
Parallel social information processing circuits are differentially 
impacted in autism

Eastman M. Lewis1,2,3,4,†, Genevieve L. Stein-O’Brien1,3,5,6,†, Alejandra V. Patino1,2,3,4,6,†, 
Romain Nardou1,2,3,4, Cooper D. Grossman1,2,3, Matthew Brown1, Bidii Bangamwabo1, 
Ndeye Ndiaye1, Daniel Giovinazzo1, Ian Dardani7, Connie Jiang8, Loyal A. Goff1,3,6,*, Gül 
Dölen1,2,3,4,*

1The Solomon H. Snyder Department of Neuroscience, Johns Hopkins University, School of 
Medicine, Baltimore, Maryland, 21205, USA.

2The Brain Science Institute, Johns Hopkins University, School of Medicine, Baltimore, Maryland, 
21205, USA.

3The Kavli Neuroscience Discovery Institute, Johns Hopkins University, School of Medicine, 
Baltimore, Maryland, 21205, USA.

4The Wendy Klag Institute for Autism and Developmental Disabilities, Johns Hopkins University, 
School of Medicine, Baltimore, Maryland, 21205, USA.

5Department of Oncology, Division of Biostatistics and Bioinformatics, Sidney Kimmel 
Comprehensive Cancer Center, Johns Hopkins University, School of Medicine, Baltimore, 
Maryland, 21205.

6McKusick-Nathans Department of Genetic Medicine, Johns Hopkins University, School of 
Medicine, Baltimore, Maryland, 21205, USA.

7Department of Bioengineering, University of Pennsylvania, Philadelphia, Pennsylvania, 19104, 
USA.

8Cell and Molecular Biology Group, University of Pennsylvania, Perelman School of Medicine, 
Philadelphia, Pennsylvania, 19104, USA.

SUMMARY

*Correspondence: gul@jhu.edu and loyalgoff@jhmi.edu.
†These authors contributed equally
AUTHOR CONTRIBUTIONS
E.M.L., A.V.P., G.L.S.O., L.A.G., and G.D. designed the experiments and wrote the manuscript; E.M.L. and C.D.G. conducted 
electrophysiology and analyzed the data. E.M.L, R.N, A.V.P and N.N. conducted behavioral experiments and analyzed the data. 
E.M.L., A.V.P. and B.B. conducted immunoblotting experiments and analyzed the data. A.V.P. and G.L.S.O. conducted the scRNAseq 
experiments. G.L.S.O. and L.A.G. analyzed the scRNAseq data. A.V.P. and G.L.S.O performed the HCR smFISH under the direction 
of I.D., and C.J., I.D. performed smFISH imaging.

DECLARATION OF INTERESTS
Authors declare no competing interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Neuron. Author manuscript; available in PMC 2021 November 25.

Published in final edited form as:
Neuron. 2020 November 25; 108(4): 659–675.e6. doi:10.1016/j.neuron.2020.10.002.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Parallel processing circuits are thought to dramatically expand the network capabilities of the 

nervous system. Magnocellular and parvocellular oxytocin neurons have been proposed to 

subserve two parallel streams of social information processing, which allow a single molecule to 

encode a diverse array of ethologically distinct behaviors. Here we provide the first comprehensive 

characterization of magnocellular and parvocellular oxytocin neurons in male mice, validated 

across anatomical, projection target, electrophysiological, and transcriptional criteria. We next 

used novel multiple feature selection tools in Fmr1 KO mice to provide direct evidence that 

normal functioning of the parvocellular but not magnocellular oxytocin pathway is required for 

autism-relevant social reward behavior. Finally, we demonstrate that autism risk genes are enriched 

in parvocellular compared to magnocellular oxytocin neurons. Taken together these results provide 

the first evidence that oxytocin pathway specific pathogenic mechanisms account for social 

impairments across a broad range of autism etiologies.

INTRODUCTION

Parallel processing pathways have been identified in both sensory (Dijkerman and de Haan, 

2007; Haberly, 2001; Nassi and Callaway, 2009; Recanzone and Cohen, 2010; Roper, 2009; 

Zwergal et al., 2009) and striatal (Cui et al., 2013; Kravitz et al., 2012; Lobo and Nestler, 

2011) circuits, and are thought to dramatically expand the network capabilities of the 

nervous system. Interestingly, oxytocin (OT) neurons are comprised of magnocellular and 

parvocellular subtypes (Gurdjian, 1927) raising the possibility that this organizational 

principle can be extended to social information processing. Indeed, magnocellular and 

parvocellular OT neuronal subtypes can be differentiated by a number of characteristic 

features (van den Pol, 2012), which suggest that they are specialized to subserve distinct 

behaviors. For example, because magnocellular OT neurons are specialized to release large 

quantities of OT in both the central and peripheral nervous system, this adaptation may 

enable coordination of central and systemic responses during lactation and parturition 

(Ludwig and Leng, 2006). In contrast, parvocellular OT neurons release smaller quantities of 

OT that are restricted to the central brain, an adaptation that may subserve the measured 

reward associated with social cognition and peer-peer attachments (Dölen and Malenka, 

2014). At this time this view is largely supported by indirect evidence from comparative 

studies across species (Dölen, 2015). Nevertheless, the existence of parallel circuits for 

social information processing will have significant implications for understanding the 

pathogenesis of autism spectrum disorder (ASD), a neurodevelopmental disease 

characterized by domain specific impairments in social interactions (Vivanti and Nuske, 

2017).

Selective vulnerability of neuronal subtypes to brain injury is called ‘pathoclisis’ and has 

been proposed to explain how despite exposure to a common insult, disease pathogenesis 

may disproportionately reflect disrupted function of a subset of brain cells (Klatzo, 2003). 

For example, in Huntington’s disease, even though the genetic lesion exists throughout the 

brain, characteristic motor impairments and striatal degeneration have been proposed to be 

the consequence of selective affinity of mutant Huntingtin (HTT) for Rhes, the Ras 

homologue enriched in the striatum (Paul et al., 2014). The etiology of ASD is also 

primarily genetic (Sullivan et al., 2012), with over 1000 genes implicated to date. 

Lewis et al. Page 2

Neuron. Author manuscript; available in PMC 2021 November 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Nevertheless, at this time little is known about the pathogenic mechanisms underlying social 

behavioral abnormalities in ASD, and whether these are the consequence of selective 

vulnerability of specific cell types to genetic injury.

In 1943, Julia Bell and James Martin first described the genetic disorder now known as 

Fragile X (Martin and Bell, 1943), the same year that Leo Kanner published his seminal 

psychiatric description of Autism (Kanner, 1943). Using narrowly defined diagnostic 

criteria, early studies revealed the exceptionally high heritability of Autism (Bailey et al., 

1995; Folstein and Rutter, 1977; Freitag, 2007; Steffenburg et al., 1989), and identified 

Fragile X as the first known genetic cause of the disorder (August, 1983; Brown et al., 1982, 

1986). Broader modern clinical definitions have given rise to somewhat reduced heritability 

estimates (Sullivan et al., 2012); nevertheless, 50% of males, and 20% of females with 

Fragile X meet full diagnostic criteria for ASD (Kaufmann et al., 2017), making monogenic 

mutation of FMR1, the gene disrupted in Fragile X (Verkerk et al., 1991), still the most 

common identified cause of the disease (Suhl and Warren, 2015). Moreover, FMRP, the 

protein product of FMR1, regulates roughly 20% of ASD susceptibility genes (Darnell et al., 

2011; Driesche et al., 2019), thus this gene is thought to constitute a “node” of ASD etiology 

that can be studied to understand how mutations in a diverse array of genes produces the 

complex behavioral phenotypes that clinically unify the disorder (Dölen and Sahin, 2016).

Unlike the strong evidence implicating FMR1 mutations in the etiology of ASD, evidence 

supporting a role for the genes encoding OT (OXT) and the OT receptor (OXTR) has been 

more controversial (Allen-Brady et al., 2009; Ebstein et al., 2009; Hovey et al., 2014; 

Satterstrom et al., 2020; Willsey et al., 2013; Zhang et al., 2017). At the same time, we and 

others have demonstrated that the nucleus accumbens (NAc), dorsal raphe nucleus (dRph), 

and ventral tegmental area (VTA) receive direct or indirect projections from hypothalamic 

OT neurons (Beier et al., 2015; Dölen et al., 2013; Hung et al., 2017; Nardou et al., 2019), 

which together comprise a neural circuit encoding social reward behaviors that may be 

especially relevant to autism (Chevallier et al., 2013). Interestingly, of these brain regions, 

only the hypothalamus, where OT neurons reside, exhibits the exaggerated protein synthesis 

phenotype seen in Fmr1 KO mice (Qin et al., 2005). Furthermore, hypothalamic disruptions 

of OT neurons have been reported in human patients with ASD related disorders such as 

Prader Willi syndrome (Swaab et al., 1995), as well as in knockout mice for ASD risk genes 

including Fmr1 (Francis et al., 2014), Cntnap2 (Peñagarikano et al., 2015), and Pten (Page et 

al., 2009). Nevertheless, social behavioral abnormalities seen in constitutive knockout mice 

are not recapitulated following deletion of Pten in OT neurons (Clipperton-Allen et al., 

2016), underscoring an important gap in our understanding of how pathognomonic features 

of the disease arise. Here we sought to bridge this gap by examining the interplay between 

genetic disruption and molecularly defined circuits which subserve social behaviors that are 

disrupted in ASD.

RESULTS

Distribution of OT neuronal subtypes across the rostral-caudal axis of the PVN

Magnocellular and parvocellular subtypes of OT neurons were first observed nearly a 

century ago (Gurdjian, 1927; Krieg, 1932; van den Pol, 2012), and early reports suggested 
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that these subtypes can be segregated by their anatomical distribution (Armstrong et al., 

1980; Hosoya and Matsushita, 1979; Sawchenko and Swanson, 1982; Swanson and 

Kuypers, 1980). Nevertheless, to date a quantitative analysis of the proportion and 

distribution of these OT neuron subtypes within the PVN in mice has not been carried out. 

Here we used a well-established approach for differentiating between magnocellular and 

parvocellular OT neuronal subtypes, which is based on the observation that only 

magnocellular OT neurons send axonal projections outside of the blood-brain barrier (BBB) 

to the posterior pituitary (van den Pol, 2012). Specifically, intravenous (i.v.) injections of the 

BBB impermeable retrograde tracer FluoroGold (FG) into the lateral tail vein enables 

selective labeling of magnocellular but not parvocellular OT neurons (Merchenthaler, 1991). 

