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The establishment of the mammalian neocortex is often explained
phylogenetically by an evolutionary change in the pallial neuronal
progenitors of excitatory projection neurons. It remains unclear,
however, whether and how the evolutionary change in inhibitory
interneurons, which originate outside the neocortex, has been
involved in the establishment of the neocortex. In this study, we
transplanted chicken, turtle, mouse, and marmoset medial gangli-
onic eminence (MGE) cells into the embryonic mouse MGE in utero
and compared their migratory behaviors. We found that the
MGE cells from all of the species were able to migrate through
the mouse neocortical subventricular zone and that both the
mouse and marmoset cells subsequently invaded the neocortical
cortical plate (CP). However, regardless of their birthdates and
interneuron subtypes, most of the chicken and turtle cells ignored
the neocortical CP and passed beneath it, although they were able
to invade the archicortex and paleocortex, suggesting that the
proper responsiveness of MGE cells to guidance cues to enter the
neocortical CP is unique to mammals. When chicken MGE cells were
transplanted directly into the neocortical CP, they were able to
survive and mature, suggesting that the neocortical CP itself is
essentially permissive for postmigratory development of chicken
MGE cells. These results suggest that an evolutionary change in the
migratory ability of inhibitory interneurons, which originate out-
side the neocortex, was involved in the establishment of the
neocortex by supplying inhibitory components to the network.
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During neocortical development, the projection neurons are
generated in proliferative zones lying along the ventricle
within the neocortex, namely the ventricular zone (VZ) and the
subventricular zone (SVZ), and migrate radially to the brain
surface (1-3) to form a cortical plate (CP) (4). Newly generated
projection neurons migrate past the earlier-born neurons to settle
just beneath the marginal zone (MZ), thereby constructing the
neocortical CP in a birth date-dependent inside-out fashion (5).
Although many (~65% in humans) interneurons also seem to
originate within the neocortical VZ/SVZ in primates (6, 7), most
interneurons in most mammals (almost all interneurons in mice)
seem to originate in the medial ganglionic eminence (MGE),
caudal ganglionic eminence, and preoptic area located in the
subpallium and migrate tangentially to the neocortex (8-11).
After entering the neocortex, many MGE-derived interneurons,
which constitute the majority of the interneurons in mice (9),
continue to migrate tangentially through the neocortical SVZ and
intermediate zone (IZ), and then, they change their trajectory
and migrate to the brain surface so that they enter the CP and the
MZ (12, 13).

Phylogenetically, the neocortex is observed only in mammals,
and because it evolved from the dorsal pallium of the ancestor of
amniotes (mammals and sauropsids), it is homologous to only the
sauropsidian dorsal pallium (avian hyperpallium and lizard/turtle
dorsal cortex) (14). In contrast to the developing neocortex of
mammals, the developing dorsal pallium of sauropsids lacks an
SVZ, its CP is thinner and poorly organized, and its CP forms
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in an outside-in fashion (15, 16). It has been proposed that evo-
lutionary changes in pallial neuronal progenitors and their
descendants, projection neurons, in the ancestor of mammals may
have made a critical contribution to the structural and functional
establishment of the neocortex of mammals (15-19). This pro-
posal is reasonable, but it may not be sufficient to fully explain the
functional establishment of the neocortex, because it does not
take into account the other essential component of the neocortex,
interneurons, which invade from outside the pallium. Although
the overall ratio of interneurons to the total number of neurons in
the dorsal pallium varies among amniotes (20-23), the tangential
migration of interneurons from the MGE to the dorsal pallium is
highly conserved across gnathostomes, including amniotes (24—
28), and ~75% of interneurons in the chicken pallium originate
from the MGE (24). Interestingly, the mechanism of the tan-
gential migration seems to be conserved across amniotes (25),
suggesting that the common mechanism of tangential migration
from the MGE to the dorsal pallium was already established in
the ancestor of amniotes. Here too, however, it remains unclear
whether and how the evolutionary change in MGE-derived
interneurons in the ancestor of amniotes was involved in the es-
tablishment of the mammalian neocortex.

