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INTRODUCTION: For decades, scientists have de-
bated the homologies between the mammalian
neocortex and the pallium of other vertebrates.
Claims of homology are often based on gene
expression patterns in embryonic brains or neu-
ronal connectivity patterns in adult brains. We
sought to understand pallial evolution because
its homologies provide insights into the evolu-
tionary and developmental pathways of brain
structures across species.

RATIONALE: We tackled this debate from alter-
native perspectives by investigating the develop-
mental formation of pallial circuitry through
neurogenic, transcriptional, and mathematical
analyses in three selected species: chick, mouse,
and gecko. By examining the development of
their pallial circuits, we aimed to determine
whether similarities in sensory processing cir-
cuits are due to conserved homology or con-
vergent evolution.

RESULTS: Our study revealed that neurons that
form the three stations of the pallial circuit are
generated at different times and in distinct
brain regions across species. The avian dorsal
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ventricular ridge (DVR) circuit develops in a
different order than the neocortical circuit,
whereas the avian hyperpallial circuit follows
previously unknown neurogenic rules that are
not seen in either the avian DVR or the mouse
neocortex. Geckos exhibit a dual sequence:
Their dorsal circuit forms like the mammalian
neocortex, whereas their ventral circuit develops
like the avian DVR. These findings indicate
unexpected diversification in amniote pallial
sensory circuit developmental programs.

On the molecular level, single-cell RNA se-
quencing depicted different evolutionary trends
for equivalent cell types, produced in homol-
ogous pallial regions and at equivalent neu-
rogenic times. Glutamatergic pallial neurons
mature into divergent neuronal types in chick and
mouse, whereas y-aminobutyric acid-releasing
(GABAergic) pallial neurons showed strong con-
servation, underscoring their fundamental role
in pallial sensory circuits.

By means of spatially resolved transcriptomic
analysis, we inferred the pallial location and
transcriptional type of early neurons gener-
ated in the pallium of both chick and mouse.
This analysis showed greater conservation of

Diversification of developmental programs in the pallium of amniotes
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GABAergic cells and indicated that the only
similarity in the glutamatergic class was meso-
pallial neurons of the chick brain and deep, lat-
eral mammalian cortical neurons.

The developmental differences were also no-
table in progenitors and other cells. Whereas
pallial radial glial cells displayed similarities be-
tween species, their neurogenic behaviors dif-
fered markedly. Additionally, the population
of intermediate progenitor cells that expanded
neuronal numbers in the mammalian neo-
cortex had no clear homolog in the avian de-
veloping pallium. Cajal-Retzius cells were not
found in the chick pallium. Furthermore, math-
ematical modeling suggests that components
of sensory circuits in birds and mammals were
shaped by similar functional constraints.

CONCLUSION: Our study demonstrates that
high-order sensory processing circuits have
evolved separately in different vertebrate taxa,
converging into a functionally similar circuit. The
differences in the developmental rules, progeni-
tor cells, and transcriptomic profiles support a
nonhomologous character of the amniote pallial
circuits. The strong conservation of GABAergic
neurons indicates their crucial role in pallial
sensory circuits, whereas the divergent develop-
ment of glutamatergic neurons suggests a flexible
evolution of this neuronal class. Evolution tin-
kered with pallial circuit development, structure,
and function. And likely, convergent evolution
sculpted the formation of the components of the
sensory circuits in amniote species.
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The amniote pallium contains sensory circuits that are structurally and functionally equivalent, yet
their evolutionary relationship remains unresolved. We used birthdating analysis, single-cell RNA and
spatial transcriptomics, and mathematical modeling to compare the development and evolution of known
pallial circuits across birds (chick), lizards (gecko), and mammals (mouse). We reveal that neurons
within these circuits’ stations are generated at varying developmental times and brain regions across
species and found an early developmental divergence in the transcriptomic progression of glutamatergic
neurons. Our research highlights developmental distinctions and functional similarities in the sensory
circuit between birds and mammals, suggesting the convergence of high-order sensory processing

across amniote lineages.

he neocortex is the biological substrate
that underlies the sophisticated and com-
plex functions performed by mammalian
species, including humans. Neocortical
neurons connect to each other following
a stereotyped pattern (Z, 2). This canonical cir-
cuit is composed of three types of pallial glu-
tamatergic neurons, each fulfilling a specific
role in the circuitry (Fig. 1A). Electrophysio-
logical evidence supports that these circuits
account for major neocortical functions (3).
However, vertebrate species that do not dis-
play a neocortex have similar circuitry; in both
birds and reptiles, sensory information is also
processed by circuits composed of three glu-
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tamatergic neurons that are contained within
the pallium. The evolutionary origin of these
amniote circuits is a matter of intense debate.
They could be conserved homologs to neocor-
tical circuits—and so derived from the same
ancestral circuit—or analogs that have conver-
gently evolved independently (4-6).

The three vertebrate groups—mammals (7),
birds (7, 8), and nonavian reptiles (9)—share
equivalent circuits with potentially similar func-
tions. Briefly, in all three groups there is a spe-
cific neuronal population that receives thalamic
inputs. These neurons connect to an integrator
neuron, which in turn sends its input to a third
pallial neuron. This last neuron of the circuit
projects the information out of the cortex, to
either the thalamus, the brainstem, or other
subcortical structures. Beyond similarities in
their location, type of information processed,
and neurotransmitters, the neuronal popula-
tions that participate in this circuitry share the
expression of a handful of transcription factors
(TFs), such as Tbrl, RorB, Satb2, or Ctip2 (9-12),
and electrophysiological properties (13). Because
of these functional and structural similarities
(14), it has been suggested that all these am-
niote circuits are homologous (75), implying
that an equivalent ancestral circuit was already
present in the brain of the last common an-
cestor of amniotes around 320 million years ago.
This view contrasts with evidence from devel-
opmental biology that proposes a divergent sce-
nario for the evolution of the pallium (76, 17)
because these circuits appear in developmen-
tally noncomparable brain regions.

Development and evolution are tightly linked:
Variations in one dictate trends in the other
(I8, 19). Because evolutionary homology implies
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inheritance from a common ancestor, the de-
velopmental trajectory must be conserved in
order to argue the conservation of homologous
neurons and circuits. In this work, we argue
that understanding the topological develop-
mental trajectory of a neuron or a circuit may
unravel its evolutionary history (20, 2I). Our
assumption is supported by the intimate link
between neurogenesis and connectivity, as
shown by the increased connectivity between
sibling neurons in the cortex of mammals (22-24).
Conserved homologous cell populations or cir-
cuits originate from the same neural tube re-
gion among different vertebrates that share an
equivalent developmental program, as previ-
ously identified in the amniotes’ cerebellar cortex
(25). Therefore, we believe that the long-standing
debate over the conservation of the sensory cir-
cuit might only be resolved by comparing the
developmental trajectories of neurons according
to their topological location in these amniote
circuits. How did radial glial cells (RGCs) in
corresponding pallial regions lead to differing
neuronal structures? To investigate this evo-
lutionary relationship and potential homology,
we compared the developmental and transcrip-
tional trajectories over the course of the early
construction of pallial sensory circuits in three
amniote species.

Results
Developmental neurogenesis of avian high-order
sensory circuits

Conserved homologous cells share their devel-
opmental history. To test whether mamma-
lian cortical circuits have homologous circuits
in other amniote species, we determined the de-
velopmental trajectory of the pallial neurons in
the sensory circuits in sauropsids. The temporal
neurogenic construction of the mammalian cor-
tical circuit is well known. By means of 5-ethynyl-
2'-deoxyuridine (EdU) injections at three different
time points during the neurogenic period of
the chick pallium [embryonic days 4 to 9 (E4
to E9)], we revealed the temporal construction
of the avian sensory circuits (Figs. 1 and 2 and
figs. S1 to S11). We studied the two pallial struc-
tures that have been proposed as neocortical
homologs, the dorsal ventricular ridge (DVR;
Fig. 1 and figs. S1 to S6) and the hyperpallium
(HPall; Fig. 2 and figs. S7 to S11). We found
that none of these structures develops in an
equivalent temporal sequence as that known
for the mammalian cortical circuit (fig. S12).
First, we focused on the avian DVR, which
was primarily considered the homolog of the
neocortex according to its internal circuitry.
Similarly to mammalian corticogenesis, the avian
glutamatergic and y-aminobutyric acid-releasing
(GABAergic) neurons of each circuit relay were
generated at the same neurogenic time (syn-
chronously), although on different telencephalic
sectors (figs. S2 to S4). Previous tracing studies
revealed that most neurons of the different
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Fig. 1. Neuronal birthdating of the components of the chick DVR sensory cir-
cuit. (A) Schematic highlighting the connections of the mammalian cortical
canonical circuit. Th, thalamus. (B) Equivalent schematic depicting the connections
of the chick DVR canonical circuit. (C) Scheme of the basic cell type organization in
the trisynaptic circuit of amniotes. (D) Example of coronal section of the chick
telencephalon in a typical experiment, where EdU is labeled (cyan) along with two
markers by immunohistochemistry, PV (green) and Tbrl (magenta). ThR, thalamic
recipient area. Scale bar is 1 mm. (E) Summary of the birthdating performed at
early (E4, magenta), intermediate (E6, gold), or late (E8, cyan) neurogenic time
points. Two coronal sections are shown, one anterior (top row) and one at posterior
levels (bottom row). HT, hypothalamus; NPall, nidopallium; PTh, prethalamus.
Scale bars are 1 mm. (F) Pseudoimage made by the merge of images from three
different animals, showing the distribution of pallial cells according to birth time.
LPall, lateral pallium; MedNPall, medial nidopallium. Scale bar is 1 mm.

