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Neural circuit plasticity and sensory response dynamics depend on forming new synaptic connections. Despite re-
cent advances toward understanding the consequences of circuit plasticity, the mechanisms driving circuit plas-
ticity are unknown. Adult-born neurons within the olfactory bulb have proven to be a powerful model for studying
circuit plasticity, providing a broad and accessible avenue into neuron development, migration, and circuit inte-
gration.We and others have shown that efficient adult-born neuron circuit integration hinges on presynaptic activity
in the form of diverse signaling peptides. Here, we demonstrate a novel oxytocin-dependent mechanism of adult-
born neuron synaptic maturation and circuit integration. We reveal spatial and temporal enrichment of oxytocin
receptor expression within adult-born neurons in the murine olfactory bulb, with oxytocin receptor expression
peaking during activity-dependent integration. Using viral labeling, confocal microscopy, and cell type-specific
RNA-seq, we demonstrate that oxytocin receptor signaling promotes synaptic maturation of newly integrating
adult-born neurons by regulating their morphological development and expression ofmature synaptic AMPARs and
other structural proteins.
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Synapse and circuit plasticity in the central nervous sys-
tem underlies the ability to adapt to ever-changing envi-
ronmental stimuli. The olfactory bulb (OB) is a highly
plastic sensory domain of the brain and has a remarkable
capacity to maintain plasticity into adulthood via contin-
uous integration of adult-born neurons (Lois and Alvarez-
Buylla 1994; Alvarez-Buylla and Temple 1998). In rodents,
adult-born neurons migrate from the subventricular zone
(SVZ) of the lateral ventricles through the rostral migrato-
ry stream (RMS), differentiate, and integrate into OB
circuitry, where they give rise to two classes of interneu-
rons: granule cells and periglomerular cells (Luskin
1993; Lois and Alvarez-Buylla 1994; Petreanu and Alva-
rez-Buylla 2002). During maturation, adult-born granule
cells (abGCs) undergo a sequence of morphological and
transcriptional changes that drive synapse formation

with OB principle mitral and tufted cells (Whitman and
Greer 2007; Panzanelli et al. 2009; Tepe et al. 2018). A
key developmental epoch for the survival and integration
of abGCs occurs between 2 and 4 wk after migrating from
the SVZ. During this period, activity-dependent alter-
ations serve as a foundation for downstream developmen-
tal programs (Yamaguchi and Mori 2005; Kelsch et al.
2009) that promote the integration of abGCs into existing
circuitry and drive the functional reorganization of theOB
(Arenkiel et al. 2011; Huang et al. 2016). As such, this
ever-changing circuit architecture makes the OB a good
model system for studying neuronal development and
synaptogenesis (Abrous et al. 2005; Ming and Song 2005)
and for analyzing the effects of direct stimulation andma-
nipulation of these circuits via sensory cues.

Historically, much focus has been applied to fast neuro-
transmitters and how they shape circuit function and

Corresponding author: arenkiel@bcm.edu
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.349930.122. Free-
ly available online through the Genes & Development Open Access
option.

© 2022 Pekarek et al. This article, published inGenes&Development, is
available under a Creative Commons License (Attribution-NonCommer-
cial 4.0 International), as described at http://creativecommons.org/licens-
es/by-nc/4.0/.

1100 GENES & DEVELOPMENT 36:1100–1118 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/22; www.genesdev.org

mailto:arenkiel@bcm.edu
http://www.genesdev.org/cgi/doi/10.1101/gad.349930.122
http://www.genesdev.org/cgi/doi/10.1101/gad.349930.122
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml


plasticity within the OB (Lepousez et al. 2014; Pallotto and
Deprez 2014; Andreae and Burrone 2018; Hanson et al.
2020). However, neuropeptidergic contribution to OB plas-
ticity and development remains poorly understood.Neuro-
peptides are chemical messengers capable of conveying
physiological stimuli and brain state information to neural
circuits. The biological functionality of neuropeptides is
broad and their half-life is long, making them potent regu-
lators of circuit activity (Neumann2008; van denPol 2012).
Additionally, neuropeptides are found throughout the
brain and are enriched in areas involved in sensory process-
ing, likely serving to modulate and maintain long-term
plasticity (Smith et al. 2019, 2020). Previous work has de-
fined a synaptogenic role for local corticotropin-releasing
hormone (CRH) signaling in driving integration of adult-
born neurons in theOB (Garcia et al. 2014, 2016). These re-
sults and others reveal CRH as a potent modulator of cir-
cuit plasticity, while also implicating neuropeptides as
effector molecules within this process.
The neuropeptide oxytocin plays an important neuromo-

dulatory role in sensory circuit plasticity (Zheng et al. 2014;
Marlin et al. 2015;Mitre et al. 2016; Carcea et al. 2021) and
is a regulator of hippocampal adult neurogenesis (Sánchez-
Vidaña et al. 2016; Lin et al. 2018). Oxytocin has diverse
roles in themammalian brain ranging frommodulating so-
cial behavior, aggression, and parturition to synaptic devel-
opment and circuit plasticity (Nelson and Trainor 2007;
Marlin et al. 2015; Oettl et al. 2016; Lin et al. 2017; Ripa-
monti et al. 2017; Carcea et al. 2021). Additionally, oxyto-
cin signaling dynamically increases the representation of
social olfactory inputs in the OB, thereby generating an op-
timized state for processing social information (Oettl et al.
2016; Oettl and Kelsch 2018). Here we show that oxytocin
receptors are selectively expressed by abGCs throughout
their activity-dependent critical period, and provide evi-
dence that oxytocinergic fibers directly innervate the
RMS. Using conditional loss-of-function analyses, viral ge-
netics, imaging, electrophysiology, and transcriptomic
analysis, we further show a functional role for oxytocin sig-
naling within abGCs to drive morphological and synaptic
development. Collectively, these data provide insight
into how oxytocin drives adaptation of the mammalian ol-
factory bulb by promoting abGC developmental matura-
tion and circuit integration.

Results

Oxytocin receptors are dynamically expressed in
developing adult-born neurons throughout the critical
period

Oxytocin receptor reporter alleles have previously revealed
robust expressionwithin themouse olfactory system (Gong
et al. 2003).However, the cast of cell types that express oxy-
tocin and its receptor, as well as the developmental time
course of their expression, have not been thoroughly docu-
mented. To determine the distribution of oxytocin receptor
(Oxtr) expression in themouseolfactory system,we imaged
themousebrainusingapreviouslydescribedOxtr-EGFP re-
porter allele (Fig. 1A; Gong et al. 2003). We noted dense ex-

pression of Oxtr-EGFP in previously reported areas such as
the anterior olfactory nucleus (AON), the cerebellum, and,
interestingly, the OB. Within the OB, we found that Oxtr
expression was enriched within abGCs and periglomerular
cells (Fig. 1B). Additionally, Oxtr-EGFP-expressing cells
were localized deep within the granule cell layer, a domain
that is populatedby immature abGCsundergoing radialmi-
gration to the outer layers of theOB (Fig. 1C). To determine
the developmental stage of Oxtr-positive abGCs, we
stained against known markers of both mature (NeuN)
and immature (doublecortin [Dcx]) abGCs as well as other
subpopulation markers of abGCs (Supplemental Fig. S1).
We found maximal coexpression of Oxtr-EGFP with
NEUN, minimal coexpression of Oxtr-EGFP and DCX,
and zero coexpression of Oxtr-EGFP with CALB2 or
CALB1, suggesting that Oxtr marks later stage maturing
subtypes of abGCs (Supplemental Fig. S1B). To more pre-
cisely assess the timing ofOxtr expression in abGC devel-
opment, we next performed a birth dating experiment in
Oxtr-Cre transgenic mice (Gong et al. 2003). Using a
Rosa26-tdTomato conditional reporter allele (Madisen
et al. 2010) crossed into the Oxtr-Cre background, we la-
beled all abGC lineages that have ever expressed Oxtr and
found thatOxtrwas expressed in a large proportion of gran-
ule cells within the bulb (Fig. 1D).We then birthdated new-
born abGCs using pulses of EdU to delineate the
developmental time course of Oxtr expression. Toward
this end, we collected bulb tissue from animals at 7, 9, 15,
21, 26, 30, and 40 d after EdU injection to span the develop-
mental progression of abGCs frommigration and early syn-
aptogenesis and through circuit integration (Carleton et al.
2003).Notably,we foundthatOxtrexpressionwasminimal
through 9 d (8.55%±1.72%) (Fig. 1E), sharply increased be-
tween 21 and 26 d (35.83%±1.84%), and finally plateaued
between 30 and 40 d (39%±3.48%). Moreover, Oxtr
reached maximal expression levels throughout the activi-
ty-dependent critical period.
Given the selective expression of Oxtr in abGCs, we