To answer these questions, we focused our attention on iden-
tifying the phylogenetic origins of the migratory competencies of
MGE cells within the neocortex. We used a combination of the
strategy of interspecies transplantation of MGE cells (25) and
a technique of MGE cell transplantation in mice in utero (12, 29)
to examine the migratory behavior of chicken, turtle, and mar-
moset MGE cells within the mouse neocortex in vivo. The results
suggested that, although the phylogenetic origin of the MGE cell
competencies to enter the neocortical SVZ is the ancestor of
amniotes, the competencies of MGE cells to enter the neocortical
CP, especially layers 2-4, were acquired in the ancestor of
mammals. This evolutionary change in the migratory ability of
MGE-derived interneurons in the ancestor of mammals seems to
have been involved in the establishment of the neocortex by
supplying inhibitory components to the network.

Results

Chicken MGE Cells Migrated Medially Through the Neocortical SVZ/IZ,
the Same as Mouse MGE Cells Did, but Failed to Enter the CP/MZ. We
first dissected out MGE cells from embryonic day 6.5 (E6.5)
chicken embryos (Fig. S1 A and B), labeled them with a red
fluorescent protein (mCherry) by electroporation, and trans-
planted them into the MGE of E13.5 mouse embryos in utero
together with E13.5 mouse MGE cells expressing GFP (Fig. S2).
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When their distribution in the mouse telencephalon was analyzed
at E15.5 (i.e., 2 d after transplantation), many GFP-expressing
mouse cells were seen to have dispersed dorsally from the in-
jection site to the dorsal pallium, as reported previously (12), and
to have become widely distributed in both the rostral part of the
lateral ganglionic eminence and the caudal ganglionic eminence
(Fig. S3 A-G). Some GFP-expressing cells were found in the
neocortical SVZ/IZ (Fig. S3D). Notably, a similar dorsal disper-
sion by the mCherry-expressing chicken cells was observed (Fig. S3
A-G). Dorsal dispersion was not observed when cells from the
dorsal ventricular ridge (DVR) of E6.5 chicken embryos were
transplanted (Fig. S3 H-K), suggesting that the dorsal dispersion
of MGE cells was not a nonspecific behavior of the transplanted
cells. These results suggest that the proper responsiveness re-
quired for dorsal dispersion from the MGE to the neocortex in the
mouse telencephalon is largely conserved in chicken MGE cells.

Next, we examined the migratory pathways of the transplanted
MGE cells within the mouse neocortex at later stages. Consistent
with previous reports (12, 13), most GFP-expressing mouse cells
were initially found in the neocortical SVZ/IZ and later in the CP/
MZ (Fig. 1 and Fig. S4), suggesting that many transplanted mouse
MGE cells first migrated tangentially through the SVZ/IZ, then
changed their trajectory, and migrated to the brain surface to
enter the CP/MZ. Many mCherry-expressing chicken cells were
also initially observed in the SVZ/IZ with their leading process
oriented medially (Fig. 1 4, C, and E), suggesting that the proper
responsiveness required for tangential migration through the
neocortical SVZ/IZ is largely conserved in chicken MGE cells. In
contrast to the GFP-expressing mouse cells, however, most
mCherry-expressing chicken cells continued to be distributed
around the VZ/SVZ/IZ and failed to enter the CP/MZ (Fig. 1 B,
D, and E and Fig. S4).

To determine whether the failure of the mCherry-expressing
chicken cells to enter the neocortical CP/MZ was attributable to
poorer motility than the GFP-expressing mouse cells or in-
appropriate responsiveness to guidance cues to migrate into the
neocortical CP/MZ, we investigated the distribution of labeled
cells outside the neocortex, namely in the gray matter of the hip-
pocampus and piriform cortex, which are representative regions of
the archicortex and paleocortex, respectively. Comparison with
GFP-expressing mouse cells revealed that mCherry-expressing
chicken cells were preferentially distributed in the gray matter of
the hippocampus and piriform cortex rather than in that of the
barrel field of the primary somatosensory area within the neo-
cortex (Fig. 2), suggesting that chicken MGE cells preferentially
migrate to the archicortex and paleocortex rather than to the
neocortex in contrast to mouse MGE cells. Thus, the failure of
chicken MGE cells to enter the neocortical CP/MZ is likely to be
attributable to their inappropriate responsiveness to neocortical
guidance cues rather than to poorer motility.

