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Area-specific axonal projections from the mammalian thalamus shape unique cellular
organization in target areas in the adult neocortex. How these axons control neurogene-
sis and early neuronal fate specification is poorly understood. By using mutant mice
lacking the majority of thalamocortical axons, we show that these axons are required for
the production and specification of the proper number of layer 4 neurons in primary
sensory areas by the neonatal stage. Part of these area-specific roles is played by the
thalamus-derived molecule, VGF. Our work reveals that extrinsic cues from sensory
thalamic projections have an early role in the formation of cortical cytoarchitecture by
enhancing the production and specification of layer 4 neurons.
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The adult mammalian nervous system has a remarkable complexity, with thousands of
neuronal types, each of which adopts consistent numbers and locations. This funda-
mental feature critically depends on early developmental mechanisms that control cell
divisions and cell fate specification. A unique feature of the nervous system is that neu-
rons can grow axons over great distances and interact with cells far from their cell
body. Although such interactions are known to control survival and maturation of the
target neurons, they could also influence both the absolute and relative abundances of
each neuronal type in the target region. However, we currently have little knowledge
on such roles of afferent axonal projections. The mammalian neocortex is composed of
diverse types of neurons that are sequentially generated during embryonic development
and are arranged in an orderly manner across layers (1-4). In adult neocortex, the dis-
tribution and density of each neuronal type differ between areas. Primary (first-order)
visual, somatosensory, and auditory areas have a well-developed layer 4 that is directly
targeted by axons from corresponding principal sensory nuclei of the thalamus (5, 6).
Early patterning mechanisms within the cortex intrinsically confer positional identity
of neural progenitor cells and early postmitotic neurons, which leads to the formation of
area maps in the postnatal cortex (7-15). These mechanisms influence region-specific reg-
ulation of neurogenesis and subsequent specification of neuronal types, which will even-
tually control the formation of area-specific cytoarchitecture and functional specialization
of the neocortex. In contrast, topographic and area-specific projections of thalamocortical
axons (TCAs) provide a major extrinsic influence on neocortical cytoarchitecture (7,
16-20). For example, ablation of principal sensory thalamic nuclei or blocking transmit-
ter release from TCA terminals during the postnatal period disrupts anatomical and
molecular hallmarks of the primary sensory cortex (21-25). In addition, disrupting the
intensity and temporal pattern of spontaneous activity of embryonic thalamic neurons
leads to the lack of normal anatomical and functional organization of the primary
somatosensory cortex (26). Because TCAs arrive in the cortex during the early period of
superficial layer (layers 2 to 4) neurogenesis (Fig. 1 Aand B), production and fate specifi-
cation of these neurons could be modified by TCAs during embryogenesis. Although eye
removal experiments in primates and carnivores suggested the roles of the thalamic input
in cortical neurogenesis (27, 28), how TCAs modulate generation and specification of
neocortical neurons in an area-specific manner has remained elusive. In mice, deletion of
the homeobox gene Gbx2 prevents most TCAs from reaching the cortex already at mid-
embryonic stages (29). However, germline Géx2 knockout mice die at birth, precluding
the analysis of postnatal brains. In this study, we used thalamus-specific, conditional
Gbx2 knockout mice (30). These mice are postnatally viable, allowing us to examine the
requirement of TCAs in cortical development from embryonic to postnatal stages (30,
31, 32). Using these mice, we found evidence indicating that TCAs are required not only
to enhance the numbers of progenitor cells but also to promote the layer 4 fate of newly
generated superficial layer neurons at the expense of the layer 2/3 fate. This early influ-
ence of TCAs, combined with their later roles in activity-dependent neuronal maturation,
contributes to the characteristic cytoarchitecture of the primary sensory cortex in the
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Fig. 1. TCAs increase postnatal neuron number in the primary sensory cortex. (A) Schematic summary of our findings; TCAs, including sensory-specific VGF,
increase the production of superficial layer neurons and bias their fates toward layer 4. (B) Experimental scheme in relation to the timing of neocortical neu-
rogenesis (DL, deep layer; SL, superficial layer) and arrival of TCAs; Th NG, thalamic neurogenesis. (C) TCAs (tdTomato driven by Olig3“®) project to the cortex
and reside near TBR2* progenitors in the E14.5 S1 cortex. (D) Comparison of WT and Gbx2 cKO TCAs labeled by NetrinG1 (inverted). At E16.5, NetrinG1* TCA
axons are found throughout the cortex in WT mice, but, in Gbx2 cKO mice, few TCAs reach the cortex. (E) Layer 4 (ROR*) and layers 2/3 (BRN2*) neurons in
the S1 cortex in WT and Gbx2 cKO mice. (F) SL neurons are decreased in both S1 (ROR) and V1 (ROR and BRN2) in Gbx2 cKO mice; DL (CTIP2) is unchanged.
(G and H) S1 and V1 cortex in Gbx2 cKO mice have decreased ratios of ROR*-to-BRN2* neurons and SL-to-DL neurons compared with WT controls. (/) CTIP2
(DL) and cleaved caspase 3 (CC3: apoptotic cells) in V1 at P8. () CC3* cells are increased within DLs (bounded by CTIP2* cells) of Gbx2 cKO mice. Matched
ratio t test (F and J) or paired t test (G and H) P values are shown between WT and Gbx2 cKO. For F and J, data are shown as relative difference of Gbx2 cKO
to WT littermates (dashed line); points represent individual pairs; bar represents pooled mean. Th, thalamus; Str, striatum. *P < 0.05, **P < 0.01.