next asked whether Oxtr-positive abGCs are responsive
to oxytocin. To address this, we prepared acute brain slic-
es fromOxtr-EGFP reporter mice and made visually guid-
ed whole-cell recordings from OB granule cells expressing
EGFP with application of oxytocin while monitoring for
voltage and action potential firing changes in a current
clampmode. Notably, we found that oxytocin selectively
depolarizedOxtr-EGFP neurons, eliciting sustained trains
of action potentials (Fig. 1F, left). This effect was
completely blocked by infusing the chamber with the
Oxtr-specific antagonist atosiban (Manning et al. 2008)
prior to oxytocin delivery (Fig. 1F, right). All cells express-
ing Oxtr-EGFP responded to oxytocin with a mean±SEM
change in firing frequency of 21.5 Hz ±8.6 Hz as compared
with baseline (Fig. 1G). Importantly, no oxytocin-induced
firing was observed in cells lacking theOxtr-EGFP report-
er (Fig. 1G). To further prove the direct, cell-autonomous
effect of oxytocin, we performed additional recordings in
the presence of sodium channel blocker TTX, thus ex-
cluding indirect, network-dependent changes in firing.
Under such conditions, oxytocin application elicited a re-
producible depolarization of Oxtr-expressing abGCs (Fig.
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1H), likely contributing to their increased activity as high-
lighted in Figure 1F.

Oxytocinergic fibers directly innervate the RMS

Given that Oxtr is expressed in abGCs of the OB and se-
lectively activated by oxytocin, we next sought to identify
the potential source of oxytocin in these cells. Neurophy-
sin is a carrier protein coexpressed with oxytocin to facil-
itate its loading into dense core vesicles and serves as a
surrogate marker for oxytocinergic cell types (Castel and
Morris 1988). Immunohistochemical analysis revealed
no neurophysin immunoreactive cells in themain olfacto-
ry bulb, which suggested a lack of local oxytocin-releasing
cells (data not shown). The primary oxytocinergic system

resides within the paraventricular (PVN) and supraoptic
nuclei (SONs) of the hypothalamus. PVN oxytocin cells
project throughout central brain structures, and SONoxy-
tocin cells project primarily to the pituitary gland (Rhodes
et al. 1981). A previous study demonstrated functional
oxytocinergic input from the PVN into the AON but did
not detail any input directly into the OB (Oettl et al.
2016). Because of the OB’s long distance from the PVN,
we next looked for either direct or indirect points of oxy-
tocin delivery to the OB (Fig. 2A). The PVN contains a
dense population of oxytocinergic cells (Fig. 2B) that ex-
tend long-range projections throughout many domains
of the brain (Liao et al. 2020). Thus, we askedwhether pro-
jections from oxytocinergic hypothalamic neurons
deliver oxytocin to the olfactory system. Since we did
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Figure 1. Oxytocin receptor is dynamically expressed in developing adult-born neurons, and oxytocin selectively depolarizes Oxtr+

abGCs. (A) Sagittal section of an entire mouse brain, revealing Oxtr expression using the Oxtr-EGFP reporter allele. (OB) Oflactory
bulb, (AON) anterior olfactory nucleus, (CBM) cerebellum. Scale bar, 200 µm. (B) Coronal OB section of the Oxtr-EGFP reporter allele
in the plane denoted by the white dashed line inA. Scale bar, 200 µm. (C ) Magnified view of the white box in B. (GCL) Granule cell layer,
(EPL) external plexiform layer, (MCL) mitral cell layer, (RMS) rostral migratory stream. Scale bar, 200 µm. (D) Coronal view of the Oxtr-
Cre;Rosa26-tdTomato reporter allele injected with EdU. (GCL) Granule cell layer, (RMS) rostral migratory stream. Scale bar, 200 µm. (E)
Quantification of EdU and Oxtr-Cre;Rosa26-tdTomato-double-positive abGCs over the course of developmental time. n=4 animals per
time point. (F, left) Representative current clamp recording from Oxtr-EGFP+ abGCs. Oxytocin (1 µM) was washed into the bath. (Right)
Representative current clamp recording from Oxtr-EGFP+ abGCs. Atosiban (10 µM) was washed into the bath 5 min before oxytocin ap-
plication. (G) Quantification of the change in frequency after administration of oxytocin or oxytocin+ atosiban in Oxtr-EGFP+ and Oxtr-
EGFP− abGCs. n =6–8 cells from three animals. (H) Representative current clamp recording fromOxtr-EGFP+ abGCs.Oxytocin (1 µM) and
TTX were washed into the bath. (∗) P <0.05, Student’s t test. n =20 EGFP+ cells from four animals. See also Supplemental Figure S1.
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not observe direct oxytocinergic projections to the OB, we
queried whether the oxytocinergic neurons innervated
the RMS. Toward this end, we labeled the RMS using an
antidoublecortin (DCX) antibody to visualize migrating
adult-born neurons and an antineurophysin antibody to
identify oxytocinergic fibers. Indeed, we noted oxytoci-
nergic 10+ fibers per section innervated the AON proxi-
mal to the OB in five out of five animals profiled, with
on average one to three fibers per section directly inner-
vating the RMS (Fig. 2C–E).
Thus far, these data suggest functional innervation of

oxytocinergic fibers into the olfactory system via the
RMS, validate functional and cell type-specific expression
of Oxtr in abGCs, and support an activating property of
oxytocin in developing adult-born neurons.

Oxtr KO does not affect survival of abGCs but promotes
excessive growth and branching of dendritic arbors and
spines

After revealing that Oxtr-positive abGCs of the OB are
directly stimulated by oxytocin, we next sought to inves-
tigate its developmental function. Considering that Oxtr
is expressed throughout the critical period of abGC devel-
opment and robustly activates abGCs, we queried wheth-
er Oxtr may play a role in the survival of abGCs. To
address this, we targeted abGCs for Oxtr deletion early

in abGC development by injecting a 1:1 mixture of
AAVs expressing Cre-mVenus and mRuby2 into the
RMS of both Oxtrfl/fl and wild-type animals (Fig. 3A). By
targeting the RMS in this way, we selectively targeted
Oxtr deletion from young ∼5- to 10-d-old abGCs, well be-
foreOxtr expression peaks in abGCs (Fig. 1E). After allow-
ing 30 d for complete abGCmigration and integration, we
found no difference in the ratios of mRuby-labeled control
neurons to conditional Oxtr KO (mVenus+ and mVenus
mRuby++) neurons between the Oxtrfl/fl and WT animals
(Oxtrfl/fl mean±SEM=0.582± 0.100; WT mean±SEM=
0.627± 0.044; P > 0.05) (Fig. 3B), supporting that loss of
Oxtr did not affect the survival of abGCs (Fig. 3C). Inter-
estingly, however, we found that these two populations
of labeled neurons appeared morphologically distinct, in-
dicating that oxytocin influences abGC development in-
dependent of survival. To further investigate this, we
first evaluated differences in the dendritic morphologies
between conditional Oxtr KO and WT neurons. Toward
this end, we injected a mixture of EGFP-Cre and tdTo-
mato lentiviruses into the RMS ofOxtrfl/fl mice and eval-
uated morphological differences between wild-type and
knockout cells, which were identified via differential re-
porter expression (Fig. 3D). Analyses of differentially la-
beled neurons showed that abGCs lacking Oxtr had
longer dendrites (P< 0.05; Oxtr KO mean±SEM=
907.235 µm±29.27 µm; Oxtrfl/fl mean±SEM=798.824
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Figure 2. Oxytocin+ fibers innervate the rostral migra-
tory stream. (A) Schematic diagram of a tracing experi-
ment. (PVN) Paraventricular nucleus of the
hypothalamus, (RMS) rostral migratory stream, (AON)
anterior olfactory nucleus, (OB) olfactory bulb. (B) Coro-
nal slice of the PVN. The plane is denoted by the orange
dashed line in F, showingOxt-immunopositive neurons
in the PVN. Scale bar, 100 µm. (C ) Sagittal slice. The
plane is denoted by the purple dashed line inA, showing
Oxt-immunopositive fibers in white, Oxtr-EGFP-
immunopositive cells in green, and doublecortin-
immunopositive neurons in purple to label neurons
within the RMS and OB. Scale bar, 200 µm. (D) Magni-
fied view of thewhite box inC. White arrowheads show
oxytocinergic fibers directly innervating the RMS.
Scale bar, 200 µm. (E) Semiquantitative count of oxyto-
cin−neurophysin+ fibers in the AON, RMS, and OB. (++
+) 10+ fibers per section, (+) one to three fibers per sec-
tion,(-) zero fibers per section.
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µm±28.884 µm) (Fig. 3F), increased numbers of branch
points (P< 0.05; Oxtr KO mean±SEM=6±0.411; Oxtrfl/fl

mean±SEM=4.471 ± 0.438), and more complex dendritic
trees (Fig. 3G). Complementing the increase in dendritic
length and complexity, Oxtr-ablated abGCs also exhibit-
ed more branched dendritic spines (P< 0.05; Oxtr KO
mean±SEM=0.126 ± 0.019 branches/10 µm; Oxtrfl/fl

mean±SEM=0.047 ± 0.01 branches/10 µm) (Fig. 3H) and
greater density of dendritic spines (P< 0.05; Oxtr KO
mean±SEM=1.504 ± 0.056 spines/10 µm; Oxtrfl/fl mean
±SEM=1.157 ± 0.066 spines/10 µm) (Fig. 3I). Taken to-
gether, these morphological data suggest that Oxtr-ablat-
ed abGCs develop more synapses, suggesting that Oxtr
regulates synaptic development and circuit plasticity
(Fig. 3E).