Previous studies have suggested differences between the mi-
gratory properties of murine MGE cells born at different de-
velopmental stages (29-31). Because chicken E6.5, the time when
the donor MGE cells were dissected out, is in the middle of the
neurogenic period in the chicken dorsal telencephalon (ES5-8)
(32), chicken MGE cells born earlier or later than E6.5 may
behave differently from E6.5 chicken MGE cells. If that were
true, the difference between the neocortical migratory behavior
of E13.5 mouse MGE cells and E6.5 chicken MGE cells might be
attributable to the difference between their birthdates rather than
to the difference in species. To determine which of these two
possibilities was correct, we differentially labeled early- and late-
born mouse MGE cells and early- and late-born chicken MGE
cells (the GFP-expressing mouse MGE cells with IdU at E12.0
and BrdU at E15.0 and the chicken MGE cells with IdU at E5.5
and BrdU at E7.5) and simultaneously transplanted them into
a mouse MGE at E13.5 (Fig. S54). To detect BrdU and IdU, we
used an antibody that recognized both BrdU and IdU and an
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Fig. 1. Most chicken MGE cells migrated medially through the neocortical
SVZ/1Z, the same as mouse MGE cells did, but they failed to enter the CP/MZ.
(A and B) Distribution of GFP-expressing mouse MGE cells (green) and
mCherry-expressing chicken MGE cells (magenta) in coronal sections through
the middle level along the rostrocaudal axis of the host forebrain at E16.5
(A) and P7 (B). Transplantation with chicken MGE cells was performed as
illustrated in Fig. S2. (C and D) Enlarged views of the boxed regions in A and
B. (E) Quantification of the distribution of GFP-expressing mouse MGE cells
and mCherry-expressing chicken MGE cells in embryonic and neonatal neo-
cortical layers. The percentages of GFP and mCherry cells in each layer were
analyzed (mean + SEM) at E15.5 (n = 3 brains, 114 GFP cells), E16.5 (n = 5
brains, 311 GFP and 194 mCherry cells), E18.5 (n = 4 brains, 566 GFP and 102
mCherry cells), P2 (n = 5 brains, 910 GFP and 233 mCherry cells), and P7 (n =4
brains, 300 GFP and 201 mCherry cells). Because only a few mCherry cells
were found in the neocortex at E15.5, they were excluded from the analysis.
At E15.5 and E16.5, the neocortical wall was subdivided into seven layers:
MZ, upper CP (U-CP), lower CP (L-CP), upper IZ (U-1Z), lower I1Z (L-1Z), SVZ, and
VZ. Because the border between the 1Z and SVZ was indistinct, the SVZ was
defined as a zone occupying one-quarter of the thickness of the VZ. The
subplate has been omitted for the sake of simplicity. At both E18.5 and P2,
the SVZ and VZ were combined into one zone, the SVZ/VZ. At P7, the U-IZ, L-
1Z, and SVZ/VZ were combined into one zone as the white matter (WM), and
layer 1, layers 2-4, and layers 5 and 6 have been represented as MZ, U-CP,
and L-CP, respectively, in the graph to simplify comparisons. GE, ganglionic
eminence; Hip, hippocampus; L1-6, layers 1-6; L, lateral; D, dorsal. (Scale
bars: A, 500 pm; B, 1 mm; C and D, 200 pm.)

