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Abstract
The Neomycin resistance cassette (Neo+) is commonly inserted in the genome of mice to generate
knock-out (KO) models. The effect of gene deletion on social behaviors in mice is inconsistent across
studies using Neo+ and Neo− lines, particularly Arc/Arg3.1 KO models. In this study, we identified severe
impairments in maternal behavior in Neo+, but not Neo− Arc/Arg3.1 KO dams. These deficits were

associated with reduced sociability and abnormal social information processing in Neo+ Arc/Arg3.1 KO
dams, and were further exacerbated by impaired social communication in their pups. Mechanistically,
although the Neo cassette product was not cytotoxic, its presence altered ERK signaling, gene
expression profile, and the oxytocin system. However, oxytocin administration failed to rescue social
deficits in Neo+ Arc/Arg3.1 KO animals. Notably, early-life social enrichment improved social interaction
with familiar conspecifics, but did not restore responses to unfamiliar animals or maternal behavior.
Together, our findings demonstrate that the Neo cassette influence behavioral phenotypes, particularly
social and maternal behavior in Arc/Arg3.1 KO mice, highlighting the need to carefully re-evaluate
conclusions drawn from animal models retaining the Neo cassette in neuroscience research.

INTRODUCTION
The ability of the mammalian brain to learn and adapt to new environments relies on synaptic plasticity1.
The activity-regulated cytoskeleton-associated protein (Arc), also known as activity-regulated gene of 3.1
kilobases (Arg3.1), is a key regulator of long-lasting synaptic plasticity, such as long-term potentiation
and depression2–4. Arc/Arg3.1 is an immediate early gene (IEG) predominantly expressed in excitatory

glutamatergic neurons within the hippocampus, cortex, and striatum5,6. In response to stimuli,
Arc/Arg3.1 mRNA is rapidly transcribed within minutes, and undergoes activity-dependent translation at
post-synaptic sites in dendrites7. Disruption of Arc/Arg3.1 impairs learning, long-term memory
consolidation, and sensory-motor gating, while its dysregulation affects cognitive flexibility, highlighting
its essential role in synaptic plasticity8,9,4.

In humans, ARC/ARG3.1 gene has been linked to alcohol use disorder10 and neurodevelopmental and
psychiatric disorders characterized by social deficits11. Notably, 43 ARC/ARG3.1 single nucleotide
polymorphisms have been associated with schizophrenia12. Additionally, increased plasma levels of

ARC/ARG3.1 have been described in children with ASD13. Elevated Arc/Arg3.1 levels have been reported
in mouse models of Fragile X and Angelman syndromes, both associated with autism spectrum
disorders (ASD)14,15. However, studies using Arc/Arg3.1 knockout (KO) mice have yielded inconsistent
results: one study reported reduced sociability and social novelty in the first KO1 mouse line16, while the

second found no effect on sociability using a different KO2 line17. As highlighted by Gao et al.17, the key
difference between these lines is the insertion of the Neomycin resistance cassette (Neo+) in the
genome of the KO1 line16. Whether the presence of Neo+ in the Arc/Arg3.1 locus has an impact on
behavioral phenotypes is currently unknown.
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In this study, we aimed to clarify whether inconsistencies in reported social behaviors of Arc/Arg3.1 KO
mice arise from the Neo cassette insertion. We examined social, olfactory, and non-social behaviors in
the Neo+ and Neo− Arc/Arg3.1 KO1 mouse line. Our findings revealed significant behavior impairments in
Neo+, but not in Neo− KO mice. The Neo cassette product induced changes in cellular signaling and gene
expression, particularly affecting the oxytocin system. Overall, our findings reveal a strong influence of
the Neo cassette on behavioral phenotypes in Arc/Arg3.1 KO mice.

MATERIALS AND METHODS
For a detailed description, please see supplementary materials and methods.

Animals
All mouse breeding, care, and experimental procedures followed European, French and German
Directives and were approved by the local ethics committees – CEEA Val de Loire N°19 and the French
Ministry of Teaching, Research and Innovation (APAFIS #18035-2018121213436249), and the animal
welfare office of the city of Hamburg and the animal care committee at the University Medical Center
Hamburg-Eppendorf. The first line used in this study included WT and Arc/Arg3.1 KO1 mice carrying the
Neo cassette (Neo+ KO1)16,18 (JAX stock #007662). Neo− KO1 mice were generated by excising the Neo
cassette from the genome through the Flox sites of Neo+ KO1 mice (Figure S1, supplementary materials

and methods), all bred on a mixed 50% C57BL/6J – 50% 129S2 background19. The second line
comprised WT and Arc/Arg3.1 KO mice lacking the Neo cassette (Neo− KO2), bred on a C57BL/6J
background4. KO1 and KO2 lines were housed in separate animal facilities under the same conditions: a
12-hour light/dark cycle, with food and water ad libitum, controlled temperature (21°C) and humidity
(50%), housed in social groups of 2–4 animals. All experimental mice were two months old sexually
naïve males and females at the start of the behavioral experiments.

