the last 2—3 gestational weeks of precocial
boar are equivalent to the first 1-2 postnatal weeks of altri-
cial rodent or cat.

The subplate of the boar cortex

SP neurons are the oldest neurons generated in the cortex,
since birthdating in kitten cortex revealed that many are born
before midgestation (Kanold and Luhmann 2010). We found
only few NPY-ir neurons below the cortical plate at E60, but
plenty at E70, E85 and E100. In fetal monkey, SP neurons
are co-generated and migrate with layer VI and become dis-
placed to positions deeper than layer VI by the ingrowth of
afferents (Duque et al. 2016). A similar process seems to
exist in boar cortex. SP neurons establish pioneer projections
to subcortical centers, provide transient synaptic support to
afferents, and are the first neurons responding to sensory
stimuli (Wess et al. 2017). Excitatory SP connections into
the cortical plate help to wire the sensory thalamus with
layer IV (Kanold and Luhmann 2010). Retrograde tracing
in P28 ferret reveals cortical projections of SP neurons con-
taining GAD, NPY, nNos and somatostatin, with a majority
being glutamatergic (Finney et al. 1998). GABA-ergic neu-
rons and connections exist in the SP, and in rodent GAD-
67 colocalizes with somatostatin, which also overlaps with
NPY, and with neurons expressing SHT3aR, parvalbumin
and GABA ,RS. The latter is also a marker of the numerous
glutamatergic SP pyramidal neurons (Qu et al. 2016).

The role of axonal loop cells is less clear. Neurons with
loop-forming axons have been observed with GAD-immu-
nostaining in cat SP/WM leading to the assumption that
NPY-ir is a co-transmitter in GABA-ergic neurons (Wahle
et al. 1987). By means of their projections to the MZ, axonal

loop cells have been suggested to contribute to the elimina-
tion of Cajal-Retzius neurons via GABA-mediated depolari-
zation (Luhmann et al. 2014). Unexpectedly, we now found
that the intensely SP/WM NPY-ir neurons at E85 to E110
were GAD-negative, suggesting a non-GABA-ergic pheno-
type for the far-projecting axonal loop cells. Furthermore,
NPY-ir and GAD-ir neurons in infragranular layers and SP/
WM are reciprocally wired via boutons in close apposition
to somatodendritic domains as described in rodent (Kanold
and Luhmann 2010; Luhmann et al. 2014). This leaves us
with the following interpretations. The negative finding
could be due to detection threshold. The GAD isoforms
are usually co-expressed, yet, the antibody against GAD-
65/67 might have failed to detect the somatodendritically
enriched GAD-67 in the intensely NPY-ir neurons of SP/
WM. However, GAD-65 is strongly enriched in axon termi-
nals, and we have been unable to detect a colocalization with
NPY-ir in axons and boutons in SP/WM and in the MZ as
well. Thus, the neurons could be purely neuromodulatory. In
fact, SP neurons richly contain rough endoplasmic reticulum
suggesting a neurosecretory function (Kondo et al. 2015).
Alternatively, the axonal loop cells might contain glutamate
as main transmitter which could suggest an origin from the
cortical VZ rather than the ganglionic eminences.

NPY is not a specific marker for inhibitory peptidergic
neurons, it occurs as well in developing parvalbumin-ir
cortical interneurons and pyramidal cells (Engelhardt et al.
2007). In the adult, NPY as an antiepileptic peptide cooper-
ates with GABA to inhibit the spread of excitation (Baraban
et al. 1997; Bacci et al. 2002). NPY via Y2 receptors is
neuroprotective against excitotoxicity (Malva et al. 2012). In
models of cellular degeneration, NPY prevents caspase acti-
vation and promotes expression of survival genes (Domin
et al. 2006; Corvino et al. 2012). In the adult, infusion of
NPY has also been reported to liberate glutamate via Y1
receptors (Meurs et al. 2012), and the survival-promoting
action of NPY in immature rodent cerebellum is seen only
with co-activation of NMDA or GABA receptors (Neveu
et al. 2002). In rodent cortex, Y 1-like receptors are present
from birth onwards, and become highest expressed in supra-
granular layers and layer I, the target of axonal loop cells and
the Martinotti cell innervation. Y2-like receptors are present
earliest in the intermediate zone, and around birth in layers
V/VI and SP (Leroux 2002). In wild boar, NPY-ir neurons
and axons are in the SVZ at E70 and E85. Indeed, in the
anterior SVZ of adult rodent, NPY promotes neurogenesis
of granule cells via Y1/Y2 receptors (Hokfelt et al. 2008).
Further, a role for NPY in enhancing neuronal migration and
differentiation has been reported (Thiriet et al. 2011). NPY
receptors are present presynaptically and in growth cones,
and NPY elicits turning responses and enhances neurite
elongation (Hokfelt et al. 2008). Together, this suggests that
NPY delivered by axonal loop cells into developing GM/MZ
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may has a trophic function. NPY alone or together with a
main transmitter could, depending on time and layer, influ-
ence proliferation, migration and differentiation of cortical
neurons besides controlling electrical activity.