antibody that was specific for BrdU. Cells labeled with the first
antibody but not the second were regarded as IdU-positive, and
cells labeled with both antibodies were regarded as BrdU-positive
(Fig. S5 C-F). Consistent with previous reports (29, 30), we found
that, at postnatal day 7 (P7), the GFP/IdU double-positive cells and
the GFP/BrdU double-positive cells were preferentially distributed
in the upper and lower layers, respectively (Fig. 34 and Fig. S5B),
suggesting that both early- and late-born mouse MGE cells entered
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Fig. 2. More chicken MGE cells than mouse MGE cells reached at the gray
matter of the hippocampus and piriform cortex but not the gray matter of
the neocortex. (A and B) Distribution of GFP-expressing mouse MGE cells
(green) and mCherry-expressing chicken MGE cells (magenta) in the barrel
field of the primary somatosensory cortex (A), the hippocampus (A), and the
piriform cortex (B) at P7. Transplantation with chicken MGE cells was per-
formed as illustrated in Fig. S2. (C Left) The ratios of the number of GFP-
expressing mouse MGE cells and mCherry-expressing chicken MGE cells in
the gray matter of the hippocampus (n = 6 brains, 35 GFP and 126 mCherry
cells) to their numbers in the gray matter of the barrel field of the primary
somatosensory cortex (mean + SEM; n = 6 brains, 207 GFP and 54 mCherry
cells) and (Right) the ratios of their numbers in the gray matter of the piriform
cortex (n = 6 brains, 26 GFP and 108 mCherry cells) to their numbers in the
gray matter of the barrel field of the primary somatosensory cortex (n = 6
brains, 123 GFP and 42 mCherry cells). *P = 0.0022 (Mann-Whitney u test).
S1BF, barrel field of the primary somatosensory cortex; Hip, hippocampus;
Pir, piriform cortex; Amg, amygdala; M, medial; D, dorsal. (Scale bar: 500 pm.)

the CP and preferentially migrated to the upper and lower layers,
respectively. Notably, both IdU and BrdU single-positive cells
tended to be distributed in the white matter (Fig. 34 and Fig. S5B),
suggesting that chicken MGE cells preferentially accumulated in
the white matter regardless of their birthdates. Thus, the failure of
chicken MGE cells to enter the neocortical CP is likely to represent
a species-specific property beyond their birthdates.

Although a majority of the chicken MGE cells failed to enter
the neocortical CP/MZ, a minor fraction (10-40%) of chicken
MGE cells entered the CP/MZ (Figs. 1E and 34). Recent studies
have suggested that most murine neocortical GABAegic inter-
neurons derived from the MGE can be classified into two distinct
classes according to whether they express parvalbumin (PV) or
somatostatin (SST) (9, 33), both of which are also expressed in
the avian pallium (34, 35). Thus, the failure to enter the neo-
cortical CP/MZ may be limited to a specific subclass of inter-
neurons derived from the chicken MGE. To investigate this
possibility, E6.5 chicken MGE cells labeled with mCherry were
transplanted into the MGE of E13.5 mouse embryos together
with E13.5 mouse MGE cells expressing GFP (Fig. S2), and both
GFP-expressing and mCherry-expressing cells were examined for
expression of PV and SST at P23, when the definitive subtype-
marker expression in mouse neocortical interneurons should be
observed (36). Essentially all of the GFP-expressing mouse cells
were distributed in the CP/MZ (layers 1-6; 99.3 + 0.4%, n = 7
brains, 765 of 769 cells), and ~54% (53.9 + 3.3%, n = 7 brains,
453 GFP-expressing cells) and ~47% (46.5 + 5.2%, n = 7 brains,
316 GFP-expressing cells) of the GFP-expressing cells expressed
PV and SST, respectively, the same as reported previously (12).
However, one-third of the mCherry-expressing chicken cells
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Fig. 3. A majority of chicken MGE cells failed to enter the CP/MZ regardless
of their birthdates and interneuron subtypes. (A) Quantification of the dis-
tribution of GFP-positive IdU-postive cells (green line), GFP-positive BrdU-
postive cells (broken green line), GFP-negative IdU-postive cells (magenta
line), and GFP-negative IdU-postive cells (broken magenta line) in the neo-
cortical layers at P7. The percentages of the numbers of the four differen-
tially labeled cells in each layer were analyzed (mean + SEM; n = 2 brains, 59
slices, 226 GFP-positive IdU-positive cells, 81 GFP-positive BrdU-positive cells,
221 GFP-negative IdU-positive cells, and 349 GFP-negative BrdU-positive
cells). Transplantation was performed as illustrated in Fig. S5A. (B) Quanti-
fication of the expression of MGE-derived interneuron subtype markers in
mCherry-expressing chicken MGE cells in the CP/MZ (layers 1-6) or white
matter (mean + SEM; n =7 brains for all analyses, 122 mCherry cells in the CP/
MZ for PV analysis, 213 cells in the white matter for PV analysis, 85 cells in the
CP/MZ for SST analysis, and 187 cells in the white matter for SST analysis).
There were no statistically significant differences between the CP/MZ (layers
1-6) and the white matter in the percentages of mCherry cells that were PV-
positive (P = 0.805, Mann-Whitney u test) or SST-positive (P = 0.906). Trans-
plantation with chicken MGE cells was performed as illustrated in Fig. S2.