Combining this retrograde tracing approach with OT antibody labeling (Ben-Barak et al., 

1985; Whitnall et al., 1985) allowed us to conduct comprehensive quantification of the 

anatomical distribution and proportion of subtypes of OT neuron in the paraventricular 

nucleus (PVN) of the hypothalamus in male mice (postnatal day 30–40). OT-Ab labeled 

neurons were classified as magnocellular if they were FG positive, and parvocellular if they 

were FG negative (Figures 1A-F; Figure S1). Quantification of these subtypes (n = 3 mice, 

every other section quantified) revealed that in the PVN, 66% (952 ± 69 neurons) of OTergic 

neurons are magnocellular, while 34% (488 ± 25 neurons) of OTergic neurons are 

parvocellular (Figure 1G). Next we examined the distribution of all OT neurons according to 

their location along the rostral caudal axis of the PVN. As shown in Figure 1H 

magnocellular OT neurons are predominantly localized to the rostral division of the PVN, 

while parvocellular OT neurons are concentrated in the caudal division of the PVN. These 

data provide the first comprehensive quantification of the proportion and rostral-caudal 

distribution of magnocellular and parvocellular OT neurons, and highlight the importance of 

examining the entire rostral-caudal axis of the PVN when assessing the contribution of OT 

neuronal subtypes to functional circuitry.

Electrophysiological signatures of magnocellular and parvocellular OT neurons

Within the PVN, magnocellular and parvocellular OT cells are intermixed with a wide 

variety of non-OTergic magnocellular and parvocellular neurons (Biag et al., 2012). Recent 

studies using electrophysiological circuit mapping of OTergic projections (Eliava et al., 

2016; Xiao et al., 2017) relied on the implicit assumption that OT neurons can be classified 

as magnocellular or parvocellular using criteria established for PVN neurons of unspecified 

peptidergic identity (Hoffman et al., 1991; Luther et al., 2000, 2002; Tasker and Dudek, 

1991). In order to explicitly test this assumption, here we examined magnocellular and 

parvocellular electrophysiological signatures (Luther and Tasker, 2000) in identified OT 

neurons using our recently generated OT-Flp recombinase driver line (Nardou et al., 2019), 

crossed to a Flp-dependent GFP reporter line (fdGFP; Figure S1; Miyoshi et al., 2010). 

OT-2A-Flp::fdGFP mice (n = 9) were injected with i.v. FG and, blind to FG labeling status, 

GFP+ neurons were targeted for whole-cell current clamp recording in acute slices of the 

PVN (Figure 2A). During recording, neurons were labeled with neurobiotin (Nb) to enable 

post-hoc classification of cells as FG positive (FG+, Figure 2B) or FG negative (FG-, Figure 

2C). Neurons were depolarized from a hyperpolarized membrane potential (approximately 

−100 mV; Figure S2) and the shape of the membrane depolarization preceding action 

potential (AP) initiation was classified as shoulder positive (Sh+, Figure 2D; blue) or 
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shoulder negative (Sh-, Figure 2D; orange). OT neurons were examined for latency to first 

AP (Figures 2E,F), AP duration (Figures 2H,I), and sensitivity to the voltage-gated K+ 

antagonist 4-aminopyridine (4-AP, Figures 2J-O). These studies confirm that latency to first 

AP is longer in Sh+ compared to Sh- OT neurons (Figure 2E), as well in FG+ compared to 

FG- OT neurons when neurons are grouped by FG labeling (Figure 2F). Furthermore, AP 

duration (Figure 2G) is longer in Sh+ compared to Sh- OT neurons (Figure 2H) as well as 

longer in FG+ versus FG- OT neurons (Figure 2I). Application of the voltage-gated K+ 

channel blocker 4-AP (5 mM; Figures 2J,M) reduced the latency to first AP and increased 

AP duration in magnocellular (Sh+) OT neurons, but had no effect on latency in 

parvocellular (Sh-) OT neurons (Figures 2K,L,N,O).

To quantify whether an individual OT neuron’s magnocellular or parvocellular identity can 

be predicted from its electrophysiological features, we used unsupervised k-means clustering 

analysis on the z-scored values for AP frequency, duration, and latency to first AP for each 

neuron. The resulting best fit to this data are two clusters (Figure S2), which corresponded 

completely (100%, 18 of 18 OT neurons) with the qualitative magnocellular or parvocellular 

categorization based on the presence or absence of a shoulder in the electrophysiological 

trace (Figure 2P) and in 94% (17 of 18 OT neurons) when defined by FG labeling, (Figure 

2Q). Consistent with the proportions determined in Figure 1, 61% of sampled neurons were 

Sh+, and 39% were Sh-. Similarly, 56% of sampled neurons were FG+ and 44% were FG- 

(Figure 2R). Further supporting our cross-validation, among Sh+ OT neurons 91% were FG

+, and 100% of Sh- neurons were FG- (Figure 2S). Similarly, 100% of FG+ neurons were Sh

+ and 88% of FG- neurons were Sh- (Figure 2T). These results demonstrate that the 

electrophysiological signature of magnocellular and parvocellular neurons applies 

specifically to the subset of these cells that are oxytocinergic (Figure 2D-O). Further, these 

electrophysiological parameters can be used to build a mathematical model to predict 

magnocellular and parvocellular OT cell identity (Figure 2P-Q). Since the proportion of 

electrophysiologically defined subtypes (Figure 2R-T) is consistent with anatomical 

estimates (Figure 1G), these observations provide cross-validation of magnocellular and 

parvocellular OT neuronal subtype identities by two independently derived measures and 

demonstrate near perfect agreement of electrophysiological and anatomical classification 

systems (94%; 17 of 18 OT neurons).

scRNASeq of OT expressing neurons in the PVN

Next we sought to determine whether magnocellular and parvocellular OT neurons exhibit 

distinct transcriptional profiles. While previous studies have performed single cell RNA 

sequencing (scRNAseq) analysis of the entire hypothalamus (Chen et al., 2017; Romanov et 

al., 2017), low recovery rates of OT neurons in these studies limit their power for identifying 

magnocellular and parvocellular subtypes by transcriptional profiling, leading to confusion 

about existing classification systems (Althammer and Grinevich, 2017). Others have 

employed modern molecular strategies to selectively enrich samples for OT neurons, 

however these studies used relatively low-throughput qRT-PCR to focus on a handful of 

target genes, and bulk RNA-Seq analyses that can mask important sources of heterogeneity 

across cell subtypes and states (Maynard et al., 2018). To overcome these technical hurdles, 

here we combined full-length cDNA scRNA-seq (SMART-Seq2) with molecular targeting of 
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OT neuron subtypes in OT-2A-Flp::fdGFP mice, and additionally utilized projection target 

mapping (Chevée et al., 2018) to enable cross validation of transcriptional profiles against 

OT neuronal subtype features with established ground truth (Merchenthaler, 1991) and 

(Figures 1 and 2). In total, 194 OT neurons were collected by fluorescence assisted cell 

sorting (FACS) and used as input for a modified SMART-Seq2 scRNA-Seq library 

preparation (Figure 3A). We next used the Uniform Manifold Approximation and Projection 

(UMAP) embedding method (Becht et al., 2019) to visualize the transcriptional landscape. 

We performed a silhouette analysis to quantitatively determine the optimal number of 

clusters in the UMAP embedding (Figure 3B). This calculation yielded a best fit of 2 

clusters, which are plotted in Figure 3C.

To determine whether these two cell type clusters map onto magnocellular and parvocellular 

OT neuronal subtypes, we then assessed the distribution of FG labeling across the two 

clusters (Figure 3D). Since 72.8% of cells in cluster 1 were FG positive (FG+), while cluster 

2 contained only cells that were FG negative (FG-; 100%) across all three replicates (Figure 

S3), we deduce that cluster 1 cells are magnocellular, while cluster 2 cells are parvocellular 

OT neurons (Figure 3E-F). The FG tail vein injection labeling technique, like all labeling 

techniques, has a non-zero false negative rate. In our assay, these false negative 

magnocellular neurons would be represented in the FG- population of cluster 1. 

Additionally, since the emission wavelength of FG is known to be altered at acidic pH 

(Schmued and Fallon, 1986), the absence of FG labeling in a subset of cells in the 

magnocellular cluster may represent acidification of the intracellular environment during 

dissociation and FACS sorting. Nevertheless, since the FG- cells in the magnocellular cluster 

have the same characteristics (e.g. mRNA levels, number of genes expressed) as the FG+ 

cells in that cluster (Figure S3), and since all cells had to pass strict quality metrics to be 

included in the analysis, it is unlikely that diminished cell health or quality accounts for this 

finding. Taken together with our observation that only one of the two transcriptionally 

defined OT populations demonstrated any FG+ staining, these results enabled us to use FG 

labeling as a supervisory metric to discriminate between the two populations.

To cross validate this observation, we next quantified the density of mitochondrial RNA in 

the two clusters. Previous reports indicate that magnocellular neurons have increased 

mitochondrial density (Dayanithi et al., 2012; van den Pol, 1982), a specialization thought to 

support the increased metabolic demands of magnocellular neurons that synthesize and 

release significantly larger quantities of OT peptide compared to parvocellular neurons 

(Dreifuss, 1975; Ludwig and Leng, 2006; Nordmann and Morris, 1984; van den Pol, 1982, 

2012; Pow and Morris, 1989). Consistent with these reports, magnocellular neurons had a 

greater ratio of mitochondrial reads to genomic reads than that of parvocellular neurons 

(Figure 3G). Moreover, within the magnocellular cluster, where FG+ neurons (purple 

circles) dominate, the FG- neurons (green circles) are evenly distributed across 

mitochondrial density measurements (Figure 3G), consistent with our interpretation that FG- 

cells in this cluster represent a technical artifact, rather than a biologically significant 

subcategory of magnocellular neuron. Together, these studies identify two distinct 

transcriptional subtypes of OT neurons using high-resolution full-length sequencing 

techniques, in samples enriched for OT neurons by molecular techniques. By cross 

validating these transcriptional profiles across two independent distinguishing features 
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(projection target and mitochondrial density), these studies are the first to establish a 

transcriptional signature for classifying magnocellular and parvocellular OT neuronal 

subtypes.