2of 11 https://doi.org/10.1073/pnas.2201355119 pnas.org



adult brain. We further provide evidence that the TCA-derived
molecule VGF confers sensory-specific regulation of progenitor
cell division and neonatal cell fate specification.

Results

TCAs Are Required for the Enhanced Numbers of Superficial
Layer Neurons in the Primary Sensory Cortex. By embryonic
day 14.5 (E14.5) in mice, TCAs have just reached the prospec-
tive somatosensory area and spatially overlap with the domain
occupied by intermediate progenitor cells (IPCs) (Fig. 1C and
SI Appendix, Fig. S1A) and radial glia (RGs) fibers that span
from the ventricular lumen to the pial surface. This timing
coincides with the onset of superficial layer neurogenesis in this
area (Fig. 1B) (33). A vast majority of the prospective visual
cortex was not innervated by TCAs at this stage (S Appendix,
Fig. S1 A and B). Newly generated superficial layer neurons in
the embryonic neocortex lack patterns of gene expression, mor-
phology, and connectivity that distinguish precise laminar iden-
tity in the postnatal brain (34-36). Prospective layer 4 neurons
start to show characteristic gene expression by E18.5 (36), and
become spatially segregated from layer 2/3 neurons by postnatal
day 1 (P1) (34). Between E14.5 and P1, TCAs are in close
proximity to both neural progenitor cells and immature
neurons (SI Appendix, Fig. S1 C-F). Therefore, TCAs could
interact with these cells and control the generation and/or spec-
ification of superficial layer neurons before direct thalamocorti-
cal synapses are formed (37, 38). In order to understand the
early roles of TCAs, we analyzed mutant mice in which most
TCAs fail to project to the cortex, including the primary sen-
sory areas as well as other areas such as primary motor areas
and the prefrontal cortex (Fig. 1D and SI Appendix, Fig. S1A)
(30, 32). Postnatal viability of Gbx2 conditional knockout
(cKO) mice allowed us to assess the full extent of the TCAs’
roles in neocortical development starting at the midembryonic
into postnatal stages. At P8, Gbx2 cKO mice showed a thin-
ning of layer 4 and blurring of the borders of primary sensory
areas (SI Appendix, Fig. S1G) (30). To determine whether neu-
ron numbers are altered in the mutant cortex, we performed
immunohistochemistry for transcription factors that are essen-
tial for the functional identity of representative classes of excit-
atory neocortical neurons, including RORa/f (layer 4; with
anti-ROR antibody; S7 Appendix, Fig. S1 H and 1), BRN1/2
(POU3F1/2) [layer 2/3; with anti-BRN2 antibody (39)], and
CTIP2 (BCL11B) (layer 5/6) (40-45) (SI Appendix, Fig. S1)).
Among these, RORS is both necessary and sufficient for the
acquisition of characteristic morphology and gene expression
patterns of layer 4 spiny stellate neurons (40, 41). We com-
pared the numbers of positive cells between brains of cKO and
wild-type (WT) littermates with unbiased threshold-based seg-
mentation, and found that the lack of TCAs in the Gbx2 cKO
cortex results in significantly decreased numbers of ROR-
positive (ROR™) layer 4 neurons compared with WT controls
in both S1 and visual (V1) areas, but not in M1 (Fig. 1 E and
Fand SI Appendix, Fig. S1 K, L, and O-R), which normally
contains RORB-expressing neurons whose transcriptomic profile
is comparable to those in the primary sensory cortex (46, 47).
The number of layer 2/3 neurons was also decreased in V1,
while layer 5 neurons were not decreased in any of the areas
analyzed (Fig. 1F). In both S1 and V1 but not in M1, the ratio
of layer 4 (ROR™) cells to layer 2/3 (BRN2") cells was
decreased in the ¢cKO cortex (Fig. 1G), as was the ratio of
superficial (ROR" and BRN2%) to deep (CTIP2") layer neu-
rons (Fig. 1H). Thus, by P8, TCAs are required to enhance
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the number of superficial layer neurons as well as the ratio of
layer 4 neurons to layer 2/3 neurons in the primary sensory cor-
tex but not in the motor cortex. Because TCAs could provide a
survival signal for neurons in their target region, we counted
apoptotic cells at P8 and found no increase in cleaved caspase 3
(CC3)-positive cells in superficial layers of Gbx2 cKO mice
(Fig. 1 I and J). Instead, Gbx2 cKO mice had increased apo-
ptotic cells in deep layers. This may be due to the decreased
corticofugal connectivity (48) and the absence of retrograde
survival factors provided by downstream target areas, including
the thalamus, in the absence of TCA projections.