(G to 1) Quantitative analysis of the neurogenesis of DVR circuit cells. Shown

in (G) is a bar graph representation of the temporal neurogenic construction

of the neurons of the different DVR circuit roles after data normalization in
order to represent which percentage of the neurogenesis (out of the total 100%,

Rueda-Alafia et al., Science 387, eadp3411 (2025) 14 February 2025

which takes place from E4 to E9 in chick) occurs at early, intermediate, or late time
points. Shown in (H) is a bar graph representation of the distribution of DVR circuit
neurons generated at each analyzed neurogenic time point. Bars represent mean +
SEM. Dots show individual data (n = 6 chicks per E4 group, n =7 chicks in E6 APall,
n = 8 chicks in EPall and dNPall, n = 6 chicks per E8 group). One-way analysis of
variance (ANOVA) followed by all pairwise multiple comparisons by Holm-Sidak post
hoc test was performed for E4 and ES; for E6, Kruskall-Wallis one-way ANOVA followed
by all pairwise multiple comparisons (Dunn’'s method) was performed. *p < 0.05;
**p < 0.01; ***p < 0.00L Shown in (1) is a statistical comparison of the effect of age on
the generation of the cells of each DVR circuit role. Bars represent mean + SEM.
Dots show individual data (n = 6 chicks per E4 group, n =7 chicks in E6 APall,

n = 8 chicks in EPall and dNPall, n = 6 chicks per E8 group). One-way ANOVA followed
by all pairwise multiple comparisons by Holm-Sidak post hoc test was performed

for APall and EPall; for dNPall, Kruskall-Wallis one-way ANOVA followed by all
pairwise multiple comparisons (Dunn's method) was performed. *p < 0.05; ***p <
0.001. (J) Summary of the comparative birthdating of mammalian cortical versus
avian DVR sensory circuits. The graph depicts the percentage of cells of each circuit
role generated at early, intermediate, or late neurogenic time points.
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Fig. 2. Neuronal birthdating of the components of the chick hyperpallial
sensory circuit. (A) Schematic highlighting the connections of the mammalian
cortical canonical circuit. Th, thalamus. (B) Equivalent schematic depicting the
connections of the chick hyperpallial canonical circuit. (C) Scheme of the basic
cell type organization in the trisynaptic circuit of amniotes. (D) Example of
coronal section of the chick telencephalon in a typical experiment, where EdU is
labeled (cyan) along with two markers by immunohistochemistry, PV (orange)
and Thrl (magenta). Hc, hippocampus, Scale bar is 250 um. (E) Summary

of the birthdating performed at early (E4, magenta), intermediate (E6, gold), or
late (E8, cyan) neurogenic time points. Scale bars are 250 um. (F) Pseudoimage
made by the merge of images from three different animals, showing the
distribution of pallial cells according to birth time. Scale bar is 250 um.

(G) Summary of the comparative birthdating of mammalian cortical versus
avian hyperpallial sensory circuits. The graph depicts the percentage of cells of
each circuit station generated at early, intermediate, or late neurogenic time
points. (H to J) Quantitative analysis of the hyperpallial circuit neurogenesis.
Shown in (H) is a bar graph representation of the temporal neurogenic
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construction of the neurons of the different hyperpallial circuit roles after data
normalization in order to represent which percentage of the neurogenesis (out of
the total 100%, which takes place from E4 to E9 in chick) occurs at early,
intermediate, or late time points. Shown in (1) is a statistical comparison of

the distribution of hyperpallial circuit neurons generated at each analyzed neurogenic
time point. Bars represent mean + SEM. Dots show individual data (n = 8 chicks
per E4 group, n = 5 chicks per E6 group, n = 9 chicks per E8 group). One-way
ANOVA followed by all pairwise multiple comparisons by Holm-Sidak post hoc test
was performed. ****p < 0.001. Shown in (J) is a bar graph representation of the
effect of age in the generation of the cells of each hyperpallial circuit roles. Bars
represent mean + SEM. Dots show individual data (n = 8 chicks per E4 group,
n =5 chicks per E6 group, n = 9 chicks per E8 group). Datasets did not comply
with ANOVA assumptions (normality for IHA and HI/HD; and homoscedasticity

for HA), so they were logarithmically transformed before the analysis. For all
transformed datasets, one-way ANOVA followed by all pairwise multiple
comparisons by Holm-Sidak post hoc test was performed. *p < 0.05; **p < 0.01;
**¥p < 0.001.

pallial areas play defined roles in the trisyn-
aptic circuit: The entopallium (EPall) receives
visual sensory input from the thalamus (26)
and is considered homologous to layer IV (L4)
cortical neurons; the neurons in the dorsal
nidopallium (dNPall) act as integrators (14)
and could be homologous to upper L2 and L3
cortical neurons; and those in the arcopallium
(APall) project long-range output connections
away from the pallium (27) in a similar fashion
as deep-layer cortical neurons of L5 and L6
(Fig. 1, A and B, although a proportion of deep-

Rueda-Alafia et al., Science 387, eadp3411 (2025)

layer cortical neurons are intratelencephalic
projecting neurons and are, therefore, integra-
tors, as we discuss in the next sections). However,
DVR neurons developed following temporal
neurogenic instructions different from those
present in the developing cortex. Two crucial
differences were as follows: First, the earliest-
generated neurons act as thalamic recipient
neurons within the EPall and the nucleus basalis
(BSS; Fig. 1, E to J, and fig. S1), whereas in
mouse, other cortical populations are gener-
ated earlier to thalamic recipient neurons of

14 February 2025

14; and second, the latest-generated neurons
of the DVR at the telencephalic level of the
EPall do not contribute to sensory processing
because they remain in the most medial nido-
pallium (Fig. 1, E to J, and fig. S1). These re-
sults are similar to those previously described
(28, 29). In the case of mammals, all cortical neu-
rons contribute to the circuitry, and the latest-
generated neurons act as integrators of the
circuit in supragranular L2 and L3 (fig. S12).

Beyond timing differences in the formation
of the sensory neurons, we also found other
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dissimilarities between these two circuits.
GABAergic interneurons, which are widely
conserved among vertebrate pallia, distribute
differently in these circuits. For instance, par-
valbumin (PV)-expressing interneurons of the
DVR are nearly exclusively located in the thal-
amic recipient areas (Fig. 1 and figs. S2 and S3),
whereas in mammals, these neurons are widely
distributed across all cortical layers (30, 31).
However, PV expression varies widely over
development time and species, and therefore
it cannot be trusted in isolation for establish-
ing evolutionary comparisons. Somatostatin
(SST)-expressing neurons, on the contrary,
are dispersed throughout all regions of the
avian circuit (Fig. 1 and fig. S4), whereas they
are preferentially confined to deep cortical layers
in mammals (32).

In addition, other developmental features in
charge of building these circuits were different
between mammalian cortex and avian DVR.
Whereas the glutamatergic component of the
neocortex derives from the of the dorsal pal-
lium (DPall) (33, 34), the glutamatergic DVR
derives from the ventral pallium (VPall; Fig. 1)
(35, 36). This is a distinct discrete region of the
embryonic pallium that differs from the DPall
in the expression of key TFs (33, 35, 37), cell
lineage, and mature structures derived (in
mammals, the VPall mostly generates the pallial
amygdala and the pyriform cortex) (38). These
DPall and VPall early developmental regions
are so deeply conserved (11, 39, 40) that only
cell types that arise within the same territory
are considered homologous. Thus, the neocortex
and DVR likely derive from nonfield homolo-
gous progenitor populations, further supporting
that those circuits are generated under different
developmental programs.

The trisynaptic circuit in the DVR represents
the building block of its internal connectivity,
but it oversimplifies the true connections. The
ventral mesopallium plays a substantial role
as integrator in the circuitry by receiving both
EPall and dNPall connections and by sending
efferents toward the APall (74). In our view, the
mesopallial component of the circuit has no
direct developmental comparison to any neu-
ron of the mouse canonical circuit. The mam-
malian cortical circuit develops radially, and
all neurons derive from the same pallial do-
main. On the contrary, mesopallial cells do not
develop radially with respect to the rest of the
nidopallial DVR; they are generated in the
lateral pallial germinative zone and their neu-
rons migrate within the limits of the meso-
pallium (41), whereas nidopallial neurons are
generated in the ventral pallium and their
neurons migrate radially and rostrally within
the limits of the nidopallium (35). In terms of
developmental origin, mesopallial cells have
been directly compared with neurons of the
claustrum and insular cortex (41, 42), which
do not belong to the canonical cortical circuit.