Behaviors

Behavioral tests were conducted at the start of the light phase in WT, Neo+ and Neo− KO1 lines, with one
test per day. Sociability was tested in the three-chambered test and social interaction in the automatic
Live Mouse Tracker (LMT) device20 with up to four familiar (cage mates) and unfamiliar, age-, sex-
matched conspecifics as described previously21. Social memory was evaluated in the social recognition
test. Olfaction was assessed over several assays with neutral, food, and social odors. Perseverative,
stereotyped, and compulsive behaviors were tested in the spatial Y-maze task, motor stereotypy, and
marble burying tests, respectively. Locomotion was assessed in the open-field test and motor
coordination in the string test. Anxious-like behavior was evaluated in the elevated-plus maze, novelty-
suppressed feeding, and open field tests. Spatial memory was assessed in object location recognition
and Y-maze tasks, while the recognition memory was evaluated in the novel object recognition task.
Maternal behavior using the pup retrieval and nest-building tests was assessed in 3-4-month-old
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primiparous dams following 2 weeks breeding with males, followed by one week isolation and
parturition. The pup retrieval assay was performed only in WT and Neo− KO2 line. Ultrasound
vocalizations following maternal separation were recorded in pups, along with the assessment of their
social skills in the homing test, and their gripping, cliff avoidance, and righting reflexes in the respective
tests. All animal research has been performed and reported according to the ARRIVE guidelines22.

Quantitative PCR (qPCR)
The expression of oxytocin family genes (Oxt, Oxtr, Avp, Avpr1a), immediate early genes (Homer1a, Fos,
Egr1, Foxp1), ASD-associated genes (Shank3, Fmr1, Cpeb4, Cntnap2), neuropeptides genes (Cck, Gal,
Cartpt, Esr1), and housekeeping gene Gapdh (Table S6) was investigated in the prefrontal cortex (PFC),
nucleus accumbens (NAC), caudate putamen (CPU), paraventricular (PVN), and supraoptic (SON) nuclei
of three-months-old WT, Neo+ KO1, and Neo− KO1 dams, and two-month-old naïve WT and Neo+ KO1
mice.

RNA sequencing

Bulk RNA sequencing (RNA-seq) was performed in the PVN of two-month-old naïve WT, Neo+ KO1, and
Neo− KO1 females dissected after social interaction with genotype-matched littermates. Following total
RNA extraction, oligo(dT) enrichment, library preparation and strand-specific NovaSeq sequencing
(2x150 bp, > 20M reads per sample), reads were aligned to the mouse genome (GRCm39) with STAR23

and transcripts were quantified and normalized using SALMON24 and DESeq225. Differentially expressed
genes were visualized and analyzed using volcano plot (ggplot2), heatmap (pheatmap R)26, gene

ontology (gprofiler227, STRINGdb28 and rbioapi29 R package) and curated from autism (AutDB, SFARI)
and schizophrenia (SZDB) databases.

Arc/Arg3.1 genomic environment interaction
Cis- and trans-, short- and long-range 3D genomic interactions of the murine Arc/Arg3.1 locus and its
topologically associated domain (TAD) on chromosome 15 were explored using single-cell Hi-C data
from neuronal subtypes in the 3D Genome Browser dataset30.

Western blot
Protein levels of ERK1/2, phospho-ERK1/2, Arc, the Neo product (aminoglycoside phosphotransferase)
and GAPDH were assessed in the PVN and OB of two-month-old naïve WT, Neo+ KO1, and Neo− KO1
females (males in Figure S11A).
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Immunohistochemistry

Brains were collected from WT and Neo+ KO1 dams on pups’ postnatal day 14 to immunolabel oxytocin
pre-pro-peptide and Neo product, or from WT and Neo+ KO1 naïve mice to co-label oxytocin pre-pro-
peptide and Arc.

Chronic oxytocin treatment and social enrichment

Two-month-old naïve WT and Neo+ KO1 mice were intranasally injected daily for 28 days with a solution
of 20 µg kg− 1 (0.03 IU) oxytocin (OT) or saline (NaCl 0.9%) as control. On days 0, 7, 14, 21, and 28 of
treatment, mice were subjected to social interaction in the LMT with up to four unfamiliar, age-, sex-, and
treatment-matched conspecifics to evaluate the effect of OT treatment on social interaction and on day
25 for motor stereotypies. For early-life social enrichment experiment, following heterozygous breeding,
Neo+ KO1 mice were weaned and raised at 1:4–1:2 ratio with WT and heterozygous littermates and
tested in the LMT at two months of age.

Statistical analysis
All data and statistical analyses were performed using R software (version 4.3.1). For a detailed
description, please see Figure legends and supplementary materials and methods. Raw data, including
western blots and microscopy images are available at https://doi.org/10.5281/zenodo.20589372, while
mean ± standard deviation (sd), n and statistics are reported in Tables S1-S5. RNAseq data are available
at ENA (PRJEB112177 (ERP192761) project accession number).

