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Deciphering how cortical architecture evolves to drive behav-
ioral innovations is a long-standing challenge in neuroscience
and evolutionary biology. Here, we leverage a striking behav-
ioral novelty in the Alston’s singing mouse (Scotinomys teguina),
compared to the laboratory mouse (Mus musculus), to quantita-
tively test models of motor cortical evolution. We used bulk trac-
ing, serial two-photon tomography, and high-throughput DNA
sequencing of over 76,000 barcoded neurons to discover a spe-
cific and substantial expansion (~200%) of orofacial motor cor-
tical (OMC) projections to the auditory cortical region (AudR)
and the midbrain periaqueductal gray (PAG), both implicated
in vocal behaviors. Moreover, analysis of individual OMC neu-
rons’ projection motifs revealed preferential expansion of ex-
clusive projections to AudR. Our results imply that selective ex-
pansion of ancestral motor cortical projections can underlie be-
havioral divergence over short evolutionary timescales, suggest-
ing potential mechanisms for the evolution of enhanced cortical
control over vocalizations—a crucial preadaptation for human
language.
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Introduction

The origins of diverse behavioral traits have fascinated bi-
ologists for centuries. Such behavioral diversity prompts an
essential question in neuroscience: How are neural circuits
modified over evolutionary time to generate novel behaviors?
The role of neocortex, which is a defining feature of mam-
malian brain evolution, is particularly relevant for behavioral
innovations [1-4]. The overall organizational plan of the cor-
tex is strikingly conserved; however, this gross similarity be-
lies the species-specific cellular and circuit modifications that
underlie the enormous diversity of behaviors among mam-
mals [5]. Deciphering the rules by which cortical architec-
ture evolves is key to understanding how it drives behavioral
innovations.

Multiple models of how brains evolve at different spa-
tiotemporal scales have been proposed [6-14]. Over long
timescales, cortical evolution is likely fueled by changes in
the absolute or relative sizes of the cortical fields [15] as
well as changes in numbers, composition and spatial distri-
bution of cell-types [16, 17]. Substantial evidence exists for
each of these models: the primate cortex compared to that
of a rodent shows a massive expansion in cortical field sizes
[18, 19], increased dendritic arborization [20, 21] and even
a novel interneuron cell-type not found in mice and ferrets
[22, 23]. Beyond such changes in brain architecture, other

influential models predict that modified long-range connec-
tivity among existing brain regions can lead to functional di-
vergences [9, 24-26]. These processes can lead to species-
specific novel connections not seen in the ancestral circuit
or quantitative changes in preexisting projections. However,
these evolutionary models of inter-areal cortical connectiv-
ity have not been tested quantitatively and in general, mecha-
nisms concerning rapid behavioral divergence remains poorly
understood.

The paucity of empirical data to test these models is par-
tially due to technical challenges. Current neuroanatomi-
cal methods involve trade-offs between resolution and scal-
ability. Bulk viral tracing of projection patterns can detect
novel projections [24, 26, 27] but does not provide quan-
titative analyses of projection collaterals. At the other ex-
treme, electron-microscopy based connectomes [28—32] pro-
vide sub-cellular resolution but remain difficult to scale up
for cross-species comparisons in vertebrate brains. Testing
models of cortical circuit evolution would require a quantifi-
able behavioral divergence in a closely-related species, an a-
priori knowledge of a behaviorally-relevant cortical region,
and a technique for high-throughput mapping at single cell
resolution in many individuals. Therefore, using a striking
behavioral novelty in the Alston’s singing mouse (Scotinomys
teguina) compared to the laboratory mouse (Mus musculus),
we set out to quantitatively test models of motor cortical evo-
lution using high-throughput barcoded projection mapping of
thousands of neurons across multiple animals.

Our focal species is the Alston’s singing mice (Scotino-
mys teguina) — a neotropical, cricetid rodent, emerging as a
mammalian model system for studying neural mechanisms
of vocal communication [33]. Singing mice produce long,
stereotyped, human-audible songs [34—37] that are used for
antiphonal (i.e., call-and-response) interactions that exhibit
some parallels with human conversational turn-taking [38-
41]. Our previous work, using electrical stimulation, phar-
macological inactivation, focal cooling, and chronic sili-
con probe recordings, has demonstrated that this vocal turn-
taking behavior is critically dependent on the orofacial mo-
tor cortex (OMC) [37, 42]. Crucially, lab mice (Mus muscu-
lus), separated from singing mice by around 25 million years
[43, 44] (Fig. 1a), produce ultrasonic vocalizations (USVs)
and there is no clear evidence for turn-taking [41, 45, 46].

In what follows, we first describe that the singing mouse
has evolved a novel vocal mode (songs), while retaining
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ultrasonic vocalizations (USVs) ancestral to rodents. We
then utilize the motor cortex-dependent vocal behavior in the
singing mouse and lack thereof in the lab mouse [47, 48] to
quantitatively test models of motor cortex evolution. Us-
ing bulk tracing, serial two-photon tomography, and high-
throughput DNA sequencing of thousands of barcoded neu-
rons, we discover selective expansion of OMC projections
in the singing mouse to two specific downstream targets: an
auditory cortical region (AudR) and the midbrain periaque-
ductal gray (PAG). Our results suggest that large behavioral
divergences over short evolutionary timescales may not re-
quire drastic modifications in brain architecture but may in-
stead proceed by modifying statistics of long-range projec-
tion patterns.

Results

We began by quantifying the phenotypic (behavioral) diver-
gence between the two rodent species in identical contexts.
We paired adult conspecifics of opposite sex (n = 3 pairs
singing mice, 5 pairs lab mice) and allowed them to interact
freely in a behavioral chamber for one hour while continu-
ously recording their vocalizations. This paradigm elicited
robust vocalizations in both species (n = 13,813 singing
mice vocalizations and 8,385 lab mice vocalizations) allow-
ing quantitative assessment of their acoustic features. Con-
sistent with previous reports, we found that lab mice produce
USVs in this affiliative behavioral context (Fig. 1b-d, Sup-
plementary Movie 1).