Rueda-Alafia et al., Science 387, eadp3411 (2025)

And so, we analyzed mesopallial main neu-
rogenic waves separately in order to evaluate
its similarities to integrator neurons of the neo-
cortex (fig. S5), considering that this is the role of
mesopallial neurons in the avian pallium. The
main neurogenic time point of the ventral meso-
pallium occurs during the intermediate stages,
similarly to the other integrator neurons of the
dNPall. However, this is different from the late
neurogenic time point of mammalian integrator
neurons. Moreover, the ventral mesopallium is
generated in the lateral pallium, a different devel-
opmental area than the rest of the DVR circuit.

The DVR circuits described above mainly rep-
resent the visual and somatosensorial circuits
in the VPall. We also assessed the sequence of
neurogenesis of the auditory Field L in the
posterior nidopallium, another sensory circuit
(43). We found that most of its neurons were
generated at late neurogenic time points (fig.
S6). This implies that the Field L auditory cir-
cuit has a different development than other
DVR circuits and the mammalian neocortical
circuit. These findings are in agreement with
previously described birthdating analysis in
dNPall and Field L (28, 29).

We next examined the program of develop-
ment of the HPall. The glutamatergic neurons
of the mammalian neocortex and the avian
HPall are all derivatives of the DPall; therefore,
the two structures are considered to be field ho-
mologous (derived from the same germinal
primordium in the brain) (6, 17), and their cir-
cuits could more likely be constructed under
conserved developmental cues. The ventral
limit of the HPall is debated in the literature
(44), and according to the staining with clas-
sical markers at E15 (fig. S7), we adhere to the
view of the avian brain consortium nomencla-
ture (45), which is also reported in another
atlas (46). We analyzed the same brains used
for the DVR but focused on the neurogenic pro-
gram of the HPall. In the case of the HPall, the
well-known connectivity of the neurons of its
columns suggests homologies to neurons of
cortical layers (Fig. 2, A and B). Thalamic reci-
pient neurons reside in the intercalated HPall
(IHA, similarly to EPall and 14), neurons of the
HPall intermediate and densocellulare (HI/HD)
act as integrator neurons (as dNPall and L2/3
neurons), and finally, neurons of the HPall apicale
(HA) send long-range output connections to ex-
trapallial areas (similarly to APall and L5/L6
neurons) (47-49). Our analysis shows key differ-
ences in the temporal generation of HPall neu-
rons (Fig. 2 and figs. S8 to S11). HPall neurogenesis
happened much faster than neocortical neu-
rogenesis. Most HPall neurons were generated
quickly during intermediate- and late-neurogenic
stages (E6 and E8 stages in chick), and only a
minor fraction of them were generated at earlier
stages. This late generation is coupled to the
reported hyperpallial late maturation of gene
expression (10). Both E6- and E8-generated
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HPall neurons settled in all three HPall func-
tional columns (Fig. 2 and figs. S8 to S11).
Thus, differently from the mammalian cortex,
HPall neurons are not cell fate-determined at
the time of generation (fig. S12). We did not
identify any cell fate preference correlated to
the neurogenic time of HPall neurons (Fig. 2,
G to J, and figs. S8 to S11). This is a clear-cut
difference from the neocortex, where, instead,
a strong correlation between the time when
a neuron is generated and its final function
within the circuit exists (23). Glutamatergic
and GABAergic neurons of each HPall column
were generated synchronously at the same
embryonic stage (figs. S8 to S11), a shared fea-
ture between the DVR and the mammalian
cortex. Accordingly, although HPall and neo-
cortex are field homologous, their neurons
develop following divergent developmental
programs.

In addition, the distribution of interneuron
types was also different from that of mamma-
lian cortical layers. Most PV-expressing neu-
rons settled in the HI/HD (figs. S7 and S10), a
suggested homologous area of the integrator
12 and L3, whereas PV-expressing interneurons
widely distribute through all cortical layers in
mammals (30, 31).

These data show evidence that the compo-
nents of the two main high-order sensory cir-
cuits in birds, the DVR and HPall, develop
following a different program from that known
in mammals (Figs. 1J and 2G), thus suggesting
that these circuits do not derive from a shared
ancestral circuit but instead likely evolved fol-
lowing different developmental programs.

Neurogenic time of the components of gecko
pallial sensory circuits

Because birds possess a highly specialized brain
in the diapsid taxon (50), we further charac-
terized the developmental neurogenesis of sen-
sory circuits in a nonavian diapsid species—the
ground Madagascar gecko Paroedura picta. This
species displays a pallium with fewer special-
izations than that of birds, thus better resem-
bling the ancestral condition of the amniote
group (51). The gecko pallium receives and pro-
cesses thalamic sensory information in two
main structures, the DVR (52, 53) and the dorsal
cortex (DC) (54-56).

We identified the DVR and DC as well as the
different neurons within them using multiple
approaches. First, we used the expression of
gene markers such as Tbrl or Satb2 (Fig. 3A;
Satb2 antibody recognizes both Satb2- and
Satbl-expressing neurons). In addition, we per-
formed in situ hybridization to detect the ex-
pression of known markers for long-range
output neurons (EtvI and Sulf2; Fig. 3, B and C)
and thalamic recipient neurons (SatdI; Fig. 3,
B and E), which are known markers in the mam-
malian cortex (57, 58) and predicted markers
for reptilian pallial cells (77, 59). The expression
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Long-range projection markers

Fig. 3. Neuronal birthdating of A
the components of the gecko
pallial sensory circuit.

(A) Examples of immunostaining for
general pallial markers (Tbrl in
green; SatB2 and SatB1 in magenta)
in gecko coronal sections. DAPI (4',6-
diamidino-2-phenylindole) counter-
stain is in gray. Acc, accumbens
nucleus; DMC, dorsomedial cortex;
aDVR, anterior DVR; LC, lateral cortex;
MC, medial cortex; PT, pallial thicken-
ing; Se, septum; Sph, spherical
nucleus; Str, striatum; Th, thalamus.
Scale bars are 250 um (gray) and
100 um (white). (B) In situ hybridiza-

LPall & VPall

Gecko E35 Pallial organi

zation B o208 PPy Dorsal cortex
% "Ng@ G
G DVR % »
etv1
Merge i

tion against etvl and sulf2 mRNAs

in the E35 gecko brain, markers

of long-range output neurons in mice.
Sagittal and coronal sections are
shown. Images on the right show
colorimetric staining, pseudotrans- flee
formed in fluorescent gold staining. i

NBT in iDVR

halon [

17
lenesphalic neurens

aDVR circuit by NBT tracing

DAPI counterstain is in blue. OT, optic
tectum; VZ, ventricular zone. Scale
bars are 1 mm (black), 250 um
(gray), and 100 um (white).

(C) Colorimetric in situ hybridization
against satbl, marker of thalamic

NBT in Collothalamus Rot/Med

Cortex

recipient neurons in mouse cortex,

in coronal sections of the E35 gecko
telencephalon, pesudotransformed in
fluorescent gold (images on the
right). Satbl expression is highest
at the outer portion of the DVR

Sagittal

Lemnopallial =] o: D(o 2
S5 Coiopalial —] iy
- X log o
s S Ve
A B A R ° oo @
VR %
VPall

in the collothalamic pathway
and in the deeper layers of the
DC (L3 and deep L2). DAPI counter-

Gecko E35

@ Thalamic recipient
@®In

stain is in blue. Scale bars are K Birthdating at
250 um (gray) and 100 um (white).
(D to H) NBT tracing (green staining)
in the gecko pallial circuits at both the
aDVR [(D) to (F)] and DC [(G) and
(H)] levels. DAPI counterstain is in gray.
Representative coronal [(D) to (G)] and
sagittal (H) sections depicting the
location of those neurons that receive
thalamic input, those that project

out of the cortex, or those projecting in
an intracortical fashion, costained
(magenta or orange staining) with
antibodies against relevant proteins
of the pallium and thalamus. Cb,
cerebellum; DLT, dorsolateral thalamic nucleus; DMT, dorsomedial thalamic nucleus;
DT, dorsal thalamus; Hb, habenular complex; HT, hypothalamus; I, inner; iDVR,

inner DVR; Ifb, lateral forebrain bundle; LV, lateral ventricle; Med, nucleus medialis; mfb,
medial forebrain bundle; o, outer; PO, preoptic area; PTh, prethalamus; Rot, rotundus
nucleus. Scale bars are 1 mm (black), 250 um (gray), 100 um (white), and 50 um (light
purple). (1) Schematic of two coronal sections of the gecko brain depicting the two
main communications of the thalamopallial pathway: the lemnothalamic pathway
reaching the DC (teal) and the collopallial pathway reaching the aDVR (magenta) as
described from NBT tracing. (J) Schematic depicting a coronal section of the chick
telencephalon with the location of neurons of pallial circuits. (K and M) Birthdating
of the DC neurons at three neurogenic stages. DAPI counterstain is in blue. Shown in (K)
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% birthdated neurons
(normalized)

Dynamics of neurogenesis in each stage

a reglonistage

% Edus cells in

% birthdated neurons
(normalized)

are images of the EdU labeling. On the right is a pseudoimage made by the merge of
images from three different animals, showing the distribution of DC cells according to birth
time. Shown in (M) is a semiquantification analysis of the birthdating in the DC. No
statistical analyses were performed because of the low number of gecko embryos obtained
(three at early hirthdating, three at intermediate birthdating, and two at late birthdating).
(L and N) Birthdating of the DVR neurons at three neurogenic stages. Shown in (L) are
images of the EdU labeling. On the right is a pseudoimage made by the merge of images
from three different animals, showing the distribution of DVR cells according to birth time.
Shown in (N) is a semiquantification analysis of the birthdating in DVR. No statistical
analyses were performed because of the low number of gecko embryos obtained (three at
early birthdating, three at intermediate birthdating, and two at late birthdating).