Differential expression analysis of clusters determines unique molecular markers of 
magnocellular and parvocellular OT neurons

Having identified anatomical, circuit, electrophysiological and transcriptional characteristics 

that differentiate magnocellular and parvocellular OT neuronal subtypes, next we made use 

of our high-resolution transcriptional data to identify differentially expressed genes across 

magnocellular and parvocellular OTergic neurons. Using the monocle2 likelihood ratio test 

(Trapnell et al., 2014), we identified 181 genes (Table S1) with significant (0.1% FDR; 

Monocle2; BH-corrected) differential expression (DE) between magnocellular and 

parvocellular OT cells (Figure 4A), representing novel discriminating marker genes for these 

two subtypes. Amongst the most significantly differentially expressed genes was the 

calcium-binding protein Calbindin (Calb1) and a large conductance calcium-activated 

potassium channel subunit (Kcnmb4), both enriched for expression in the magnocellular OT 

neuronal population (Figure 4B), as well as the extracellular matrix serine protease Reelin 

(Reln) and the cannabinoid receptor 1 (Cnr1) genes, both significantly enriched in 

parvocellular OT neurons (Figure 4C). These results were validated with fluorescent in situ 

hybridization chain reaction version 3.0 (HCR 3.0; Table S2) (Choi et al., 2018) combined 

with anatomical criteria (Figure 1), which demonstrated that Oxt+ neurons in the rostral 

portion of the PVN were specifically colocalized with Calb1 and not Cnr1 mRNA (Figure 

4D), while in more caudal sections Oxt+ neurons colocalized with Cnr1 and not Calb1 
(Figure 4E). In addition, 18 differentially expressed genes were identified as potentially 

contributing to the electrophysiological signature of magnocellular and parvocellular OT 

neurons (Figure S3). These results are the first to establish a set of discriminating molecular 

identifiers which can distinguish between magnocellular and parvocellular OT neuronal 

subtypes. While many other differentially expressed genes likely also exist, this conservative 

list of 181 significantly differentially expressed genes provides a high-value candidate gene 

list for future studies examining the molecular mechanisms contributing to the functional, 

physiological, and connectivity differences between these two OT neuronal subtypes. 

Moreover, as described below, identification of differentially expressed genes paves the way 

for functional genomics in magnocellular and parvocellular OT neurons.

Fmr1 KO mice exhibit social domain-specific impairment in reward learning

For over 20 years, ASD researchers have taken advantage of the high heritability of the 

disease to generate transgenic mice with construct validity for ASD (Nestler and Hyman, 

2010), and used these model mice to examine how ASD risk genes might converge at the 

level of biochemical pathways and synapses (Dölen and Bear, 2009; Dölen and Sahin, 

2016). This ‘bottom-up’ approach has led to the discovery of some very interesting 

fundamental mechanisms, but today we are arguably no closer to understanding how 

disruption of these synaptic and biochemical functions gives rise to the behavioral 

phenotypes that unify the disease (Antoine et al., 2019). Because ASD remains a diagnosis 

that is defined by behavioral abnormalities, taking instead the ‘top-down’ approach, offers a 

significant opportunity to reconcile the etiological diversity of ASD with the convergence of 
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the clinical presentation (Diester et al., 2015; Dölen et al., 2015). Combining this approach 

with the Fmr1 KO mouse model, which has established construct validity for the disease 

(Bakker et al., 1994), here we focused on behaviors with face validity for social impairments 

in ASD (Nestler and Hyman, 2010).

The social motivation theory of autism proposes that a primary deficit in peer-peer social 

reward learning could account for all of the characteristic behavioral impairments that define 

the clinical picture in ASD (Chevallier et al., 2013). To test this theory, we began by 

characterizing three forms of reward learning in the constitutive Fmr1 knockout (KO) using 

peer-peer social, cocaine, and alloparent social conditioned place preference (CPP) assays 

(Bardo and Bevins, 2000; Fang and Wang, 2017; Panksepp and Lahvis, 2007). These results 

demonstrate a significant impairment in peer-peer social CPP (sCPP) in Fmr1 KO mice 

compared to wildtype (WT; Figures 5A-D, Figure S4), while both WT and Fmr1 KO mice 

exhibit significant cocaine CPP (cCPP) (Figures 5E-H), as well alloparent CPP (aCPP) 

(Figures 5I-L, S4). Our finding that Fmr1 KO mice exhibit impairments in social reward but 

not drug reward (Figures 5A-H) is consistent with human studies that have identified social 

(Demurie et al., 2011; Stavropoulos and Carver, 2014), but not food or patient salient object 

(Assaf et al., 2013; Cascio et al., 2012) reward deficits in ASD [but see, (Damiano et al., 

2012; Smith et al., 2014)]. Furthermore, our finding that Fmr1 KO mice exhibit no 

significant impairment in filial attachments (Figures 5I-L) is consistent with the human 

literature (Baron et al., 2020; Naber et al., 2007, 2008; Rutgers et al., 2004; Stokes et al., 

2007; Vivanti and Nuske, 2017). Previously, we have shown that changes in locomotor 

activity are unlikely to account for differences in sCPP across a variety of experimental 

manipulations (Dölen et al., 2013; Nardou et al., 2019). Although previous reports raise the 

possibility that Fmr1 KO mice exhibit altered locomotor behavior, these have been 

inconsistent across labs (Bernardet and Crusio, 2006); furthermore, since aCPP and cCPP 

were not different (Figures 5E-L), it is unlikely that changes in locomotor activity could 

account for the observed differences in sCPP (Figures 5A-D). Taken together, these findings 

support the view that social reward learning impairments in Fmr1 KO mice are domain 

specific and restricted to peer-peer social attachments. Furthermore, they provide improved 

face validity for social impairments in the Fmr1 KO mouse model of ASD, as well as 

additional support for the social motivation theory of autism.

Parvocellular OT neurons innervate NAc

The impairment in peer-peer sCPP in the Fmr1 KO mouse (Figure 5A-D) recapitulates 

previously reported consequences of OT receptor blockade or ablation in the Nucleus 

Accumbens (NAc) (Dölen et al., 2013), raising the possibility that these phenotypes share 

overlapping mechanisms. To test this possibility, we began by taking an anatomical approach 

that we have used previously to qualitatively identify both magnocellular and parvocellular 

OT neuronal projections from the PVN to the VTA (Hung et al., 2017). Example images of 

immunohistochemically identified OT neurons from a wild-type mouse that received an i.v. 

FG injection, and NAc injection of retrogradely transported fluorescent microspheres 

(retrobeads; RtB (Katz et al., 1984)), indicated that unlike the VTA, the NAc receives an 

exclusively parvocellular OTergic projection (Figure S5). To quantify this finding, we next 

injected RtBs into the NAc (Figure S6) of OT-2A-Flp::fdGFP mice (n = 6 mice), and 
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performed current clamp recordings from RtB/GFP double-positive neurons in acute slices 

of the PVN (Figures 6A,B). All RtB labeled, OT positive neurons recorded (9 of 9) exhibited 

a parvocellular electrophysiological phenotype by latency to first AP, AP duration, 4-AP 

sensitivity (Figures 6C-J), providing quantitative electrophysiological cross validation of our 

immunohistochemical observations.

Next, we used unsupervised K-means clustering, trained with electrophysiological data from 

Figure 2, to provide unbiased quantitative cross validation of our electrophysiological 

findings (Figure 6K). We further used the soft K-means method to calculate the probability 

that a cell belongs to a given cluster based on the Euclidean distance between that cell and 

the centers of each cluster in feature space. The probability that a cell belongs to an 

individual cluster is given by the following softmax equation:

p xi, cj = 1

∑n = 1

N ∥ xi − cj ∥
∥ xi − cn ∥

2

where xi is a cell’s coordinates, cj is the coordinates of the center of the cluster j, p(xi, cj) is 

the probability that xi belongs to cluster j, and N is the total number of clusters. Using this 

analysis, we determined that NAc-projecting OT neurons belong to the parvocellular cluster 

with a mean probability of 92.8 ± 2.7%. This is similar (H(2) = 0.762, p = 0.6833; Kruskal 

Wallis test) to the probabilities for FG- neurons and Sh- neurons (87.2 ± 8.9%; Figure 2Q, 

and 96 ± 1.9%; Figure 2P) respectively. Although we and others have identified a number of 

brain regions involved in the regulation of social behaviors that receive both magnocellular 

and parvocellular OTergic projections (Hung et al., 2017; Knobloch et al., 2012; Xiao et al., 

2017), until technological advancements enable functional genomic interrogation of 

magnocellular and parvocellular OT neurons separately, identification of the NAc as a brain 

region that receives an exclusively parvocellular OTergic input in male mice provides a 

unique opportunity to selectively interrogate the functional role of Fmr1 in parvocellular OT 

neurons for social reward learning.

Parvocellular OT neurons require Fmr1 to mediate social reward learning

To directly examine the behavioral consequence of disrupting the parvocellular OT input to 

the NAc, we began by testing whether ongoing Fmr1 function is required for peer-peer 

social reward learning. We utilized conditional (Cre dependent) Fmr1 KO mice (Mientjes et 

al., 2006) (cdFmr1 KO) receiving injections of Canine Adenovirus expressing Cre (CAV2-

Cre-GFP) or GFP (CAV2-GFP) (Hung et al., 2017; Kremer et al., 2000; Uematsu et al., 

2017) bilaterally into the NAc. Since we have previously used the CAV2-Cre-GFP to 

manipulate gene expression for examining the interplay between genetic and circuit 

mechanisms of sCPP (Hung et al., 2017), here we controlled for genetic and rearing effects 

in cdFmr1 KO mice and examined sCPP behaviors following injection of control virus 

(CAV2-GFP). Injection sites and viral function were confirmed as shown in Figure S6. 

Seven days later, sCPP was measured, and we observed impaired sCPP in cdFmr1 KO mice 

injected with CAV2-Cre-GFP, but not CAV2-GFP (Figures 7A-D). Importantly, since acute 

knockdown of Fmr1 in adolescence is sufficient to recapitulate peer-peer sCPP impairments 
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seen in the constitutive Fmr1 KO, these results demonstrate an ongoing requirement of Fmr1 
in regulating these behaviors, and suggest that previous reports that hysteresis plays an 

important role in the pathogenesis of social impairments in ASD (Orefice et al., 2019), do 

not generalize across etiologies.