In comparison, singing mice vocalizations showed two dis-
tinct clusters (Fig. 1b-d, Supplementary Movie 2). One
cluster consists of loud, stereotyped, song notes while the
other cluster corresponds to quieter, more variable vocaliza-
tions. The louder notes follow a stereotyped temporal se-
quence over many seconds (i.e., songs, Fig. S1). We pre-
viously showed that songs are used for vocal turn-taking,
requiring auditory-motor coupling mediated by the orofa-
cial motor cortex [37]. In contrast, the quieter cluster over-
laps with the corresponding USV cluster from the lab mice
(Fig. 1c,d). Given multiple reports of USVs in a variety
of rodent species [45, 49] (including murid species such as
mouse/rats [50] and gerbils [51]; other cricetid species such
as Peromyscus [52], golden hamsters [53]; and others such
as guinea pigs [54]), we infer that the USVs represent a vo-
cal mode present in the common ancestor of most rodents.
This suggests that the singing mouse has evolved a novel vo-
cal (song) mode that is loud, temporally patterned, and used
for vocal interactions [36, 37, 55], while retaining the ances-
tral USV mode. The stark difference between the two rodent
species — specifically motor control for temporal patterning
of songs and audio-motor coupling for turn-taking — sets the
stage for investigating how orofacial motor cortical circuits
might differ in the singing mouse compared to the lab mouse.

Building upon previous functional results [37, 42], we
wondered whether species-typical differences in vocal behav-
iors between the lab and singing mouse arise from differential
projection patterns of OMC neurons. We tested three alterna-
tive models for wiring changes that would result in differen-
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tial neural circuit function. First, OMC neurons in the singing
mouse could project to novel target regions not seen in the
lab mouse (Model 1, Fig. 2a, left). Alternatively, OMC neu-
rons could project to the same brain regions in both species,
but differ in the strength of innervation within target regions
(Model 2, Fig. 2a, middle). Finally, neurons could project to
the same brain regions in both species, but differ in the prob-
ability that a neuron projects to target brain region (Model 3,
Fig. 2a, right).

To test the hypothesis that novel projections exist from
OMC in either species, we first measured bulk axonal projec-
tion patterns. We injected AAV2.9-CaMKII-tdTomato into
the OMC of lab and singing mice (N=3 for each species)
and used serial-two photon tomography (STPT ,[56]) to ob-
tain an unbiased map of OMC projections throughout the
whole brain. Lab and singing mouse brains look nearly iden-
tical in gross morphology as illustrated by three represen-
tative coronal sections (Fig. 2b, Supplementary Movie 3
and 4). We found no significant difference in the overall
volume or allometric scaling of OMC or other brain regions
among these two species (Fig. 2c¢). Relying on this gross
morphological similarity, we aligned all brains to a reference
singing mouse brain and compared fluorescence distributions
(Methods, Fig. 2d-f, Fig. S2-S3). We found that OMC
neurons from both species target the same downstream re-
gions (Fig. 2f, Supplementary Movies 3 and 4) and match
the previously reported motor cortical connectivity in the lab
mouse [57, 58]. Thus, we conclude that overall brain archi-
tecture and projection patterns of OMC neurons are qualita-
tively similar between the two species.

In the absence of novel projections, we next wondered
whether the anatomical differences between species exist at
the single-cell level. While the bulk axonal tracing experi-
ment can map brain-wide projection patterns, the technique
cannot resolve quantitative differences in single-neuron pro-
jection patterns. Therefore, we employed Multiplexed Anal-
ysis of Projections by Sequencing (MAPseq) to map the pro-
jection targets of hundreds of motor cortical neurons simulta-
neously at single-cell resolution [61]. MAPseq experiments
involve uniquely tagging hundreds or thousands of neurons
with distinct RNA barcodes through injection of a diverse li-
brary of barcoded Sindbis virus. The barcodes are expressed
and then actively transported into the axonal processes of
each labeled neuron. Target regions identified in bulk trac-
ing (Methods, Fig. 2f, Fig. S4-S5) are then dissected, and
barcodes are extracted and analyzed by high-throughput bar-
code sequencing (Fig. 3a). The abundance of each barcode
sequence (i.e., expression level) in each area serves as a mea-
sure of the extent of axonal processes of a given cell in a
specific target region. MAPseq has been repeatedly validated
in multiple studies using multiple methodologies (see Meth-
ods, [61-67]) but has not been used to test models of neural
circuit evolution. MAPseq’s high-throughput and single-cell
resolution make it ideally suited to probe quantitative differ-
ences in brain-wide projection patterns across species.

Using MAPseq, we were able to recover thousands of
single-neuron projection patterns in singing and lab mice
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Fig. 1. Behavioral novelty in the singing mouse. (a) Phylogenetic relationship of the two focal species: singing mouse and lab mouse, which diverged around 25 million
years ago (mya) [43, 44]. (b) Example spectrogram of singing mice (fop) and lab mice (bottom) vocalizations during male-female social interaction. Orange and blue colored
bars mark the duration of each vocalization for the two species. (¢) Vocalizations plotted in the acoustic space defined by note duration and amplitude from a single pair
of singing mice (left) and lab mice (right). (d) Summary of vocalizations from multiple animal pairs (n = 3 pairs singing mice, 5 pairs lab mice). Contours represent areas
containing 95% of all notes. Singing mice display two vocalization types (left, USV note duration range: 18.5 - 98.5 ms, normalized amplitude range: -71.3 - -54.5 dB.,
n=11,767 notes; song note duration range: 19.5 —72.7 ms, normalized amplitude range: -28.3 - -6.8 dB, n=2,046), while lab mice only display a single vocalization type (right,
USV note duration range: 7.5 — 134.0 ms, normalized amplitude range: -71.7 - -55.5 dB, n=8,385). Ranges represent 5" and 95" percentile values.