Oxtr KO results in less synaptic input onto developing
abGCs

To further investigate the functional synaptic conse-
quence of knocking out Oxtr in abGCs, we recorded fre-
quencies of postsynaptic currents in the Oxtr-ablated
abGCs compared with WT cells. Given that the primary
local inputs onto abGC spines in the bulb come from ex-
citatorymitral and tufted cells (Yokoi et al. 1995; Doetsch
and Hen 2005), we selectively recorded miniature excit-
atory postsynaptic currents (mEPSCs) in the presence of
TTX to suppress an action potential-dependent activity
and GABAergic blocker bicuculine to eliminate inhibito-
ry postsynaptic currents. For this, we made visually guid-
ed whole-cell recordings from either Oxtr-ablated or WT
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Figure 3. Selective Oxtr knockout in developing abGCs yields larger and more complex dendritic arbors with increased spine densities.
(A) Schematic diagram of a knockout experiment. (Cre-mVenus) AAV DJ8-Ef1a-Cre-P2A-H2B::mVenus, (mRuby2) AAV DJ8-Ef1a-H2B::
mRuby2. (B) Quantification of data derived fromC. Student’s t-test, P>0.05. n= 4/group. (C ) Coronal view ofOB 4wk after RMS lentivirus
injection outlined in A. Scale bar, 200 μm. (D) Representative confocal image for 3D reconstruction. Lenti-CMV-tdTomato and Lenti-
CMV-GFP-Cre-P2A-EGFP. Scale bar, 30 μm. (E) Flattened representation of WT and Oxtr KO abGCs. Scale bar, 10 μm for insetmagnified
spines. (F–I ) Quantification of total dendriticmorphology. Student’s t-test, (∗) P <0.05, (∗∗) P >0.005. nKO =17 cells, nKO= 4 animals, nFlox =
17cells, nFlox = 5 animals.
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abGCs by injecting the RMS of Oxtrfl/fl animals with
tdTomato and EGFP-Cre lentiviruses as described previ-
ously (Fig. 4A,B). Holding targeted cells at −70 mV, we
found thatOxtr-ablated abGCs showed a lower frequency
of mEPSCs (Oxtr KOmean±SEM=0.04 Hz±0.01 Hz) rel-
ative to their developmental age-matched controls (Oxtrfl/
fl mean±SEM=0.11 Hz±0.02 Hz) (Fig. 4C–E). While
mEPSC frequency was markedly lower in Oxtr-ablated
abGCs, average amplitudes remained unchanged (Oxtr
KO mean±SEM=9.40 pA±0.58 pA; Oxtrfl/fl mean±
SEM=9.42 pA±1.22 pA) (Fig. 4F), suggesting that oxyto-
cin may be important for maintaining the number of ac-
tive synaptic sites formed during abGC circuit
integration. With the decrease in functional synapses in
Oxtr KO abGCs, it seemed plausible that abGC lateral in-
hibition would be compromised, resulting in impaired
odorant discrimination and sensitivity. To test this, we
fed tamoxifen to Dlx1/2-CreER;Oxtrfl/fl and Oxtrfl/fl con-
trol animals for 4 wk (Supplemental Fig. S2A,B) and sub-
jected them to a go/“no go” paradigm to test their
olfactory discrimination abilities as previously described
(Supplemental Fig. S2C; Hanson et al. 2021). After testing
discrimination of five different odor pairs, we saw no sig-
nificant differences between groups (Supplemental Fig.
S2D–F). Additionally, we subjected Dlx5/6-Cre;Oxtrfl/fl

and Oxtrfl/fl control animals to a three-chamber test for
sociability, as oxytocin is commonly involved in social
behavior processing, but sawno significant differences be-
tween groups (Supplemental Fig. S3). Taken together,
these assays suggest that Oxtr expression in abGCs does
not regulate broad olfactory discrimination or general
mouse social behavior. While these experiments provide
evidence that Oxtr-ablated abGCs form fewer functional
connectionswith existing cells, these results contradicted
morphological data, leading us to consider potential
mechanisms thatmight account for increased spine densi-
ty but decreased mEPSC frequencies in Oxtr-ablated
abGCs.

Single-cell sequencing reveals that abGC Oxtr regulates
synaptogenic gene expression

To reveal candidate developmental mechanisms whereby
oxytocin signaling regulates morphological and synaptic
development of abGCs, we turned to single-cell RNA se-
quencing. Toward this end, we targeted Oxtr knockout
from interneuron populations by generating mice harbor-
ing the forebrain-specific interneuron Dlx5/6-Cre driver
crossed with Oxtrflox/flox mice, Oxtrflox/flox alone, and
wild-type animals, which served as controls (Fig. 5A;
Monory et al. 2006). We processed single-cell transcrip-
tomic data and clustered sorted cells using UMAP reduc-
tion in the Seurat single-cell informatics package version
4.1.0 (Hao et al. 2021). We clustered all sorted samples
into known cell types, identifying each cluster using ex-
pression of known canonical markers (Fig. 5B,C). Next,
we subclustered adult-born neurons and performed a
pseudo-time line analysis using Monocle3 to determine
their developmental age (Fig. 5D; Supplemental Table
S1; Cao et al. 2019). We observed two unique immature

migrating neuron clusters, three mature granule cell clus-
ters, and two clusters of intermediate developmental age
(Fig. 5D, left). To verify the developmental ages assigned
to these clusters, we plotted expression of the immature
marker Sox11 and mature granule cell marker Slc32a1
and noted robust expression in immature and mature
clusters, respectively (Fig. 5D, middle). Using a χ2 test,
we observed statistically different differential representa-
tion of the Dlx5/6-Cre;Oxtrflox/flox sample in multiple
clusters within our data set (Fig. 5D, right; Supplemental
Table S2). Specifically, we noted an increase in some cell
clusters with an immature identity, as well as a decrease
in other clusters with amature cell cluster identity. These
data revealed a shift in cluster composition dependent on
Oxtr expression, suggesting that the distribution of cellu-
lar identities was not equivalent between Oxtr KO and
other samples. Together, these data indicated a potential
developmental identity shift after knockout of Oxtr. To
support this, we next extracted a list of differentially ex-
pressed genes (DEGs) from Oxtr KO samples versus WT
and Oxtrflox/flox controls within all cell clusters (Supple-
mental Table S3). The down-regulated DEGs from just
abGC clusters were then subjected to gene ontology en-
richment (all DEGs, including up-regulated genes, are
shown in Supplemental Table S3) using the online gene
set enrichment analysis andGO term analysis tool ErichR
(Chen et al. 2013; Xie et al. 2021). Interestingly, many of
the GO terms resulting from this analysis revealed selec-
tive changes in both neurodevelopmental and synapto-
genic programs. Moreover, a prominent cohort of
differentially expressed genes comprised those that give
rise to proteins normally localized to synaptic and gluta-
mate receptor compartments (Fig. 5E). Overall, these
data suggested a shift in cellular identity upon Oxtr
knockout and revealed down-regulation of synaptic genes
as a candidate for the observed altered abGC integration
and function.