50f16

GZ0Z ‘9T SUNL UO S3.Je|NJSeAOIPIeD) SaUOIJeB1S9AU| 8P [eUOITeN 0J1UsD) Te BI0°90US 195 MMM//:SANY WO PaPe0 JUMOC



RESEARCH | RESEARCH ARTICLE

of these genes suggested the locations of dif-
ferent neuronal types in the pallium. To test
this hypothesis, we performed axonal tracing
using neurobiotin (NBT) electroporation, which
revealed mostly retrograde tracing, but some
anterograde tracing, too (Fig. 3, D to I), and
which depicted a pattern of connections equiv-
alent to that in other reptiles [reviewed in (50)].
NBT tracing in the inner part of the DVR (iDVR)
revealed retrograde traced neurons in the outer
portion of the DVR (0DVR), suggesting that
iDVR neurons project locally within the DVR
(Fig. 3D). No extratelencephalic labeling was
detected. Tracing from the collothalamic nuclei
revealed axons reaching the oDVR, in close
proximity to Satbl-expressing neurons (Fig. 3E).
‘When the NBT electroporation was targeted to
the oDVR, the recipient of thalamic axons, we
consequently found retrogradely labeled neu-
rons in the rotundus and medialis nuclei of the
thalamus (Fig. 3, F and I). Our tracing of the DVR
neurons is in line with previous literature on
the axonal connectivity of the DVR in Gekko
gecko and other lizard species (52, 53). Analysis
of the connectivity of DC neurons after NBT
retrogradely tracing from lemnothalamic nuclei
showed that corticothalamic projecting neu-
rons were located in L2 of the DC (Fig. 3G).
These long-range output neurons in L2 were
located above Satbl-expressing neurons of L3
(Fig. 3G), which suggests that thalamic recip-
ient neurons are located in this deep layer (Fig.
3G). When the NBT tracing was targeted to the
DC, intercortical projecting neurons were la-
beled contralaterally in L3 (Fig. 3H). The con-
nectivity described here in the gecko DC matches
previous findings in other lepidosaurian lizards
(564-56). Altogether, we identified the location
of the main types of gecko pallial neurons (Fig.
3J) and focused our attention on the crucial
populations for evolutionary comparison: In
the DC, long-range output cells settle in L2,
in line with available literature. Precisely, it
has been shown that turtle DC neurons with
higher similarity to cortical long-range output
neurons are located in the upper half of L2
(I1). As for the DVR circuitry, we identified
that the thalamic recipient neurons were lo-
cated in the outer region of the DVR, according
to Satbl expression and to its communication
with the thalamus found with NBT.

We then performed equivalent birthdating
experiments to those we performed in chick.
We injected EAU at three different time points
during the neurogenic period of the gecko pal-
lium (E7 to E15) in order to reveal the temporal
neurogenesis of the reptilian sensory neurons
(Fig. 3, K and M). The developmental program
that gives rise to the DVR, in the VPall, followed
a clear outside-first-inside-last gradient of neu-
rogenesis (Fig. 3, L and N). Early born (E7) DVR
neurons of the gecko were located in the out-
ermost region of the DVR, deep beneath the lat-
eral cortex. At intermediate stages (E11), newborn
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neurons tended to be located in the central
portions of the DVR. Finally, the latest-generated
neurons (E15) hardly migrated away from the
ventricular surroundings and were located in the
innermost DVR region. An equivalent outside-
in gradient of neurogenesis also led to the for-
mation of the DC, in the DPall, although it was
not as sharply clear as in the DVR (Fig. 3, K
and M). Early generated neurons (E7) in the
dorsal cortex were mostly located in the com-
pact, cell-dense 1.2. At intermediate stages (E11),
newborn neurons settle in 13 and the deep
stratum of 1.2, suggesting that the earliest neu-
rons were located in the upper half of L.2. The
latest-generated neurons barely separated away
from their original site at the ventricular zone
and were located in the deepest stratum of L3.

This sequential neurogenesis verified that,
akin to chicks but in stark contrast to the mouse
neocortex, the initial neurons generated in the
VPall sensory circuit in geckos were thalamic
recipient neurons. The neurogenic progression
observed in the DVR appears to be conserved in
sauropsids, deviating from the pattern observed
in mammals. Regarding the DPall sensory cir-
cuit, it is probable that geckos and mammals
exhibit shared neurogenic characteristics. In
both taxa, the long-range output neurons emerge
as the first neurons in the circuit, diverging from
the pattern observed in any avian pallial circuit.
These data support the notion that pallial cir-
cuits develop differently across amniotes, which
suggests evolutionary diversity.

Single-cell RNA sequencing of early born
pallial populations

To clarify that the glutamatergic neurons in
pallial amniote circuits are not conserved ho-
mologous cells and to demonstrate that the de-
velopmental differences extend beyond a mere
switch in the sequence of cell type formation
or their specific pallial origin, we analyzed their
transcriptional signatures and developmental
trajectories. We used our original BirthSeq
method (60) to isolate and analyze birthdated
cells days after their generation time. This meth-
od allowed us to compare those chick and mouse
pallial neurons that were generated at equivalent
neurogenic time points (see supplementary
materials and methods). By applying BirthSeq,
we performed single-cell RNA sequencing
(scRNA-seq) only on cells generated early dur-
ing the formation of the pallial circuits, both in
chick (cells born during the E4 to E6 period;
Fig. 4A) and in mouse (cells born during E12
to El4; Fig. 4D). We focused on the earliest-born
pallial neurons because these were shown to
play divergent roles in the sensory circuit of
the two species (Figs. 1 and 2).

BirthSeq provided us with two datasets of
maturing cells (11 days after EAU administra-
tion) enriched in neurons generated early in
pallial development [Fig. 4 and figs. S13 to S16,
as also detailed in (60)]. The chick pallium data-
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set comprised 3123 neurons distributed in eight
clusters (Fig. 4, A to C, and figs. S13 and S14). The
mouse pallium dataset comprised 3634 neurons
distributed in nine clusters [Fig. 4, D to F, fig.
S15, and described in (60)]. Datasets for each
species comprised both glutamatergic neurons
generated within the pallium and GABAergic
interneurons that migrated tangentially from
the subpallium (SPall; 34, 60-62). BirthSeq did
not allow us to directly link the identity of the
sequenced cells with their projection profile,
and each cell cluster could potentially comprise
several cell types with different connectivity
patterns. However, this is unlikely according
to the current literature (63). We compared all
cells between both species, regardless of their
connectivity pattern, which was only revealed
by further research. In this regard, when com-
paring the differentially expressed (DE) genes
of these neurons, we observed that many of them
were not common among the glutamatergic
clusters of the two species, whereas there were
more similarities in the GABAergic clusters
[Fig. 4, Cand F, and figs. S13 to S15 heatmaps
and (60)]. For instance, mouse glutamatergic
clusters (Neurod6, Slc17a6) were identified by
the expression of Soxl11, Id2, Pcp4, and Mef2c
genes (60), whereas in the case of the chick glu-
tamatergic cluster, the DE genes were NRNI,
NRP2, PPPIR17, TENM3, or SATB2. In the case
of GABAergic clusters (Nrxn3, Gad), some clus-
ters shared the expression of interneuron sub-
types such as SST, ZFHX3, ADARB2, or MEIS2
(60). To compare cells from both species, we
integrated the two datasets to identify cell sim-
ilarities (Fig. 4G). GABAergic interneurons ap-
peared largely similar after principal components
analysis clustering and formed mixed clusters
at different resolutions, which pointed to tran-
scriptomic similarities. Conversely, glutamatergic
neurons exhibited a more dispersed, species-
specific organization. A notable example is the
Cajal-Retzius cells (msGLUT-05, characterized
by Reln and Lhxl expression), which are the
first cells generated in the cortical neuroepi-
thelium (64, 65) and which were specific to the
mouse dataset. The integrated dataset cluster-
ing showed that, among the six glutamatergic
clusters, four were considered species specific
(two chick specific and two mouse specific, with
more than 85% cells coming from the main
species), whereas none of the four GABAergic
clusters included such a majority of cells from
one single species (Fig. 4H). The broader tran-
scriptomic similarity of GABAergic neurons was
then confirmed by the correlation of gene spe-
cificity indexes [GSIs; (11)] (Fig. 4I). When com-
paring the TFs expressed in the two datasets—
namely the genes more involved in cellular spe-
cification during development—the largest correl-
ations (up to 0.86) were found among GABAergic
cells. Transcriptomic correlation was larger be-
tween pairs of clusters, which suggests transcrip-
tomic equivalence in a one-to-one cell-type
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Fig. 4. Transcriptomic comparison of chick and mouse early born pallial
neurons. (A and D) Schematic depicting the extraction and analysis of early born
neurons in the maturing pallium of chick (3123 neurons, obtained from three
embryos) (A) and mouse (3634 neurons, obtained from three pups) (D). Hc,
hippocampus. (B and E) Uniform manifold approximation and projection (UMAP)
graph of the main types of chick (B) or mouse (E) early born pallial neurons.