RESULTS

Neo+ KO1 dams display maternal behavior impairments
To investigate the impact of Neo insertion in the Arc/Arg3.1 locus on social behaviors, we examined
maternal behavior in dams from Neo+ Arc/Arg3.1 KO (Neo+ KO1), which previously showed sociability
impairments16, and Neo− Arc/Arg3.1 KO1 mice with the Neo cassette excised from the genome (Neo−

KO1) derived from the same line (Figure S1).

Remarkably, 93% of Neo+ KO1 dams failed to retrieve their Neo+ KO1 pups within 30 min of the pup

retrieval test, resulting in a longer pup retrieval latency compared to WT and Neo− KO1 dams (Fig. 1A-D).
Neo+ KO1 dams displayed maternal care impairment (reduced time crouching over the pups), while their
ability to detect their pups was intact (Figure S2A-B, Table S1). We confirmed these results using the
second Neo− Arc/Arg3.1 KO line (Neo− KO2), which previously exhibited no sociability impairments17.

Like Neo− KO1 dams, Neo− KO2 dams displayed no differences in maternal behavior, compared with their
respective WT (Fig. 1E-F, Figure S2C). Differences between WT mice from the two lines reflected their
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distinct genetic backgrounds, consistent with previous report showing enhanced sociability in mixed
C57BL/6J;129S2 vs. inbred C57BL/6J mice19.

Importantly, to exclude that these observations might result from social impairments in KO pups31, we

tested Neo+ KO1 dams with heterozygous Neo+/− Arc+/− (Neo+ Arc+/−) pups. Neo+ KO1 dams still
displayed impaired maternal behavior (longer pup retrieval latency) compared to WT dams with
heterozygous Neo+ Arc+/− pups (Figs. 1G-H, S2D), though to a lesser extent than when tested with
homozygous Neo+ (Neo+/+) KO1 pups (Fig. 1A-B). Additionally, Neo+ Arc+/− dams showed maternal

deficits comparable to Neo+ KO1 with heterozygous Neo+ Arc+/− pups (Figs. 1G-H).

We found no differences in parturition delay, litter size, lactation, or percentage of pup survival compared
to WT controls in all lines (Table S1).

In conclusion, insertion of a single Neo cassette allele in the Arc/Arg3.1 locus is sufficient to induce
maternal behavior impairments in dams, an effect that is further influenced by the genotype of the pups.

Neo cassette affects sociability in both dams and pups
Next, we verified whether maternal impairments were accompanied with social deficits. Neo+ KO1 mice
displayed reduced social interaction (nose contact) and motivation (social approach) with both familiar
(cage mates) and unfamiliar conspecifics, compared to WT and Neo− KO1 mice, particularly in females
(Figs. 2A-B, S3A-B, Table S2). Importantly, Neo− KO1 males displayed increased social interaction with
unfamiliar conspecifics, compared with WT males, suggesting that the insertion of the Neo masked this
phenotype (Figure S3B). We excluded that poor maternal care provided by Neo+ KO1 dams did cause

these impairments, since Neo+ Arc+/− mice raised by either WT or Neo+ KO1 dams did not exhibit social
interaction impairments (Figs. 2C, S3C-D). Sociability impairments in Neo+ KO1 mice were further
confirmed in the sociability phase of the three-chambered test and were not attributable to social
memory deficits (Figure S4).

Since maternal and social behaviors in rodents heavily rely on olfaction32, we evaluated potential

olfactory deficits in Neo+ KO1 mice. These mice showed no obvious impairments in olfactory detection
of neutral, food, or predator odors, but spent less time sniffing social odors in the habituation-
dishabituation test (Figure S5A-D, Table S1). This suggests intact general odor detection, but potential
deficits in social odor discrimination or motivation. To further evaluate potential alterations in social
odor processing, we performed a social dominance test, which is largely mediated by olfactory
sensing33,34. Both dominant and subordinate Neo+ KO1 mice displayed increased social dominance
facing dominant WT mice (Figure S5E). Furthermore, Neomycin protein product was not detected in the
vomeronasal organ (VNO), main olfactory epithelium (MOE) and olfactory bulb (OB) (Figs. 3D, S5F-G).
Collectively, these results indicate that the Neo cassette may impair social odor-induced interest, but not
odor detection or discrimination.

Page 7/28



As Neo+ KO1 dams displayed worse maternal impairment with Neo+ KO1 pups, we also assessed social
communication in pups. Neo+ KO1 pups exhibited shorter total time vocalizing, as well as delayed
latency to vocalize, fewer and shorter ultrasound vocalizations following maternal separation compared
to WT and Neo+ Arc+/− pups (Fig. 2D-E, Table S3). Additionally, both Neo+ KO1 and Neo+ Arc+/− pups
exhibited delayed latency to reach the nest area and spent less time in the nest bedding than WT pups in
the olfactory-based homing test35 (Figure S6A-B), suggesting early social impairments in both
genotypes. Importantly, no differences were observed in three reflex assays, indicating that these
impairments did not result from motor deficits (Figure S6C).