Cell type-specific and developmental-specific mRNA
enrichment in abGCs reveals disrupted postsynaptic
compartments and AMPA receptors after KO of Oxtr

Given that we identified selective expression changes in
genes associated with synaptic development and func-
tion, we next sought to use a more targeted approach to
evaluate gene expression in a cell type-specific manner
in abGCs. As single-cell sequencing requires tissue disso-
ciation, the synaptic compartments and transcripts are
lost in this preparation (Armand et al. 2021). Indeed,
many transcripts are transported, stored, and then trans-
lated locally at the synapse in response to activity, en-
abling rapid synaptic protein expression, which drives
neuronal adaptation and development (Holt and Schuman
2013; Ifrim et al. 2015; Shigeoka et al. 2016; Sambandan
et al. 2017; Holt et al. 2019). To generate known abGC-
specific expression profiles at defined developmental stag-
es and circumvent some of the limitations associatedwith
typical dissociation and sorting methods, we turned to
cell type-specific RNA enrichment using a Ribotag ap-
proach (Sanz et al. 2009, 2019). The Ribotag approach
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uses a Cre-dependent allele to tag a large ribosomal sub-
unit with the HA epitope. When this allele is combined
with a cell type-specific Cre driver, translating ribosomal
polysome complexes along with their associated mRNAs
can be selectively immunoprecipitated from cells of inter-
est within a whole-tissue lysate.

To selectively enrich for mRNA from abGCs, we in-
troduced a Dlx1/2-CreER allele (Batista-Brito et al.
2008) into mice harboring the Rpl22-HA allele (Sanz
et al. 2009) to create Dlx1/2-CreER;Rpl22-HA animals
(Fig. 6A). Dlx1/2-CreER is largely expressed in forebrain
interneurons and enriched in adult-born interneurons
within the OB (Batista-Brito et al. 2008). To first deter-

mine the timing of Dlx1/2 expression relative to Oxtr,
we crossed Dlx1/2-CreER with a Rosa26-tdTomato con-
ditional reporter (Madisen et al. 2010) and injected these
animals with EdU. Importantly, using EdU birth dating
and tamoxifen oral gavage, we confirmed that Dlx1/2-
CreER is expressed between 5 and 7 d of abGC develop-
ment, well before the peak expression of Oxtr in abGCs
(Fig. 6B). These animals were then crossed with Oxtrfl/fl

mice to generate the final experimental models. By ad-
ministering tamoxifen, we both knocked out Oxtr in
abGCs of a known developmental age and selectively la-
beled polysomes for immunoprecipitation (IP) of actively
translating mRNA. The Dlx1/2-CreER driver facilitated

A
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Figure 4. Oxtr KO in abGCs results in lower frequency of mEPSCs. (A) Schematic diagram of lentiviral injections into Oxtrfl/fl animals.
(B) Representative coronal slice 4 wk after lentiviral RMS injection. Scale bar, 150 μm. (C ) Representative miniature excitatory postsyn-
aptic current trace ofOxtr KO andOxtr Flox/WTcells. (D) Frequencyofminiature excitatory postsynaptic current. Students t-testP <0.05.
NOxtr KO =6 animals, NOxtr KO =12 cells, NWT=7 animals, NWT=20 cells. (E) Interevent interval graph. Kolmogorov-Smirnov test, P <
0.0001. NOxtr KO =6 animals, NOxtr KO = 11 cells, NWT=7 animals, NWT=10 cells. (F ) Graph of miniature excitatory postsynaptic current
amplitude. Students t-test, P >0.05. NOxtr KO =6 animals, NOxtr KO = 14 cells, NWT=7 animals, NWT=14 cells.
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Figure 5. Single-cell sequencing of Oxtr KO and Oxtr WT OBs demonstrates transcriptional changes associated with synapse morphol-
ogy and formation within abGCs. (A) Schematic diagram for 10X Chromium single-cell sequencing workflow. (B) Uniformmanifold pro-
jection of all OB cells. Dlx5/6-Cre;Oxtrfl/fl, Oxtrfl/fl, and WT samples clustered concurrently. (C ) Heat map of the top differentially
expressed genes for each cluster inB. (D, left) Uniformmanifold projection of subclustered abGCs colored in pseudotime. (Middle) Expres-
sion of Sox11 and Slc32a1maturationmarkers mapped onto abGC clusters. (Right) χ2 analysis of Dlx5/6-Cre;Oxtrfl/fl cluster composition
versus WT and Oxtrfl/fl samples. (E) Differential expression GO analysis from just abGCs adapted from EnrichR.
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inducible and abGC-specific recombination of both
Rpl22-HA and Oxtrfl/fl alleles. This approach enabled
bulk RNA sequencing of enriched translating mRNA
samples from both Oxtr KO and control wild-type 30-
d-old abGCs.

To ensure specificity of our analysis, we first performed
background gene expression removal by comparing paired

input versus immunoprecipitated samples, including only
genes that were significantly enriched in immunoprecipi-
tated and depleted in input for further downstream analy-
sis as previously described (Sanz et al. 2019). To validate
the selective and cell type-specific enrichment of RNA,
we first used the DESeq2 R package to perform a differen-
tial expression analysis between immunoprecipitated and

A
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Figure 6. Actively translating enrichedmRNA fromabGCs reveals alterations in genes necessary for synapticmorphology development,
postsynaptic density organization, and AMPA receptor function upon Oxtr KO. (A) Schematic diagram of the Ribotag immunoprecipita-
tion experiment. (B, left) Representative confocal image of Dlx1/2-CreER;Rosa26-tdTomato olfactory bulbs after tamoxifen oral gavage.
Saggital view: scale bar, 1000 μm. Coronal image: scale bar, 100 μm. (Right) Representative image and EdU time course of abGCs express-
ing Dlx1/2-CreER. (Tam) Tamoxifen, administered at 200mg/kg via oral gavage.N =4mice/time point. (C ) Volcano plot for the top differ-
entially expressed genes. Red dots represent genes with an abs[log2(FC)] >0.25 and a −log10(FDR) >1. (D–F ) Gene ontology enrichment
adapted from EnrichR using differentially expressed genes between Dlx1/2-CreER;Oxtrfl/fl;Rpl22-HA/HA and Dlx1/2-CreER;Rpl22-
HA/HA immunoprecipitated mRNA. NExp = 11 animals, NControl = 8 animals. See also Supplemental Figure S4.
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input samples. Importantly, we showed that our im-
munoprecipitated samples, regardless of experimental
condition, clustered separately from input samples (Sup-
plemental Fig. S4A). Leveraging our previous single-cell
sequencing results from the mouse OB (Tepe et al.
2018), we identified distinct cluster marker genes to reli-
ably annotateOB cell types.We found a significant enrich-
ment of abGC-specific genes, as well as a significant
depletion of all other cell type markers within our immu-
noprecipitated group as comparedwith input (Supplemen-
tal Fig. S4B).
With mature 30-d-old abGC-specific mRNA from both

Oxtr KO andWT backgrounds, we compared gene expres-
sion changes and identified DEGs associated with gluta-
matergic synapse function and abGC development,
including Ntm, Cnih3, Gria1, and Gria4 (Horger et al.
1998; Flavell et al. 2006; Kelsch et al. 2008; Herring et al.
2013; Chater and Goda 2014) (Fig. 6C). Additionally, we
observed distinct up-regulation of genes known to induce
neuronal differentiation, along with activity-dependent
proteins and transcription factors that have been reported
to cause changes in cell morphology. We analyzed all
DEGs regardless of differential expression direction using
EnrichRgeneontologyenrichment andobserved that tran-
scription factors Creb1, Crem, and Rarb, among others,
were significantly dysregulated (Fig. 6D). Intrigued by the
enrichment of cAMP binding transcription factors and
their known association with abGC development, we
next analyzed the down-regulated DEGs separately and
observed significant differences in gene expression in cat-
egories important for glutamate receptor function, includ-
ing regulation of theAMPAreceptor complex and cell–cell
adhesion molecules known to regulate morphological de-
velopment (Fig. 6E,F; Supplemental Table S4; Chen et al.
2013; Xie et al. 2021). Additionally, many DEGs clustered
into synaptic compartments important for the structural
integrity of postsynaptic densities, such as AMPA recep-
tors, dendrites, and vesicular compartments (Fig. 6F). To-
gether, these data reveal that Oxtr KO induces changes
in gene translation patterns resulting in dysregulation of
transcriptional programs andkey genetic pathways associ-
ated with synaptic and morphological development, in-
cluding AMPA receptor structure and function.