(35.1 £ 1.0%, n = 7 brains, 207 of 607 cells) were distributed in
the CP/MZ, and the remaining cells were in the white matter,
findings that were roughly consistent with the results of obser-
vations of their distribution in embryonic and neonatal stages
(Figs. 1E and 34). We found that ~20% and ~60% of the
mCherry-expressing cells were positive for PV and SST, re-
spectively (Fig. 3B and Fig. S6), and notably, these percentages
were similar in the cells distributed in the CP/MZ and white
matter (Fig. 3B). These results suggest that a majority of both
PV-positive chicken MGE cells and SST-positive chicken MGE
cells failed to enter the neocortical CP/MZ.

We found that the number of chicken MGE cells distributed
within the lower CP, corresponding to layers 5 and 6, at P7 was
significantly higher than the number distributed within the upper
CP corresponding to layers 2—4 (P = 0.029, Mann—-Whitney u test;
n = 4 brains, 300 GFP-expressing cells, 201 mCherry-expressing
cells) (Fig. 1E). In contrast to mouse MGE cells, a similar ten-
dency was observed in regard to both earlier- and later-born
chicken MGE cells (Fig. 34). Thus, most chicken MGE cells
failed to enter the neocortical CP, especially layers 2—4.

The finding that a minor population of chicken MGE cells that
were able to enter the neocortical CP survived, expressed some
interneuron subtype markers (Fig. 3B and Fig. S6), and extended
many neurites with spine-like structures (Fig. S7) raised the pos-
sibility that the neocortical CP was permissive in regard to the
postmigratory development of chicken MGE cells. To investigate
this possibility, chicken MGE cells labeled with mCherry were
transplanted directly into the CP of neonatal medial prefrontal
cortex (mPFC) together with GFP-expressing mouse MGE cells,
and the survival rate of mCherry-expressing chicken MGE cells
within the neocortical gray matter at later stages was compared
with that of GFP-expressing mouse MGE cells. We found that
the mCherry-expressing chicken cells had morphologically differ-
entiated 4 wk after transplantation (Fig. 4) and that the survival
rate of the mCherry-expressing chicken cells was comparable with
that of the GFP-expressing mouse cells, at least at 12 wk after
transplantation, because the normalized ratio of the number of
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Fig. 4. The neocortical CP is essentially permissive in regard to the post-
migratory development of chicken MGE cells. (A) Distribution of GFP-
expressing mouse MGE cells (green) and mCherry-expressing chicken MGE
cells (magenta) in a coronal section of host forebrain at 4 wk after trans-
plantation. Transplantation was performed directly into medial prefrontal
cortex of PO neonatal mice. (B) Enlarged view of the cell indicated by the
arrowhead in A. FrA, frontal association cortex; PrL, prelimbic cortex; MO,
medial orbital cortex; OB, olfactory bulb; D, dorsal, M, medial. (Scale bars: A,
600 pm; B, 25 pm.)

mCherry-expressing chicken cells to that of GFP-expressing
mouse cells at 2 wk after transplantation (100 + 21.3%, n = 9
hemispheres, 243 mCherry-expressing cells, 535 GFP-expressing
cells for comparison with that 12 wk after transplantation;
100 + 10.3%, n = 7 hemispheres, 720 mCherry-expressing cells,
781 GFP-expressing cells for comparison with that 24 wk after
transplantation) was not significantly different from the normalized
ratio at 12 wk after transplantation (84 + 35.1%, n = 7 hemi-
spheres, 79 mCherry-expressing cells, 243 GFP-expressing cells;
P = 0.40, Mann-Whitney u test). At 24 wk after transplantation,
the normalized ratio of the number of mCherry-expressing chicken
cells to that of GFP-expressing mouse cells had decreased signifi-
cantly (2.6 + 1.7%, n = 9 hemispheres, 8 mCherry-expressing cells,
372 GFP-expressing cells; P < 0.001, Mann—-Whitney u test). Thus,
although most chicken MGE cells failed to enter the neocortical
CP, for at least a few months after transplantation, the neocortical
CP seemed to be essentially permissive in regard to the post-
migratory development of chicken MGE cells.