We also evaluated non-social behaviors that could influence sociability, such as distinct memory,
anxious-like, perseverative or compulsive behaviors, and motor coordination (Figs. 2F-G, S7-8, Table S1).
Neo+ KO1 mice displayed mild spatial memory impairment as previously reported16, while Neo− KO1
mice showed no difference in short- and mid-term social or object recognition memory (Figure S4B and
S7). Interestingly, both Neo+ KO1 and Neo− KO1 mice did not show differences in anxious-like behavior in
the elevated-plus maze and open field tests. By contrast, increased immobility during exploration of a
novel environment was observed exclusively in Neo− KO1 mice (Figs. 2F, S8A), suggesting that the Neo
cassette may have masked this phenotype associated with Arc/Arg3.1 deletion. Furthermore, both Neo+

and Neo− KO1 mice displayed increased self-grooming, with no difference in restrained or compulsive
behaviors or motor coordination (Figs. 2G, S8B-C).

In conclusion, the Neo cassette induced social deficits in both females and pups, along with
communication impairments in pups, worsening maternal behavior deficits in dams.

Neo cassette perturbs gene expression, signaling, and the
oxytocin system
Next, we investigated the molecular mechanisms underlying the behavioral effects of the Neo cassette.
Although insertion of the Neo cassette into the large Shank3 gene induces alternative splicing and the
formation of fusion proteins36,37, we did not detect either in Arc/Arg3.1 KO mice (Figs. 3A-D). RNA-seq
analysis revealed decreased Arc mRNA levels in the PVN of Neo⁺ KO1 mice, which were attributed to
reduced read mapping within the Arc/Arg3.1 gene (Fig. 3B-C, Figure S1). To detect potential alterations
on the expression of nearby genes38,39 following insertion of the Neo cassette at the Arc/Arg3.1 locus on
chromosome 15, we examined the local genomic environment using RNA-seq and 3D genomic
interaction analyses30. These analyses revealed that the expression of all short- and long-range
expressing genes was not affected by the insertion of the Neo cassette (Fig. 3E-G).

While mainly reported in glutamatergic neurons of the hippocampus, cortex, and striatum5,6, we found
that Arc was expressed in oxytocinergic (OT) neurons of the paraventricular nucleus of the
hypothalamus (PVN), a critical region for regulating maternal and social behaviors32, but not in Neo⁺ KO1
mice (Fig. 4A). Strikingly, we detected expression of the Neo cassette protein product in the PVN, but not

Page 8/28



in other brain structures of Neo⁺ KO1 dams (Figs. 4B, S9). Although we found a comparable number of
OT neurons in the PVN and supraoptic nucleus (SON), OT fiber density was reduced in the nucleus
accumbens (NAC) and prefrontal cortex (PFC) compared to WT (Figs. 4C, S10). These findings suggest
that the Neo cassette affected OT neuronal connectivity, rather than inducing cytotoxicity.

As Neo product is a bacterial aminoglycoside phosphotransferase structurally resembling eukaryotic
kinases40, we hypothesized that it might affect ERK1/2 phosphorylation, a cell signaling integrator
involved in neurodevelopment41,42. In the PVN, phosphorylated ERK1/2 levels were increased in Neo+

KO1 females compared to WT and Neo− KO1 females, but not in males or in the OB (Figs. 4D, S11A-B,
Table S4). Moreover, Neo expression in HEK293 cells was sufficient to selectively increase
phosphorylated ERK1/2, but not rpS6 (Figure S11C, Table S4), suggesting that the Neo cassette
enhances ERK1/2 signaling.

Since the ERK pathway regulates gene expression41,42, we performed RNA-seq in the PVN of WT, Neo+

and Neo− KO1 females (Figs. 4E-F). We identified 19 downregulated genes and 6 upregulated genes in

Neo+ KO1 females (none located on chromosome 15). Those genes were associated with reduced
protein synthesis (e.g., Acp1, Rpl34, Hddc3, Hspa8), glial potassium buffering linked to seizure
susceptibility (Kcnj10), as well as increased ubiquitin activity (Sik1, Mid1), neuronal oxidative stress
(Crym) and DNA damage (schizophrenia-associated Ints7), and dysregulation in extracellular matrix
components (Col6a1 and Itga10) and transcription regulation (Zkscan8, Hspa8, Hmga1b). Moreover, we
integrated oxytocin, vasopressin, and galanin genes regulating maternal and social behaviors43, ASD-
associated genes, and synaptic plasticity IEGs in the PVN, SON, PFC, NAC, and caudate putamen (CPU)
expression, with maternal and social behaviors and motor stereotypies (Figure S12, Tables S1-2, S5).
Neo+ KO1 dams segregated apart from Neo− KO1 or WT dams in both behavior and gene expression
(Figure S12A). Dysregulated Oxtr in the PFC and Shank3 in the SON were correlated with longer pup
retrieval latency, along with Cck and Oxtr in the PVN, suggesting a potential link between maternal
impairments and reduced OT signaling. Furthermore, we also identified Oxtr dysregulation across brain
regions in naïve Neo+ KO1 males and females (Figure S12B). Social interaction deficits correlated with
IEG dysregulation, particularly Homer1a (Figure S12B). Conversely, Arc/Arg3.1 deletion had a mild effect,
with only two dysregulated genes in the PVN and a potential correlation between ASD-associated gene
Cntnap2 expression and increased self-grooming (Figure S13).