To further circumscribe the OT cell type specific role of Fmr1 in regulating social reward 

learning, we next crossed cdFmr1 KO mice to OT-2A-Flp mice, and generated retrograde 

Adeno-Associated Virus expressing Flp-dependent-Cre (rgAAV-fdCre) (Penzo et al., 2015; 

Schneeberger et al., 2019; Tervo et al., 2016) (Figure 7E). Since our experiments above 

indicated that control cdFmr1 mice injected with CAV-GFP (Figure 7B) exhibit sCPP that is 

comparable to that seen in WT mice (Figure 5B), here we decided to control for potential 

off-target effects of rgAAV-fdCre, which although well validated for selectivity and 

efficiency, had not been previously tested in this behavioral and injection target context. As 

shown in Figures 7F-H, sCPP was absent in OT-2A-Flp::cdFmr1 KO, while WT animals 

injected with rgAAV-fdCre exhibited normal social reward learning. Injection sites and viral 

function were confirmed as shown in Figure S6. Taken together with the studies above 

identifying the source of these OTergic inputs to the NAc as parvocellular (Figure 6), these 

results demonstrate that Fmr1 in OT neurons projecting to the NAc specifically, is required 

for peer-peer social reward learning. Furthermore, since previously parvocellular OT 

neurons had only been directly implicated in non-social functions (e.g. feeding, yawning, 

erection, cardiovascular function, pain (Althammer and Grinevich, 2017; Eliava et al., 2016; 

Melis et al., 1986; Petersson, 2002; Valassi et al., 2008)), these studies identify the first 

social function directly encoded by this subtype of OT neuron.

While the studies above provide direct evidence that normal function of OT neurons is 

necessary for social reward learning, in order to test the specificity of this function, we next 

sought to determine the consequences of Fmr1 deletion in magnocellular OT neurons. To 

date we have yet to identify a brain region that receives an exclusively magnocellular 

OTergic projection (Hung et al., 2017), thus the projection targeting method used above 

could not be utilized to selectively knockdown Fmr1 in magnocellular OT neurons. Instead, 

we capitalized on our discovery that Calb1 is a discriminatory marker of magnocellular 

compared to parvocellular OT neurons. Crossing Calb1-IRES-Cre mice (Daigle et al., 2018; 

Nigro et al., 2018) with cdFmr1 KO mice allowed us to selectively knock down Fmr1 in 

magnocellular OT neurons expressing Calb1. Although this manipulation also knocked 

down Fmr1 in other, non-OTergic Calb1-expressing neuronal populations elsewhere in the 

brain (see also Figures 4D-E), remarkably, sCPP was not impaired in Calb1-IRES-

Cre::cdFmr1 KO mice (Figures 7I-L), consistent with the selective requirement of Fmr1 in 

parvocellular OT neurons for peer-peer social reward learning. Furthermore, since Calb1 is 

also expressed in the Purkinje cells of the cerebellum, these results suggest that previous 

reports implicating the cerebellum in the pathogenesis of social impairments in the Tsc1 KO 

model of ASD (Kelly et al., 2020; Tsai et al., 2012) do not generalize across ASD etiologies. 

Taken together, these anatomical, electrophysiological, and functional genomic data 

demonstrate that social reward learning deficits seen in constitutive Fmr1 KO mice are not 

the consequence of hysteresis, but rather the ongoing requirement of Fmr1 in parvocellular, 

but not magnocellular OT neurons, and directly implicate these neurons in the pathogenesis 
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of a peer-peer social reward learning behavior that has clear face validity for social 

impairments that define ASD.

ASD risk and FMRP target genes are enriched in parvocellular OT neurons

Having identified a role for Fmr1 in parvocellular OT neuronal regulation of domain specific 

social reward learning, we next sought to determine whether this pathogenic mechanism in 

Fragile X may generalize to other ASD etiologies. Given the diversity of ASD risk gene 

functions, we hypothesized that the pathogenic overlap might occur at the level of selective 

vulnerability of parvocellular OT neurons to genetic injury, even if cellular phenotypes are 

not shared across all ASD etiologies. If so, we predict that this overlap would be evident in 

the transcriptional profile of these cells. In order to test this hypothesis, we performed gene 

set enrichment analysis for ASD risk genes (Abrahams et al., 2013) and FMRP binding 

partners (Driesche et al., 2019). In both cases, genes were significantly enriched in 

parvocellular relative to magnocellular neurons (Figures 8A,B; Tables S3 and S4). 

Additionally, 10 of the 12 differentially expressed genes in the intersection of the 2 groups 

(Dlgap2, Cnr1, Pacs1, Tanc2, Anks1b, Slc6a1, Synj1, Tspan7, Camk2b, Stxbp1, Fbxo11, 
Foxp1; Figures 8A,B, individually labeled genes; Figure S7) were also enriched in 

parvocellular cells. Since OT neurons in both the rostral and caudal PVN (Figure S7) 

express FMRP, these results indicate that subtype specific expression of FMRP itself is 

unlikely to account for selective enrichment of ASD risk genes and FMRP binding partners 

in parvocellular OT neurons.

Next we repeated this analysis on risk genes for Schizophrenia, Alzheimer’s Disease, and 

Type II Diabetes (Kanehisa and Goto, 2000; Scelsi et al., 2018; Sullivan et al., 2012). While 

a handful of Schizophrenia risk genes were differentially expressed in OT neuronal 

subtypes, these were not significantly enriched in either magnocellular or parvocellular OT 

neurons (p = 0.98, Figure 8C). Moreover, Alzheimer’s Disease had only a single 

differentially expressed gene (Lhx5), and Type II Diabetes risk genes were completely 

absent amongst differentially expressed genes in OT cells (Figure 8D,E). These results 

support the view that cell type specific vulnerability of parvocellular OT neurons to genetic 

injury generalizes across multiple ASD etiologies, but is not apparent in unrelated genetic 

disorders that are not defined by impairments in social behavior.

DISCUSSION

In the current studies, we took a comprehensive approach to provide validation of 8 of the 14 

characteristics identified as distinguishing between magnocellular and parvocellular OT 

neuron, having discovered 2 of these characteristic features here (Figure S8, Center; Figures 

1–4, 8). To date, OT’s role as a regulator of social behaviors has largely focused on 

reproductive behaviors such as pair bonding and parental behaviors. Here we provide 

evidence that these filial social behaviors (Figure S8, Left) are governed by mechanisms 

distinct from those governing peer-peer social interactions (Figure S8, Right). Specifically, 

peer-peer, but not filial social attachments are disrupted in the Fmr1 KO (Figure 5). 

Furthermore, in parvocellular OT neurons (Figure 6), but not magnocellular OT neurons 

(Figure 4) Fmr1 is required for peer-peer social reward learning (Figure 7). Taken together 
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these results delineate a novel example of parallel processing, which enables a single peptide 

to encode a wide diversity of social behaviors, significantly expanding the network 

capabilities of the social brain (Figure S8).

For more than a decade, research into the pathogenesis of ASD has largely focused on 

understanding unifying biochemical mechanisms based on the hypothesis that ASD is a 

‘synaptopathy’ (Bear et al., 2008; Dölen and Bear, 2009; Grabrucker et al., 2011). One 

implicit assumption of this hypothesis is that identification of synaptic phenotypes anywhere 

in the brain provides insight into disease pathogenesis (Dölen et al., 2007). Our current 

findings provide evidence that the pathogenesis of social impairments in ASD can be better 

understood using the framework of ‘pathoclisis’ (Klatzo, 2003), whereby subtype-specific 

differences render a specific neuronal population vulnerable to genetic lesion. Furthermore, 

by examining mechanisms at the intersection of both construct and face validity (Dölen and 

Sahin, 2016; Dölen et al., 2015), the current studies have identified a critical role of 

parvocellular OT in the pathogenesis of ASD. Importantly, this mechanistic link has been 

overlooked by genetic association studies, underscoring the importance of taking a 

neurobiological approach to the disease that does not forfeit etiological considerations to 

genetics alone.

Clinical trials examining core symptoms of ASD have failed to consistently demonstrate 

efficacy of intranasal OT treatment (Anagnostou et al., 2012; Dadds et al., 2014; Guastella et 

al., 2015; Hollander et al., 2007), likely because intranasal OT targets magnocellular but not 

parvocellular OT neurons (Dölen, 2015; Leng and Ludwig, 2016). Furthermore, despite the 

fact that much of the understanding of OT as a regulator of social behaviors is based on the 

importance of magnocellular OT neurons for pair bonding, we found no evidence to support 

the view that the magnocellular subtype of OT neuron is involved in the pathogenesis of 

ASD. Rather, our findings implicate the parvocellular OT neurons as the appropriate 

therapeutic target for correcting social impairments in ASD. Moreover, the only study to 

date that has examined the therapeutic potential of intranasal OT specifically in the Fragile X 

population (Hall et al., 2012), found a correlation between improvements in a measure of 

social anxiety (a syndromic symptom that is seen more frequently in Fragile X than ASD 

(Thurman et al., 2014)) and decreased serum cortisol levels (Hall et al., 2012). Since 

intranasally delivered OT also reaches systemic OT receptors in the adrenal cortex 

(Hammock and Levitt, 2013), whose activation suppresses cortisol release (Chiodera and 

Legros, 1981; Legros et al., 1984; de Oliveira et al., 2007; Stachowiak et al., 1995), these 

anxiolytic effects likely reflect indirect activity of OT in the periphery.

Future studies dissecting input and output connections, defining developmental programs, 

and computational modeling of this circuitry will be enabled by the technical achievements 

of this work, not the least of which is the identification of novel molecular markers, which 

can be used in combination with our OT-Flp driver line to specify (by multiple feature 

selection) circuit elements for functional genomics (including optogenetics and calcium 

imaging). Multiple feature selection-based approaches will be particularly useful in the 

study of OTergic projections to brain regions such as the VTA, which are innervated by 

mixed populations of magnocellular and parvocellular neurons, as well as to enable studies 

to strengthen the mechanistic link between cellular and behavioral consequences of Fmr1 
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deletion. Ultimately, such studies will lay the foundation for understanding the universal 

motifs governing the brain circuit organization of sociality.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further requests for resources and reagents should be directed to and will 

be fulfilled by the Lead Contact, Gül Dölen (gul@jhu.edu).

Materials Availability—OT-2A-Flp mice will be made available with a materials transfer 

agreement.

Data and Code Availability—All data are archived in the Gene Expression Omnibus 

(GEO Accession number GSE147092). Raw and processed scRNA-Seq data and code to 

reproduce the complete analysis are also publicly available at https://github.com/gofflab/

OT_neuron_study_2020.

EXPERIMENTAL MODEL AND SUBJECTS DETAILS

Animals—Experiments were conducted in 3 – 7 week-old male mice. Wild-type C57BL6/J 

(Stock # 000664; 3 – 4 weeks old) and Calb1-IRES-Cre (Stock # 028532) mice were 

obtained from Jackson Laboratories. Flp-dependent GFP reporter mice (Stock # 32038) 

were obtained from the Mutant Mouse Resource Center. Transgenic mice were bred in-

house and weaned at 3 weeks of age. OT-2A-Flp-optimized (OT-2A-Flp) knockin mice were 

generated by Cyagen Biosciences (Santa Clara, CA) (Figure S1) (Nardou et al., 2019). 