TCAs Are Required for Increasing the Number of Progenitor
Cells in the Embryonic Sensory Cortex. The above results
prompted us to determine whether the decrease in superficial
layer neurons in early postnatal Gbx2 cKO mice is due to their
decreased production from progenitor cells during embryogene-
sis. At E16.5, Gbx2 cKO mice had reduced numbers of progen-
itors toward the end of superficial layer neurogenesis (Fig. 2A4);
the number of RGs (PAX6™) was decreased in prospective S,
and IPCs (TBR2") were also decreased in both prospective S1
and V1, but no changes were observed in prospective M1 and
the medial prefrontal cortex (Fig. 2 B-F and SI Appendix, Fig.
S2 A-D). The numbers of IPCs or RGs were not decreased in
prospective S1, V1, or M1 at E14.5 (Fig. 2G) when TCAs have
just arrived at prospective S1, but not V1 or M1 (Fig. 24 and
SI Appendix, Fig. S1B). Mitotic cells labeled by an antibody
against phosphorylated histone H3 (PH3) were decreased at
both basal and apical locations at E16.5 in prospective S1 and
at the basal location in prospective V1 (Fig. 2 F and F), but
not at E14.5 (Fig. 2H). Thus, TCAs are required to increase
the number of progenitors and their divisions during the pro-
duction of superficial layer neurons. To test whether progenitor
cells show an increased tendency to exit the cell cycle in the
absence of TCAs, which would result in loss of progenitors, we
pulse-labeled S-phase cells with 5-ethynyl-2'-deoxyuridine
(EdU) 18 h prior to analysis at E16.5 (Fig. 27). We then inves-
tigated the short-term fate of daughter cells of the labeled pro-
genitors (49, 50). The numbers of both proliferating (Ki67-
positive) and EdU-labeled cells were decreased in both prospec-
tive S1 and V1 in Gbx2 cKO mice (Fig. 2/). The rate of cell
cycle reentry as measured by the Ki67"EdU*/EdU" ratio was
also decreased (Fig. 2 K'and L and SI Appendix, Fig. S2 E and
F). These results collectively demonstrate that, in the primary
sensory cortex, TCAs are required for enhancing the number of
progenitor cells and prolonging neurogenesis.

Fate Decisions among Superficial Layer Neurons Are Modified
by Thalamocortical Projections in the Postnatal Sensory
Cortex. A highly distinct cytoarchitectonic feature of the adult
primary sensory cortex is the abundance of layer 4 neurons, the
main synaptic targets of TCAs derived from corresponding
principal sensory nuclei of the thalamus. Synaptic activity of
TCAs induces characteristic morphology and patterns of gene
expression of layer 4 neurons in postnatal S1 (23-25, 35) and
V1 (51). However, the diversification of layer 4 and layer 2/3
fates is first detected perinatally in immature superficial layer
neurons, long before morphological features of each neuronal
type become evident (34, 36). It is unknown whether this
early fate specification is determined strictly by intrinsic gene
regulation or is influenced by the thalamic input (2, 3, 52-54).
Therefore, we next tested whether TCAs not only are required
to enhance the overall number of superficial layer neurons but
also affect the early fate choice between layer 2/3 and layer 4
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Fig. 2. TCAs increase progenitor numbers, divisions, and cell cycle reentry in the primary sensory cortex. (A) Experimental timeline for B-H. (B) At E16.5, the
S1 WT cortex progenitors—RGs (PAX6), intermediate progenitors (TBR2), and mitotic cells (PH3)—are below TCAs in the fiber layer (FL); apical PH3 are strictly
RGs; basal PH3 are PAX6™ and/or TBR2*. (C and D) The number of progenitors is decreased in Gbx2 cKO mice at E16.5 in S1 (TBR2 and PAX6) and V1 (TBR2),
but not in the nonsensory cortex M1 (primary motor) or PFC (prefrontal cortex). (E and F) At E16.5, both apical and basal progenitors divide (PH3*) less in
Gbx2 cKO S1, and basal progenitors divide less in V1. (G and H) At E14.5 in Gbx2 cKO mice, neither TBR2 or PAX6 is decreased, and both apical and basal cells
also divide (PH3") similarly in S1 and V1. (/) Experimental timeline for J-L. (/ and K) E16.5 Gbx2 cKO mice have decreased numbers of progenitors (Ki67* &
TBR2") and fewer cells proceeding through S-phase (EdU*) in both S1 and V1. (L) At E16.5, more progenitors re-enter the cell cycle (EdU*Ki67*) in S1 of WT
mice compared with Gbx2 cKO. Matched ratio t test (D, F, G, H, and J) or paired t test (L) P values are shown between WT and Gbx2 cKO. For D, F, G, H, and J,
data are shown as relative difference of Gbx2 cKO to WT littermates (dashed line); points represent individual pairs; bar represents pooled mean. *P < 0.05,
**P < 0.01, ***P < 0.001. See S/ Appendix, Fig. S2 for breakdown of multichannel images.
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Fig. 3. TCAs bias early-born superficial layer neurons to become layer 4 instead of layer 2/3. (A) Experimental timeline for B-F. (B) Distribution of E14.5-
labeled EdU* cells, ROR* (layer 4) and BRN2™" (layers 2/3) neurons in S1 at P8. Right shows high magnification views within the dotted lines on Left. (C) Gbx2
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Gbx2 cKO mice. Density curve of distance from pial surface for all cells analyzed in C; dashed line is median distance. (F) WT EdU-labeled SL neurons are
biased toward ROR and against BRN2 when compared with Gbx2 cKO. (G) Experimental timeline for H-L. (H) E16.5-labeled EdU+ cells with SL neuron
markers. (/) EQU" cells are reduced in Gbx2 cKO in both S1 and V1; ROR*EdU™* cells are decreased in S1 Gbx2 cKO mice. (/) E16.5 EdU-labeled neurons are
not biased in cell fate by TCAs; note ratio compared to F. (K and L) In S1, E16.5-labeled EdU cells are positioned superficially, mostly above TCA terminals
(NetrinG1) that coalesce in “barrels” in layer 4. Matched ratio t test (C, D, and /) or paired t test (F and J) P values are shown between WT and Gbx2 cKO. For
C, D, and /, data are shown as relative difference of Gbx2 cKO to WT littermates (dashed line); points represent individual pairs; bar represents pooled mean.
*P < 0.05, **P < 0.01, ***P < 0.001. See S/ Appendix, Fig. S3 for breakdown of multichannel images.
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neurons. For this purpose, we labeled progenitor cells in the S-
phase of the cell cycle by EdU at E14.5 or E16.5 (Fig. 3 A and
G), and tracked the fate of neurons that are generated soon
after the labeling. We first analyzed each of the cell cohorts at
P8 in the primary sensory cortex, when excitatory neurons
occupy the final laminar positions but may not have fully devel-
oped morphological characteristics (35).