Given the OT system dysregulation, we investigated whether acute (day 0) or subchronic (day 1–28)
intranasal OT administration at 20 µg kg− 1 could alleviate sociability impairments in Neo+ KO1 mice. OT
treatment did not improve social interactions with unfamiliar conspecifics or reduce stereotyped
behaviors in Neo+ KO1 mice (Figs. 5A-B, S14, Table S2), suggesting that the Neo cassette-induced OT
dysregulation cannot be counteracted by OT administration. By contrast, OT treatment increased social
interaction in WT mice by day 28 (Figs. 5B, S15C), validating the efficacy of OT administration.
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In summary, the Neo cassette induced changes in gene expression, oxytocin system dysregulation and,
ultimately, maternal and social deficits that cannot be reversed by OT administration.

Social enrichment partially improves sociability deficits in
Neo+ KO1 mice
Although Neo+ KO1 mice initially showed sociability impairments, repeated exposure to unfamiliar
conspecifics reduced genotype differences by day 14 in saline (SAL)-treated mice (Fig. 5C). A similar
effect was observed in OT-treated Neo+ KO1 mice, although to a lesser extent and delayed to day 28
(Fig. 5C-D). This effect did not result from changes in anxious-like behavior, as no difference in stretch-
attended posture (SAP) was observed over the trials (Figure S14E-F), suggesting a potential effect of the
social environment on sociability in Neo+ KO1 mice.

To further investigate this, we tested whether an enriched early-life social environment within the critical
post-natal period21 would reverse the sociability and maternal impairments in Neo+ KO1 mice by raising

them with socially-competent WT and heterozygous Neo+ and Neo− Arc+/− cage mates. Remarkably,
social enrichment improved sociability in Neo+ KO1 mice when interacting with familiar (cage mates),
but not unfamiliar conspecifics (Fig. 5E-F, Table S2). Although WT mice displayed increased total nose
contacts in the enriched social environment, promoting more dyadic contacts with littermates, Neo+ KO1
mice showed enhanced social approach and nose-anogenital contacts, indicating greater social interest
(Figs. 5E-F, S15). However, an enriched early-life social environment did not reverse maternal
impairments in Neo+ KO1 dams with Neo+ Arc+/− pups (Fig. 5G), indicating that this behavior cannot be
improved by social enrichment, which is consistent with the Neo cassette’s negative effect in
heterozygous dams.

In conclusion, repeated social interactions and enriched early-life social environment partially rescued
sociability impairments, but not maternal behavior in Neo+ KO1 mice.

DISCUSSION
In this study, we demonstrated that the insertion of the Neo cassette in the Arc/Arg3.1 locus led to
significant impairments in maternal behaviors, as well as social and non-social behaviors. These results
were confirmed by the absence of these impairments in two different lines of Neo− KO mice. Notably, no
impairments were observed in Neo− KO1 derived from the Neo+ KO1 line (retaining all other genomic
elements, such as EGFP under the control of the Arc/Arg3.1 promoter). We identified that the severe
maternal impairments caused by the Neo cassette were associated with social deficits in females.
Although maternal care is vital in shaping social behaviors44,45, impaired maternal care of Neo+ KO1
dams had no impact on the sociability of their adult offspring, ruling it out as a confounding factor in
social deficits. The presence of the Neo cassette in Arc/Arg3.1 KO mice also induced core social ASD-
like traits – impairments in social communication and interaction.
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Additionally, the short-term spatial memory impairment reported here and previously in Neo+ KO1 mice16

was not found after Neo cassette excision. These findings indicate that the Neo cassette, rather than
Arc/Arg3.1 deletion, may contribute to deficits in hippocampus-dependent short-term memory4. This

aligns with the intact short-term memory observed in the Neo− KO2 mouse line4,46. However, it is well-
established that Arc/Arg3.1 deletion or downregulation strongly suppress long-term memory46–48.
Nevertheless, Arc/Arg3.1 deletion alone induced exacerbated stereotyped behaviors (self-grooming),
which are potentially correlated with increased ASD-associated gene Cntnap2 expression in Neo− KO1

mice. However, previous findings reported increased self-grooming in Cntnap2 KO mice49, suggesting
that the relationship between Cntnap2 expression and stereotyped behaviors may be complex and
warrants further investigation. Notably, Arc/Arg3.1 deletion increased social interactions in Neo− KO1
males and novelty-induced immobility in males and females. These effects were not observed in Neo+

KO1 mice, indicating that Neo cassette insertion both induced and masked specific behavioral
phenotypes.