Oxtr knockout in developing abGCs alters AMPA/
NMDA current ratios from mitral/tufted cells

Because our whole-cell recording data show thatOxtr KO
abGCs receive decreased postsynaptic current and gene
expression analyses revealed down-regulation of tran-
scripts necessary for AMPA receptor function, we next
sought to evaluate whether Oxtr KO cells may have im-
paired transduction of glutamatergic input. abGCs under-
go dramatic changes in gene expression that govern their
morphological and synaptic properties throughout devel-
opment (Tepe et al. 2018). A noted example is the switch
in synaptic protein expression from mostly NMDA to
both AMPA and NMDA ionotropic glutamate receptors
(Katagiri et al. 2011; Kovalchuk et al. 2015) in the matura-
tion of abGC synapses. To evaluate potential roles for oxy-

tocin in such developmental processes, we measured
elicited AMPA/NMDA currents in both wild-type and
Oxtr KO abGCs. To facilitate this, we introduced chan-
nelrhodopsin2 (ChR2) into M/T cells (Balu et al. 2007;
Panzanelli et al. 2009; Pallotto et al. 2012). For this, we
crossed Thy1-ChR2::EYFP into the Oxtrfl/fl background
to yield Thy1-ChR2::EYFP;Oxtrfl/fl mice (Fig. 7A). These
animals express ChR2::EYFP in mitral/tufted cells of the
OB (Arenkiel et al. 2007). Concurrently, lentiviruses ex-
pressing either Ef1a-BFP or Ef1a-Cre-P2A-mRuby2 were
injected into the RMS either to label wild-type abGCs or
to both label and knock out Oxtr, respectively (Fig. 7A).
After allowing 4 wk to complete abGC development and
integration, fixed cryosections were obtained and stained
with the M/T cell marker Tbx21 (Fig. 7B). Slices obtained
from Thy1-ChR2::EYFP;Oxtrfl/fl transgenics had robust
colocalization of ChR2::EYFP and Tbx21, suggesting
that ChR2+ cells from Thy1-ChR2::EYFP;Oxtrfl/fl trans-
genics were M/T cells (Fig. 7B). To validate that ChR2-
elicited current was indeed glutamatergic, we measured
evoked synaptic responses via whole-cell recordings
from visually targeted abGCs in acute brain slices from
both experiments in the presence of AMPA and NMDA
blockers. Evoked responses from BFP+ control cells held
at +40 mV were partially abolished with bath application
of the selective NMDAR blocker APV and completely
abolished with both APV and the AMPAR blocker
CNQX (Fig. 7C). We thenmeasured postsynaptic respons-
es at either +40 mV or −70 mV to isolate NMDA and
AMPA currents, respectively. When recording from
Ef1a-Cre-P2A-mRuby2-expressingOxtr knockout abGCs,
we found a significant decrease in theAMPA:NMDA ratio
when compared with Ef1a-BFP-expressing controls in the
Thy1-ChR2::EYFP;Oxtrfl/fl experiment (Oxtr KO mean±
SEM=1.782 ± 0.186; Oxtrfl/fl mean ±SEM=2.657 ± 0.274)
(Fig. 7D). These findings reflect an altered AMPA/
NMDA component to the postsynaptic current at specif-
ically the M/T and abGC synapse, supporting a model
wherebyOxtr signaling promotesmaturation ofM/T syn-
apses in abGCs.

Discussion

Here, we present a novel oxytocin-dependent mechanism
that promotes the development and synaptic integration
of abGCs within the murine OB. Collectively, our data re-
veal that theoxytocin receptorcoordinates abGCcircuit in-
tegration by regulating morphological, synaptic, and
transcriptional development. Selectively ablating Oxtr
within abGCs disrupts gene expression programs essential
for dendrite growth, spine development, and AMPA/
NMDA receptor balance. The resultant cells have underde-
veloped synapses and impaired function.While others have
shown that adult-born neurons develop, migrate, and
integrate in an activity-dependent manner, much
remains unknown about the underlying molecular
mechanisms.Neuropeptides such as oxytocin are uniquely
poised to adaptively influence activity-dependent circuit
integration.
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Selective expression ofOxtr sensitizes developing abGCs
to oxytocin

Previous studies have shown that oxytocin drives pro-
grams necessary for circuit integration in the hippocam-
pus; however, little is known about its role in olfactory
adult-born neuron development (Leuner et al. 2012; Lin
et al. 2017, 2018; Ripamonti et al. 2017; Tirko et al.
2018). Our data indicate that oxytocin receptor expression
within the mammalian OB both is specific to adult-born
neurons and coincides with their activity-dependent crit-
ical period. Additionally, when oxytocin is presented to
these cells, they exhibit enhanced firing and prolonged
trains of action potentials. We have shown that oxytoci-
nergic fibers innervate the RMS, providing a source of oxy-
tocin to the OB. Collectively, these data support a
mechanism of extrasynaptic information transfer where-
by expression of the oxytocin receptor sets the specificity
of signal reception, effectively sensitizing abGCs to exist-
ing oxytocinergic fiber release during the critical period of
their development. Indeed, this method of extrasynaptic
transmission is typical for neuropeptides throughout the
mammalian brain (Ludwig 1998; Ludwig and Leng 2006;
Smith et al. 2019). Such tightly regulated expression of
Oxtr is elegantly poised to allow the oxytocinergic system
dynamic access to influence adult-born neuron integra-
tion, thus facilitating an adaptive sensory dimension.

Oxytocin drives dendritic remodeling and synaptic
integration by regulating development of immature
synapses

Our data show that selective ablation ofOxtr in immature
abGCs yields neurons with overgrown dendritic trees and
a greater density of spines. Despite this increased arboriza-
tion, Oxtr-ablated abGCs do not integrate into the exist-
ing circuitry as effectively as their wild-type
counterparts, as indicated by electrophysiological record-
ings. Initially, we speculated that the contradictory phe-
notypes of Oxtr-ablated abGCs (e.g., having more
complex and spine-dense dendritic arbors with lower syn-
aptic frequencies) might be explained by a developmental
stalling of abGCs. Indeed, it is well known that abGCs
form an abundance of dendritic spines that are then selec-
tively pruned at inactive synapses as they mature (Reshef
et al. 2017; Wallace et al. 2020). Given the critical period
of Oxtr expression and potent excitatory effect of oxyto-
cin, it is conceivable thatOxtrmay regulate or relay activ-
ity-dependent signals to developing abGCs to facilitate
and/or promote synaptic and morphological develop-
ment. Supporting this, our single-cell data indicate that
Oxtr expression regulates abGC developmental trajecto-
ries. For example, knocking out Oxtr alters the ratios of
immature to mature cells as characterized by pseudotime
analysis. Of note, we noticed that some immature and
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Figure 7. Oxtr knockout in developing abGCs reduces the functional AMPA:NMDA ratio from mitral/tufted cells. (A) Schematic dia-
gram of experimental setup using the Thy1-ChR2:EYFP transgenic allele. (B, left) Coronal slice of the OB demonstrating expression of
Thy1-ChR2::EYFP. Scale bar, 100 µm. (Top right) Magnified image derived from the white box. Scale bar, 50 µm. (Middle right) Coronal
slice of theOB demonstrating expression of Tbx21. Scale bar, 50 µm. (Bottom right) Magnified image derived from thewhite box.Note the
white arrowheads denoting colocalization. Scale bar, 70 µm. (C ) Representative trace from the visually guided whole-cell patch clamp
experiment. The blue bar represents 470-nm LED stimulation. (APV) Selective NMDAR antagonist, (CNQX) selective AMPAR antago-
nist. (D) Graph of the AMPA:NMDA ratio. Students t-test, P=0.0272. nFlox = 5 mice, nFlox = 19 cells, nKO =4 mice, nKO =15 cells.
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mature clusters were increased in representation within
the Oxtr KO group compared with controls, while others
experienced the opposite. Given that not all abGCs ex-
pressOxtr, this discrepancy highlights differences in sub-
populations of abGCs that may be uniquely susceptible
based on expression ofOxtr. These developmental identi-
ty changes are accompanied by altered gene expression in
programs that govern glutamatergic synapse formation,
maintenance, and stability. Specifically, we observed the
genes Gria2, Gria3, Gria4, and Dlgap4, among others, as
down-regulated in knockout versus WT and floxed con-
trols, indicating an AMPAR-specific impairment. Synap-
tic development and integration of abGCs are
considered stereotyped programs in which new immature
synapses express mostly NMDA receptors (Grubb et al.
2008). As abGCs mature, immature synapses begin to ex-
press AMPA andNMDA receptors in response to local ac-
tivity while concurrently mobilizing cytoskeletal binding
proteins to promote neurite extension and postsynaptic
density formation (Grubb et al. 2008). To support and fur-
ther interrogate gene expression changes from our single-
cell data, we immunoprecipitated actively translating
mRNA from 30-d-old mature abGCs from Oxtr KO and
WT controls. Differential expression of these two samples
revealed that knocking out Oxtr disrupts genes essential
for postsynaptic cytoskeletal structures and synaptic
function. Supporting our single-cell data, we also observed
genes integral for AMPA receptor function such asGria1,
Gria4,Cacng2, andCnih3 as significantly down-regulated
in the KO groups. Conversely, genes important for neuron
growth and postsynaptic density formation such as Egr2,
Egr1, Pi4k2a, and Dlgap2 (Lindholm et al. 1994; Thak-
ker-Varia et al. 2007; Ao et al. 2014) were significantly
up-regulated. Interestingly, we demonstrate a significant
difference in AMPA/NMDA ratio upon Oxtr KO. Addi-
tionally, we found that the average coefficient of variation
for AMPA responses was indeed higher than for NMDA
responses, suggesting that adult-born neurons in both
the control andOxtr KO groups do form a certain number
of silent immature synapses.While these results are based
on recordings of multiquantal synaptic responses and do
not rule out silent synapses as a possible explanation,
they do suggest some level of AMPA receptor plasticity
dysregulation is occurring. After observing dysregulation
of AMPAR genes in response to Oxtr KO in both single-
cell and Ribotag-enriched RNA-seq data sets, we
hypothesized that this drives a paucity of functional gluta-
matergic synapses, while the increased expression of cyto-
skeletal binding proteins and growth factors may account
forOxtrKO abGCs forming larger dendritic arbors and su-
pernumerary spines.