(C and F) Gene expression UMAP graphs of two key markers for glutamatergic
(NEUROD6) or GABAergic (NRXN3) neurons in chick (C) or mouse (F). (G) UMAP
graph of the Seurat integration merging the two species datasets with equivalent
cell number (3123 cells per species, 6246 cells in total). (H) Integrated UMAP
clustering. On the right is the proportion of each species cells to the integrated
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clusters. At the bottom left is the average proportion of neurons from each
species in either glutamatergic or GABAergic clusters. At the bottom right

is the proportion of clusters considered as species-enriched or shared by both
species. (I) Correlogram of gene specificity indexes between pairs of clusters of
the two species. (J) Label transfer analysis of mouse cells onto the chick
annotated reference UMAP. On the right is the proportion of cells from a mouse
cluster that were assigned to a given chick cluster. (K) Gene expression DotPlots
of key markers for glutamatergic cortical neurons (58) for each chicken
glutamatergic cell type. (L) Percentage of module expression for each cell

type (Top4 Marker Genes) on the other species cell types (left, mouse modules;
right, chicken modules).
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fashion. However, only one chick glutama-
tergic cluster (ckGLUT-04) was found to be sim-
ilar to two mouse clusters (msGLUT-03 and -04).
No other cell type-to-cell type equivalence was
identified. The general GSI similarities between
glutamatergic neurons seemed more related to
the transcriptional profile leading to the glutama-
tergic phenotype than to the actual transcriptome
involved in specific cell type differentiation. We
tested this possibility by comparing the expres-
sion of each cluster of DE genes, which tend to
play roles in the specification of cell types (Fig.
4L). We generated modules comprising the most
DE genes, from either the whole sequenced
transcriptome or only from the TF gene family,
and analyzed the average expression of these
modules in the cell clusters of the opposite spe-
cies. In the modules comprising the five most dif-
ferentially expressed TFs for each cluster (Fig. 4L),
GABAergic cells seemed to be more similar at the
cell type level, regardless of the original species
used for defining the module. Conversely, gluta-
matergic cells only shared a background similar-
ity, especially when mouse clusters were used to
define the module of expression. Of the gluta-
matergic clusters, the ckGLUT-04: cluster (SATB2,
MEF2C, CCK, CRHR2; fig. S13) was the most
similar to a mouse cluster (msGLUT-04, Mef2c,
Ptprk, Arpp21, Satb2; fig. S15) between the
glutamatergic clusters. This mouse cluster likely
corresponded to intratelencephalic cortical neu-
rons (28), which are abundant in upper layers
but also exist in deeper layers.

‘We then performed label transfer analysis (6).
Each cell from a dataset was tested to determine
to which cell cluster from the other species
dataset it was transcriptionally more similar.
This test also confirmed that the similarity
between early born GABAergic neurons was
greater than the similarity between early born
glutamatergic neurons (Fig. 4J). Comparisons
by canonical correlation analysis (CCA) integra-
tion (66, 67) and single-cell regulatory network
inference and clustering (SCENIC) analysis (68)
of regulatory networks also showed greater tran-
scriptomic and TF similarities in the GABAergic
lineage (figs. S15 and S16). Although CCA inte-
gration depicted similarities between glutama-
tergic cells, this more coercive methodology
should be interpreted with caution. In the CCA
integration, mouse Cajal-Retzius cells and
several different glutamatergic and GABAergic
clusters of the chick pallium (cluster GLUT/
GABAY7 in fig. S16) are mistakenly clustered
together. Altogether, these analyses support
the notion that among taxa, the different de-
velopmental program of early born glutama-
tergic neurons is the blueprint of divergent
differentiation programs for these cells, as re-
flected by their different transcriptomes. On
the contrary, GABAergic cells are likely gen-
erated by a more conserved development pro-
gram, as reflected by the higher conservation
at the transcriptional level.

Rueda-Alafia et al., Science 387, eadp3411 (2025)

To support this possibility, we also checked
whether chick early born glutamatergic neurons
expressed the typical molecular signatures of
either upper-layer or deeper-layer neurons of
the mouse cortex (58). We identified that some
typical TFs and genes were expressed by one
or more chick clusters, but the combination of
those TFs typical of a cortical cell type was not
found in any chick cluster (Fig. 4K). This implies
that mouse and chick glutamatergic neurons
are not parallel cell types, and their diverged
developmental sequence reflects a major de-
viation of developmental programs leading to
different neurons. Thus, early born chick glu-
tamatergic neurons exhibit profound differ-
ences from their mouse counterparts across
multiple levels of comparison. Furthermore,
these chick neurons share no substantial sim-
ilarity with either upper- or deeper-layer cortical
neurons in mammals. This distinct divergence
strongly suggests that their transcriptional sig-
nature has evolved independently from both
mammalian types, underscoring a separate evo-
lutionary trajectory.

To understand how early born glutamatergic
neurons diverged in their maturing transcrip-
tome, we analyzed the transcriptomic devel-
opmental trajectories of these neurons. We
birthdated early cells (E4 in chick and E12 in
mouse) and applied BirthSeq 2 days after EQAU
administration. We then sequenced birthdated
cells comprising early differentiating neuro-
blasts and progenitors at intermediate pallial
neurogenesis (E6 in chick and E14 in mouse)
(Figs. 5 and figs. S17 to S20). We performed a
comparison of both species’ datasets: cell clus-
ter identification, integration of datasets, GSI
correlation, DE gene module analysis, and label
transfer. These experiments brought up three
main results. First, among the various cell types
sequenced, the strongest similarities were ob-
served between the neural stem cells of both
species, particularly the pallial RGCs, which
displayed a high degree of transcriptomic sim-
ilarity (Fig. 5). Although a population of mouse
intermediate precursor cells (IPCs) enriched in
Eomes expression was clearly identified, a com-
parable population in chicks remained elusive
(19). No transcriptomic equivalent of IPCs was
detected in the chick dataset, as indicated by the
absence of merged IPCs in the integrated data-
sets (Fig. 5G). However, when integration was
performed without the typical cell cycle correc-
tion (fig. S19), the ckGLUT-01e cluster included
a subset of cells that displayed some mouse
IPC characteristics. Additionally, we observed
cellular divisions away from the ventricular
surface, which are indicative of a germinative sub-
ventricular zone in the developing chick pallium
(fig. S19G). These findings suggest the presence
of IPCs with a previously uncharacterized trans-
criptomic profile in the chick pallium, although
their contribution to pallial neurogenesis ap-
pears substantially more limited than that of
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mammalian IPCs, as evidenced by the relatively
low abundance of chick IPCs. Second, GABAergic
cells showed the largest similarities between
specific neuronal types also during their differ-
entiation progress (Fig. 5, G to K). Third, and
finally, we observed that some transcriptomic
dissimilarities between glutamatergic cells are
determined early after birth date. Glutamater-
gic cells from both species showed transcrip-
tomic similarities related to the differentiation
of main glutamatergic type (TBR1, SLC17A6,
NEUROD genes) and a minor equivalence of
specific cell types. As described above, these di-
vergences are more pronounced between the
maturing neuron datasets. This implies that the
transcriptomic divergence is likely determined
very early in their development. In conclusion,
our scRNA-seq analysis of early born neurons of
the pallium showed substantial disparities be-
tween the transcriptomic programs of GABAergic
and glutamatergic neurons of both species. These
programs were mainly divergent between the
glutamatergic populations, whereas they were
deeply conserved between GABAergic neurons.

Distribution of early born chick pallial neurons

The locations of specific transcriptional cell
types within the chick pallium remain largely
unknown. To investigate and describe the dis-
tribution of these distinct cell types, we con-
ducted in situ sequencing (ISS) for genes that
identify early born neuronal clusters (Fig. 5
and figs. S21 to S23). Using 84: genes selected
from our scRNA-seq analysis, we examined their
expression at a cellular level in coronal sections
of three E15 chick brains. Many of these genes
were expressed exclusively in different telen-
cephalic sectors, enabling the identification of
various pallial territories and circuit stations
(Fig. 6A and fig. S21). A total of 911,495 cells
were sequenced and analyzed. By comparing
ISS reads to clusters identified through scRNA-
seq, we detected 660,117 neurons in the tissue
that matched our scRNA-seq clusters (Fig. 6B).
This correspondence was determined by the
expression of significant genes in the ISS data
(Fig. 6, B and C). Glutamatergic neurons were
found to be distributed in four clusters across
different pallial regions, exhibiting distinct gene
expression patterns and functions within the
pallial circuitry (Fig. 6, D and E, and fig. S23).
GABAergic interneurons also displayed differ-
ential distribution among four neuronal clus-
ters, with some spanning the entire pallium and
others being more restricted to specific regions
(Fig. 6, D and F, and fig. S24). The distribution
identified through this probabilistic cell typing
reflects that our scRNA-seq clusters correspond
to major types of developmental neurons,
but not all of those neurons were early born.