As expected from previous studies (33), the cohort of E14.5-
born neurons was mainly found in layer 4 in control S1 (Fig. 3 B
and E and SI Appendix, Fig. S3A). This cohort of cells shifted
superficially toward the BRN2* layers 2/3 in Gbx2 cKO mice
(Fig. 3 Band E and SI Appendix, Fig. S3B), suggesting that post-
natal cell position is regulated by TCAs. In S1, the total number
of E14.5-EdU" cells was reduced in the cKO cortex (Fig. 30).
Because the number of progenitor cells was not yet reduced at
E14.5 (Fig. 2 G and H), this reduction of E14.5-EdU" cells
indicates that normal proliferation of progenitor cells after E14.5
depends on the projections of TCAs. The number of E14.5-born
neurons that have adopted the layer 4 fate (EdU"ROR™) was also
decreased, while E14.5-born layer 2/3 neurons (EdU*BRN2)
were not significantly changed (Fig. 3D). In V1, although the
numbers of EAU™ cells or EAU*RORY cells were unchanged, the
number of EdU*BRN2" cells increased in the cKO cortex (Fig.
3 Cand D). In both SI and V1, the layer 4 to layer 2/3 ratio
among the E14.5-born neurons was more than two in the WT
cortex (2.03 + 0.16 for S1, 2.41 + 0.28 for V1; mean + SEM),
but this ratio was significantly reduced without TCAs (1.39 +
0.23 for S1, 1.43 + 0.18 for VI; mean + SEM) (Fig. 3F).
Thus, by P8, TCAs are required for the high layer 4 to layer
2/3 ratio in the E14.5-born cohort of neurons in the primary
sensory cortex. This result coincides with the reduced ratio of
all layer 4 neurons to layer 2/3 neurons regardless of the birth
date (Fig. 1G).

When progenitor cells were labeled by EdU at E16.5 and the
brains were analyzed at P8 (Fig. 3G), most EAU" cells were
located in layers 2/3 in both WT and Gbx2 cKO mice (Fig. 3
H, K, and L and SI Appendix, Fig. S3 C and D). The number
of EdU" cells was decreased in both S1 and V1 of the cKO
cortex, and the small number of E16.5-born layer 4 neurons
(EdUTRORY) was further decreased in S1 (Fig. 37). However,
the layer 4 to layer 2/3 ratio was unchanged in the cohort of
E16.5-born neurons (Fig. 3/). Thus, TCAs are required to
enhance the production of superficial layer neurons throughout
neurogenesis and bias the fate of earlier born neurons toward
that of layer 4 instead of layer 2/3.

Early Postmitotic Transition of Laminar Fate Depends on
Thalamocortical Input prior to Direct Synapse Formation. We
next determined whether sensory TCAs affect the laminar fates
of E14.5-born neurons eatlier than P8, before the formation of
direct synapses between TCAs and prospective layer 4 neurons
at around P2 (37, 38). In WT mice at E16.5, EdU" cells were
mostly found in the intermediate zone where IPCs are abun-
dant (Fig. 4B and SI Appendix, Fig. S4 B and C), although
some EdU" cells were found more superficially, in the fiber
layer overlapping with the incoming TCAs as well as in the cor-
tical plate. Thus, a majority of E14.5-born neurons are still
migrating at E16.5 (8] Appendix, Fig. S4A). At this stage, the
upper cortical plate (future superficial layer) contained BRN2*
neurons, while the lower cortical plate (future deep layer) con-
tained CTIP2* neurons, and expression of ROR was mostly
contained within the CTIP2" layer (Fig. 4C and SI Appendix,
Fig. S4D).

https://doi.org/10.1073/pnas.2201355119

By E18.5, many EdU™ cells were found above the fiber layer,
mainly within the upper cortical plate overlapping with BRN2
(Fig. 4 Band D and SI Appendix, Fig. S4 A and F-G). There-
fore, a majority of E14.5-born neurons migrate past TCAs
between E16.5 and E18.5, potentially allowing them to be
influenced by these afferent axons without a direct synaptic
input from them. At E18.5, a majority of ROR™ cells were still
within the CTIP2™ layer and coexpressed CTIP2 (Fig. 4C and
SI Appendix, Fig. S4 H and 7). The lack of E14.5 EdU labeling
in CTIP2" cells (SI Appendix, Fig. S4I) suggests that
ROR*CTIP2" cells are future deep-layer neurons, not layer 4
neurons. At this stage, however, ROR was also expressed in a
thin layer of cells above the CTIP2* layer, some of which coex-
pressed BRN2 (Fig. 4C and SI Appendix, Fig. S4H). This peri-
natal timing marks the first appearance of layer 4-specific gene
expression, which was also detected in single-cell RNA sequenc-
ing (36). In prospective S1 of Gbx2 cKO embryos at E18.5,
EdU™ cells were reduced in number compared with WT con-
trols, as were the future superficial layer (EdU*BRN2") neu-
rons (Fig. 4H). However, compared with P8, a much larger
proportion of EdU* cells was positive for BRN2 relative to
ROR (compare SI Appendix, Figs. S3E and S4)), and, within
the RORTEdU™ population, nearly half also expressed BRN2
(Fig. 4]), revealing E18.5 as a transitory stage for superficial
layer neurons to acquire the laminar fate.