Although Turtle MGE Cells Failed to Enter the Neocortical CP/MZ, the
Same as Chicken MGE Cells Did, Marmoset MGE Cells Entered These
Regions, the Same as Mouse MGE Cells Did. Sauropsids (birds and
modern reptiles) diverged from the ancestor of amniotes
(mammals and sauropsids) 310 million y ago (MYA) (37, 38),
and birds diverged from the ancestor of archosaurs (birds and
crocodilians) 240 MYA (37, 38). Thus, there has been a period
of 240 million y during which the characters of birds have been
able to evolve in a unique direction not shared with other sau-
ropsids. The possibility that they did raises the question of
whether the failure of the chicken MGE cells to enter the neo-
cortical CP/MZ was the result of a unique change in a property
of the avian MGE cells or represents a more primitive property
of sauropsid MGE cells. To answer this question, we examined
the migratory behavior of MGE cells derived from turtle em-
bryos. Turtles are classified as sauropsids the same as chickens,
but they diverged from the ancestor of archosauromorphs (tur-
tles and archosaurs) 240-260 MYA (37-39). Thus, if turtle MGE
cells behaved the same as chicken MGE cells in the mouse
neocortex, the behavior would not be specific to bird MGE cells
but should represent a primitive property of archosauromorph
MGE cells. We, therefore, dissected out MGE cells from E16
turtle embryos (Fig. S1 C and D), labeled them with mCherry,
and transplanted them into the MGE of E13.5 mouse embryos in
utero together with E13.5 mouse MGE cells expressing GFP
(Fig. S2). We found that the mCherry-positive cells had prefer-
entially become distributed in the neocortical VZ/SVZ/IZ at
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E18.5 (Fig. 5 A, B, and I) and in the white matter at P7 (Fig. 5 C,
D, and I), the same as chicken MGE cells had (compare Fig. 51
with Fig. 1E). Thus, the failure of the chicken MGE cells to enter
the neocortical CP/MZ, rather than being a specific property of
avian MGE cells, seems to represent a primitive property of
archosauromorph MGE cells and possibly, sauropsid MGE cells.

The failure of both chicken and turtle MGE cells to enter the
neocortical CP/MZ may also be attributable to a general in-
compatibility of xenotypic MGE cells rather than to primitive
properties of sauropsid MGE cells. Another possibility is that the
entrance of mouse MGE cells into the mouse neocortical CP/MZ
is attributable to a species-specific compatibility of homotypic
MGE cells rather than to a common property of mammalian
MGE cells. To investigate these possibilities simultaneously, we
examined the behaviors of MGE cells derived from marmosets,
which are mammals but clearly different from mice. MGE cells
were dissected out from E86 to E93 marmoset embryos (Fig. S1 E
and F), labeled with mCherry, and transplanted into the MGE of
E13.5 mouse embryos in utero together with E13.5 mouse MGE
cells expressing GFP (Fig. S2). The results showed that, at E18.5,
the mCherry-expressing marmoset cells were distributed not only
in the neocortical VZ/SVZ/IZ but also in the CP/MZ (Fig. 5 E, F,
andJ), and they were mostly distributed in the CP/MZ at P7 (Fig.
5 G, H, and J), the same as mouse MGE cells. These findings
imply that the migratory competency to enter the mouse neo-
cortical CP/MZ is a common property of mammalian MGE cells
but not sauropsid MGE cells.