(Fig. 3b, n= 5,114 neurons from 7 singing mice; n=71,704
neurons from 5 lab mice). The expression level of barcodes
within infected neurons was similar between species, indicat-
ing comparable sensitivity, although the number of recovered
unique barcodes per animal differed (normalized barcode ex-
pression: M.mus=0.04+0.02 vs S.teg=0.13+0.04; unique bar-
codes per animal: M.mus=14000£2500, S.teg=700£100; Fig.
S6, see Methods). Analysis of the MAPseq projection pat-
terns confirmed earlier reports of three major excitatory cor-
tical neurons: intratelencephalic (IT) neurons, which project
within the cortex and to the striatum, corticothalamic (CT)
neurons, which project from the cortex to the thalamus, and
pyramidal tract (PT) neurons, which project from the cortex
to the midbrain and brainstem (Fig. 3b, [57, 68]).

In the absence of qualitative differences, we tested the hy-
pothesis that the OMC neurons project to the same brain re-
gions in both species, but differ in the strength of innerva-
tion within target regions. To determine this, we compared
normalized barcode expression per neuron (see Methods)
across areas and between species (Fig. 3c-e). Barcode ex-
pression per neuron is proportional to the total axonal vol-
ume within the target region much like a fluorescent protein
(e.g., GFP) used in conventional anatomical tracing experi-
ments [62, 67]. We did not find any brain region with signifi-
cant differences in the median barcode expression per neuron
(Fig. 3e). Therefore, we conclude that there are no significant
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differences in the strength of innervation of OMC neurons to
downstream target regions between the two species.

Finally, we tested the hypothesis that the species differ-
ence lies in the probability of OMC neurons projecting to
downstream target brain regions. Therefore, we calculated
the proportion of OMC neurons that project to specific tar-
get regions within each major cell-type (e.g., IT cell for cor-
tical projections; Fig. 3f-h). Consistent with previous re-
ports [57, 68], we found that IT neurons from OMC project
heavily to the striatum (p(STR) = 0.91+0.02) and contralat-
eral OMC (p(OMCc) = 0.78+0.04), while the PT neurons
have strong projections to many regions including the pon-
tine gray (p(PG) = 0.66+0.03), substantia nigra (p(SNr) =
0.50+0.10), and many other subcortical brain regions. For
most brain regions (9 out of 11, 82%), we observed no dif-
ferences in projection probability of IT or PT neurons be-
tween the two species. The observed differences were in
one IT target (AudR, including primary and secondary au-
ditory cortex) and one PT target (PAG, periaqueductal gray).
The projection probability of OMC IT neurons to AudR is
significantly higher (180%) in the singing mouse compared
to the lab mouse (lab mouse: 0.05%£0.05, singing mouse:
0.14+ 0.06, p=0.03 Mann-Whitney U test). Similarly, 40%
of all OMC PT neurons in the singing mouse projects to the
PAG compared to only 12% in the lab mouse, representing
a significant (233%) increase in projection probability (lab
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Fig. 2. Testing models of motor cortical evolution. (a) Three possible models by which orofacial motor cortex (OMC) projections can differ between the two species.
(b) Comparison of gross anatomical structure of matched brain slices from both species. (c¢) Volume comparisons of selected brain regions in lab mice vs. singing mice.
(d-e) Testing novel OMC projection targets by viral tracing of axonal projections. Targeting of the homologous OMC regions in both species based on previous studies and
overlay of OMC viral spread in singing mice (/eft, n = 3) and lab mice (right, n=3). Asterisks mark the center of the injection sites (lab mice: [59, 60]; singing mice: [37]). (f)
Comparison of brain-wide fluorescence distributions of OMC axonal projections across matched coronal sections from both species. For full dataset, see Fig S2 and S3.
Abbreviations: cortex (CTX), contralateral orofacial motor cortex (OMCc), striatum (STR), auditory region (AudR), thalamus (TH), substantia nigra (SNr), amygdala (AMY),

superior colliculus motor (SCm), periaqueductal gray (PAG), pontine gray (PG).

mouse: 0.12+0.14, singing mouse: 0.40+0.12, p=0.03 Mann-
Whitney U test; Fig 3h). We verified that this effect did not
depend on the sampling bias by matching the number of neu-
rons from both species (bootstrap down-sampling from the
lab mouse dataset, Fig. S7). In summary, we find a signif-
icant expansion of OMC projections to an auditory cortical
region (AudR) and the midbrain PAG in the singing mouse,
whose impairments cause specific deficits in vocal communi-
cation across a variety of mammalian species [69—74].