Maternal impairments induced by the Neo cassette likely stem from deficits in social motivation.
Impaired responses to social odors in Neo+ KO1 mice did not originate from alterations in the olfactory
periphery as Neo is absent in the olfactory epithelia. Even if gene expression changes in these epithelia
have been previously reported after Neo cassette insertion50, social olfactory discrimination deficits
likely arise from central olfactory processing and/or reduced motivation to sniff social odors.

Neo expression was detected only in the PVN of Neo⁺ KO1 mice. Because Neo is a bicistronic element
flanked by loxP sites that may form secondary structures in the GFP/Neo/Arc transcript of Neo⁺ KO1
mice, we cannot exclude low levels of expression or translation in other neurons or brain structures. The
PVN undergoes pronounced synaptic plasticity during gestation and postpartum51, projects to brain
regions of the socio-emotional circuit, including the NAC, PFC and hippocampus, and exhibits sexual
dimorphism52. Thus, Neo expression restricted to the PVN may underlie the social and maternal
impairments observed in Neo⁺ KO1 females.

The molecular mechanisms through which the Neo cassette affects social behaviors were primarily
linked to reduced protein synthesis and altered cell adhesion in the PVN, suggesting a global cellular
stress response, and impaired signaling and synaptic plasticity (Oxtr and Homer1a, respectively). While
Neo cassette insertion can alter nearby gene expression38,39, no such dysregulation was observed in
genes in chromosomal proximity to the Arc/Arg3.1 locus. Importantly, Neo expression enhanced ERK1/2
signaling in both the PVN and heterologous cells. ERK dysregulations are reported in various
neuropsychiatric conditions, including autism and schizophrenia53,54. Moreover, enhanced ERK signaling

has been linked with impaired synaptic plasticity, learning, memory, and social interactions42 and
autistic-like behavioral phenotypes in mice55, and leads to abnormal gene expression and neuronal
development41,42. Consistent with this, we also observed in Neo+ KO1 mice both abnormal gene
expression and connectivity of OT neurons to the PFC and NAC, structures controlling social reward and
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interactions56,57. Although the OT system is closely linked to maternal behavior43, OT treatment did not
reverse the behavioral impairments in Neo+ KO1 mice, suggesting an underlying sustained OT signaling
dysregulation. In a neonatal maternal separation model of autism in rats, OT treatment rescued both
social phenotype and ERK activation58. Those findings suggest that OT treatment may be ineffective
when the ERK pathway is overactivated, as observed in Neo+ KO1 females.

OT treatment followed by repeated exposure to conspecifics enhanced social interaction in WT, whereas
this effect was absent in Neo+ KO1 mice. Social interaction impairments in Neo+ KO1 mice were partially
improved by repeated social interactions with genotype-matched unfamiliar conspecifics and early-life
social enrichment. In particular, early social environment enrichment improved social interest in Neo+

KO1 mice, likely due to constant stimulation from socially competent littermates. Impairments in naïve
Neo+ KO1 mice were linked to dysregulated IEG expression, particularly Homer1a as reported
previously59, which plays a critical role in brain plasticity and adaptation to novel environments60, and is

altered in multiple mouse models of ASD displaying social impairments59,61. Therefore, repeated and
long-lasting social stimulation may partially restore synaptic plasticity via enhanced IEG expression,
relieving the negative impact of Neo cassette on social interactions.

Overall, our results show that the Neo cassette exerts off-target effects, that induced or masked
behavioral phenotypes in Arc/Arg3.1 KO mice. Our findings have major implications for phenotypes in KO
mouse models that retain the Neo cassette, potentially misleading the interpretation of gene function in
other Neo+ mouse models, and depending on Neo expression patterns. For instance, difference in exon
deletion in Shank3 KO lines62, variations in experimental conditions across laboratories, and Neo

cassette expression may contribute to the phenotypic variability observed in Neo+ and Neo− Fmr1 and
Shank3 KO mice59,62–67. Additionally, the Neo cassette may contribute to the maternal behavior
impairments in Neo+ Fosb68 and Cd38 KO mice69 or social interaction and/or communication

phenotypes of numerous KO mouse models of ASD, including Neo+ Shank3, Cntnap2, Ube3a, Nlgn1-3,
Nrxn1, Pten, and Cd38 KO mice63,69–74. Furthermore, through expression in the olfactory epithelia and
their projecting areas50, Neo cassette may also induce olfactory impairments reported in several mouse

models of ASD32, impacting olfactory-dependent social behaviors. The local genomic environment may
influence Neo product expression or its effect on nearby gene regulation, leading to variable behavioral
effects across Neo+ KO lines.