Similar to the strategy employed by the OT-IRES-Cre knockin mouse (Wu et al., 2012) the 

stop codon in exon 3 of the endogenous OT gene was replaced with a 2A-Flp-optimized 

(FlpO) construct. The co-translational cleavage 2A peptide strategy (known to have a more 

robust expression of its downstream gene compared to IRES (Furler et al., 2001)) has been 

used to separate Flp and OT, since Flp is directed to the nucleus, while OT is directed to the 

cytoplasm. OT-2A-Flp mice were kept on a C57BL/6 background. Despite these designed-in 

safeguards against disrupting native OT function, mice homozygous for the OT-2A-Flp 

knockin, like the OT-IRES-Cre mice, exhibit an impaired lactation phenotype. The mice are 

otherwise phenotypically normal. Therefore, in order to control for possible effects of 

knockin on Oxt gene function, all OT-Flp mice used in these experiments were 

heterozygous, leaving one WT copy of the Oxt gene.

To generate hemizygous Fmr1 KO males for behavior, homozygous Fmr1 KO females were 

bred to hemizygous Fmr1 KO males. The same strategy was used to generate Cre-dependent 

conditional Fmr1 KO (cdFmr1 KO) males. To generate hemizygous Fmr1 KO males for 

cocaine CPP, homozygous Fmr1 KO females were bred to OT-2A-Flp::fdGFP homozygous 

males. To generate OT-2A-Flp::Ai9 and OT-2A-Flp::cdFmr1 KO mice, homozygous OT-2A-

Flp males were crossed with homozygous Ai9 or cdFmr1 KO females respectively. To 

generate Calb1-Cre::cdFmr1 KO males for behavior, homozygous Calb1-IRES-Cre males 

were crossed with homozygous cdFmr1 KO females. Homozygous or heterozygous OT-2A-

Flp and fdGFP mice were crossed to generate OT-2A-Flp::fdGFP mice. All mice were 
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maintained on a on a 12:12h natural light dark cycle, starting at 7:30am with food and water 

ad libitum. All procedures were conducted in accordance with protocols approved by the 

Johns Hopkins Animal Care and Use Committee

Genotyping—OT-2A-Flp knockin mice, fdGFP, Fmr1 KO, and cdFmr1 KO mice were 

genotyped using polymerase chain reaction (PCR) analysis of DNA isolated from tail snips 

taken before weaning. For OT-2A-Flp mice, the wild-type allele was identified by a 622-bp 

PCR product and the mutant allele by a 308-bp PCR product using the primers mOxtR1: 

TCCGACAATTAGACACCAGTCAA; mOxtF1: CTACCTGAGCAGCTACATCAACAG; 

mOxtF2: AGGGCTTTGGGAAGTGTTAGGCT. The reactions were run under the following 

conditions: 94°C × 3 min, (94°C × 30 s, 60°C × 35 s, 72°C × 35 s) × 38 cycles, 72°C × 5 

min. For fdGFP mice, the wild-type allele was identified by a 603-bp PCR product, and the 

mutant allele by a 320-bp PCR product using the following primers; mutant: CCA GGC 

GGG CCA TTT ACC GTA AG; common: AAA GTC GCT CTG AGT TGT TAT; wild-type: 

GGA GCG GGA GAA ATG GAT ATG. The reactions were run using the 

Gt(ROSA)26Sortm(CAG) protocol published by Jackson Laboratories. For the Fmr1 KO 

mice, the wild-type allele was identified by a 131-bp PCR product, and the mutant allele by 

a 400-bp PCR product using the following primers; wild-type: TGT GAT AGA ATA TGC 

AGC ATG TGA; common: CTT CTG GCA CCT CCA GCT T; mutant: CAC GAG ACT 

AGT GAG ACG TG. The reactions were run using the Fmr1tm1Cgr protocol published by 

Jackson Laboratories. For cdFmr1 KO mice, the wild-type allele was identified by a 120-bp 

PCR product, and the mutant allele was detected by a 220-bp PCR product using the 

following primers: CCC ACT GGG AGA GGA TTA TTT GGG and GTT GAG CGG CCG 

AGT TTG TGA G. Reactions were run under the following conditions: 95°C × 3 min, (95°C 

× 30 s, 55°C × 30 s, 72°C × 60 s) × 35 cycles, 72°C × 7 min.

METHOD DETAILS

Social Conditioned Place Preference

The sCPP assay (Figure S4) was conducted as previously described (Nardou et al., 2019). 

Briefly, animals were weaned and socially housed (3–5 same sex cage mates based on 

unpublished observations that group number does not impact sCPP magnitude within this 

range) in a cage containing corncob bedding (Anderson Cob, 1/4” cob or 1/8” cob; Animal 

Specialties and Provisions). At approximately 6 weeks of age, animals were placed 

individually in one of 5open field activity chambers (ENV-510, Med Associates) employing 

infrared beams and a software interface (Activity Monitor, Med Associates) to monitor 

mouse position. The chamber was partitioned into two equally sized zones using a clear 

Plexiglas wall with a hole at floor level to allow the mouse to pass freely between zones. 

Each zone contained one type of novel bedding (Alpha-Dri; Animal Specialties and 

Provisions, Kaytee Soft Granule; Petco, Anderson Cob, 1/4” cob; Animal Specialties and 

Provisions, or Aspen Chip; Northeastern Products). To establish each animal’s baseline 

preference for the bedding cues, the amount of time each mouse spent exploring each zone 

was recorded during a 30 min pre-conditioning trial. Immediately after this trial, mice 

received social conditioning with cage mates for 24 hr on one type of bedding used in the 

pre-conditioning trial, followed by 24 hr isolation conditioning on the other bedding used in 
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the pre-conditioning trial. Immediately following isolation conditioning, a 30 min post-

conditioning trial was conducted to establish preference for the two conditioned cues. Note 

that clean bedding was used for each phase of testing. Chamber assignments were 

counterbalanced for side and bedding cues. Exclusion criteria for this behavior were defined 

as a pre-conditioning preference score time side 1/ total time
2  of > 1.5 or < 0.5. Experimental 

conditions were compared using normalized social preference scores social zone post
social zone pre , and 

subtracted social preference scores (social zone post − social zone pre)
900  (Dölen et al., 2013; 

Nardou et al., 2019).

Cocaine Conditioned Place Preference

The protocol for cocaine CPP was conducted as previously described (Nardou et al., 2019). 

Experiments were performed in the same open field activity chambers as sCPP using an 

identical configuration. After 3 days of habituation to i.p. saline injections in the home cage, 

the pre-conditioning trial was performed as stated above. After 24 h, mice received an i.p. 

injection of cocaine (20 mg/kg) immediately followed by 30 min conditioning on one 

bedding (Soft Granule or Alpha Dri), which was randomly assigned in a counterbalanced 

fashion. A second 30 min conditioning session was conducted 24 h later on the other 

bedding after an i.p. injection of saline (equal volume to cocaine). A 30 min post-

conditioning test session was conducted 24 h later to determine each mouse’s preference for 

the cocaine versus saline associated beddings.

Alloparent Conditioned Place Preference

The alloparent CPP assay was adapted from a previously used assay (Fang and Wang, 2017), 

and experiments were conducted in the same open field activity chambers using an identical 

configuration to the sCPP assay. To generate familiar alloparent stimulus animals, adult (> 9 

weeks old) virgin wild type C57BL6/J females were pair housed with pregnant WT or Fmr1 
KO females. This housing configuration remained intact following the birth of WT or Fmr1 
KO pups until alloparent CPP testing began. Alloparent conditioning was conducted as 

follows. Beginning at postnatal day 19–20, and continuing until each male littermate was 

tested, male mice were individually weaned from their home cage and placed directly in an 

activity chamber with two novel beddings. To establish each animal’s baseline preference 

for the novel bedding cues, the amount spent exploring each zone of the activity chamber 

was recorded during a 30 min pre-conditioning trial. Immediately after this trial, mice 

(postnatal day 19–24) individually received alloparent conditioning with their virgin female 

alloparent for 24 hr on one type of bedding, followed by 24 hr isolation conditioning on the 

other bedding. Immediately following the isolation conditioning, a 30 min post-conditioning 

trial was conducted to establish preference for the two conditioned cues. This process was 

repeated individually until each male littermate had been tested. Identical to the methods 

used for sCPP, chamber assignments were counterbalanced for side and bedding cues. 

Exclusion criteria for this behavior were defined as a pre-conditioning preference score 

time side 1/ total time
2  of > 1.5 or < 0.5. Experimental conditions were compared using 
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normalized social preference scores social zone post
social zone pre , and subtracted social preference scores 

(social zone post − social zone pre)
900  (Dölen et al., 2013; Nardou et al., 2019).

Stereotaxic and tail-vein injections

All stereotaxic injections into the nucleus accumbens (NAc; distance from bregma: anterior 

+1.54 mm; lateral ±1.065 mm; ventral - 4.1 mm)) were performed under general ketamine-

medetomidine anesthesia using a stereotaxic instrument (David Kopf). For 

electrophysiological analysis of NAc-projecting OT neurons, a small volume (~;30 nl) of 

diluted Rtb solution (1:4; Lumafluor; Red Retrobeads) was injected unilaterally or 

bilaterally into NAc core at a slow rate (20 nl/min) using a syringe pump (Harvard 

Apparatus, MA). For conditional knockdown of Fmr1, 1 μl viral suspension (0.1 μl/min; 

CAV2-GFP, CAV2-Cre-GFP, rgAAV-fDIO-Cre-GFP, or rgAAV-fDIO-Cre-HA) was injected 

bilaterally into NAc 7 days before behavioral testing. CAV2-GFP and CAV2-Cre-GFP 

viruses were obtained from Plateforme de Vectorologie de Montpellier. The fDIO-Cre-GFP 

plasmid was a gift of Dr. Bo Li and Dr. Linda Van Aelst and viral packaging was conducted 

by Stanford University’s Neuroscience Gene Vector and Virus Core. rgAAV-fDIO-Cre-HA 

was obtained from Addgene (Catalog # 121675-AAVrg). To confirm viral-mediated Cre 

function, 1 μl CAV2-Cre-GFP or 1.5 μl rgAAV-fDIO-Cre-HA was injected into NAc of Ai9 

(tdTomato Cre-reporter) or OT-2A-Flp::Ai9 mice respectively. After all injections, the 

injection pipette was left in place for at least 5 min prior to removal from the brain. Injection 

sites were confirmed post-hoc by preparing sections (20–50 μm) containing the NAc. For i.v. 

labeling of magnocellular OT neurons with FG, 1 or 2 lateral tail-vein injections of 15 μl 4% 

FG (Fluorochrome) diluted in ~;100 μl sterile saline were performed using a 1 ml syringe 

and 25-gauge needle at least 24 hours prior to sacrifice. To facilitate i.v. injections, mice 

were placed under a warm lamp for 3–5 min and were briefly restrained using a tail vein 

restrainer (TV-150; Braintree Scientific). Prior to injection, the tail was rubbed firmly with 

70% ethanol to clean the injection area and enhance visibility of the tail vein.