So far, we have shown significantly higher projection prob-

abilities of OMC neurons to PAG and AudR in the singing
mouse. While this characterizes OMC projections at the
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population-level, it does not describe the single-neuron pro-
jection patterns underlying these differences (Fig. 4a). Each
neuron has a characteristic projection pattern in a space de-
fined by the number of target regions. For example, an OMC
IT neuron in our dataset projecting to potentially three down-
stream targets can exhibit any one of seven possible motifs
(23-1 = 7), constituting its full projectome. The total num-
ber of all PT motifs in our dataset is substantially larger (28-
1 = 255) making it infeasible to enumerate all the individ-
ual motifs. Therefore, we restrict our subsequent analyses
to the OMC IT neurons. Specifically, we ask, what is the
logic of single neuron level projection patterns underlying the
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Fig. 3. Using MAPseq to test models of projection pattern divergence between lab and singing mice. (a) Experimental strategy for high-throughput, single-cell
resolution neuroanatomy using molecular barcoding. A Sindbis virus library of unique RNA barcodes are expressed in OMC neurons of each species. Injection sites and
target regions are dissected and RNA from each dissected region is extracted and sequenced. (b) Single-cell projection patterns of a representative 1000 neurons from an
individual lab mouse (left) and singing mouse (right) of each species showing the major excitatory cell types: IT (green), CT (gray), and PT (purple). Three example (i-iii)
single-cell projection patterns of OMC neurons from both species (bottom). (c) Testing the innervation model by comparing the distribution of barcode expression per neuron
within each target region. (d) Normalized barcode expression per neuron for individual lab mice (N=5) and singing mice (N=7) are plotted for four selected brain regions.
Averages over all individuals with solid lines corresponding to mean and transparent regions corresponding to SEM (OMCc: M.mus=0.50£0.12, S.teg=0.73+0.22, p=0.76;
AudR, M.mus=0.13+0.02, S.teg=0.11+0.02, p=0.11; SNr, M.mus=0.24+0.06, S.teg=0.24+0.07, p=0.76; PAG, M.mus=0.16+0.04, S.teg=0.31+0.12, p=0.76; Mann-Whitney
U test). (e) Volcano plot of the negative logarithm of the p-value plotted against the fold change of normalized barcode expression between the two species. No significant
differences in the strength of innervation were found within any target region. IT regions are marked by green circles and PT regions are marked by purple diamonds. (f)
Testing the projection probability model by calculating the proportion of OMC neurons that project to each downstream brain region. Proportions were calculated within
the major cell types (e.g. AudR among IT cells, PAG among PT cells). (g) Projection probability of OMC neurons to select downstream brain regions. Each data point is
an animal and colors indicate species. Solid square and vertical line denotes mean and SEM respectively. (OMCc: M.mus=0.78+0.04, S.teg=0.82+0.03, p=0.43; AudR,
M.mus=0.05+0.02, S.teg=0.14+0.02, p=0.03; SNr, M.mus=0.50£0.09, S.teg=0.49+0.07, p=1.00; PAG, M.mus=0.12+0.06, S.teg=0.40+0.07, p=0.03; Mann-Whitney U test).
(h) In the singing mouse, we found a significantly larger proportion of OMC IT neurons projecting to the AudR and OMC PT neurons projected to the PAG in the singing mice
compared to lab mice. Horizontal dashed line indicates p = 0.05 (Mann-Whitney U Test)
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increased projection probability to AudR? In one model, an
increase in neural projections to a brain region could arise
through increased collaterals, i.e. projections to an additional
target region (Fig 4a, Model 1). Alternatively, the increase
could arise from neurons that project exclusively to that re-
gion (Fig. 4a, Model 2). In the IT population projecting
to the AudR, the distribution of additional collaterals (i.e.,
the degree distribution) was significantly lower in the singing
mice compared to lab mice (Fig. 4b,c). This suggests that the
expanded OMC projections in the singing mice are preferen-
tially mediated by axons with dedicated projections to AudR.

To verify this possibility, we next enumerated the ob-
served probabilities for all the seven possible IT circuit mo-
tifs. While we found increased probability of projections in
the singing mouse for most AudR projecting motifs, the sin-
gle largest expansion was for OMC neurons that exclusively
projected to AudR without any axon collaterals in OMCc and
STR (p=0.003, Mann-Whitney U test, Fig. 4d). By bootstrap
resampling, we again confirmed that this result could not be
explained by the mismatch in the total number of IT neurons
between the two species (Fig. S7).

We next wondered whether the multi-areal projection
statistics of OMC IT neurons can be explained by a simple
binomial model where the probability of projecting simulta-
neously to multiple regions is simply given by the product of
the probabilities of projecting to each region (Fig. 4e). Un-
der this assumption of independence, the probability of sin-
gle OMC neurons projecting simultaneously to two regions
(e.g., AudR and OMCc) is expected to be equal to the prob-
ability of projecting to AudR multiplied by the probability
of projecting to OMCec. For each motif in every animal, we
compared the experimentally observed vs. theoretically ex-
pected projection probabilities and found overall good agree-
ment with the binomial model predictions (4e). Interestingly,
the deviation from the binomial model is significantly exacer-
bated in the singing mice compared to the lab mice (p<0.001,
F-Test, 4f) and the greatest deviance is observed for the mo-
tif where OMC neurons project exclusively to AudR without
collaterals to OMCc or STR (4e, g). We conclude that pro-
jection statistics of single OMC neurons can be explained by
a simple theoretical framework and a departure from this ex-
pectation is a sensitive measure to infer a key locus of evolu-
tionary modification: exclusive OMC projections to AudR in
the singing mouse.

Taken together, the reduced degree distribution, the non-
uniform expansion of motif probabilities, and the signifi-
cant deviation from the binomial expectation demonstrate
that there are more OMC neurons that project exclusively
or almost exclusively to the AudR in the singing mouse.
This result suggests that simple uniform increases in neu-
ronal projections across all motifs cannot account for the
species-specific differences in single neuronal projection mo-
tifs. Rather, a selective expansion of specific long-range mo-
tor cortical projection motifs accompanies the evolution of a
novel vocal mode in the singing mouse.
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Discussion

In this study, we first demonstrate that songs are a behav-
ioral novelty in the singing mouse compared to the laboratory
mouse (Fig. 1). We use this striking behavioral divergence
between the two rodent species to quantitatively test mod-
els of motor cortex evolution (Fig. 2a). Using bulk tracing,
serial two-photon tomography, and high-throughput DNA se-
quencing of barcoded OMC neurons at single-cell resolution,
we discovered an expansion of motor cortical output to two
specific brain regions — auditory cortical region (AudR) and
midbrain PAG (Fig. 2,3). Using single cell resolution anal-
yses of thousands of cortical neurons, we further show that
this expansion is biased toward more exclusive projections to
AudR in the singing mouse (Fig. 4). Our findings suggest
that the selective expansion of existing motor cortical pro-
jections may lead to rapid behavioral divergence, providing
possible mechanisms for the evolution of enhanced cortical
control over vocalizations, an important evolutionary innova-
tion for human language.