Expectedly, NPY-ir neurons co-express NeuN/RBFOX3.
However, they are rather weakly positive and display NeuN-
ir stronger in the nucleus than in the cytosol, whereas the
surrounding SP/WM and GM pyramidal neurons display a
much stronger cytosolic labeling. Further, NeuN-ir seems
to decrease particularly in NPY-ir neurons with signs of
degeneration. Alternatively, a change in phosphorylation can
render NeuN non-immunoreactive, and neuronal damage by
a variety of impacts can lead to low or undetectable NeuN
reactivity (Duan et al. 2016). A weak NeuN expression has
been correlated with cellular immaturity in forebrain (Carter
2017), and an absence of RBFOX3 in embryonic spinal cord
prevents neuronal differentiation (Kim et al. 2013). In wild
boar, at E60 and E70, somata of upper layer neurons are still
void of NeuN-ir because they are immature and still migra-
tory. However, it is unlikely that the low level of NeuN in
NPY-ir neurons of SP/WM at E70-E110 indicates imma-
turity: the entire morphology with long projections and the
presence of an AIS argues against that. RBFOX3/NeuN is
an important regulator for synapse formation (Wang et al.
2015). RBFOX3-negative hippocampal neurons form more
excitatory synapses than wild-type neurons and among the
RBFOX3-splice regulated genes are glutamate receptors and
proteins enriched in synapses and AIS (Lin et al. 2016).
The low expression of NeuN could suggest an enhanced
ability of NPY-ir SP cells to form synapses and resulting
in a stronger excitatory drive which could evoke secretion
of NPY, but also the death of NPY-ir SP neurons. Alter-
natively, a strong excitatory drive could be causal for the
low expression of NeuN. For instance, in cerebellar granule
cells depolarization knocks down NeuN expression (Weyer
and Schilling 2003). Similar findings have been reported for
NPY-ir neurons in cortical WM in schizophrenia (Connor
et al. 2011). Thus, the low level of NeuN-ir in NPY-ir SP
neurons could indicate a specific functional feature.

AIS development of NPY-ir neurons

We report here for the first time on the fetal development of
the AIS in a subset of interneurons. The rather low expres-
sion of NeuN/RBFOX3 in NPY-ir cells turned our focus
towards AIS development because RBFOX proteins have
been recently shown to govern splicing of the major AIS
scaffold ankyrin-G and the assembly of the AIS in spinal
motor neurons (Jacko et al. 2018). Since BIV-spectrin is
bound to Ankyrin-G, its expression is restricted to AIS and
nodes of Ranvier. Axons of mouse cortical neurons display
ankyrin-G/pIV-spectrin-positive AIS at late prenatal ages
and the AIS matures after birth in mouse visual cortex under
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environmental influences (Gutzmann et al. 2014). The pres-
ence of an AIS in fetal wild boar NPY-ir neurons indicates
that the neurons mature quickly, assemble the AIS early, and
are thus likely able to generate actions potentials as early
as E70. The proportion of NPY-ir neurons with an axon
arising from the soma declined during fetal development.
Apparently, increasing numbers of cells appear in which the
axon arises from a dendrite, either by extending it directly
from the dendrite or by shifting the existing axon—either
actively or passively during dendritogenesis—onto a den-
drite. The incidence of distal AIS barely declines, suggesting
that distal AIS are a feature common to all NPY-ir neurons,
although the gap narrows down substantially until P30. In
adult rodent cortex, distal AIS occur frequently in bitufted
neurons and Martinotti cells (Hofflin et al. 2017). Length
and position of the AIS is important for firing properties:
neurons with longer and more proximal AIS usually pre-
sent with higher excitability (Jamann et al. 2018). Thus, in
NPY-ir neurons, the progressive AIS elongation and shift
towards the soma suggest a maturation of the firing behav-
ior. Eventually, AIS length of NPY-ir neurons equals that
of supragranular pyramidal cells. Their average length was
similar to values reported for adult marmoset (Atapour and
Rosa 2017) and macaque monkey cortex (Sloper and Powell
1973), and slightly shorter than values of adult rodent visual
cortex (Gutzmann et al. 2014). This suggests that in wild
boar, AIS reach a mature length range until P30.