Oxytocin influences developmental programs in
neuronal subsets

Oxytocin is known to have organizational effects on de-
veloping neurocircuits, with loss-of-function mutations
giving rise to early developmental abnormalities in ani-
mal models and humans (Keebaugh and Young 2011;
Tyzio et al. 2014; Guastella and Hickie 2016; Nunes

et al. 2020). Given our electrophysiological evidence sug-
gesting poor integration of Oxtr KO abGCs combined
with critical period-specific expression ofOxtr, it is likely
that oxytocin is an important regulatory signal to integrat-
ing abGCs. However, the molecular cascade of events
translating Oxtr activation to abGC integration remains
elusive.
Mechanistically, OXTR signaling is coupled to Gαq or

Gαi, where, upon receptor binding, oxytocin depolarizes
neurons via inhibition of KIR7.1 and subsequent activation
of voltage-dependent calcium channels through a PLC/
PKC-dependent mechanism (Gimpl and Fahrenholz 2001;
Stoop 2012; Bakos et al. 2018). Interestingly, studies show
thatoxytocinbound toOXTRphosphorylatesCREBinneu-
rons to drive downstream activity-responsive genes (Tomi-
zawaetal.2003; Jureket al. 2015).OurdatashowthatCreb1
andCremwere the two most enriched transcription factor
pathways derived fromdifferential expression analysis. Co-
opting Creb-responsive activity regulators, such as Arc,
Junb, and Fosl2, were also found to be dysregulated in
Oxtr KO abGCs, Oxtr signaling dynamically regulates ex-
pression of synaptic remodeling genes. It is conceivable
that abGCs expressingOxtr are a specialized developmen-
tal subset responsible for transducing specific environmen-
tal stimuli by sensitizing abGCs to oxytocin during their
critical period.However, itmust beconsidered that because
only a subset of abGCs expresses Oxtr, manipulating only
this subset may not result in broad effects on general olfac-
tory behavior, which may explain the lack of an olfactory
discrimination/sensitivity phenotype. Perhaps supporting
a specific environmental stimulus underlying oxytocin’s
function in abGC integration, a previous study found that
motherhood increases circuit integration of abGCs (Kopel
et al. 2012). Large amounts of oxytocin are released during
pregnancy and parturition, which may act directly on
abGCs. In such a scenario, oxytocinergic projections into
the RMS may function to convey the physiological state
of parturition, parental care, stress, or social status to the ol-
factory system.
The release of oxytocin into the OB may indeed serve

as an extrasynaptic signaling substrate to reshape OB cir-
cuitry over time bymodulating abGC activity-dependent
development through the Creb-related pathway,
AMPAR plasticity, and synaptic integration. In this
way, oxytocin would serve as a stimulus-specific cue, ini-
tiating a plasticity window in the OB by co-opting con-
tinually integrating abGCs to remodel circuitry. This
type of circuit remodeling could happen rapidly and
have wide-ranging effects on specific odor representa-
tions. In any case, our current findings reveal a role for
oxytocin as a key signaling molecule that supports sen-
sory network development and plasticity at the cellular
level. Classically, neuropeptides convey brain state and
physiology by signaling to receptive brain circuits. Given
the synaptogenic and morphological programs we have
uncovered, it is likely that oxytocin contributes to
abGC plasticity to drive OB circuit integration and adap-
tation. Future work will determine whether this adapta-
tion is in response to social, parental, aggressive, or other
physiological states.
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Materials and methods

Oxtr-Cre EdU birth dating experiments

All birth dating experiments were performed on male and female
adult mice 6–10 wk old. Oxtr-EGFP (MGI 4847297) and Oxtr-
Cre (MGI 5311702) were used for the initial pharmacological and
spatial expression characterizations. The EdU birth dating experi-
mentsmade use ofOxtr-Cre crossed to a conditional Rosa26-tdTo-
mato reporter allele. We then injected 50 mg/kg EdU (Thermo
Fisher C10340) intraperitoneally five times over the course of 1 d.

Antibodies

The antibodies used in this study were rabbit antioxytocin–neu-
rophysin (1:4000; Abcam ab2078), chicken antidoublecortin
(1:500; Synaptic Systems 326-006), chicken anti-EGFP (1:1000;
Abcam ab13970), mouse anti-NeuN (1:500; Millipore MAB377),
rabbit anticalretinin (1:1000; Millipore AB5054), and mouse anti-
calbinidin (1:500; Abcam ab9481).

Electrophysiology

For acute olfactory bulb slice preparation, animals were anesthe-
tizedwith isoflurane andperfusedwith cold artificial cerebrospinal
fluid (ACSF) solution containing 125mMNaCl, 2.5mMKCl, 1.25
mMNaH2PO4, 2mMCaCl2, 1mMMgCl2, 10mMglucose, and 25
mM NaHCO3. Brains were rapidly removed and transferred into
sucrose-based cutting solution (pH 7.35) containing 87 mM
NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 0.5 mM CaCl2, 7 mM
MgCl2–6H2O, 13 mM ascorbic acid, 75 mM sucrose, 10 mM glu-
cose, and 25 mM NaHCO3. Both solutions were pH-equilibrated
with a 5%CO2/95%O2 gasmixture for at least 10min prior to ex-
periment.Three-hundred-micrometer-thick coronal olfactorybulb
sliceswere preparedusinga LeicaVT1200vibratome andplaced for
at least 15min at 37°C in5%CO2/95%O2 bubbledACSF solution.
They were then gradually lowered to room temperature (25°C) and
allowed toacclimate forat least15minbefore recording. For record-
ing, slices were transferred into a recording chamber continuously
perfused with ACSF at 1–2 mL/min at 25°C. Neurons were identi-
fied by optiMOS camera (QImaging) controlled byMicro-Manager
version 1.4.22 software (University of California at San Francisco)
using transmitted light DIC (Olympus BX50WI) and fluorescence
reporter using ThorlabsDC4100 470-nmor 565-nmLED illumina-
tion with 49002-ET-EGFP (FITC/Cy2) or HcRed1 emission filters
(Chroma Technology), respectively. Recordings were acquired us-
ing an Axon MultiClamp 700B amplifier digitized at 10 kHz
(Axon Digidata 1440A). Recording electrodes (3–5 MΩ) were fabri-
cated from borosilicate glass microcapillaries (outer diameter 1.5
mm) with a micropipette puller (Sutter Instruments). The internal
solution contained 120 mM Cs-MeSO4, 10 mM CsCl, 2 mM
MgCl2, 4 mM ATP-Mg, 0.5 mM GTP-Na, 10 mM phosphocrea-
tine-di-Na, 1 mM EGTA, and 20 mM HEPES; pH was adjusted to
7.3 with CsOH, and the osmolarity was adjusted to 305 mOsm/L
with CsMeSO4. The access resistance was monitored throughout
the experiment and was typically in a range of 10–20MΩ and con-
sideredtobeacceptableup to30MΩ.Obtainedrecordingswerepro-
cessed offline using Clampfit 10.7.0.3 (Molecular Devices) and
SynaptosoftMiniAnalysis6.0.7.Forpharmacologicalexperiments,
1 µMoxytocin (Tocris 1910) was dissolved intoACSF and perfused
into the bath solution. Atosiban (Sigma A3480) was perfused at 10
µM into the bath solution to antagonizeOxtr receptors. Forminia-
ture or evoked EPSC analysis, the detection threshold detection
was set at 4 pA. All recorded traces were observed by eye, and arti-
facts were corrected as necessary.