Later, at P1, layer 4 and layer 2/3 neurons were separable
based on their laminar positions and largely distinct expression
of ROR and BRN2, respectively (Fig. 4E and ST Appendix, Fig.
S4I), and E14.5-EdU labeled neurons were distributed above
layer 5 (CTIP2) neurons (S Appendix, Fig. S4N). In the Gbx2
cKO S1 cortex, the number of E14.5-born, ROR™ cells as well
as the layer 4 to layer 2/3 ratio (EdU"ROR*/EdU"BRN2")
was decreased compared with WT littermates (Fig. 4 7 and K
and SI Appendix, Fig. S4K), indicating a shift of molecular lam-
inar fate from layer 4 toward layer 2/3 without TCAs. In addi-
tion, the radial positions of EdU-labeled cells were shifted
toward the pia at P1 (Fig. 4G and SI Appendix, Fig. S4 M-P).
Thus, we conclude that, already at the earliest stage when
superficial layer neuron fates are distinguishable between layer
4 and layers 2/3, TCAs are required to promote the fate of
layer 4 neurons at the expense of layers 2/3 neurons among
E14.5-born superficial layer neurons.

VGF Is a Thalamus-Derived Molecule That Affects Progenitor
Cell Division and Layer 4 Fate in the Prenatal and Perinatal
Sensory Cortex. The numbers of progenitor cells and layer 4
neurons were decreased in prospective primary sensory areas,
but not in the motor area or the medial prefrontal cortex of
Gbx2 cKO mice. Therefore, we predicted that the responsible
TCA-derived molecules that influence the number of progeni-
tor cells and laminar fate of immature superficial layer neurons
are specifically expressed in principal sensory nuclei of the thal-
amus, which project axons to primary sensory areas. VGF (non-
acronymic) is expressed specifically by nuclei in the thalamus
that project to the primary sensory cortex—ventral posterior to
S1, dorsal lateral geniculate to V1, and ventral part of the
medial geniculate to Al (55-57). We found that Vgf'messenger
RNA (mRNA) started to be expressed in prospective principal
sensory thalamic nuclei as early as at E12.5 and continued
throughout development (Fig. 5B and SI Appendix, Fig. S5A).
VGEF and its cleavage products were present at the terminals of
TCAs in the neocortex specific to primary sensory areas (Fig.
5C and SI Appendix, Fig. S5B), and application of uncleaved

VGEF precursor protein enhanced dendritic growth and survival
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Fig. 4. TCAs regulate the acquisition of cell fate in the perinatal neocortex. (A) Experimental timeline; birth, equivalent to E19.5 or PO. (B) Positional relation-
ship between the TCAs and cells labeled by EdU at E14.5 (see S/ Appendix, Fig. S4 B, E, and M for Gbx2 cKO). At E16.5, labeled cells are mostly below the fiber
layer (FL), which contains TCAs (NetrinG1). At E18.5, EdU™ cells are migrating or have migrated through TCAs (NetrinG1). By P1, most labeled cells are in the
cortical plate, and TCAs (vGIuT2) have grown to future layer 4. (C) Dynamic changes of ROR expression. At E16.5, ROR is contained in the CTIP2* layer. At
E18.5, ROR still mostly overlaps CTIP2, but a small fraction of ROR" cells are first found above layer 5. At P1, ROR" cells form a more distinctive layer
between CTIP* and BRN2" layers. (D and E) Fate analysis of E14.5 EdU-labeled cells analyzed at E18.5 or P1. At E18.5, in both the WT and cKO cortexes, E14.
5-labeled EdU™ cells mostly reside above the layer containing ROR and CTIP2, and express BRN2. At P1, a majority of EAU* cells are in the layer expressing
either ROR (layer 4) or BRN2 (layer 2/3). For both D and E, Right shows high magnification views within the dotted lines on Left. (F and G) Distribution of E14.
5 EdU-labeled cells in relation to that of ROR" and BRN2" cells at E18.5 or P1. At P1, but not at E18.5, EdU™ cells are positioned more superficially in Gbx2
cKO mice compared with WT littermates. Shown are density curves of distance from pial surface for all cells analyzed in H and /; dashed line, median dis-
tance. (H) At E18.5, the number of BRN2* and ROR* cells, as well as transitioning ROR*BRN2* cells, is decreased in Gbx2 cKO mice; EAU* and BRN2*EdU*
cells are also decreased. (/) At P1, all superficial layer neuron markers (layer 4, ROR; layer 2/3, BRN2), EAU* cells, and ROR*EdU* cells are decreased in Gbx2
cKO mice. (/) At E18.5, there is no change in the ratio of E14.5-born transitioning future layer 4 neurons (ROR*BRN2*EdU™) to the total ROR*EdU™ popula-
tion. (K) The ratio of ROR*EdU™* cells over BRN2*EdU™ cells is not significantly changed in Gbx2 cKO mice at E18.5, but is decreased at P1 and P8. PZ, progen-
itor zone (including ventricular zone and subventricular zone); I1Z, intermediate zone; CP, cortical plate. *P < 0.05, **P < 0.01, ***P < 0.001.

of cortical neurons in vitro (57). Therefore, we tested whether thalamus-specific conditional Vgf" knockout mice (Vgf cKO:

the TCA-derived VGF has a role in progenitor cells and/or Olzgﬁ’a"p’; Vgﬁq xfioxy and compared them with WT littermates
immature neurons in the sensory cortex in vivo by analyzing  (Olig3*"*; Vgf/*/Fex ov ) ot Olig3“*; Vgf *'%). With the
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Olig3“" allele, Vgf was specifically deleted in embryonic thala-
mus (SI Appendix, Fig. S50).