In summary, our study—the first of its kind in a non-
domesticated, non-caged ungulate—provides evidence for a
very accelerated prenatal development of the cortical NPY-ir
neuron system. While the neuronal types and the transient
and persisting innervation patterns are conserved across
species, the time course differs. In precocial European wild
boar, the adult innervation pattern develops before birth.

Materials and methods
Animal material

Fetal material was obtained via the Regionalverband Ruhr
Griin from the Ufter Mark area. It derived from wild sows
individually hunted for population control in accordance
with the German Game Law (Jagdrecht) or killed in road
accidents (see Table 1). “Young” refers to wild sows at
10-18 months of age (in German “Uberliuferbachen” with
first pregnancy); two sows were adult females. The Game
Law requests disposal of viscera including sexual organs
of wild boar as they are not permitted to enter the food
chain (German Tier-LMHV § 7, Attachment Chapter III).
The German Game Law permits hunting of boar piglets.
In the process of evisceration, the uteri were examined for
pregnancies. Fetuses were dissected from the uteri at the



Brain Structure and Function

Table 1 Animal material

Fetal age® Date of kill ~ Age of wild sow Liter size, sex Time 1 Time 2 Organs

E35 21.01.2016 Young 4 (n.d) 3h Processed in toto  Not prepared
E45 03.06.2015 Young 4 (3m, 1f) 1.5h 4 days Prepared
E60 25.06.2015 Young 5 (3m, 2f) 1h 13h Prepared
E65 24.01.2016 Young 7 (4m, 3f) 1.5h 15h Prepared
E70 08.01.2016 10 years 6 (4m, 2f) 4 h 10 h Prepared
E85 22.01.2016 Adult 7 (2m, 5f) 1.5h 10h Prepared
E100 21.06.2015 Young 5 (3m, 2f) 1.5h 19h Prepared
E110 10. 03.2017 Young 7 (4m, 3f) 2h 19h Prepared
P30 08. 02.2016 1 (Im) lh Prepared

F, female; m, male; n.d., not determined

4Staged according to Henry (1968a)

Forsthof Ufter Mark, embryonic membranes were removed,
and fetuses immersed in cold 4% paraformaldehyde (PFA) in
0.1M phosphate buffer pH 7.4 in tightly sealed containers,
and stored in a cold place until transport to Ruhr University.
Table 1 summarizes the ages and the postmortem times.
Time 1 is the time until the fetuses were removed from the
amniotic membranes, and immersed into fixative. Time 2
is the time period until the brains were dissected in the lab,
documented, and immersed in fixative, followed by prepa-
ration of the body organs. The P30 was dissected directly
after death. The ages were estimated and extrapolated by
the crown—rump length and external features in comparison
to published data (Henry 1968a). For older fetuses and the
piglet, the tooth state was additionally taken into account.
The external features are shown in Online resource 2. Birth
in wild boars occurs at E114 (Henry 1968b). Brains of
adult domesticated pigs were from the Institute’s collection
(donated 1994 by the Schlachthof Bochum, Freudenberg-
strafie 45, 44809 Bochum), and were immersion-fixed in
phosphate-buffered 4% PFA.