These results highlight the utility of the singing mouse
model system for testing models of neural circuit evolu-
tion. However, the general approach for testing evolution-
ary models as laid out here: select pairs of related species
with large behavioral divergence, perform functional experi-
ments to identify brain regions causally related to the novel
behavior, and subsequently investigate neural circuit differ-
ences between these species at single-cell resolution, is read-
ily applicable to other model species and clades [75].

Interestingly, the only two brain regions (AudR and PAG)
with differential OMC innervations are important for vocal
behaviors. Note that we selected downstream OMC targets
based on the bulk projection patterns without any obvious be-
havioral criteria. Thus a priori there was no reason for these
two brain regions, with well-documented roles in auditory
and motor processing during vocalizations, to be detected.
The role of the midbrain PAG in vocal production is well
documented: PAG is both necessary and sufficient to produce
USVs in rodents [71], and lesions in the PAG cause mutism
across many species [69, 74]. In addition to motor control cir-
cuits, vocal communication also requires the ability to couple
vocal response to auditory input from conspecifics, which is
dependent on auditory circuits [39, 41, 72]. Closer exam-
ination of OMC projections to the AudR (Fig. 2) reveals
a spatial overrepresentation to the temporal association area
(TeA), an understudied region ventral to the primary audi-
tory cortex [72]. This region has been shown to be neces-
sary for socially-motivated maternal behavior [72]. More-
over, OMC and TeA seems to be reciprocally connected (Fig.
S8, Movies S3-S4). Taken together, we speculate that these
bi-directional projections between auditory and motor cor-
tices are crucial for distinct sensorimotor computations in-
volved in vocal turn-taking behavior. Our results do not rule
out other loci for circuit modifications. Indeed, understand-
ing how motor cortical control integrates with subcortical
[71, 74, 76] and peripheral changes [77] will be necessary
to fully account for the behavioral divergence.

Neural circuit differences in adult animals (as reported
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Fig. 4. Selective expansion of long-range projection motifs in the singing mice. (a) Two models of how increased projection probabilities could evolve from an ancestral
state. An increase in projection probability to brain region ‘B’ (e.g., increase from 2/5 to 3/5 in this example) can arise through increased collateral (center) or increased
exclusive (right) projections. Single-neuron resolution projection motif analyses can distinguish between these models of circuit expansion. (b) An increased collateral or
exclusive projection can be inferred from the node degree distribution of OMC neurons, i.e. the number of targets of an individual neuron. (c) Cumulative proportion of
node degrees of IT neurons that have AudR as a target (left) or do not have AudR as a target (right). (d) Enumerating the projection probabilities for all seven OMC IT
neuron motifs reveals evidence for an expansion of a few select AudR projecting motifs in the singing mice with the largest increase for the exclusive projectors (Motif #1, p
value=0.003; Motif #2, p value=0.010; Motif #3, p value=0.010; Mann-Whitney U test). (e) Deviation of experimentally measured (observed) motif probabilities from expected
values predicted under the binomial model for singing mouse (orange) and lab mouse (blue). (f) Cumulative distribution of differences between observed and expected motif
probabilities. All motifs across all individuals for singing mouse (orange) and lab mouse (blue) are plotted. The singing mouse distribution was significantly different from the
lab mouse distribution (p<0.001, F-test). Vertical dashed line denotes the distribution of expected motifs probabilities under the binomial model. (g) Binomial test of observed
singing mouse motifs probabilities. Each data point corresponds to an individual IT motif.
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here) must be set up during development [11, 78]. Our re-
sults provide certain constraints on the developmental mech-
anisms that might generate this species-specific difference in
cortical circuit architecture. Despite the apparent molecu-
lar complexity in specifying long-range axonal projections,
it appears that a simple wiring rule (binomial model with in-
dependence) can explain the majority of motif probabilities.
The significantly greater probability of the OMC neurons ex-
clusively projecting to AudR in the singing mouse is incon-
sistent with uniform increase in projection probabilities to all
downstream targets. Instead, the selective expansion may oc-
cur by direct genetic specification of connectivity strengths
in a motif-specific manner. Measuring gene expression along
with long-range projection patterns of OMC neurons across
ontogeny is necessary to further elucidate the developmental
origins of these neural circuit differences.

Large behavioral differences in recently diverged species
might be expected to require drastic neural circuit changes.
However, recent studies in Drosophila sp. show that a small
number of quantitative changes — in genomes and in central
circuits — may be sufficient to produce a large behavioral di-
vergence in closely-related species [79-81]. Consistent with
this emerging view [13? ] and building on our previous
functional studies [37, 42], our results suggest that expansion
of vocal repertoire in a mammal may also not require dras-
tic neural circuit changes (Fig. 2), but may instead proceed
by quantitative modifications of preexisting cortical projec-
tion motifs (Fig. 3,4). The analytical framework (departure
from binomial expectation) described here to identify loci for
evolutionary change may even generalize to other model sys-
tems. Taken together, quantitative modifications in ancestral
circuit connectivity might be a widespread mechanism for al-
lowing behavioral diversification at short timescales.