At P8, in situ hybridization for RORS mRNA showed thin-
ning of layer 4 in the barrel field of S1 (87 Appendix, Fig. S5D).
With immunohistochemistry combined with the detection of
EdU injected at E14.5, we found that the numbers of ROR*
layer 4 neurons in S1 and V1 were reduced in P8 Vgf'cKO
mice (Fig. 5D), and the number of E14.5-born layer 4 neurons
(EdUTRORY) was also reduced in V1. However, unlike in
Gbx2 cKO, the total number of E14.5 EdU-labeled cells was
unchanged (Fig. 5D), suggesting that, for the cohort of E14.5-
born neurons, reduction of ROR" cells was not caused by the
reduced overall production of superficial layer neurons. At E16.
5, the numbers of both RGs and IPCs were unchanged in Vgf'
cKO mice, although the number of dividing cells (PH3+) cells
was reduced in prospective S1 (SI Appendix, Fig. S5 E and ),
which indicates that VGF might control the cell cycle length of
progenitor cells in the somatosensory cortex. Thus, the lack of
TCA-derived VGF accounts for only part of the phenotype
seen in the TCA-ablated (Gbx2 cKO) cortex. At P8, the
EdU*ROR"/EAU*BRN2™ ratio was decreased in VgfcKO S1
(Fig. 5E) even though, unlike Gbx2 cKO, El14.5-born cells
were not distributed differently among layers 4 (ROR) and 2/3
(BRN2) (Fig. 5F), suggesting that the TCA-derived VGF is
required to promote the layer 4 fate at the expense of the layer
2/3 fate regardless of the overall cell number or position. We
therefore investigated whether VGF, like the TCAs themselves,
already affects the fates of superficial layer neurons by neonatal
stages. Like at P8, the number of neurons labeled by E14.5
EdU injection was not changed at P1 (Fig. 5G), nor was the
radial distribution of EdU™ cells different compared with WT
littermates (Fig. 51). However, Vgf'cKO mice had an increased
number of E14.5-born neurons that express BRN2 as well as
those that express both BRN2 and ROR (Fig. 5G). Consider-
ing that prospective layer 4 neurons appear to transition from
BRN2*ROR™ through BRN2*ROR* to BRN2"ROR" dur-
ing perinatal stages (S/ Appendix, Fig. S4A), the observed
changes in the P1 Vgf cKO S1 cortex suggest that VGF is
required for the timely transition from the transitory,
BRN2"ROR"* state to the fully specified layer 4
(BRN2 RORY) state, likely by suppressing the expression of
BRN2. Consistent with this conclusion, we found a decrease in
the EAU"BRN2 ROR*/EAdUTROR™ ratio in the cKO brains

(Fig. 5H).

Discussion

The current study has revealed two distinct roles of TCAs in
the early stages of the formation of cytoarchitecture in the pri-
mary sensory cortex. First, TCAs are required to enhance neu-
rogenesis during the embryonic stage by increasing the number
of progenitor cells that produce superficial layer neurons. In
addition, TCAs are required to promote the specification of the
layer 4 fate in immature superficial layer neurons at the expense
of the layer 2/3 fate by the neonatal stage. These two early roles
are consistent with the physical proximity of TCAs to both
progenitor cells and immature neurons at the relevant develop-
mental timing before direct synapses are formed between TCAs
and layer 4 neurons. Furthermore, we found that the thalamus-
derived molecule VGF partially contributes to those roles,
implying that multiple molecules derived from thalamic affer-
ents play a role in neurogenesis and fate specification in the
early sensory cortex.

https://doi.org/10.1073/pnas.2201355119

Afferent control of neurogenesis in the target region of the
developing central nervous system has long been known in the
invertebrate visual system, in which retinal axons control cell
cycle progression and subsequent differentiation of neurons in
their target brain region via the secreted protein Hedgehog (58,
59). In zebrafish, descending projections of diencephalic dopa-
minergic neurons enhance the production of motor neurons in
the spinal cord (60). However, little is known about the direct
regulation of neurogenesis by afferent projections in mamma-
lian brains except that olfactory sensory axons modulate the
cell-cycle kinetics of olfactory bulb primordium in embryonic
telencephalon (61). Protracted neurogenesis in the mammalian
neocortex and early projection of TCAs allow close interactions
between the afferents and progenitor cells in the embryonic
cortex (28). Despite the evidence from eye removal studies in
monkeys and ferrets (7, 62-65), direct demonstration of the
roles of the TCAs on progenitor cells was lacking. Our current
study utilized a mouse model in which few TCAs reach the cor-
tex and found that both RGs and IPCs are reduced in number.
In addition, progenitor cells are more likely exit the cell cycle
in the absence of normal TCA input in prospective primary
sensory areas in the embryonic cortex. Further, we found
reduced mitosis of neural progenitor cells in late stages of neu-
rogenesis in mice lacking the TCA-derived protein VGF and its
processed neuropeptides. However, lack of VGF did not cause
the same extent of defects in neurogenesis observed in mice
lacking TCAs, indicating that other thalamus-derived molecules
also control the division of cortical progenitor cells.