Electrophysiology

Using a Leica VT 1200s vibrating microtome, coronal sections (250 μm) containing the 

paraventricular nucleus were cut in an ice-cold sucrose solution containing the following (in 

mM); Sucrose 228; NaHCO3 26; Glucose 11; KCl 2.5; NaH2PO4 1; MgSO4 7; CaCl2 0.5. 

Immediately after cutting, slices were transferred into 32˚C aCSF containing (in mM); NaCl 

119; KCl 2.5; NaH2PO4 1; NaHCO3 26.2; Glucose 11; MgCl2 1.3; CaCl2 2.5. Slices were 

allowed to recover at 29˚C for at least 1 hour prior to recording. GFP+ and RtB+ neurons 

were visualized using 470 nm and 535 nm LEDs respectively (Cool LED). LED excitation 

was delivered through a 40x microscope objective, (Olympus) and fluorescence was 

detected using a camera and visualized using SliceScope Pro software (Scientifica). 

Recordings were conducted in current clamp using patch pipettes (2–4 MΩ) filled with 

internal solution containing the following (in mM: 130 K-Gluconate, 10 HEPES, 1 NaCl, 1 

CaCl2, 10 EGTA, 1 MgCl, 2 Mg-ATP, 0.5 Na-GTP, and 0.125 % Neurobiotin) and the liquid 

junction potential (13 mV) was corrected after recording. Recording was discontinued for 

neurons that failed to maintain a hyperpolarized resting membrane potential in the absence 

of current injection, and neurons that failed to produce APs > 50 mV were excluded from 
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further analysis. Data was acquired and analyzed using the Recording Artist plugin in Igor 

Pro and custom software written in MATLAB (Mathworks). AP initiation was determined as 

the first point where the membrane potential accelerated past 40 ms/s2. This threshold was 

confirmed with comparison to manual determination of AP initiation. AP peaks were 

identified prior to correction of the liquid junction potential by finding local maxima with a 

minimum peak of 0 mV and a minimum separation of 5 ms and absolute membrane 

potential values were subsequently corrected. Nine mice, with a maximum of 4 neurons per 

animal were used to cross-validate FG and electrophysiological differentiation of 

magnocellular and parvocellular neurons. Neurons were targeted and recorded blind to FG 

labeling status. Six mice, with a maximum of 2 neurons per animal were used for 

electrophysiological characterization of OTergic projections to NAc.

Cell Isolation, Enrichment, and cDNA Library Preparation

OT-2A-Flp::fdGFP mice were weaned at P21 and given i.v. injections of FluoroGold on that 

and the following day. At P23 mice were sacrificed. Brains were rapidly removed and 250 

μm thick coronal slices (n = 7 mice) containing the paraventricular nucleus of the 

hypothalamus were sectioned using a Leica VT-1200s vibrating microtome in ice-cold 

ACSF solution containing the following (in mM): 124 NaCl; 2.5 KCl; 1.2 NaH2PO4; 24 

NaHCO3; 5 HEPES; 13 glucose; 2 MgSO4’; 2 CaCl2, oxygenated with carbogen gas (95% 

O2 and 5% CO2) to pH 7.3 – 7.4. To microdissect the PVN, slices were placed in a petri-

dish containing ice-cold, oxygenated ACSF solution and the PVN was identified using the 

3rd ventricle and other structural markers. Following dissection, tissue was placed into 2.6 

mL equilibrated Papain DNase-I solution. The dissociation protocol was similar to Chevée et 

al., 2018, itself an adaptation from the trehalose-enhanced neuronal isolation protocol 

(Saxena et al., 2012) using the Worthington Papain Dissociation System (Worthington 

Biochemical Corporation). The following modifications from Chevée et al., 2018 were 

made: a single low speed centrifugation (300xg for 5 min) was performed after dissociation, 

and the pellet was resuspended in 250 μL media (DMEM, 5% trehalose (w/v), 25 μM AP-V, 

0.4 mM kynurenic acid, 6 μL of 40 U/μl RNase inhibitor) and 250 uL of EBSS#2 (EBSS, 25 

mM AP-V, 100 mM Kynurenic acid, ovomucoid protease inhibitor with BSA, DNase-I, 5% 

w/v Trehalose, 40 U/μl RNase inhibitor) at room temperature. Following resuspension, 

single-cell suspensions were introduced into a FACS machine (Beckman Coulter MoFlo Cell 

Sorter).

Neurons were sorted based on fluorescence (GFP+/FG- or GFP+/FG+) directly into 

individual wells of a 96-well plate containing 2 μL Smart-Seq2 lysis buffer + RNAase 

inhibitor, 1μL oligo-dT primer, and 1 μL dNTPs(Picelli et al., 2014). Three plates were 

collected across 2 separate dates (Plate 1: n = 1 mouse, 32 GFP+/FG- neurons and 47 GFP

+/FG+ neurons; Plate 2: n = 1 mouse, 32 GFP+/FG- neurons and 33 GFP+/FG+ neurons; 

Plate 3: n = 5 mice, 25 GFP+/FG-neurons and 48 GFP+/FG+ neurons). Following the sort, 

plates were briefly spun-down in a table-top microcentrifuge and immediately placed on dry 

ice. Single-cell lysates were kept at - 80°C until cDNA library preparation. Library 

preparation and amplification of single-cell samples was performed using a modified version 

of the Smart-Seq2 protocol (Chevée et al., 2018).
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Individual libraries were quality controlled, pooled, and sequenced on two lanes of an 

Illumina HiSeq 2500 sequencer to an average depth of 1,424,499 ±77,731 paired-end 50bp 

reads per neuron. Reads were aligned to the reference mouse genome (mm10) using the 

Hisat 2 aligner and transcript abundances were estimated using CuffNorm (Qiu et al., 2017) 

against the mouse GENCODE reference transcriptome (vM8).(Qiu et al., 2017) Relative 

abundances were converted to absolute estimates of gene expression using the Monocle2 

CENSUS approach and used as input for the dpFeature workflow (Qiu et al., 2017). 146 

neurons passed our quality assessment, and we identified a total of 10,172 genes with 

detectable expression in at least 5 neurons. For those cells that passed QC, the mean mRNA-

copies per cell was 27,551 and mean number of genes detected across all cells was 3,713. A 

Uniform Manifold Approximation and Projection (UMAP)(Becht et al., 2019) embedding 

was obtained by collapsing the top 50 principal components learned on the top 1000 genes 

with highest residuals to the Monocle model fit. All data are archived in the Gene 

Expression Omnibus (GEO Accession number GSE147092). Raw and processed scRNA-

Seq data and code to reproduce the complete analysis are also publicly available at https://

github.com/gofflab/OT_neuron_study_2020.

In situ hybridization chain reaction

Experiments were performed on 3 week-old FG injected male wild-type C57BL6/J mice 

obtained from Jackson Laboratories. Brains were extracted and immediately frozen in OCT 

with liquid nitrogen. Brains were sectioned on a cryostat at 7 μm. Serial sections were 

collected onto charged slides, briefly washed in PBS and then fixed in 4% PFA for 10 mins. 

Slides were then washed twice in PBS, transferred to 70% ethanol, and kept at 4˚C. In situ 
HCR v3.0 was performed using the protocols previously detailed (Choi et al., 2018). Probe 

hybridization and amplification steps were both performed overnight (12–16 hours). In situ 
probes (Table S2) were design using publicly available software (Raj et al., 2008).

Immunohistochemistry

Prior to immunostaining, sections were mounted on slides and rinsed 4 × 10 min in PBS 

followed by 1 hr in blocking solution (0.5% Triton X-100, 10% horse serum, 0.2% bovine 

serum albumin in PBS). Antibodies were diluted in PBS containing the following: 0.5% 

Triton X-100, 1% horse serum, 0.2% bovine serum albumin. Primary antibodies were 

applied overnight at room temperature (RT), and after rinsing slides in PBS, secondary 

antibodies were applied for 2 hr at RT. With the exception of FMRP immunohistochemistry, 

OT neurons were labeled using the antibody PS38 (gift of Dr. Harold Gainer; 1:150). PS38 

was detected using Alexa 488, (magnocellular and parvocellular distribution; Life 

Technologies; donkey anti-mouse; 1:1000) Alexa 647 (GFP or tdTomato colocalization; Life 

Technologies; goat-anti mouse or donkey-anti mouse respectively; 1:1000), or Alexa 350 

(RtB colocalization; Life Technologies; goat-anti mouse; 1:200). FluoroGold was labeled 

with an anti-fluorogold antibody, (Fluorochrome; 1:100), and detected using Alexa 647 (Life 

Technologies; donkey anti-rabbit; 1:1000). This approach was chosen instead of visualizing 

the native FG fluorescence to maximize the detectable signal with our microscope 

configuration. GFP signal was amplified using the anti-GFP antibody, ab13970, (ABCAM; 

1:1000) and visualized using Alexa 488 (Life Technologies; goat-anti chicken; 1:1000). 

tdTomato signal was amplified using the anti-mCherry antibody AB0040 (SICGEN; 1:4000) 
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and visualized using Alexa 555 (Life Technologies; donkey-anti goat; 1:1000). For post-hoc 

identification of electrophysiologically recorded neurons, Neurobiotin was detected using 

streptavidin-conjugated Alexa 350 (Life Technologies; 1:800).

FMRP co-labeling experiments were conducted as described above with the following 

exceptions. After rinsing in PBS, slides were transferred to a hot (90°C) sodium citrate (10 

mM Sodium Citrate, 0.05% Tween 20, pH 6.0) bath for antigen retrieval (30 min) followed 

by 1hr in blocking solution at RT. Sections were labeled with anti-FMRP 2F5–1 ((Gabel et 

al., 2004) Developmental Studies Hybridoma Bank; 1:1) which was detected using Alexa 

647 (Jackson ImmunoResearch; goat anti-mouse IgG2b; 1:500). OT neurons were labeled 

with the anti-OT antibody VA10 (Altstein and Gainer, 1988) (gift of Dr. Harold Gainer; 

1:1000) and detected using Alexa 488 (Life Technologies; donkey anti-rabbit; 1:1000).