To assess the AMPA:NMDA ratio, we used “high” (4 mM) Mg
bath solution to ensure a block of NMDA receptors at negative
membrane voltage. As with miniEPSC recordings, bicuculine
was added to inhibit GABAergic current. To assess the AMPA re-
ceptor component of synaptic response, cells were held at −70
mV, and EPSCs were repeatedly evoked by 470-nm LED and 1-
msec light pulses every 30 sec for 5 min. The resulting current
was analyzed for maximal amplitude, decay time, and success:
failure ratio. The holding voltage was then changed to +40 mV,
and repeated 470-nm light pulses of the same intensity were ad-
ministered at the same rate to evoke outward current, represent-
ing a mixed AMPA and NMDA postsynaptic response. In a series
of preliminary recordings using specific NMDA and AMPA re-
ceptor blockers, we confirmed that (1) no currents other than
AMPA and NMDAwere evoked under the described stimulation
protocol, and (2) pharmacologically isolated AMPA current had a
similar inactivation time at −70 mV and +40 mV. Consequently,
we measured the NMDA current at the time interval when the
AMPA current (judging by corresponding traces acquired at −70
mV) decayed to at least 20% of maximum.

AAVs, lentiviruses, and stereotactic injections

Male and female 6- to 10-wk-oldOxtr-flox (Jax 008471) mice were
used for all loss-of-functionmorphology studies. All AAVs and len-
tiviruses were cloned and packaged in-house unless otherwise not-
ed. In vivo viral transduction was performed via bilateral
stereotactic injections with all listed coordinates relative to
bregma. For the loss-of-function survival experiment, we injected
50 nL of AAV-Ef1a-Cre-H2B::mRuby2 and AAV-Ef1a-H2B::mVe-
nus three times into the RMS at coordinates relative to bregma
(ML: ± −0.80, AP: 2.58, DV: −3.62). For morphology, we injected
12 nL of Lenti-Ef1a-EGFP-IRES-Cre and Lenti-Ef1a-tdTomato
into the RMS 10 times. ForAMPA/NMDA recordings,we injected
12nLofLenti-Ef1a-tdTomato-P2A-CreandLenti-Ef1a-BFP intothe
RMS10 times to label abGCs.All analyses and experimentationaf-
ter viral injections were performed 28 d after injections to ensure
full abGC integration. To ensure that differential and uncontrolla-
ble lentiviral integrationdidnot affect survivalof abGCs,we turned
toAAVs for cell survival experiments.We used both platforms and
saw no significant differences between the two but chose the AAV
platform for survival and lentiviruses for reconstruction, as lentivi-
ruses more faithfully reconstructed 3D volumes in our hands.

Cryosectioning and immunohistochemistry

All tissue used for IHC or morphology analyses were harvested
from mice sacrificed by deep anesthesia using isoflurane. Mice
were first transcardially perfused with 10 mL of phosphate-buff-
ered saline (PBS) followed by 10 mL of 4% paraformaldehyde
(PFA; Electron Microscopy Sciences 15710). Brains were then
fixed for an additional 3 h at 4°C in 4% PFA before being trans-
ferred to a 30% sucrose solution for cryoprotection. After cryo-
protecting overnight, OBs were frozen in OCT and sliced into
sections ≤40-µm on a cryostat (Leica CM1860). Tissue to be
used in IHC was prepared by blocking in 10% NGS, 0.1% Triton
X-100, and 0.3 M glycine for 2 h at room temperature. The tissue
was then stained with primary antibody using the above-men-
tioned dilutions overnight at 4°C, diluted in blocking solution.
Primary antibody was washed three times with PBST. The tissue
was then incubated in secondary antibodies (Thermo Fisher
A32731, A32740, and A32733) at 1:500 for 2 h at room tempera-
ture. Finally, the tissue was washed three times with PBST and
mounted onto slides suitable for confocal microscopy.
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Single-cell sequencing and data analysis

All animals were deeply anesthetizedwith isoflurane and perfused
intracardially with PBS. Olfactory bulbs were dissected, and tissue
was dissociated using the 10X Genomics Chromium dissociation
protocol. Dissociated cells were counted using a hemocytometer
and stained with trypan blue to visualize debris and dead cells.
Cells were loaded onto a 10X Genomics Chromium instrument
for preparation of cell-barcoded bead complexes. Libraries were
then generated using the 10X Chromium single cell 30 v2 reagent
kit according to themanufacturer’s instructions and sequenced on
an IlluminaNextSeq 500. After sequencing, reads were aligned us-
ing 10X Genomics Cell Ranger software and exported as a digital
gene expression matrix. The expression matrix was then loaded
into the single-cell sequencing analysis package Seurat v4.1.0
(Hao et al. 2021). Briefly, quality control was first performed by re-
moving doublets, cells with >20%mitochondrial gene expression,
and cells with <200 genes expressed. Samples from each experi-
mental group were first normalized using regularized negative bi-
nomial regressing and integrated based on common anchors to
normalize data from multiple samples into a single reference as
previously described (Hafemeister and Satija 2019; Stuart et al.
2019). Principle component analysis (PCA) was then performed,
followed by uniform manifold projection for graph-based cluster-
ing and two-dimensional visualization.
Pseudo-time line analysis was performed by first inputting the

normalized single-cell data set into the Monocole3 environment
using the SeuratWrapper R package (Cao et al. 2019). Cellswere or-
deredwith starting clusters based onexpressionof immature abGC
markers.Monocle3 pseudotime informationwas saved in the orig-
inal Seurat object metadata and used for further visualization.
χ2 analysiswasperformedusingRviaPearson’s χ2 test to first cal-

culate continuous χ2 values, with a P-value cutoff of 0.05.We com-
pared Cre groups versus Flox and WT and then assigned discrete
designations to create a discrete scaling of continuous data for eas-
ier visualization, with resulting residuals binned by sign (i.e., resid-
ual >0 became “increased,” and residual <0 became “decreased”).
Binned residuals were then visualized using the existing UMAP
reduction.
Differentially expressed genes were determined using the Seu-

rat in-package function FindMarkers. Arguments for Find-
Markers function that are different from default were as
follows: FindMarkers(logfc.threshold = 0.25, test.use =“DESeq2,”
min.pct =“0.1”). Subsequent differentially expressed genes were
subjected to GO enrichment using EnrichR (Xie et al. 2021).

Ribotag RNA immunoprecipitation and RNA sequencing analysis

RNA immunoprecipitation Dlx1/2-Cre;Rpl22-HA/+ and Dlx1/2-
Cre;Rpl22-HA/+;Oxtrfl/fl animals were gavaged orally with 200
mg/kg tamoxifen (Sigma T5648-1G) dissolved in corn oil. Four
weeks after oral gavage, animals were deeply anesthetized using
isoflurane. Olfactory bulbs were quickly dissected and immedi-
ately transferred to ice-cold HB-S buffer for subsequent immuno-
precipitation and preservation of RNA as previously described
(Sanz et al. 2019). Samples were mixed gently on a rotator for
no more than 14 h after time of dissection. Subsequent immuno-
precipitated RNA was sent for sequencing and quality control.

RNA sequencing and analysis The following critical commercial
assays were used: Trio RNA-seq system (NuGEN 0507-96), stan-
dard sensitivity NGS fragment analysis kit (Agilent DNF-473-
0500), Quant-it dsDNA assay kit (Thermo Fisher Q33120), and
High-Output v2 kit (Illumina FC-404-2002).
For RNA-seq library preparation and sequencing, input of ∼30

ng of total RNA was used for cDNA synthesis and construction

of Illumina sequencing libraries using the Trio RNA-seq system
(NuGEN 0507-96) according to the manufacturer’s instructions.
The resulting libraries were validated based on size using the
standard sensitivity NGS fragment analysis kit (Agilent DNF-
473-0500 [formerly AATI]) on a 12-capillary fragment analyzer
and quantified using Quant-it dsDNA assay kit (Q33120). Equi-
molar concentrations (2 nM) of each library were pooled, dena-
tured, and diluted to a final 1.3 pM concentration. Library pools
were subjected to paired-end (2 × 75) sequencing of ∼30 million
reads per sample using the High-Output v2 kit (Illumina FC-
404-2002) on a NextSeq 500 according to the manufacturer’s
instructions.
Sequencing files fromeach flow cell lanewere downloaded, and

the resulting FastQ files were merged and quality-controlled us-
ing FastQC (v0.10.1). Paired-end reads were aligned to the mouse
genome (mm10) using STAR (v2.5.0a) (Dobin et al. 2013). The re-
sulting BAM files were used to build count matrices in R (v3.5.2)
with Bioconductor packages GenomicAlignments (v1.16.0) and
GenomicFeatures (v1.32.2) (Lawrence et al. 2013).
Gene counts obtained from STAR aligner were used for unsu-

pervised clustering and differential gene expression (DGE) analy-
ses. Genes with a total read count of <10 across all samples (by
sex) were excluded, resulting in count data for 17,020 genes in fe-
males and 16,325 genes in males. Raw counts were normalized
for library depth and composition using theDESeq2median to ra-
tiomethod (Love et al. 2014). DGE analyseswere performed using
default parameters in DESeq2, and Benjamini–Hochberg (BH)-ad-
justed P-valueswere used to defineDGE atP <0.05. DGE compar-
isons were performed within respective sexes and batch-adjusted
by linear regression. Gene enrichment in Ribotag immunoprecip-
itation (IP) were determined by DGE analysis between control IP
andwhole-sample input. Genes depleted in control IP when com-
pared with input (log2 fold change< 0, P<0.05) were considered
background and removed, with 1794 genes depleted in females
and 1685 genes depleted in males. DGE analysis between control
and oxytocin KO were performed without background genes. To
evaluate sample heterogeneity, normalized gene countswere rlog
transformed (DESeq2), and samples were embedded in 2D space
via uniform manifold approximation and projection (UMAP)
(Becht et al. 2019). Hierarchical clustering was performed to orga-
nize samples in heat maps.