Perhaps the most striking example of rapid evolution of
a behavioral phenotype is the emergence of human lan-
guage. Language emerged after our divergence from our
closest living relatives, chimpanzees, approximately 6 mil-
lion years ago [82]. Enhanced cortical control over vocaliza-
tions has been proposed to be a key feature of human lan-
guage [39, 83]. We speculate that mechanisms that allow
rapid cortex-dependent vocal diversification in rodents might
be similar to those required for the evolution of human lan-
guage in the primate lineage. Genetic mechanisms underly-
ing morphological innovations (e.g., eye structure in animals
[84] or prickles in plants[85]) are often conserved over deep
evolutionary time — an idea known as deep homology [86].
Similarly, neural mechanisms may also be conserved across
a variety of behavioral innovations that require expanded cor-
tical control such as language acquisition. In fact, there is
evidence of a strengthened white-matter fiber tract between
motor planning and temporal auditory regions in humans as
compared to other chimpanzees and macaques [? ? ]. Eluci-
dating such conserved evolutionary mechanisms is important
to understand how neural circuits evolve to create "endless
forms most beautiful" [87].
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Supplementary Materials

Supplementary Movie 1: Social affiliative vocalizations between male and female lab mice.
Supplementary Movie 2: Social affiliative vocalizations between male and female singing mice.
Supplementary Movie 3: OMC projection patterns across the whole brain of an aligned lab and singing mouse.

Supplementary Movie 4: OMC projection patterns across all aligned replicates.
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Fig. S1. Songs as a behavioral novelty in the singing mice. Three example songs that are composed of a series of frequency-modulated down-sweeps that progress
stereotypically over many seconds. Zoomed portion of a song (bottom) shows that individual notes are shorter in the beginning and progressively increase as the song

progresses
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Singing Mouse Lab Mouse

2 mm

Fig. S2. Two-photon microscopy images of OMC neurons projecting to downstream target regions in lab and singing mice. Regions displayed were chosen as
MAPseq dissection target regions due to the presence of OMC axonal projections. Abbreviations: Orofacial motor cortex ipsilateral (OMCi), orofacial motor cortex contralateral
(OMCec), striatum (STR), thalamus (TH), auditory region (AudR), amygdala (AMY), superior colliculus motor (SCm), substantia nigra (SNr), periaqueductal gray (PAG), pontine
gray (PG), brain stem (BS).
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Fig. S3. Bulk OMC projections in singing and lab mice across replicates. Representative coronal slices along the rostrocaudal axis (left to right) in individual animals (n
= 3) from both species.
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Fig. S4. MAPseq dissection guide used for lab mice. Guide used to dissect target regions for MAPseq. STPT data includes representative images from a lab mouse
injected with AAV-CaMKII-TdTomatao in OMC (OMCi). Dissection pictures are taken from a single lab mouse MAPseq dissection. Allen references were visually matched to
corresponding dissection sections using anatomical landmarks (Allen coronal reference atlas).
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Fig. S5. MAPseq dissection guide used for singing mice. Guide used to dissect target regions for MAPseq. STPT data include representative images from a singing
mouse injected with AAV-CaMKII-tdTomato in OMC (OMCi). Dissection pictures are taken from a single singing mouse MAPseq dissection.
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Fig. S6. Sindbis infectivity and expression in lab and singing mice. (a) Number of unique barcodes recovered in the lab and singing mouse (M.mus=14000+2500
barcodes per animal, S.teg=700+100 barcodes per animal). (b) Distributions of normalized barcode count in the injection site (OMCi) of lab (blue) and singing mice (orange)
(M.mus=0.04+0.02 vs S.teg=0.13+0.04).
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Fig. S7. Extended analysis on IT projection and motive proportions. (a) Proportion of IT neurons that project to downstream target regions (see Fig. 3f-h). Comparison
is between lab mice, singing mice, and a downsampled population of lab mice IT neurons. (b) Proportion of IT motif in lab mice, singing mice, and a downsampled population
of lab mice IT neurons. P values were calculated using a Mann-Whitney U test.
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Fig. S8. Retrograde viral tracing from OMC reveals synaptic inputs from AudR. Schematic of retro-AAV carrying GFP injected in the singing mouse OMC (left). Two
photon imaging of the AudR showing neurons projecting to OMC (right).

22 | bioRxiv Isko et al.


https://doi.org/10.1101/2024.09.13.612752
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.13.612752; this version posted October 24, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Methods

Mouse husbandry

All experiments were approved and conducted in accordance with the Cold Spring Harbor Laboratory Institutional Animal Care
and Use Committee. All animals used were adult (>3 months) male and female mice. Lab mice were acquired from Jackson
lab (C57BL/6J). Both lab and singing mice colonies were maintained at 20-22°C and a 12:12 L:D cycle.

Behavioral recordings and Analysis

All mice were singly housed and isolated for at least nine days before social exposure. In advance of recording, the female
mouse was placed into a clean cage (Thoren Systems #8, Worcester, MA; 30.80 x 40.60 x 22.23 cm) lined with clean Alpha-pad
cotton paper (Shepherd Specialty Papers). After a period of acclimatization (min: 30 mins, max: 12 hours), a non-sibling male
of the same species was introduced to the cage with the female. Audio of the pair was recorded for 2 hours using two Avisoft
CM16/CMPA microphones positioned above the cage with high and low gain settings and sampling at 250 kHz (digitized with
Avisoft UltraSoundGate 116H). Video was recorded using a FLIR Blackfly S high speed USB camera with an Edmund Optics
lens at 50 frames per second. The audio and video streams were synchronized using an Arduino Mega and custom code. Biotic
sounds were segmented from the audio using USVSEG software for MATLAB (ver. 09r2, [1]) and parameters optimized to the
sounds emitted by each species. Additionally, for singing mice, songs and their individual notes were detected using custom
code in Python. Segmented sounds were manually curated within a customized spectrogram browser derived from open source
MATLAB graphical user interface DeepSqueak [2]. Curation consisted of correcting any biotic sound boundary errors and
removal of abiotic false positives. For more accurate amplitude calculations, biotic sounds coinciding with abiotic noise were
excluded from analyses. For each curated note, we calculated note duration as the difference between the offset and onset of
the max amplitude within a fixed frequency range (10-120 kHz).