Histology

Following transcardial perfusion with 1M PBS and 10% formalin, brains were kept in 

formalin at 4˚C overnight and then transferred to PBS. To prepare them for re-sectioning, 

acute brain slices used for electrophysiology were placed in 10% formalin immediately after 

recording, and then transferred to PBS. For all experiments in which fluorescent 

colocalization was analyzed, serial brain sections (20 μm thickness) were cut using a 

cryostat following cryoprotection of tissue with a 30% sucrose solution containing 0.01% 

azide. Following immunostaining, images were acquired using an EVOS or Olympus BX41 

microscope with 4x, 10x, and 40x objectives and analyzed using ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS

All behavioral and electrophysiological analyses were performed with MATLAB 

(Mathworks), Prism (GraphPad), or R (The R Project). Electrophysiological comparisons 

were made using a two-tailed Mann-Whitney U Test or Wilcoxon Signed-Rank Test for 

unpaired and paired comparisons, respectively. p < 0.05 was considered significant. 

Behavioral comparisons were made using a two-tailed, Students t-test (paired or unpaired 

and with or without Welch’s correction as appropriate per the Central Limit Theorem), with 

p < 0.05 considered significant. Statistical parameters can be found in figure legends. All 

data were subjected to the Shapiro-Wilk normality test and F test to compare variances. For 

k-means clustering analysis, two clusters were specified, as this number of clusters was 

indicated by the elbow method (Figure S2). Electrophysiological feature values used for the 

clustering analysis were z-scored across all neurons, while the clustering algorithm was 

trained only on the values from neurons from Fig. 1. Calb1-Cre::cdFmr1KO experiments 

were done blind, as were a subset of OT-Flp::cdFmr1KO experiments. For 

electrophysiological analysis, neurons were targeted for recording blind to FG labeling 

status.

All scRNAseq analysis was performed in R/Bioconductor following alignment with Hisat2. 

Log2 expression estimates (with a pseudocount of 1) of high-variance genes were used as 

input for PCA analysis and UMAP clustering of individual cells. After cluster assignment, 

differential expression testing was performed using the Monocle2 VGAM model 

comparison test(Trapnell et al., 2014) (FDR 0.1%, Monocle2 test, Benjamini-Hochberg 
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corrected). Gene set enrichment was computed using the hypergeometric test unless stated 

otherwise. Using the full dataset with a q value of 0.001 (0.1 % FDR), Post hoc power 

calculations made for observing 181 differentially expressed genes. Based on these 

calculations, there is 99.84% power (probability of true positives) to observe 181 genes with 

a significant two-fold change (log2 Magno/Parvo ≥1 or log2 Magno/Parvo ≤−1) in gene 

expression. Given that the observed log2-fold changes (magnocellular vs. parvocellular) for 

the mean expression of Calb1, Kcnmb4, Reln, Cnr1 are 6.59, 2.91, −7.38, and −3.92 

respectively, it was determined that there was more than sufficient (greater than 99.84%) 

power for this analysis. Limiting the power calculation to a balanced design by using only 

enough magnocellular cells to match the reduced number of parvocellular cells (thereby 

disregarding the observed ratio of cell types), results in 96.94% power for and FDR of 0.001 

to observe 181 genes with a significant two-fold change (log2 Magno/Parvo ≥1 or log2 

Magno/Parvo ≤−1). Code to reproduce the complete analysis is publicly available at https://

github.com/gofflab/OT_neuron_study_2020.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Distribution of OT neuronal subtypes across the rostral caudal axis of the PVN.
(A) Diagram illustrating labeling strategy. (B-E) Example images of rostral (B,C) and caudal 

(D,E) sections of the PVN at low magnification (B,D, scale bar 200 μm) and high 

magnification (C,E, scale bar 50 μm) showing OT-Ab (green, left), FG (magenta, center) and 

merged (right) images. (F) Drawing of a magnocellular (left) and parvocellular (right) OT 

neuron identified by i.v. FG labeling. Scale bar indicates 20 μm. (G) Magnocellular OT 

neurons account for 65.9 ± 2.6% and parvocellular OT neurons account for 34.1 ± 2.6% of 

PVN OT neurons (n = 3 animals; 1439.3 ± 48.3 OT neurons per animal). (H) Magnocellular 

OT neurons are predominantly located in the rostral PVN, while parvocellular OT neurons 

are predominantly located in the caudal PVN. Data represented as mean ± sem. See also 

Figure S1.
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Figure. 2. Electrophysiological signatures of magnocellular and parvocellular OT neurons.
(A) Validation strategy using i.v. FG and Nb-filled recording pipette. (B,C) FG+ (B) and FG- 

(C) neurons recovered after electrophysiological recording. Nb (blue, left), GFP (green, 

center-left), FG (magenta center-right), merge (right). Scale bars 20 μm. (D,G) 

Representative traces from magnocellular (blue), and parvocellular (orange) OT neurons. 

(E,F,H,I) Latency to first AP and AP duration are shorter in Sh- (n = 7) compared to Sh+ (n 

= 11) OT neurons (U = 0, p > 0.001 (latency); U = 0, p > 0.001 (duration)) (E,H) and FG- (n 

= 8) compared to FG+ (n = 10) OT neurons (U = 0, p < 0.001 (latency); U = 5, p > 0.001 

(duration)) (F,I). (J,M) Representative traces (blue, magnocellular (Sh+) OT; orange, 

parvocellular (Sh-) OT; black, following 5 mM 4-AP). (K,L) 4-AP reduces latency to first 

AP in magnocellular (Sh+, n = 10, Sum of signed ranks = 55, p = 0.002), (K) but not 

parvocellular (Sh-, n = 7, Sum of signed ranks = 10, p = 0.469) (L) OT neurons. (N,O) 4-AP 

increases AP duration in magnocellular (Sh+; n = 10, Sum of signed ranks = −51, p = 0.006) 

(N) and parvocellular (Sh-, n = 7, Sum of signed ranks = −28; p = 0.016) (O) OT neurons. 

(P,Q) K-means cluster analysis using z-scored values for AP frequency, duration, and latency 
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to first AP for each neuron. (P) Clusters coincided completely (100%, 18 of 18 neurons) 

with qualitative magnocellular or parvocellular categorization based on shoulder. (Q) Cluster 

assignment matched magnocellular or parvocellular identity of 94% (17 of 18) neurons 

defined by FG labeling. (R) Left; 61% (n = 11) of sampled neurons were Sh+, and 39% (n = 

7) were Sh-. Right; 56% (n = 10) sampled neurons were FG+, and 44% (n = 8) were FG-. 

(S) Left; 91% (n = 10 of 11) Sh+ neurons were FG+. Right; 100% (n = 7 of 7) Sh- neurons 

were FG-. (T) Left; 100% (n = 10 of 10) FG+ neurons were also Sh+. Right; 88% (n = 7 of 

8) FG- neurons were Sh-. Data represented as mean ± sem. * indicates p < 0.05; Mann-

Whitney U Test for unpaired (E,F,H,I) or Wilcoxon Rank Sum Test for paired (K,L,N,O) 

comparisons (both two-tailed). See also Figure S1, S2.
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Figure 3. scRNASeq of OT expressing neurons in the PVN.
(A) Schematic overview of experiment. (B) Plot of the average silhouette width versus 

number of clusters for scRNAseq data indicating that the optimal number of clusters is two. 

(C) UMAP of scRNASeq data with the two clusters indicated by the silhouette analysis. (D) 

Cluster 1 is majority FG+ (91 of 125 cells; 72.8% FG+) and cluster 2 is devoid of fluorogold 

positive cells, (21 of 21 cells; 100% FG-).(E) Magnocellular (blue) and parvocellular 

(orange) neuron identity assigned to cluster 1 and cluster 2, respectively. (F) Empirical 

Cumulative Distribution Functions for all expressed genes in the two cell types indicated 
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greater intra-cell type heterogeneity within magnocellular neurons (p = 1.665e−15). K-S test 

for statistical comparison. (G) Comparison of the density of mitochondrial RNA in the two 

clusters as calculated via the distributions of the per cell ratio of reads mapped to 

mitochondrial RNA vs total number of mapped reads. One-tailed t-test for statistical 

comparison (p = 0.0007972). See also Figure S1, S3.

Lewis et al. Page 33

Neuron. Author manuscript; available in PMC 2021 November 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Differential expression analysis of clusters determines unique molecular markers of 
magnocellular and parvocellular OT neurons.
(A) Heatmap of significantly differentially expressed genes (Monocle Likelihood Ratio Test, 

FDR 0.1%) between magnocellular and parvocellular OT neurons. (B) UMAPs (left) and 

Violin plots (right) for genes expressed more highly in magnocellular OT neurons: Calb1 
and Kcnmb4 (identified using FDR 0.00001%; p = 1.28e−30 and p = 5.46e−7, respectively). 

(C) UMAPs (left) and Violin plots (right) for genes expressed more highly in parvocellular 

OT neurons: Reln and Cnr1 (identified using FDR 0.00001%; p = 1.48e−15 and p = 6.67e−11, 

respectively). (D,E) Validation of differential expression via fluorescent in situ hybridization 
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chain reaction version 3.0 (HCR 3.0) within the PVN. Calb1 but not Cnr1, is colocalized 

with Oxt within the rostral PVN (D). Cnr1, but not Calb1 is colocalized with Oxt in the 

caudal PVN (E). Scale bars 20 μm. Distribution of Calb1 (rostral) and Cnr1 (caudal) 

expression in OT neurons recapitulates differential localization of magnocellular (rostrally 

enriched) and parvocellular (caudally enriched) neurons respectively. * indicates p < 0.05; 

Monocle2 likelihood ratio test for statistical comparisons. See also Figure S3, and Tables S1, 

S2.
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Figure 5. Fmr1 KO mice exhibit social domain-specific impairment in reward learning.
(A) Timeline for sCPP. (B,C) Individual (top) and average (bottom) data indicate that WT 

mice (B; t(23) = 3.586; p = 0.002) and not Fmr1 KO mice (C; t(15) = 1.324; p = 0.205) 

exhibit sCPP. (D) Normalized (t(38) = 2.917; p = 0.006) and subtracted (t(38) = 3.23; p = 

0.003) comparisons of social preference reveal a difference in the magnitude of sCPP 

between WT and Fmr1 KO mice. (E) Protocol and timeline for cocaine CPP. (F,G) 

Individual (top) and average (bottom) data indicate that WT (F; t(14) = 6.454; p < 0.0001) 

and Fmr1 KO mice (G; t(10) = 4.297; p = 0.002) exhibit cocaine CPP. (H) Normalized (t(24) 

Lewis et al. Page 36

Neuron. Author manuscript; available in PMC 2021 November 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



= 0.609; p = 0.548) and subtracted (t(24) = 0.644; p = 0.525) comparisons of cocaine 

preference reveal a similar magnitude of cocaine CPP in WT and Fmr1 KO mice. (I) 

Protocol and timeline for alloparent CPP. (J,K) Individual (top) and average (bottom) data 

indicate that WT (J; t(11) = 2.931; p = 0.014) and Fmr1 KO mice (K; t(8) = 2.488; p = 0.038) 

exhibit alloparent CPP. (L) Normalized (t(19) = 0.234; p = 0.817) and subtracted (t(19) = 

0.354; p = 0.727) comparisons of alloparent preference reveal a similar magnitude of 

alloparent CPP in WT and Fmr1 KO mice. Data represented as mean ± sem. * indicates p < 

0.05; Student’s t-test (two-tailed; paired (B,C,F,G,J,K) or unpaired (D,H,L)) for statistical 

comparisons.
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Figure 6. Parvocellular OT neurons innervate NAc.
(A) RtB labeling and recording strategy in OT-2A-Flp::fdGFP mice. (B) Example of a 

GFP/RtB double-positive OT neuron targeted for electrophysiological recording. Left to 

right; DIC (gray), GFP (green), RtB (red), merge. Scale bar 10 μm. (C,E) Traces recorded 

from a NAc-projecting OT neuron. (D) Latency to first AP of NAc-projecting OT neurons (n 

= 9; 21.2 ± 4.2 ms). (F) AP duration of NAc-projecting OT neurons (n = 9; 1.4 ± 0.07 ms). 