To identify the early born neurons among
these clusters, we used Neurogenes-ISS, a com-
bination of ISS and EAU birthdating (60). This
analysis provided information on the location

8 of 16

GZ0Z ‘9T SUNL UO S3.Je|NJSeAOIPIeD) SaUOIJeB1S9AU| 8P [eUOITeN 0J1UsD) Te BI0°90US 195 MMM//:SANY WO PaPe0 JUMOC



RESEARCH | RESEARCH ARTICLE

C % NOTCH1

NEUROD6

Early-born neurons of the chick pallium Early-born neurons of the mouse pallium
E4 > E6 Single cell RNA E12 > E14 — Single cell RNA
’ EdU labeling BirthSeq isolation sequencing & EdU labeling BirthSeq isolation sequencing
A
B D

I
GABAergic 4

o

o
of Nsmr | LHxa o | NEuroDe « | bLxs
] ] ] E]
7 e e

AP

GSI - All genes GSI - Transcription Factors
G H -
8 a 5 3 |
MOUSE g 3 5 2
= St % % H g o
RGCs Lt £ H £ £ .
ckRGCs ckRGCs o
0
CaphReZis Gy tamatergic | ' 0
) ¥ Lot ckGLUT 42
H Vo ] a4
. GABAergic ckGABA ckGABA el
4 : s
Cajal-Retzius Glutamatergic CHICK !
RGCs IPCS gy ’
, GSI - Transcription Factors
o @ Chick - -~
o ® Mouse CaphRezis G tamatergic I Progenitors Glutamatergic GABAergic
2 3 \ o @ @ ] @ o @ @ Q @Q o 2 2 @
2 N eABAerdic S EESEFTFREE S EE I REE ST
9 g 5 hoh ow b s 29 9 EE EEEE £ £ < & <
UMAP_1 o S 8 ¢ 6 ¢ a s a555555 5 & aada
; % ey GABAe & 0 6 6 Q9 9|3 5 3 3 3 d|le @ €« « =
G ergic € a ¢ cc & 0 45 0 0 0 O O0|ld 8 @ @ @
5% % %% 33 3|2 % 82 % B[22 @ 2 @
& 3 13 & E & £ £ = 3 E E E £ E & & E 0es

J 5 Differentially Expressed genes K Label Transfer
, Features <M Reference

progentirs Ghaatag

Fig. 5. Transcriptomic comparison of early born neurons and progenitors
between chick and mouse. (A to F) BirthSeq isolation of early born populations

2 days after EdU labeling in chick [(A) to (C)] and mouse [(D) to (F)]. Shown

in (A) and (D) is EdU staining of chick and mouse pallia at the moment of cell
isolation. CP, cortical plate; 1Z, intermediate zone; MZ, marginal zone; VZ, ventricular
zone. DAPI counterstain is in blue. Scale bars are 100 um. Shown in (B) and (E)
is a UMAP graph of the main types of chick (3131 cells, obtained from five embryos)
(B) or mouse (13,630 cells, obtained from six embryos) (E) early born pallial
populations. Shown in (C) and (F) are gene expression UMAP graphs of several key
markers for radial glial cells (NOTCHI), intermediate precursor cells (INSMI),
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glutamatergic neurons (NEUROD6), Cajal-Retzius cells (LHXI), or GABAergic (DLX5)
neurons in chick (C) or mouse (F). (G) UMAP graph of the Seurat integration
merging the two species datasets (randomly sampled to analyze equivalent cell
numbers: 3131 cells per species, 6262 cells in total). (H) Correlogram of gene
specificity indexes between pairs of main cell types of the two species. (I) Correlograms
of gene specificity indexes between pairs of clusters of the two species, considering
TFs only in the comparison. (J) Percentage of module expression for each cell
type (Top5 Marker Genes) on the other species cell types. (K) Label transfer analysis
of chick cells onto the mouse annotated reference. The graph depicts the proportion
of cells from a chick cluster that were assigned to a given mouse cluster.
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(A) Expression maps of four informative markers, chosen from a panel of 84 ISS
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caudale; ThR, thalamic recipient area. Scale bars are 500 um. (B) Examples of in situ
probabilistic cell type assignment for the neuronal clusters: For each cell (identified
using DAPI signal, in gray), a map of its associated transcripts was built, taking
into account the probability of gene coexpression derived from scRNA-seq data
(images). Based on its expression profile, each cell was then assigned a
probability of belonging to each one of the scRNA-seq clusters (pie charts).

(C) Heatmap comparison of the gene expression profiles, as detected by informative
genes in ISS, of the different cell clusters. (D) Anatomical distribution of the
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(E to H) Joint birthdating and transcriptional profiling of selected cell clusters:
Glutamatergic (E) and GABAergic (F) neuronal subclass distributions are shown
on two of the samples, together with a description of their characteristic
markers, anatomical distributions, and functional annotations (table). Of each
neuron subclass, the EdU-positive cells can be extracted and plotted separately
[(G) and (H)], allowing analysis of the distribution, across neuron types, of

the birthdated cells. This allows one to visually inspect the relationship
between birth date and cell identity. Analyzed sections were obtained from
three different embryos.

of early born neurons, which usually correlates
with their connectivity patterns as described
earlier. A fraction of the identified neurons with-
in these clusters (12.3%) were EdU-positive, indi-
cating that their generation occurred shortly

Rueda-Alafia et al., Science 387, eadp3411 (2025)

after EAU administration at E4. The proportion
varied across clusters (from 17.2% for ckGLUT-02
t0 5% for ckGABA-04)). Neurogenes-ISS facil-
itated the precise localization of early born
neurons, which, along with their known birth-

14 February 2025

date and transcriptomic identity (Fig. 6, G and H,
and figs. S22 and S23), indirectly allowed us to
describe their connectional role in the circuit.
The distribution of early born neurons ckGLUT-01
to ckGLUT-03 aligned with expectations within
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the circuit (EPall, APall), as well as within other
pallial territories, such as the hippocampal and
parahippocampal areas, the nidopallium cau-
dale, and the mesopallium (fig. S22). Early born
neurons in cluster ckGLUT-04, which showed
similarity to those in msGLUT-04 (Fig. 4 and
fig. S22), were primarily identified as mesopallial
cells, and thus, according to the literature, they
situated outside the canonical circuit (4, 69).
These neurons were indeed predominantly lo-
cated in the mesopallium and HPall, with some
sparsely distributed across parahippocampal re-
gions and the APall.

To compare early born neurons between spe-
cies, we performed equivalent Neurogenes-ISS
labeling of E12-generated mouse cortical neu-
rons (60). In addition, this analysis provided
insights into the specific projection pattern
of specific neuronal clusters. Most early born
cortical neurons settle in the deeper layers and
lateral areas of the cortices, becoming cortico-
thalamic, deep intratelencephalic neurons,
together with insular cortical, claustral, and
piriform cortical neurons (figs. S15A and S24).
Cajal-Retzius cells and several deep-layer cor-
tical glutamatergic clusters exhibited no tran-
scriptomic similarity to any chick glutamatergic
cells (Fig. 4), underscoring a fundamental dif-
ference in their transcriptional programs. Fur-
thermore, within all glutamatergic clusters, only
the integrator neurons of cluster msGLUT-04
showed any transcriptomic overlap with a chick
glutamatergic cluster. These integrator neurons
are primarily located in the deep layers of the
cortex and the claustro-insular area (fig. S24N),
and this singular overlap was independently val-
idated through whole-pallium single-cell tran-
scriptomic comparisons (70).

Early born chick GABAergic neurons exhib-
ited a preference for subpallial territories but
were also widely distributed throughout the
pallial territories (fig. S24). Early born GABAergic
PV-expressing neurons in the EPall, primarily
generated at E4 in chick (Fig. 1 and fig. S3),
were absent in our ISS analysis, possibly due to
their absence in our initial ScRNA-seq dataset.

Our analysis of the transcriptomics and distri-
bution of early born neurons in the pallium con-
firmed their expected presence across various
pallial regions. Within the circuit regions, glutama-
tergic neurons were identified as thalamic recipient
neurons and long-range output neurons, whereas
outside the circuit, they belonged to integrator
classes located in other pallial territories, such as
the hippocampal, mesopallial, and olfactory areas.

These results reveal fundamental differences
between early born neurons in the chick and
mouse pallium, spanning developmental, tran-
scriptomic, and distributional dimensions. Despite
originating from homologous RGCs, these neu-
rons follow divergent developmental programs in
each species, ultimately forming neuronal assem-
blies in nonequivalent stations of the pallial cir-
cuitry. This divergence underscores the distinct

Rueda-Alafia et al., Science 387, eadp3411 (2025)

evolutionary trajectories that shape pallial ar-
chitecture in birds and mammals.