In conclusion, the Neo cassette exerts detrimental effects on behaviors in Arc/Arg3.1 KO mice. Our
results advocate for re-evaluating behavior phenotypes in KO mouse models carrying the Neo cassette,
especially for conditions characterized by social and maternal impairments. This re-evaluation could
facilitate the predictive validity of KO models, enhancing their relevance in preclinical studies, and
improving translatability to humans.

ABBREVIATIONS
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ASD autism spectrum disorder

BNST bed nucleus of stria terminalis

CPU caudate putamen

IEG immediate early gene

KO knock-out

LMT Live Mouse Tracker

MPOA medial preoptic area

NAC nucleus accumbens

Neo neomycin

OB olfactory bulb

OT oxytocin

PFC prefrontal cortex

PVN paraventricular nucleus of the hypothalamus

RNA-seq RNA sequencing

SAL saline

SON supraoptic nucleus

WT wild-type
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Figure 1

The Neomycin cassette strongly impairs maternal behavior in Neo+ KO dams

In the pup retrieval test, for the first Arc/Arg3.1 KO1 line raised in mixed C57BL/6J;129S2 genetic
background, a higher percentage of Neo+ KO1 dams (brown; n = 15) failed to retrieve their pups
compared to WT (dark gray; n = 14) with genotype-matched pups (A), resulting in increased pup retrieval
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latency (B). By contrast, no differences in the percentage of females retrieving their pups (C) or pup
retrieval latency (D) was observed between Neo- KO1 dams (yellow; n = 8) and WT (dark gray; n = 7). For
the second Neo- Arc/Arg3.1 KO2 line raised in 100% C57BL/6J genetic background, no difference in the
percentage of females retrieving their pups (E) or pup retrieval latency (F) was observed with their
respective WT (pale gray; n = 6), and Neo- KO2 dams (turquoise; n = 7). The percentage of females
retrieving their pups was not different for Neo+ Arc/Arg3.1+/- (beige; n = 15) and KO1 dams (brown; n =
14) compared to WT (dark gray; n = 10) with heterozygous Neo+ Arc/Arg3.1+/- pups (G), with increased
pup retrieval latency (H). Data are presented as mean ± sd in Table S1. Groups in A, C, E, and G were
compared by Fisher’s exact test, and groups in B, D, F, and H by Kaplan-Meier test, with an asterisk
indicating genotype effects. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.

Figure 2

Neo cassette affects social and non-social behaviors in both dams and pups
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Neo+ KO1 mice (brown; n = 12, 6 females and 6 males) displayed social interaction impairments with
cage mates (A) and unfamiliar conspecifics (B) compared to WT (dark gray; n = 48, 23 females and 25
males), which was not the case for Neo- KO1 mice (yellow; n = 31, 15 females and 16 males). Neo+

Arc/Arg3.1+/- mice raised either by WT (beige with dark gray outline; n = 32, 16 females and 16 males) or
Neo+ Arc/Arg3.1 KO1 dams (beige with brown outline; n = 27, 15 females and 12 males) displayed no
impairments in social interaction with unfamiliar conspecifics compared to WT mice raised by WT dams
(dark gray; n = 18, 8 females and 10 males) unlike Neo+ Arc/Arg3.1 KO1 mice raised by Neo+ Arc/Arg3.1

KO1 dams (brown; n = 12, 6 females and 6 males) (C). Upon maternal separation, Neo+ KO1 pups
(brown; n = 17) displayed increased latency to vocalize as shown by representative ultrasound
vocalization traces and quantitative data (D) and reduced ultrasound vocalizations (E) compared to Neo+

Arc/Arg3.1+/- (beige; n = 17) and WT pups (dark gray; n = 24). In the habituation phase of the three-

chambered test, unlike Neo+ KO1 mice (brown; n = 12, 6 females and 6 males), Neo- KO1 mice (yellow; n
= 14, 7 females and 7 males) displayed increased novelty-induced immobility compared to WT (dark
gray; n = 26, 12 females and 14 males; F). In the motor stereotypy test, both Neo+ (brown; n = 20, 12
females and 8 males) and Neo- KO1 mice (yellow; n = 50, 26 females and 24 males) showed increased
time self-grooming, but not digging compared to WT (dark gray; n = 62, 30 females and 32 males; G).
Data are presented as mean ± sd in Tables S1-3. All groups were compared by Kruskal-Wallis test
followed by Dunn’s post-hoc test, with an asterisk indicating genotype effects (p = P adjusted). *p < 0.05;
**p < 0.01; ***p < 0.001.
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Figure 3

the Neomycin cassette insertion in the Arc/Arg3.1 locus did not affect Arc protein and neighboring
gene expression in the paraventricular nucleus