Stereotaxic viral injections

Pre-surgery subcutaneous meloxicam was delivered at a dose of 2 mg/kg. Surgeries were performed on a stereotaxic apparatus
under 1-2% isoflurane in oxygen. OMC was localized based on published data (Lab mice: [3, 4]; Singing mice: [5]), which
identifies OMC as the area in the motor cortex that when stimulated, results in orofacial muscle contraction (coordinates relative
to bregma: [A/P: 2.25 mm, M/L: 2.25 mm]). For mapping of bulk neuronal projections, OMC neurons were targeted to express
tdTomato, using a 1:1 mixture of CaMKII-Cre and FLEX-tdTomato viruses (see Table 1). Thirty nL of this viral mixture was
injected at two depths, 500 and 750 pum ventral to the brain surface, using a Nanoject (Nanoject III, Drummond Scientific, 2
nL/cycle, 15 cycles, at 10 second interval). For MAPseq viral injections, sindbis virus carrying the barcode library [6] was
diluted 1:3 in sterile saline. Fifty nL of diluted sindbis virus was injected at 300, 600, and 900 pm ventral to the brain surface
at two locations ([A/P: 2.0 and 2.5 mm; M/L: 2.25 mm)]) using a Nanoject (Nanoject III, Drummond Scientific, 2 nL/cycle,
25 cycles, at 2 second interval). Mice were transcardially perfused with 4°C PBS and then with 4°C 4% PFA 14 days after
injection for STPT or 44 hours after injection for MAPseq experiments.

Virus Name Titer Addgene Serotype
pENN.AAV.CamKII 0.4.Cre.SV40 | 2.3 x 10 GC/ml 105558 AAV9
AAV-FLEX-tdTomato 2.3x 101 GC/ml 28306 AAV9
rAAV-hsyn-GFP 2.3x 107 GC/ml 50465 AAV-rg

Table 1. Viruses used for bulk fluorescent tracing.

STPT imaging and image processing

STPT imaging was conducted using the protocol established by Ragan et al., 2015 [7] and Kim et al., 2017 [8]. First, brains
were embedded in 4% oxidized agarose followed by cross linking in 0.2% sodium borohydrate solution. To image tdTomato
projections from OMC in the whole brain, entire coronal planes of the embedded brains were imaged every 50 micros on a
TissueCyte 1000 serial two photon tomography microscope (Tissuevision) by tiling and slicing the brain . A chameleon ultra
(coherent) 150 fs pulsed laser at 930 nm, Olympus objective (20x, NA=1.0 ) and 602/70 emission filter was used to image at 1
um/pixel lateral resolution. Image correction and stitching was completed using custom built software [7, 8].

STPT data analysis

Twenty-fold scaled down images were used for comprehensive and easy visualization between brains. A representative lab
and singing mouse brain were chosen as a reference to align brains within species. Additionally, the Allen Brain atlas
(2022 CCFv3, [9]) was registered to each brain using the brainreg function with default parameters from the brainglobe suite
(https://brainglobe.info/index.html, [10]). Annotated areas from the aligned allen brain atlas were used to determine volumes
of major brain regions. To determine the injection site of each animal, a threshold was determined using Otsu’s method. The
intersection of the combined annotated primary and secondary motor cortical regions and the thresholded data was used to
create a mask of the injection site for each brain. Injection sites of aligned brains were max projected in the dorsal/ventral axis
to determine overlap between brains.
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MAPseq tissue processing

After transcardial perfusion, brains were fixed in 4% PFA at 4°C for 24 hours. The brains were then rinsed with PBS and
transferred to 300 mM glycine for 24 hours at 4°C. After incubation, brains were embedded in cryo-embedding medium and
frozen for sectioning. Brains were cut coronally at 200-250 um sections for microdissection. Injection sites were identified
through brightfield imaging of GFP. During dissection, samples were kept on wet ice during dissection. Target regions were
identified through visual landmarks determined from the Allen brain atlas and our STPT data (Fig. S4-5). Throughout the
procedure, tools and blades were changed between dissection targets and gloves were changed between samples to prevent
area and sample cross-contamination. Samples were collected from the olfactory bulb and hippocampus as negative controls.
Barcode RNA was extracted, reverse transcribed, and amplified using a published protocol [11, 12]. An illumina sequencing
library was generated and sequenced on an Illumina NextSeq500 sequencer. Possible artifacts, including the effect of fibers of
passage, viral toxicity, co-infections, double use of a single barcode sequence, and various other sources of false negatives and
false positives, have been previously characterized [11, 13]. Notably, although MAPseq, like GFP tracing, does not distinguish
fibers of passage, their contribution is minimized by avoiding large fiber bundles during the dissection of target areas.

MAPseq data analysis

After sequencing, reads were de-multiplexed and the absolute counts of each barcode was determined based on the UMI
sequence and error-corrected barcode sequences matched to the sequenced virus library. A matrix of size (number of barcodes)
x (number of dissected areas) was constructed where matrix entries corresponded to the absolute counts of individual barcodes
in each area. Only barcodes with at least 30 barcode molecules at the injection site and 5 barcode molecules at the maximum
target site were used. A barcode was determined to project to a target site if there were at least 4 barcode molecules at that
target site. This threshold minimized barcode detection in negative control target regions.