Circuit analogy emerges from different
neurogenic programs

Although mouse and chick pallial circuits have
different development, they supersede similar
sensory processes (71). We used mathematical
modeling to elucidate the possible principles
for a potential functional convergence. Each
developing pallial circuit consists of a popula-
tion of neurons electrically coupled mostly by
immature synapses and volume signaling (72).
Although preferential connection may exist, cell
coupling within and between individual pallial
circuits is mostly diffuse (73-75). We thus hy-
pothesized that embryonic pallial wiring could
be described by a random block-structured ad-
jacency matrix J whose blocks describe specific
pallial regions and connections (Figs. 7, A and D).
In this framework, a neuron’s activity is modeled
by a smooth saturating nonlinearity of the sum
of the activity of surrounding cells weighted by
the connectivity in J (data S2)

In our model, we grew pallial circuits by pro-
gressively increasing the size of our matrix
blocks, adding neurons at fixed time stamps
based on the neurogenesis rates inferred from
our data (Fig. 7, B and E). The functional read-
out of this process is the emergence of scant
oscillations and chaotic activity reminiscent of
the spontaneous activity in developing pallial
areas that is observed experimentally (76) and
that is reflected by the growth of the disk of
the J eigenvalue spectrum beyond a value of
one (Fig. 7, C and F). Despite the divergent
neurogenic programs and structural differ-
ences, analogous values of coupling strength
can be found in both mice and chicks, result-
ing in the growth of the eigenvalue disk and in
the emergence of similar spontaneous activity
(Fig. 7G). This in turn suggests that neuroge-
nesis programs in the avian and mammalian
brain may have converged by evolutionary con-
straints for adaptation to equivalent functions.

To test this hypothesis, we looked at the spec-
tral energy S of the graph associated with the
growing matrix J (77). Such energy increases
with J randomness and is thus informative with
respect to the structure of developing pallial
circuits. As we permute the three neurogenic
programs among the pallial regions, we found
that both avian and mammalian circuits evolved
to maximize S (Fig. 7, H and I). The scaling of
S by neurogenesis indicates that an initial di-
verging trend between avian and mammalian
different neurogenic programs turns into con-
verging by birth, possibly through differential
amplification of telencephalic signaling cen-
ters that are shared in both taxa (Fig. 7J). This
again suggests that avian and mammalian
pallial circuits converged to respond to anal-
ogous structural and functional requirements
rather than being homologous.

14 February 2025

Discussion

For decades, there has been a heated debate
around identifying homologies between the
mammalian-specific neocortex and that of other
vertebrates. Various studies suggest the exis-
tence of such a homology, based either on gene
expression patterns observed in embryonic brains
(16, 17) or on neuronal connectivity patterns
(14, 15) found in adult brains. In this work, we
tackled the debate from alternative views, re-
searching the developmental formation of the
neurons of the pallial circuitry from neurogenic,
transcriptional, and mathematical perspectives.
Altogether, we demonstrate that the neurons
of the circuits in charge of high-order sensory
processing have evolved separately in differ-
ent vertebrate taxa and have likely converged
into equivalent circuits with potential similar
functions.

In our analysis, we operated under the as-
sumption that conserved traits must also exhibit
equivalence in their developmental programs.
Conserved homology, in this context, implies the
sharing of a developmental feature that origi-
nated from a common ancestor, as discussed in
a previous work (19). Accordingly, although alter-
native views regard cells with equivalent tran-
scriptomes as homologous, regardless of their
divergent developmental origin (69), we rather
considered these cells—in the rarely documented
occasions—as convergent instead (79). In the case
of the pallium, our assumption was grounded in
the belief that the last common ancestor of am-
niotes already possessed such a structure (78).
If the circuits of present-day species were truly
conserved and homologous, we would expect
them to inherit the same developmental pro-
gram from topologically conserved regions
that were already present in the pallium of
the last common ancestor. The topological dif-
ference between neocortical and DVR circuits
alone might not fully exclude the possibility of
their homology, because the evolutionary dif-
ference of dorsal and ventral domains is not
accepted by all researchers in the field (44).
Neurogenic timing needed to be considered.
In a rare possibility, ventral and dorsal circuits
might develop under similar neurogenic rules.
This could suggest the existence of a conserved
homologous circuit derived from a potentially
unified, homogeneous pallium in the last com-
mon ancestor. To exclude this possibility, our
hypothesis incorporated both the topological
origin and the neurogenic timing. This dual
consideration strengthens our argument for
divergent evolutionary pathways, rather than
a simple homologous inheritance, and has al-
ready proven valid when applied to other dis-
tinct brain territories. Recently, through the
utilization of the same birthdating techniques
across multiple amniote species, we have dis-
covered that the cerebellar circuitry develops
following a tightly conserved chronological se-
quence of neurogenesis, which is responsible
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for the preservation of the cerebellum and its
function (25). It is this developmental conser-
vation that causes evolutionary conservation.
The fact that the pallium develops its circuitry
in several different ways strongly supports a
nonhomologous character of the amniote pal-
lial circuits.

Other research aimed to identify the sequen-
tial development of the pallium of birds, and
our results align and expand those findings
(10, 28, 29). Tsai et al. (28) demonstrated neuro-
genesis in the chick telencephalon through di-
rect birthdating, but their tools did not analyze
cell type or evolution. Suzuki and Hirata (29)
analyzed mesopallial and hippocampal neuro-
genesis but excluded the nidopallium, EPall,
APall, and HPall. Chen et al. (10) described gene
marker expression in pallial regions, but their
data did not directly address the timing of neu-
ron generation, resulting in different findings
from ours. The most substantial differences
emerge with the Jarvis continuum hypothesis
(10, 44, 79). Chen et al.’s data place the meso-
pallium in their 3° pallium as the last to be gen-
erated, whereas our analysis and others (28, 29)
show that the mesopallium is generated through-
out the neurogenic window. These differences
stem from the use of different methodologies.
For example, our results and those of Tsai et al.
(28) demonstrate that the earliest pallial neu-
rons formed in the EPall, but Chen et al.’s (10)
gene marker expression of RORB is detected
much later in the neurogenesis timeline. Our
results on birthdating do not contradict the
dorsal and ventral similarities described by the
continuum hypothesis (44, 79), which are col-
laterally supported by our ISS data and were
corroborated by snRNA-seq (70).

Another crucial factor supporting the diver-
gent developmental nature of these circuits in
amniotes is represented by the substantial dif-
ferences in their progenitor cells. Although
pallial RGCs show similarities between the
two species, their neurogenic behaviors are
different, along with differences in ventral ver-
sus dorsal gene expression features (33). These
differences occur not only at the anatomical
level but also at the progenitor cell type level.
In mammals, the neocortex is generated in
the DPall from multipotent RGCs (34, 80, 8I).
However, in birds, the proposed homologous
circuit develops in the VPall, which is a dis-
tinct pallial territory that predominantly gives
rise to the amygdala and olfactory structures
in mammals (35, 38). Progenitors in the VPall
exhibit transcriptomic differences from those
in the DPall, reside in distant regions of the pal-
lium, and are not evolutionary equivalents (16).

Neural stem cells in charge of generating the
neurons of the circuits also differ with respect to
their neurogenic potential. In birds, no single
progenitor can generate all the neurons of the
DVR circuit. Through electroporations that re-
veal whole-cell lineage and neuronal migration
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in chicks, it has been demonstrated that proge-
nitors in the VPall can generate neurons for
either the EPall and dNPall, or the APall (35, 82).
Therefore, at least two differentially located pro-
genitors are necessary to assemble a functional
circuit. This crucially differs from mammals,
in which a single RGC is capable of generating
each and all the different types of neurons of
the cortical circuitry (34, 80, 81). Additionally,
at intermediate stages of pallial neurogenesis
in chicks (i.e., around E6), only a small pro-
portion of pallial division happens in the sub-
ventricular zone, and its constituent progenitors
are not transcriptomically similar to mouse IPCs
despite EOMES expression. At the equivalent
neurogenic time point in mouse cortical neuro-
genesis (E14: in mouse), IPCs reach their peak
population (83, 84). These facts point to dif-
ferences in the direct and indirect neurogenic
pathways, a feature previously referred to as
an evolutionary difference between sauropsids
and mammals (85). Hence, the cellular trajec-
tory of early born pallial neurons in birds dif-
fers from that of mammals at all the examined
levels, which led to transcriptomic differences
in these early born populations. It is likely, though,
that IPCs play a more relevant role in avian pal-
lial neurogenesis later in development, as shown
in a parallel study after a complete description of
the developing cell types in the chick pallium
(70). This difference in IPCs adds to the observed
lack of Cajal-Retzius cells in the pallium of chick
[as in (35)], suggesting substantial divergences
in pallial neurogenesis across amniotes (19).

Altogether, our data show an early transcrip-
tomic divergence of glutamatergic cell types be-
tween chick and mouse as early as 2 days after
their generation. Although our research may be
limited by its focus on developmental brains
and the specific early stages analyzed using
BirthSeq, our findings are likely robust insofar
as they fully match equivalent comparisons con-
ducted in mature, adult brains, which included
all cell types regardless of their birthdate. The
divergence of glutamatergic profiles is further
supported by two independent studies that
used different methodologies across develop-
ing, posthatching, and adult chicks (70, 86). In
addition, these studies, along with some of our
own ISS data, highlight gene expression sim-
ilarities at the single-cell level between dorsal
and ventral domains, as proposed by the con-
tinuum hypothesis (10, 44, 79). However, these
similarities do not indicate a shared develop-
mental trajectory between the two domains
nor can they be explained by tangential migra-
tion from pallial sources (35). Instead, they
point to a late convergence of transcriptional
profiles (70, 86), reinforcing the idea that diver-
gent developmental programs shape glutama-
tergic cells.