In the current study, thalamic afferents were found to promote
the eatly specification of layer 4 fate in the primary sensory cortex.
Previous studies indicated that RORS and BRN2 have mutually
repressive interactions that result in the emergence of gene expres-
sion profile and morphological characteristics of layer 4 versus
layer 2/3 neurons during perinatal development (34, 40), and
that an upstream intrinsic transcriptional network regulates the
expression of RORp and BRN2 (52). However, it was unknown
whether this early fate specification of immature superficial layer
neurons is determined entirely by intrinsic mechanisms or is influ-
enced by the incoming thalamic input in the sensory cortex. Our
study demonstrates the requirement of TCAs in this process and
the involvement of the thalamus-derived molecule VGF. Our
results do not exclude the possibility that TCAs modify the iden-
tity of RGs or IPCs in prospective sensory areas so that they have
a longer time window and/or a higher likelihood of generating
layer 4 neurons as opposed to layer 2/3 neurons. However, a
recent single-cell RNA sequencing study showed that newborn
superficial layer neurons lack distinct gene expression patterns that
separate layer 4 and layer 2/3 fates until the perinatal stage, sug-
gesting that the diversification and identity acquisition of neuro-
nal subpopulations occur postmitotically (36). This is consistent
with previous studies (34, 35, 66). Therefore, it is more likely
that TCAs bias immature postmitotic neurons to take on the layer
4 fate within the primary sensory cortex. Interestingly, most neu-
rons labeled by EdU injection at E16.5 continued to express
BRN2 and migrated to form layers 2/3 in S1 even with TCAs in
their vicinity throughout their early development. If TCAs act on
postmitotic neurons to influence their fate, how they preferentially
bias E14.5-born, but not E16.5-born, neurons to take on the
layer 4 fate remains to be elucidated.

Our analysis of conditional Vgfknockout mice provides evi-
dence that the thalamus-derived molecule VGF mediates dis-
tinct roles of the thalamic axons on neocortical development. A
recent study (67) showing that germline deletion of Vgfreduces
the number of ROR-expressing cells in S1 and V1 at P7 is
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Fig. 5. Thalamus-derived, sensory-specific VGF peptides increase superficial layer neurons and play a role in establishing separate ROR™ and BRN2* cell
populations. (A) Experimental timeline. (B) In situ hybridization for the Vgf mRNA. Principal sensory thalamic nuclei (VP, ventral posterior; dLG, dorsal lateral
geniculate) express Vgf. High expression of Vgf remains isolated to sensory nuclei in the postnatal brain. (C) At E16.5, TCAs (NetrinG1) contain high levels of a
VGF peptide, TLQP21, in future sensory areas (S1). (D) At P8, Vgf cKO mice injected with EdU at E14.5 have reduced numbers of layer 4 ROR™ neurons in
both S1 and V1 compared with WT mice. EdU is slightly decreased in V1 of Vgf cKO mice. Vgf cKO mice have more Brn2*EdU* cells in S1 and fewer
ROR*EdU" cells in V1. (E) VGF biases E14.5-born neurons to become layer 4 (ROR*) compared to layers 2/3 (BRN2*) in S1, with a trend toward this ratio in
V1. (F) Radial distribution of E14.5 EJU" cells is not different between WT and Vgf cKO mice at P8. Shown are density curves of distance from pial surface for
all cells analyzed in D; dashed line, median distance. (G) At P1, Vgf cKO mice have increased ROR", BRN2*, and ROR*BRN2* cells as well as more BRN2*EdU™
and ROR*BRN2*"EdU™ cells after EdU injection at E14.5. (H) At P1, Vgf cKO mice have fewer E14.5-born (EdU™) ROR™ neurons that transition to fully specified
layer 4 (ROR*BRN2") neurons. (/) At P1, EdU, ROR, and BRN2 distribution is not different between WT and Vgf cKO mice. More ROR*BRN2*EdU™ cells are pre-
sent in Vgf cKO mice, and the increased overlap of ROR*EdU* and BRN2*EdU™ cells is likely to account for this. Shown are density curves of distance from
pial surface for all cells analyzed in G; dashed line, median distance. Matched ratio t test (D and G) or paired t test (£ and H) P values shown are between WT
and Gbx2 cKO. For D and G, data are shown as relative difference of Gbx2 cKO to WT littermates (dashed line); points represent individual pairs; bar repre-
sents pooled mean. *P < 0.05, **P < 0.01, ***P < 0.001. See S/ Appendix, Fig. S5 for breakdown of multichannel images.
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consistent with our results on thalamus-specific Vgf deletion.
The VGF precursor protein is cleaved into at least a dozen bio-
logically active peptides (56), and little is known about the roles
of individual VGF peptides in neural development. One candi-
date is the C-terminal VGF peptide TLQP-62, which controls
hippocampal neurogenesis (68) as well as depression (69) and
nerve injury-induced hypersensitivity (70), although the identity
of its receptor is currently unknown. Another C-terminal peptide,
TLQP-21 (71, 72), is localized in TCAs (Fig. 5C) and modulates
microglial function through its receptors C3aR1 (73-76) and
C1gBP (77). Thus, these peptides might have direct or indirect
effects on newborn neurons or progenitor cells during embryo-
genesis and early postnatal cortical development.