(G,I) Traces (red, RtB+; black, following 5 mM 4-AP). (H,J) 4-AP does not change latency 

to first AP (n = 8; Sum of signed ranks = 6; p = 0.742) (H), but increases AP duration (n = 8; 

Sum of signed ranks = −34 p = 0.016) (J) in NAc-projecting OT neurons. (K) Using the k-

means clustering algorithm trained using data from Figure 2, 100% (9 of 9) sampled 

RtB/GFP double-positive cells were assigned to the parvocellular cluster. Data represented 

as mean ± sem. * indicates p < 0.05; Wilcoxon Rank Sum Test (two-tailed; paired (H,J). See 

also Figure S1, S2, S5, S6.
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Figure 7. Parvocellular OT neurons require Fmr1 to mediate social reward learning.
(A) Protocol for sCPP following acute knockdown of Fmr1 in neurons projecting to NAc. 

(B,C) Individual (top) and average (bottom) data indicating that cdFmr1 KO mice injected 

with CAV2-GFP (B; t(18) = 3.95; p = 0.001) but not CAV2-Cre-GFP (C; t(19) = 0.69; p = 

0.499) exhibit sCPP. (D) Normalized (t(37) = 2.453; p = 0.019) and subtracted (t(37) = 2.566; 

p = 0.015) comparisons reveal reduced magnitude sCPP in cdFmr1 KO mice injected with 

CAV2-Cre-GFP compared to CAV2-GFP. (E) Protocol for sCPP following acute knockdown 

of Fmr1 in OT neurons projecting to NAc. (F,G) Individual (top) and average (bottom) data 
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indicating that WT (F; t(43) = 4.947; p > 0.0001) but not OT-2A-Flp::cdFmr1 KO (G; t(35) = 

0.349; p = 0.729) mice injected with rgAAV-fdCre exhibit sCPP. (H) Normalized (t(78) = 

3.295; p = 0.002) and subtracted (t(78) = 2.937; p = 0.004) comparisons reveal reduced 

magnitude sCPP in OT-2A-Flp::cdFmr1 KO compared to WT mice injected with rgAAV-

fdCre. (I) Protocol and timeline for sCPP. (J,K) Individual (top) and average (bottom) data 

indicate that WT (J; t(9) = 3.901; p = 0.004) and Calb1-IRES-Cre::cdFmr1 KO mice (K; t(9) 

= 7.146; p > 0.0001) exhibit social CPP. (L) Normalized (t(17.941) = 1.642; p = 0.118) and 

subtracted (t(17.874) = −1.965; p = 0.065) comparisons of social preference reveal that WT 

and Calb1-IRES-Cre::cdFmr1 KO mice exhibit similar magnitude sCPP. Data represented as 

mean ± sem. * indicates p < 0.05; Student’s t-test (two-tailed; paired (B,C,F,G,J,K) two-

tailed; unpaired (D,H,L)) for statistical comparisons. Welch’s correction was used to account 

for unequal variance and small sample size in (L). See also Figure S6.
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Figure 8. ASD risk and FMRP target genes are enriched in parvocellular OT neurons.
(A) Density of the log2 fold change for (black) all expressed genes, (orange) all ASD risk 

genes, and (red) all significantly differentially expressed (FDR = 0.1%) ASD risk genes. 

ASD risk genes (orange vs, black; p = 0.0009279; one-sided Wilcoxon Rank Sum Test) and 

differentially expressed ASD risk genes (red vs black; p = 8.589e−9) are enriched in 

parvocellular OT neurons. Individually labeled genes are the union of ASD risk genes and 

FMRP binding partners that are differentially expressed between neuron types. (B) Density 

of the log2 fold change for (black) all expressed genes, (light blue) all FMRP binding 
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partners, and (dark blue) all significantly differentially expressed (FDR 0.1%) FMRP 

binding partners. FMRP binding partners (light blue vs black; p = 6.83e−16; one-sided 

Wilcoxon Rank Sum Test) and differentially expressed FMRP binding partners (dark blue vs 

black; p = 1.751e−9) are enriched in parvocellular OT neurons. Individually labeled genes 

are the union of ASD risk genes and FMRP binding partners that are differentially expressed 

between neuron types (FDR 0.1%). (C) Density of the log2 fold change for (black) all 

expressed genes, (light green) all schizophrenia risk genes, and (dark green) all significantly 

differentially expressed (FDR 0.1%) schizophrenia risk genes. Schizophrenia risk genes are 

not enriched in magnocellular or parvocellular OT neurons (light green vs black; p = 0.98) 

and differentially expressed schizophrenia risk genes (dark green vs black; p = 0.21; one-

sided Wilcoxon Rank Sum Test) are not enriched in parvocellular OT neurons. (D) Density 

of the log2 fold change for (black) all expressed genes, (light yellow) all Alzheimer’s 

disease (AD) risk genes, and (dark yellow) all significantly differentially expressed (FDR 

0.1%) AD risk genes. AD risk genes are not enriched in magnocellular or parvocellular OT 

neurons (p = 0.99). (E) Density of the log2 fold change for (black) all expressed genes, (light 

pink) all type II diabetes risk genes, and (dark magenta) all significantly differentially 

expressed (FDR 0.1%) type II diabetes risk genes. Type II diabetes risk genes are not 

enriched in magnocellular or parvocellular OT neurons (p = 0.33). Vertical tick marks below 

density plots indicate the individual differentially expressed ASD risk genes (A), FMRP 

binding partners (B), schizophrenia risk genes (C), and the single differentially expressed 

AD risk gene (D). Note the lack of differentially expressed type II diabetes risk genes (E). 

See also Figure S7, and Tables S1, S3, S4.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-OT neurophysin Whitnall et al., 1985 Ben-Barak et al., 1985; gift 
from Harold Gainer, PhD

PS38

Alexa 488 donkey anti-mouse Life Technologies A-21202

Alexa 647 donkey anti-mouse Life Technologies A-31571

Alexa 647 goat anti-mouse Life Technologies A-21235

Alexa 350 goat anti-mouse Life Technologies A-11045

Rabbit anti-FluoroGold Fluorochrome NA

Alexa 647 donkey anti-rabbit Life Technologies A-31573

Chicken anti-GFP ABCAM Ab13970

Alexa 488 goat anti-chicken Life Technologies A-11039

Goat anti-mCherry SICGEN AB0040

Alexa 555 donkey anti-goat Life Technologies A-21432

Mouse anti-FMRP Developmental Studies Hybridoma Bank 2F5-1

Alexa 647 goat anti-mouse IgG2b Jackson ImmunoResearch 115-607-187; RRID: AB 2632546

Rabbit anti-OT Altstein and Gainer, 1988; gift from Harold 
Gainer, PhD

VA10

Alexa 488 donkey anti-rabbit Life Technologies A-21206

   

Bacterial and Virus Strains

rgAAV-EF1 a-fDIO-Cre Schneeberger et al., 2019 Addgene 121675- AAVrg

rgAAV-CAG-fDIO-GFP-Cre Stanford University Neuroscience Gene Vector 
and Virus Core

N/A

CAV-2-GFP Plateforme de Vectorologie de Montpellier N/A

CAV-2-Cre-GFP Plateforme de Vectorologie de Montpellier N/A

   

Chemicals, Peptides, and Recombinant Proteins

Neurobiotin Vector Laboratories SP-1120

Alexa 350 streptavidin conjugate Life Technologies S11249

FluoroGold Fluorochrome N/A

Red Retrobeads Lumafluor N/A

4-Aminopyridine Sigma-Aldrich 275875

Cocaine hydrochloride Sigma-Aldrich C5776

   

Critical Commercial Assays

Worthington Papain Dissociation System Worthington Biochemical Corporation Cat#LK003182

Illumina TruSeq kit Illumina Cat#RS-122-200

   

Deposited Data
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REAGENT or RESOURCE SOURCE IDENTIFIER

Accession number GSE147092 GEO  

   

Experimental Models: Organisms/Strains

C57BL6/J Jackson Laboratories Stock # 000664

Calbl-IRES-Cre Jackson Laboratories Stock # 028532

Flp-dependent GFP reporter mice Mutant Mouse Resource Center Stock # 32038

Ai9 Cre-dependent TdTomato reporter mice Jackson Laboratories Stock # 007909

Constitutive Fmr1 knockout Jackson Laboratories Stock # 003025

Conditional Fmr1 knockout Mientjes et al., 2006 N/A

Oxytocin-2A-Flp-optimized Nardou et al., 2019 N/A

   

Oligonucleotides

see supplemental tables (HCR)   

   

Recombinant DNA

fDIO-Cre-GFP Penzo et al., 2015 Dr. Bo Li and Dr. Linda Van Aelst

   

Software and Algorithms

R version 3.5 The R project https://www.r-project.org/

MATLAB Mathworks https://www.mathworks.com/

Prism 5 GraphPad https://www.graphpad.com/

Igor Pro WaveMetrics https://www.wavemetrics.com/

Recording Artist (plugin for Igor Pro) Richard C Gerkin, PhD https://github.com/rgerkin/recording-artist
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