Preparation and tissue processing

Fetuses were weighed and crown-rump-length was meas-
ured as straight distance from forehead to the root of the
tail, and for the piglet from the tip of rostrum to the root of
the tail. Animals were decapitated and body organs were
prepared (see below). The E45 heads were postfixed for 4
days before brain preparation. The brains of E60 and older
were immediately prepared and hemispheres were separated
along the midline. The dura mater was completely removed;
the pia mater was removed as completely as possible with-
out damaging the brain. Some hemispheres were postfixed,
cryoprotected and shock-frozen in isopentane-cooled on
dry ice for storage in isopentane at — 80 °C. In other hemi-
spheres, the cortex was separated from di- and mesencepha-
lon (not done for the younger ages), and cut coronally into
blocks or slabs using the coordinates indicated in Fig. 1,

brain E70. Blocks were postfixed for about another 2 weeks,
cryoprotected, and frozen in TissueTek for cryostat cutting.
The fixative for the brains after preparation was 4% PFA
in 0.1 M phosphate buffer containing 5% (vol/vol) water-
saturated picric acid. Fixative was renewed once during the
2-week postfixation at 8 °C. Care was taken to position the
brains such that the dorsal cortex pointed upwards to avoid
squeezing of the fragile tissue. Then, the tissue blocks were
immersed sequentially in 10, 17, 25% phosphate-buffered
sucrose, frozen in TissueTek, and stored at — 80 °C until
cutting.

Tissue blocks were equilibrated to — 20 °C, mounted into
the cryostat and cut into 25-um-thick sections (30 pm for
AIS analysis), collected on coated slides (silanized slides
provided better support than double-gelatinized ones), dried
at 35 °C on a hot plate and stored for 1-3 days at room
temperature until staining. Additionally, pieces of the pia
mater were collected during brain dissection. They were
handled like the brains, but were not frozen. Instead, they
were stored in phosphate-buffered 25% sucrose at 4 °C with
0.002% sodium azide for free-floating whole-mount immu-
nofluorescence staining. Further, slabs of E85 brains were
thawed and 300- to 500-um-thick sections from a gyrus were
cut by hand with a razor and processed free-floating.

Immunohistochemistry on sections

Brains of both sexes were processed. Slide-mounted dried
cryostat sections were encircled with a PAP pen. Sec-
tions and pieces of pia mater were washed in PB in order
to remove any remaining fixative for several minutes with
three changes of buffer. For antigen retrieval, sections were
heated to 80 °C in citrate buffer (pH 5-6) for 40 min. After
cooling down slowly over about 1 h, the sections were rinsed
in TBS two times, rinsed in TBS/5% horse serum once more,
and blocked for 3-5 h at room temperature in TBS/5% horse
serum. Incubation in primary antibodies was started for 1 h
at room temperature and continued over night at 4 °C in
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moist chambers. The next day, sections were equilibrated
to room temperature for 30 min, and rinsed 3 times 15 min
with TBS/1% BSA.

For fluorescence staining, the autofluorescence in the
sections was quenched by incubation in Sudan Black B
0.2% (w/v), dissolved in 70% isopropyl alcohol. After
45-60 min, the tissue was shortly rinsed in 70% isopropyl
alcohol, equilibrated to TBS/1% BSA, and rinsed in several
changes to remove the organic solvent. Afterwards, slices
were incubated with ALEXA 488 and ALEXA 594-conju-
gated secondary antibodies for 1-2 h (see Online resource 1
for reagents). Subsequently, sections were rinsed in TBS/1%
BSA 4-5 times, followed by a 5 min incubation in phos-
phate-buffered saline (PBS) with DAPI (1:10,000). Sections
were coverslipped with Immu-Mount® (Thermo Fisher Sci-
entific), sealed with nail polish, and stored in the dark at
8 °C until imaging.

For 3,3-diaminobenzidine (DAB) staining, sections were
incubated with appropriate biotinylated secondary antibod-
ies for 1-2 h (see Online resource 1 for reagents). After-
wards, they were rinsed 2-3 times in TBS/1% BSA, followed
by a 1 h incubation in avidin-biotin-horseradish peroxidase
complex. Subsequently, sections were rinsed 3 times 10 min
in TBS 1% BSA and equilibrated to 0.05 M Tris buffer pH
7.4. The reaction product was developed with 0.02% DAB
(Sigma Aldrich, Steinheim, Germany) in Tris buffer and
0.001% H,0,. Staining was stopped in Tris buffer, followed
by three rinses in 0.1 M phosphate buffer pH 7.4. The DAB
reaction product was intensified by incubation in 1% OsO,
(Sigma Aldrich, Steinheim, Germany) in phosphate buffer
for about 5 min. Reaction was stopped, free-floating tissue
was mounted on silanized slides, dried, briefly rinsed in dis-
tilled water for desalting, dehydrated, cleared, and cover-
slipped with DPX (Sigma Aldrich, Steinheim, Germany). No
staining was seen after omitting the primary or secondary
antibodies (see Fig. 6n).