Heatmaps and cell type labeling. Normalized barcode counts were calculated from barcode counts normalized to an RNA spike-
in of known concentration and quantity in each sample. For heatmaps, 1,000 unique barcodes (i.e. neurons) were randomly
sampled from an individual lab or singing mice, and the normalized barcode counts were plotted (Fig. 3b) and used to compare
Sindbis infectivity between species (Fig. S6). Neurons were classified into three major projection, excitatory cell types: IT,
CT, and PT. PT cells were first defined as neurons having any projection to a midbrain or brainstem region (HY, PG, PAG,
SNr, SCm, or BS). CT cells were defined as having no projections to midbrain or brainstem regions, but having a projection
to the thalamus. IT cells were defined as cells having no projections to the midbrain, brainstem, or thalamic regions, and only
projections to the striatum and/or cortex.

Model 2 - extent of innervation. To eliminate animal-to-animal batch effects, we calculated a normalized barcode expression. For
each animal, we took the normalized barcode counts and divided these counts by the mean normalized barcode count at the
injecition site (OMCi). Normalized barcode expression was taken as a proxy for the amount of axonal material within each
dissected area. The empirical cumulative distribution function of normalized barcode expression for all neurons within a region
was plotted to compare species differences. The median value of normalized expression within each region for an individual
animal was compared between species, and a Mann-Whitney U test was performed to determine species differences.

Model 3 - projection probabilities. To calculate the proportion of neurons projecting to different target regions, the data was
binarized (threshold of 4 barcode counts). Proportions were calculated within each major cell type. This accounts for any
potential variance in the infectivity across cortical layers, which could bias the relative proportion of major cell types in the
dataset. For example, the proportion of OMC neurons projecting to the AudR regions were the number of unique barcodes
that had above threshold signal (at least 4 barcode counts) in the AudR region divided by the total number of unique barcodes
classified as IT cells. AudR, OMCc, and STR proportions were calculated over the total IT population. HY, PG, PAG, SN,
SCm, and BS proportions were calculated over the PT population. A Mann-Whitney U test was used to calculate significant
differences between individuals of each species on a per area basis.

Degree and motif analyses. Node degree for a given neuron was defined as the number of projecting areas each neuron has. For
instance, if a neuron has projections in areas AudR and STR, this neuron would have a node degree of 2. For degree and
motif analyses, only IT cells were analyzed as there were many less PT cells per degree and motif. Motif proportions were
calculated within IT cells of an individual mouse. The motif proportions were calculated based on an estimation of the total IT
cell population as derived in Han et al., 2018 [13]. In brief, the total IT cell population was adjusted to account for unobserved
neurons with projections to uncollected regions or without projections. The total IT cell population can be estimated based
on finding the roots of a polynomial derived from observed numbers of neurons to collected regions. The total IT population
was calculated for each individual mouse and used as the denominator for determining the observed proportion for each motif.
The expected proportion for each motif was calculated by multiplying the probabilities of projecting to individual brain regions
according to a binomial model. The difference between the experimentally observed vs. expected proportions for each motif
was aggregated for every individual. The extent of deviation from the binomial model was computed for each species and their
distributions were compared using an F-test for equality of two variances.
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Calculating total OMC neuron population. In our MAPseq experiment, the number of IT neurons is defined as the number of
neurons that project exclusively to IT regions, i.e. neurons that project to AudR, OMCc, and/or STR. However, the observed
number of IT neurons in a MAPseq dataset is a biased sampling of OMC neurons. Due to the nature of the technique, we do
not account for neurons that could be part of the OMC IT population but project to regions outside of the regions we sampled.
Therefore, the number of OMC IT neurons we count in our dataset is an underestimate of the total OMC IT population. If we
want to make reasonable motif predictions under a binomial model, the total OMC IT population count must be adjusted. As
detailed in Han et al., 2018 [13], we can derive an estimate for the total OMC IT neurons (Ni,;) for each individual animal
using our observed counts of how many neurons project to each target region. First, we observe that:

P(neuron projects to at least one region) + P(neuron projects to no regions) = 1

We can also assume that the proportion of neurons that projects to a region is equivalent to the probability that a neuron projects
to that region:
N, region

N, total
where Niegion is the number of neurons that project to that region, and Ny is the total number of OMC IT neurons. Considering
we have 3 IT target regions (OMCc, AudR, and STR), we can combine the above two equations to get the following equation:

( Nops >+ <(1_ NOMCC)(l_ NAudR)(l_ NSTR)) -1

P(region) =

Ntotal Ntotal Ntotal Ntotal

where Ngps is the number of unique barcodes (neurons) we recover in our MAPseq experiment, Nomce,STR, Audr 1S the number
of unique barcodes found to project to an inividual area, and N, is the total number of IT neurons that we are trying to account
for. Expanding and rearranging the above equation, we can derive the following quadratic equation:

(Nobs — Normice — Nawar — NsTR) NP ol
+(NomceNawir + NoviceNsTR + NauwdrNSTR) Niotal

—(NomceNawdrNsTR)
=0

We can then use a roots solver to solve for Ny, . For each animal, we used the observed barcode counts for each region and
calculated a quadratic equation using the above formula. We then used a roots solver to find the largest real root. We used this
number as the adjusted OMC IT population size (Nia1) and used this N to calculate the probability that a neuron projects
to an individual region. We used these adjusted probabilities to estimate motif proportions expected under the binomial model
to give us more accurate predictions.

Bootstrap resampling to match the number of neurons across species. Since more unique barcodes were recovered for lab mice, we
verified our findings by matching the number of neurons in the singing mice with a downsampled population of neurons in the
lab mice. First, all lab mice neurons of the same cell type (IT or PT) were pooled. The pooled neurons were randomly sampled,
without replacement, 7 times to exactly match the number of neurons recovered in each of the singing mice individuals.
Downstream target proportions and I'T motif proportions were calculated for this downsampled population of lab mice neurons.
A Mann-Whitney U test was used to calculate IT motif proportion differences between species.
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