Discussion

The results of this study show that, in contrast to mouse MGE cells,
most chicken MGE cells preferentially enter the gray matter of the
mouse archicortex and paleocortex but do not enter the gray
matter of the neocortex (Fig. S84). Although both mouse and
marmoset MGE cells invaded the mouse neocortical CP/MZ
normally during migration, most chicken and turtle MGE cells,
regardless of their birthdates and interneuron subtypes, ignored
the neocortical CP and passed beneath it (Fig. S8B). Thus, the
proper responsiveness of MGE cells to guidance cues to enter the
neocortical CP, especially layers 2—4, and MZ is unique to mam-
mals and was established in the ancestor of mammals (Fig. S8C)
(additional discussion in SI Discussion). In view of the functional
importance of the inhibitory interneurons in the mature neuronal
network, we propose that evolutionary changes in the migratory
ability of incoming interneurons that originate outside the cortex
were important to the establishment of a functional mammalian
neocortex by supplying inhibitory components to the network.
Consistent with the previous finding that turtle MGE cells were
able to migrate into the mouse neocortex in vitro (25), MGE cells
from both chicken and turtle have the competency to migrate tan-
gentially through the neocortical SVZ/IZ, and they have weak com-
petency to enter neocortical layers 5 and 6 (Fig. S8B). In view of the
fact that the neocortical SVZ emerged in the ancestor of mammals,
the MGE cells in the ancestor of amniotes were preadapted to the
mammalian neocortical SVZ in regard to their tangential migration
(additional discussion in SI Discussion). The preadaptation of MGE
cells in the ancestor of amniotes to migrate tangentially through the
neocortical SVZ may provide insight into the phylogenetic cellular
mechanism of the tangential expansion of the neocortex during
mammalian evolution. One of the morphological hallmarks of the
primate neocortex is its folding, which is mainly attributable to its
tangential expansion by the addition of radial columns (19). The
folding can be observed even in the developing neocortex, especially
in the superficial regions such as in the CP/MZ (40). The folding in the
superficial regions likely results in the increase in distance that the
MGE-derived interneurons need to migrate to reach the medial part
of the neocortex if they move through the superficial regions. Thus,
the preferential migration of MGE cells within the neocortical SVZ,
which is close to the ventricle, may enable them to reach the medial
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Fig. 5. Most marmoset MGE cells entered the neocortical CP/MZ, but most
turtle MGE cells did not. (A and C) Distribution of GFP-expressing mouse
MGE cells (green) and mCherry-expressing turtle MGE cells (magenta) in
coronal sections through the middle level along the rostrocaudal axis of the
host forebrain at E18.5 (A) and P7 (C). Transplantation with turtle MGE cells
was performed as illustrated in Fig. S2. (B and D) Enlarged views of the
boxed areas in A and C. mCherry cells were often observed outside the CP/
MZ (arrowheads). (E and G) Distribution of GFP-expressing mouse MGE cells
(green) and mCherry-expressing marmoset MGE cells (magenta) in coronal
sections of the host forebrain at E18.5 (E) and P7 (G). Transplantation with
marmoset MGE cells was performed as illustrated in Fig. S2. (F and H) En-
larged views of the boxed areas in E and G. mCherry cells were often ob-
served within the CP/MZ (arrowheads). (/ and J) Quantification of the
distribution of GFP-expressing mouse MGE cells and mCherry-expressing
turtle (/) and marmoset (J) MGE cells. () The percentages of the numbers of
GFP cells and mCherry-expressing turtle MGE cells (n = 6 brains, 1,121 GFP
and 54 mCherry cells at E18.5; n = 5 brains, 1,332 GFP and 75 mCherry cells
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part of the neocortex by a shorter route than by the superficial paths
through the CP/MZ. Interestingly, although the dorsal pallium of
sauropsids, in which interneurons disperse without forming any mi-
gratory streams, is less elaborate than the neocortex of mammals, the
lateral pallium and ventral pallium, which are closer to the MGE than
the dorsal pallium, are extremely elaborate and form the DVR in
sauropsids (14). The DVR is unique to sauropsids and governs cog-
nitive functions, a role that is similar to the role of the neocortex in
mammals (41). One intriguing hypothesis, therefore, is that migratory
pathways of the interneurons constrained the evolution of the dorsal
pallium in amniotes; whereas the establishment of the migratory
stream of MGE cells through the SVZ in mammals had enabled the
elaboration of the dorsal pallium and establishment of the large
neocortex in primates, dispersion of the MGE cells in sauropsids had
severely constrained the elaboration of the dorsal pallium, which is far
from the MGE, and the DVR, which is closer to the MGE, may have
evolved as a result. Direct generation of GABAergic interneurons
from the neocortical VZ/SVZ may be another cellular mechanism
that evolved to efficiently supply GABAergic interneurons to the
tangentially expanded and folded neocortex in primates (19).