In summary, our present study provides a mechanism by which
afferent input from the thalamus complements the intrinsic pro-
gram in early cortical development, allowing the sequential gener-
ation of diverse neuronal types in an area-specific manner. Further
studies are expected to reveal the spadally and temporally regu-
lated molecular interplay between the thalamic input and cortical
cells across different areas.

Materials and Methods
Detailed descriptions for all procedures are available in S/ Appendix.

Mice. Care and experimentation on mice were done in accordance with the
Institutional Animal Care and Use Committee at the University of Minnesota.
Noon of the day on which the vaginal plug was found was counted as embryonic
day 0.5 (E0.5), and the day of birth (E19.5) was designated as PO. To generate
mice with a conditional deletion of TCAs, Olig3”®*; Gbx2™"* mice were bred
with Gbx2™" mice as in ref. 30. Gbx2™"* mice (78) were obtained from
Jackson Laboratory. Olig3*'*; Gbx2"™* were used as WT littermates and com-
pared to Olig3®™*; Gbx2™""* as Gbx2 KO mice. Mice were kept in C57BL/6
background, and embryos or pups of either sex were used. Possibly due to the
continued outbreeding of both 0lig3”* and Gbx2™"* mice for the mainte-
nance of the colony, the lateral ventricles were enlarged in Gbx2 ¢KO mice used
in this study in varying degrees in comparison with the same mutants reported
in our previous study (30). Representative images are shown in SI Appendix,
Fig. S1G. This morphological change became noticeable at P1 and became more
severe at later postnatal stages. However, the postnatal phenotypes including
the altered layer 4/layer 2-3 ratio are not explainable simply due to the altered
structure. Mice were matched within littermates of WT and cKO to control for
small differences between litters; therefore, litters without both a cKO and a WT
pup were not analyzed. Mice with a conditional deletion of Vgf from TCAs were
generated by breeding Olig3®*;Vgf™** mice with Vgf™ or Vgf™*+ mice
(79). Olig3*"*; Vg fex or+) oy 0lig35e+; Vgf*"*+ were used as WT littermates
and compared with 0lig3%®™*; Vgf ™" a5 Vgf KO mice. Vgf KO mice were
kept in C57BL/6 background, pups of either sex were used, and mice were
matched littermates for comparison between cKO and WT.

EdU Incorporation. For 5-ethynyl-2"-deoxyuridine (EdU, Carbosynth) incorpora-
tion experiments, mice were administered 50 pg of EdU per g body weight dis-
solved in saline via intraperitoneal injection.

In Situ Hybridization and Immunohistochemical Staining. In situ hybridi-
zation using digoxigenin-labeled probes and immunohistochemical staining
were performed based on ref. 80.

1. S.K. McConnell, The determination of neuronal fate in the cerebral cortex. Trends Neurosci. 12,
342-349 (1989).

2. A Llorca et al., A stochastic framework of neurogenesis underlies the assembly of neocortical
cytoarchitecture. eLife 8, €51381(2019).

3. P.Gaoetal., Deterministic progenitor behavior and unitary production of neurons in the
neocortex. Cell 159, 775-788 (2014).

4. P.Oberst etal., Temporal plasticity of apical progenitors in the developing mouse neocortex.
Nature 573, 370-374 (2019).

5. A Peters, E. G. Jones, Cerebral Cortex: Cellular Components of the Cerebral Cortex (Springer, 1984).

6. K.Brodmann, Vergleichende Lokalisationslehre der Grosshirnrinde [in German] (Johann Ambrosius
Barth, Leipzig, Germany, 1909).
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Imaging. For cell counting, images of sections that underwent immunohisto-
chemistry were taken using an E800 upright microscope (Nikon) with a Retiga
EXi camera (Qimaging) or Zeiss Axio Observer Z1 motorized microscope con-
trolled by ZEN software (2.6) with a QuantEM:512SC camera (Photometrics).
Images were taken with either Open Lab software (Improvision) or Microman-
ager (81).

Binning. Images were entirely processed within the FIJI (Fiji is just ImageJ) dis-
tribution of ImageJ (82). With Open-Lab Images, individual TIFF files for each
channel were opened and combined into a composite stack (see code/software:
ref. 83). Then, a rectangular region of interest was overlaid onto the image from
pial surface to ventricle and at a width of either 200 pm (embryonic nonsensory
cortex) or 400 pm (embryonic sensory cortex and postnatal cortex). Images
acquired with Micromanager were opened, and the bin was overlaid (84).
Detailed methods for placing bins are described in S/ Appendix.

Thresholding. Images were processed with a custom ImageJ macro, which
would batch process all images with identical parameters across paired litter-
mates (85).

Colocalization. To determine double- and triple-positive cells, an optional sec-
tion within the thresholding batch macro or a separate batch macro (86)
was utilized.

Experimental Design and Statistical Analyses. Littermates were matched
for experiments and analysis between Gbx2 cKO or Vgf cKO and WT mice to con-
trol for immunohistochemical variability between pairs; WT mice are the control.

Code/Software.
Fiy1. The FIJI package based on ImageJ2 was utilized for all processing of image

data directly from the microscope (82, 87). Custom FIJI macros were written
using the ImageJ Macro scripting language and are available on a GitHub repos-
itory (88).

Data Availability. Custom FIJI macros were written using the ImageJ Macro
scripting language and are available on a GitHub repository: https://github.com/
TimMonko/NeurogenesisThalamocorticalPaper/ (88) . All other study data are
included in the article and/or SI Appendix.
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