Behavior and analyses

Tamoxifen administration for go/‘no go’ All experimental animals
for behavior were 8- to 10-wk-old male and female adult mice.
Animals were fed tamoxifen chow formulated for a 250 mg/kg
per d tamoxifen diet, assuming a 20- to 25-g body weight and 3-
to 4-g intake (Teklad Global TD.130855) for 4 wk mixed with
standard chow.

Go/‘no go’ training Freelymovingmicewere trained on an olfacto-
ry-cued go/“no go” discrimination task using olfactory condi-
tioning boxes (Med Associates) controlled by MedPC software
as previously described (Liu et al. 2018). Conditioning boxes in-
cluded one odor delivery port and one water reward port, both
of which were equipped with IR beams to record port entries.
The odor delivery port received a constant stream of clean room
air, cleared by a vacuum. Odors were injected into the steady
air stream by opening valves to one of two odor reservoirs, allow-
ing the air stream to pass through the head space of the reservoir
carrying the volatized odorant. Reservoirs were 20 mL in volume
and included 2.5 mL of odorant diluted to 1% by volume in min-
eral oil. Water rewards were dispensed at 5 µL in volume in the
separate reward port upon reward port entry only on correctly
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decided hit trials. Conditioning boxes were housed within larger
behavior isolation boxes (Med Associates). Box fans in the isola-
tion boxes continuously circulated ambient air away from the
conditioning boxes and out of the isolation boxes to reduce the ac-
cumulation of ambient odor.
Over the course of 10–14 d, mice underwent five stages of

behavior shaping. Mice were water-restricted to no less than
85%of their bodyweight during the 48 h prior to the start of train-
ing. Mice were first trained to seek water rewards and then to ini-
tiate trials by poking their noses into the odor port. Mice were
then trained to respond to an S+ odor cue (1% eugenol in mineral
oil) to receive a water reward. Upon forming this association, the
S− odor cue (1%methylsalicylate in mineral oil) was introduced,
in which mice were trained to refrain from seeking a reward and
instead initiate another trial. Trials required mice to sample the
odor cues for ≥100 msec before responding to the cue and were
categorized based on the S+/− odor cue and the mouse’s response.
When mice were presented with the S+ odor cue, trials were con-
sidered “hits”whenmice sought a water reward within 5 sec and
“misses” ifmice did not enter the reward port. Trials inwhich the
S− odor cue was delivered were considered “false alarms” when
mice incorrectly attempted to retrievewater and “correct rejects”
if mice did not seek water. False alarms resulted in a 4-sec time-
out punishment. Accuracy was calculated as percent correct tri-
als (hit + correct reject trials) for blocks of 20 trials. For each train-
ing session, mice completed 10–20 blocks. Training was
considered complete after mice completed a session with the
training odors (eugenol [S+] and methysalicylate [S−]) in which
they achieved >85% accuracy in at least two consecutive blocks.
Testing sessions followed the same pattern as the last stage of
training, but new odor pairs were introduced, requiring mice to
learn new S+ and S− odor associations.

Go/‘no go’ testing Novel odor pairs were presented on consecutive
days until mice achieved at least two consecutive blocks of 85%
accuracy (when the odor pair was considered learned) or until the
mice failed to learn for three consecutive days. Sessions of the
same odor pair were then concatenated into a single session span-
ning up to 3 d. Concatenated sessions were excluded from analy-
sis if mice failed to complete at least 100 trials. Behavior was
quantified using the signal detection theory measures d′ [d′ =Z
(hit rate)−Z(false alarm rate)] and criterion {C=−1[Z(hit rate) +
Z(false alarm rate)]} (Stanislaw and Todorov 1999), where d′ mea-
sures the sensitivity of discrimination and reflects overall task
performance, andCmeasures discrimination bias. More negative
C values reflect a bias toward reward seeking, C values close to
zero reflect optimal decision bias, and positive C values reflect
bias away from reward seeking in favor of trial reinitiation. To
show change in sensitivity over time within a session, d′ was cal-
culated over a rolling window of 40 trials. For experimental and
control mice, d′ andCwere calculated for each odor pair, and val-
ues were averaged for each mouse.

Three-chamber test for sociability All behavioral testing was per-
formed on 7- to 12-wk-oldmale and femalemice. Testingwas per-
formed as previously described (Buffington et al. 2016; Sgritta
et al. 2019).Micewere initially habituated for 10min in an empty
60×40×23-cm Plexiglass arena separated into three connected
chambers referred to here as “left,” “center,” and “right.” Base-
line sociability was analyzed with a 10-min period in which the
subject could interact either with an empty cup or a cup contain-
ing a genotype-, age-, and sex-matched stranger conspecific. The
interaction time was quantified by measuring the time the sub-
ject mouse spent sniffing or climbing on the empty cup or the
cup with the stranger conspecific, counterbalancing the position

of the empty cup/stranger mouse between trials. Preference for
social novelty was determined using a 10-min interval by intro-
ducing a second stranger mouse into the previously empty cup.
Finally, the reciprocal interaction time was measured in the
same way for a 10-min period, but this time the interactions be-
tweenmice of the same genotypeweremeasured. The time spent
interacting with either stranger mice, conspecific mice, or the
empty cupswas recorded andmeasured usingAnyMaze software.
The independent human observers were blind to genotype
groups.

Software The following software was used in this study: Seurat
(v4.1.0; https://github.com/satijalab/seurat) (Hao et al. 2021),
SeuratWrapper (https://github.com/satijalab/seurat-wrappers),
Monocle3 (1.0.0; https://cole-trapnell-lab.github.io/monocle3)
(Cao et al. 2019), fastQC (v0.10.1; https://www.bioinformatics
.babraham.ac.uk/projects/fastqc), STAR (v2.5.0a; https://github
.com/alexdobin/STAR) (Dobin et al. 2013), GenomicAlignments
(v1.16.0; https://bioconductor.org/packages/release/bioc/html/
GenomicAlignments.html) (Lawrence et al. 2013), and Genomic-
Features (v1.32.2; https://bioconductor.org/packages/release/
bioc/html/GenomicFeatures.html) (Lawrence et al. 2013).
All scripts are available on request

Microscopy and imaging Confocal imaging was performed on a
Leica confocal SP8X equipped with either a 20×/0.75 NA dry ob-
jective or a 63×/1.4 NA oil objective. Briefly, images are acquired
using Leica LAS X software with 3-µm step sizes between optical
sections. For morphology, tissue was imaged with a fully closed
pinhole and 0.5-µm step sizes to ensure optimal z-capture and
faithful 3D reconstruction of dendritic spines. For IHC, cell
counting, and other tracing experiments, images were acquired
at 20× magnification with 5-µm step sizes.

Image processing and analysis Images were processed using Imaris
version 9.7.2 (Bitplane Software). Leica image files (LIF) were first
preprocessed using the background subtraction filter within Ima-
ris image processing. For dendritic morphology and spine recon-
struction, we used the filament tracer extension to first trace
the dendritic arbors of abGCs with the autopath function.
Next, dendrite diameters and center points were recalculated
via local contrast thresholding. Finally, dendritic spines were
manually assigned to the new filament by using a combination
of the autopath and autodepth features. Aftermanual assignment
of spines, the spine diameters were recomputed using local con-
trast thresholding. After complete reconstruction of dendritic
trees, data were exported in CSV format directly from Imaris
and imported into GraphPad Prism 9 software for graphing and
statistical tests.
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