Immunohistochemistry on paraffin sections

The E35 heads in toto, hemispheres of E45, and tissue
blocks of E60, E70, E85, E100 and P30 were postfixed in
Bouin’s fixative for about 3 weeks, embedded in paraffin
and cut coronally into 10-pm-thick sections collected on
silanized slides. Sections were deparaffinized, rehydrated,
heated to 95 °C in 10 mM citrate buffer at pH 6 for 20 min
for antigen retrieval, rinsed in Tris-buffered saline (TBS)
pH 7.6, and incubated in the primary antibody against NPY
(Abcam) overnight in a humid chamber. After rinsing, a
biotinylated goat anti-rabbit IgG diluted at 1:200 in TBS
was applied, followed by incubation with avidin—biotin com-
plex in TBS. Bound peroxidase was revealed using 0.04%
DAB, 0.05% ammonium nickel (II) sulphate, and 0.03%
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hydrogen peroxide in TBS pH 7.6. Sections were dehy-
drated, cleared, and coverslipped with Eukitt (O. Kindler,
Freiburg, Germany).

Analysis

Body weight, CR-length and the weights of heart, lung, liver,
gastrointestinal tract (antrum to rectum, stomach and gut not
emptied), kidney and spleen were recorded and plotted over
age to determine growth rates (Online resource 3). The age
of the piglet was estimated P30 on the fact that the premolars
P3/P4 were present in mandible and maxilla (Neef 2009).

DAB-stained material was analyzed with light micros-
copy. Plots of the innervation pattern were done at 400X
with the Neurolucida (MicroBrightField, Inc., Williston,
Vermont, USA) from 25-um-thick frozen sections and
arranged to scale. A field of interest half way up a gyrus
has been selected from E60 onwards avoiding the apex and
sulci, where the layers are broader and more compressed,
respectively. The distribution of somata was plotted from
10-pm-thick paraffin at 400%, and plots were arranged at the
same scale. The morphology of selected, fairly completely
stained neurons was drawn with camera lucida at 600x with
an ink fine liner from the hand-cut thick slabs, drawings
were digitalized and arranged. Soma size of NPY-ir neu-
rons was determined by sampling all intact somata (nucleus
present in the plane of the section) from 25 um cryostat
section. Camera lucida drawings (1000x magnification) of
the somatic outlines were digitized and somatic area in um?>
was determined. Images were taken with a Zeiss Axiophot
equipped with a CCD camera (PCO, Kelheim, Germany),
some well-stained neurons were photographed through
the Z-axis and the stack was assembled into a photomon-
tage with Photoshop®; all photomontages are indicated in
the figure legends. Immunofluorescence staining was ana-
lyzed with confocal microscopy with a Leica TSC SP5. We
counted in confocal images from 10 arbitrarily selected ROI
placed over the subplate directly adjacent to layer VI in two
(E70) resp. three (E85—E110) gyri the number of NeuN-
ir and NPY-ir somata (in total 2552 and 43 cells, respec-
tively). Since NPY-ir neurons express NeuN weakly and
with some even appearing void of NeuN-ir and with the
observation that the very immature unipolar NPY-ir neurons
were entirely void of NeuN-ir, we set the sum of NeuN-ir
plus NPY-ir neurons per view field to 100%, considering
only somata having the DAPI-stained nucleus in the opti-
cal plane of the confocal image. Z-stack thickness has been
kept at 3.5+0.5 pm for E70, and 5+0.5 pm for E§5-E110.
The colocalization of GAD-65/67-ir and NPY-ir was done
similarly at E85 placing the view fields over SP/WM.

For AIS analysis, several 30-um sections double-stained
for NPY and BIV-spectrin from E70, E85, P110/110 and P30
were analyzed and all NPY-ir neurons in SP/WM and GM/
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MZ with BIV-spectrin-positive axons were imaged (Leica
TSC SP5, 40x objective with 1.1 NA, 1024 x 1024 px). AIS
length and gap to axon origin was measured with a previ-
ously published self-written macro using Python was used
(Hofflin et al. 2017).
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