Arc mRNA levels assessed using qPCR primers targeting the 3’UTR spanning the exon 1-2 region
retained in Neo+ KO1 animals (Figure S1) were similar in the PFC of WT (dark gray, n = 5 females and 5
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males) and Neo+ KO1 mice (brown; n = 7 females and 6 males) (A). In contrast, RNA-seq analysis
revealed reduced Arc mRNA levels in the PVN of Neo+ KO1 females, compared with WT or Neo- KO1
(yellow, n = 3 per genotype; B). Read mapping showed no evidence of alternative splicing, but indicated
an overall reduction in read coverage across Arc/Arg3.1 exons in Neo+ and Neo- KO1 mice (C). No
alternative or fusion Arc protein was detected, while Neo protein expression was observed only in the
PVN of Neo+ KO1 mice by Western blot (D). Analysis of the 3D genomic interaction environment of the
murine Arc/Arg3.1 locus (topologically associated domain on chromosome 15, triangle) suggested
potential effect of Neo insertion on nearby gene expression (E). In the PVN, genes located at both short
(F) and long (G) distance from the Arc/Arg3.1 locus expressed similarly to WT levels. Genotypes were
compared by the Kruskal-Wallis test followed by Dunn’s post-hoc test (A), and DESeq2 (Wald test; B) with
an asterisk indicating an effect (p = P adjusted) ***p < 0.001. PFC, prefrontal cortex; PVN, paraventricular
nucleus of the hypothalamus.
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Figure 4

The Neomycin cassette perturbs gene expression, oxytocin neurons and ERK signaling in the PVN

Arc protein is expressed in oxytocinergic (OT) neurons of the PVN in WT, but not in Neo+ KO1 mice (A).

The Neo product is detected in the PVN of Neo+ KO1, but not of WT dams (B). OT neuron fiber density
was reduced in the NAC (bregma 0.86) and mPFC (bregma 1.78) of Neo+ KO1 (brown; n = 3) compared
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with WT dams (dark gray; n = 3), as shown by representative images and quantification (C).
Phosphorylated, but not total ERK1/2 in the PVN of Neo+ KO1 females (brown; n = 7) was increased
compared with WT (dark gray; n = 11) and Neo- KO1 females (yellow; n = 6; D). Genotypes were
compared by the Kruskal-Wallis test followed by Dunn’s post-hoc test, with an asterisk indicating
genotype effects (p = P value). Volcano plot and heatmap of differential expression in the PVN of Neo+

KO1 (brown) vs. WT (gray) and Neo- KO1 (yellow) females using RNA sequencing (n = 3 per genotype; E).
STRING analysis revealed major reduction in structural components of ribosomes, cell adhesion and,
ubiquitin ligase activity (F). *p < 0.05; **p < 0.01; ***p < 0.001. 3V, third ventricle; mPFC, medial prefrontal
cortex; NAC, nucleus accumbens; Neo product, protein product of the Neo cassette; OT, oxytocin; PVN,
paraventricular nucleus of the hypothalamus; SON, supraoptic nucleus; scale bars = 150 µm.
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Figure 5

Early social environment enrichment, but not intranasal oxytocin administration partially improves
sociability deficits in Neo+ KO1 mice

In the LMT, Neo+ KO1 mice treated with acute (Day 0) saline (SAL; light gray; n = 8 females and 4 males)
or oxytocin (OT) intranasal administration at 20 µg kg-1 (red; n = 10 females and 6 males) displayed
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reduced social interaction with unfamiliar treatment-matched conspecifics, compared to SAL-treated
(light gray; n = 7 females and 8 males) and OT-treated WT controls (red; n = 8 females and 11 males; A).
OT-treated WT mice displayed increased social interaction compared to SAL-treated WT controls, while
Neo+ KO1 mice show no difference after 28 days of sub-chronic SAL or OT administration (B). SAL-
treated (C) and OT-treated (C) Neo+ KO1 mice showed increased social interaction from day 21 and 28,
respectively, while OT-treated, but not SAL-treated WT mice displayed increased social interaction over
time. Both Neo+ KO1 (pink; n = 5 females and 7 males) and WT (light gray; n = 5 females and 2 males)
mice raised in early-life social enriched environment with WT and Neo+ Arc/Arg3.1+/- littermates showed
increased time in nose contact with cage mates compared to Neo+ KO1 (brown; n = 12 females and 12
males) and WT mice (dark gray; n = 26 females and 17 males) raised with their sex-, genotype-matched
littermates (E). However, Neo+ KO1 mice raised in enriched environment displayed reduced social
interaction with unfamiliar conspecifics (F). In the pup retrieval test, both Neo+ KO1 dams raised in the
enriched environment (pink; n = 5) and Neo+ KO1 control (brown; n = 9) displayed increased latency to

retrieve Neo+ Arc/Arg3.1+/- pups compared with WT control (dark gray; n = 10; G). Data are presented as
mean ± sd (Tables S1 and S2). Groups in A-F were compared by the Kruskal-Wallis test followed by
Dunn’s post-hoc test and groups in G by Kaplan-Meier test, with an asterisk indicating genotype effects
and ladder for day or social environment effect (p = P adjusted). # and *p < 0.05; ## and **p < 0.01; ###
and ***p < 0.001.
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