Our data, as well as those described in (70, 86),
suggest a very different scenario for GABAergic
cells, that is, a strong conservation of GABAergic
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pallial neurons. The developmental formation
of interneurons follows equivalent sequences
of neurogenesis (10, 44, 79), and transcriptomic
analyses also show similar molecular finger-
prints of these GABAergic populations. The con-
servation of GABAergic neurons of the pallium
has now been shown to be similar in many dif-
ferent taxa. This conservation was, as stated
before, demonstrated by similarities in devel-
opmental lineage and transcriptomic profiling.
The vertebrate groups tested by transcriptomic
comparison have been turtles (11), lizards (59),
amphibians (40, 87), and the distant group of
cyclostomes (lampreys), which are jawless ver-
tebrates (39). The results on all these species
were the same: Homologous populations of
GABAergic interneurons are generated in the
SPall, migrate tangentially into the pallium, dif-
ferentiate into interneuron subtypes of equiv-
alent transcriptomic profile, and contribute
to the function of pallial circuits. This strong
conservation suggests that the modulatory
function of GABAergic inhibition plays a fun-
damental role in pallial sensory circuits, a role
that showed a low evolvability, likely due to its
relevance. Further investigation into the molec-
ular mechanism and the functional relevance
behind this dual evolution of pallial circuits (di-
versified glutamatergic cells versus conserved
GABAergic cells) is warranted.

We speculate that the functional similarities
between pallial circuits might be explained by
parallel convergent evolution, which limited
the formation of the circuits under efficiency
restrictions. Many species evolve in the same
environment, under the same physical rules,
and are driven by the same optimization con-
straints. As an alternative scenario to the con-
vergence, neurons in these circuits might not
have evolved separately to converge into sim-
ilar circuitries but were already present in the
pallium of a common amniote ancestor. In this
scenario, the development of the circuit would
have been canalized and fixed in evolution
(88, 89) owing to its functional importance,
although its developmental formation might
have been more flexible and divergent. How-
ever, we support convergence as the more par-
simonious scenario. The developmental changes
that we have described likely had a profound
impact on both the fate of neurons and the struc-
ture and function of the circuits they form. To
our knowledge, no other brain circuit pres-
ently regarded as homologous exhibits such a
marked divergence in foundational features
across species. In the unlikely scenario that
these circuits were indeed homologous and
conserved, we would expect them to share sim-
ilar functional and developmental character-
istics across vertebrate species. Although the
existence of trisynaptic circuits in the DPall of
teleost fish was initially proposed (90, 91), sub-
sequent research has failed to confirm these find-
ings, and no such circuits have been described in
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amphibians. This absence of evidence strongly
suggests that these circuits may have originated
separately in different vertebrate lineages. Al-
though our methodology cannot definitively rule
out homology, the lack of supporting evidence
for a conserved origin—coupled with the clear
developmental divergence we have observed—
strongly argues against the existence of such
homology. Ultimately, the pattern of divergence
we have documented suggests that the circuits
in question have distinct evolutionary origins,
and the evidence for homology may simply
never be found. Further research, particularly
on aspects of circuit formation such as axonal
growth and synaptogenesis, would be needed
to provide more definitive insights into circuit
evolution.

‘Whether conserved or convergent circuits, the
functional similarities among them imply that
functionality limits diversity, at all biological
levels. This is the case for circuit evolution as
well, because circuits may act in similar ways
in different species: The shared function of in-
dependent circuits limits the diversity of them.
We speculate that, following this argument,
pallial circuits are more efficient and optimal
when arranged in this known fashion (74), and
brain circuits selected after millions of years
of evolution display limited diversity prob-
ably because they evolved under the same
optimization criteria (77). It is likely that con-
vergent evolution sculpted the formation of
the components of the sensory circuits in am-
niote species.

Methods summary
Animal use

All animal experiments were approved by a
local ethical review committee and conducted
in accordance with personal and project licenses
in compliance with the current normative stan-
dards of the European Union (Directive 2010/
63/EU) and the Spanish Government (Royal
Decrees 1201/2005 and 53/2013, Law 32/107). All
mice and gecko embryos were from our breeding
colonies at Achucarro Basque Center for Neuro-
science and the University of the Basque Country
(UPV/EHU). Fertilized chick eggs were purchased
from Granja Santa Isabel (Spain)

Birthdating

Pregnant mice and sauropsid embryos were
injected with EQU at the experimental time
according to specific protocols for each species
(25). Upon completed neurogenesis, neuron
migration, and cell differentiation, animals
were later sacrificed at the research time fol-
lowing standard anesthesia protocols. The brains
were dissected and processed for subsequent
experimentation.

Immunohistochemistry and EdU labeling

Brains were fixed with 4% paraformaldehyde
(PFA, diluted in 0.IM phosphate buffered saline

Rueda-Alafia et al., Science 387, eadp3411 (2025)

(PBS), pH 7.3) and sectioned in a vibrating mi-
crotome at thicknesses of 50 to 70 um. Single
and double immunohistochemical reactions were
performed as described previously (92) using a
series of commercial primary and secondary
antibodies. EAU molecule was later revealed
after the Click reaction with the commercial EQU
Click-It kit (ThermoFisher).

Retrograde axonal tract tracing

NBT electroporation was used for retrograde
and anterograde neuronal tracing in gecko em-
bryos (stages E45 to E60). A 5% NBT solution
in phosphate buffer was injected into target
regions—such as the rotundus, medialis, and
dorsal thalamic nuclei or the dorsal ventric-
ular ridge and dorsal cortex—to label sensory
circuits. Injection used artificial cerebrospinal
fluid (aCSF) with controlled ionic composition,
and electroporation (200 unipolar pulses, 50 V)
facilitated tracer entry through axonal mem-
branes. After tracing, brains were cultured in
oxygenated aCSF for 24 hours, fixed with 4%
PFA, and processed for immunohistochemistry
using streptavidin Alexa Fluor 488 to visualize
NBT distribution.

BirthSeq

Isolation of birthdated cells for scRNA-seq was
performed as previously described (60). Briefly,
chick and mouse embryos were birthdated at
early neurogenic timepoints (E4 or E12, respec-
tively) and sacrificed either 2 or 11 days after
EAU injection. Birthdated cells were sorted by
fluorescence-activated cell sorting from El4
mouse embryos, P3 mouse postnatal pups, and
E6 and El15 chick embryos and were prepared
for single-cell capture of cells on 10X Genomics
platform.

Data integration and clustering

The sequenced FASTQs were aligned and de-
multiplexed with 10X CellRanger v6.0.2. After-
ward, data matrices were imported to R (v4.1.0),
where Seurat (v4.1.0) (66) was used to further
analysis. Cell cycle and mitochondrial percen-
tages were both corrected through the Scale-
Data() function for cluster identification and
SCTransform() for cross-species comparisons.
The initial atlases were generated with subtle
modifications of Seurat default parameters
and functions at several low and high reso-
lutions. To identify cell types, differential gene
markers and scientific literature [in situ hy-
bridization databases, our own experiments,
and single-cell equivalent experiments from the
literature (58, 93-95)] were used. This process
was followed again after nonneural cells were
subset to obtain the final neural atlases. These
atlases were used for cross-species compar-
isons filtered by one-to-one orthologs (based on
biomaRt tables, Ensembl) with the four com-
plementary statistical analysis methods: multi-
species integration, cluster-specific DE module
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expression analysis, GSI correlation (1), and
label transfer (67) (see supplementary materials
and methods for details).

In situ hybridization

Gecko embryonic brains were fixed in PFA for
10 to 20 hours and subsequently cut in a vibrat-
ing microtome in 50-um-thick sections. M13
forward (5'GCCAGGGTTTTCCCAGTCAC3') and
M13 reverse (5GGAAACAGCTATGACCATGS")
primers were used to obtain the fragments from
our cloned genes that were used to get ribo-
probes. Sense and antisense digoxygenin-11-
UTP-labeled (Roche) riboprobes were synthesized
according to the detailed procedures previous-
ly described (96).

In situ sequencing

Brains were processed according to the direct
RNA ISS method published in (97). Imaging was
performed by a cyclic combinatorial labeling
strategy as described in (98). After the last round
of combinatorial imaging, the probes were
stripped and EAU was labeled using a cross-
reactive BrdU antibody. The acquired images
were processed, denoised, and decoded using
the scripts from (97) and deposited at https://
github.com/Moldia/Lee_2023. The decoded
gene expression data were assigned to individ-
ual cells based on close proximity to the nearest
4/,6-diamidino-2-phenylindole (DAPI) signal,
using StarDist as a segmentation method (99).
Cell-by-gene expression data were filtered to
remove cells with low read counts or suspected
doublets and then were integrated with the
scRNA-seq datasets using probabilistic cell
typing (100). The DAPI-based segmentation
mask generated by StarDist was applied to
the EAU images, and the staining intensity
was extracted for each nucleus, as described
in (60).

Mathematical models

Random continuous Hopfield networks of N =
4000 neurons for mouse and 2N neurons for
chick were created, representing pallial circuits
at birth (end of E18 for mouse, end of E10 for
chick). Connections were randomly wired with
probability (p = 0.6) and weights distributed by
Normal (0, g,) and Normal (0, g,) for intra- ver-
sus interregion connections, respectively (g, =
3.0, g, = 1.5). Neurogenesis was modeled back-
ward in time by random neuron removal based
on a Poisson process with region-specific time-
dependent rates obtained by spline fitting of
experimental data (see data S2 for details). Anal-
ysis of the leading eigenvalue followed (101).
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