The cellular and molecular mechanisms of the evolution of the
competency of MGE cells to enter the neocortical CP, especially
layers 24, and the MZ remain unclear. Several differences in the
environment of the migrating MGE-derived cells between mam-
mals and sauropsids may have affected the evolutionary changes in
migratory competency. In the developing neocortex of mammals,
(i) an SVZ is present, (if) the main afferents enter the CP from
beneath it, (iif) a separate SP layer is present, (iv) the CP forms in
an inside-out fashion, and (v) supragranular cells are present. By
contrast, in the developing dorsal pallium of sauropsids, (i) there is
no SVZ (15, 16), (if) the main afferents seem to enter the CP from
above it (42, 43), (iii ) there does not seem to be a separate SP layer
(44), (iv) the CP forms in an outside-in fashion (15, 16), and (v) no
equivalent of the supragranular cells of mammals seems to exist
(45, 46). Interestingly, the migratory defect of chicken MGE cells
that prevented them from entering the neocortical CP/MZ (Fig.
S8B) is partially phenocopied in mouse MGE cells lacking Lhx6.
Lhx6 is a transcription factor that is specifically expressed in MGE
cells (13), and the migration of MGE cells from the neocortical
SVZ to the CP/MZ seems to be reduced at an early stage in the
development of mouse Lhx6 null embryos (47, 48). However,
because Lhx6 is expressed in the chicken pallium in a dispersed
manner (49) and thus, is likely to be expressed in chicken inter-
neurons derived from the MGE, the downstream cascade of Lhx6
may have changed during mammalian evolution to enable the
MGE-derived cells to enter the neocortical CP/MZ.

Although the interpretation of the results of the studies is still
being debated, the brains of patients with schizophrenia seem to
show abnormalities in the neocortex, especially in layers 2—4; the
abnormalities include alterations in both PV-positive interneurons
and SST-positive interneurons (50, 51). Interestingly, ~80% of the
chicken MGE cells that failed to invade the neocortical CP, espe-
cially layers 24, were either PV-positive or SST-positive (Fig. 3B).
Thus, the evolutionary change of the migratory ability of MGE-de-
rived PV-positive interneurons and SST-positive interneurons in the
ancestor of amniotes may have been essential for establishing the
normal function of the neocortex of mammals, including humans.

Materials and Methods

Fertilized chicken and soft-shelled turtle (Pelodiscus sinensis japonicus) eggs
were obtained from local hatcheries (chicken; Takeuchi Hatchery and turtle;
Tujimura Hatchery). Common marmosets have been maintained in cages

at P7) and (J) marmoset MGE cells (n = 5 brains, 1,060 GFP and 292 mCherry
cells at E18.5; n = 4 brains, 338 GFP and 119 mCherry cells at P7) in each layer
were analyzed (mean + SEM). L, lateral; D, dorsal. (Scale bars: A and C, 1 mm;
E and G, 1 mm; B, D, F, and H, 200 pm.)
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measuring 50 x 60 x 70 cm in our laboratory at the Central Institute for
Experimental Animals (CIEA) since 1975. Embryonic mouse donor tissue was
obtained by crossing ICR WT female mice with homozygous GFP-expressing
C57BL/6-Tg(CAG-EGFP)C14-Y01-FM1310sb male mice (52). To obtain chicken,
turtle, and marmoset MGE cells, we used E5.5-7.5 chicken embryos (approx-
imately corresponding to Hamburger and Hamilton stages 27-31) (53), E16
turtle embryos (approximately corresponding to Tokita and Kuratani stage
15) (54), and E86-E96 marmoset embryos, respectively. Sauropsid (chicken and
turtle) cells and marmoset cells were transfected with pCAG-mCherry (13)
using a nucleofector kit (Amaxa Biosystems) with some minor modifications,
and they were pelleted by centrifugation. The donor cell suspensions were
front-loaded into beveled glass micropipettes (50- to 75-um caliber at the tip,
GD-1; Narishige). Approximately 3 x 10* cells (~0.03 pL) were injected into the
MGE of the left hemisphere of each embryo in utero under a stereomicro-
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scope. The x and y coordinates of the injection sites were estimated from the
surface anatomy (Fig. S2), and the z coordinates of the injection sites were
~0.9 mm below the skin surface. Complete materials and methods are avail-
able in S/ Materials and Methods.
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