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Scientific Abstract

Neurofibromatosis type 1 (NF1) is a monogenic neurodevelopmental disease caused by germline
loss-of-function mutations in the A/FZ tumor suppressor gene. Cognitive impairments are observed
in approximately 80% of children with this disease, with 45-60% exhibiting autism spectrum
disorder (ASD) symptomatology. In light of the high comorbidity rate between ASD and NF1, we
assessed early communicative behavior by maternal-separation induced pup ultrasonic
vocalizations (USV) and developmental milestones in two distinct N2 genetically-engineered
models, one modeling clinical germline heterozygous loss of A7z function (N7~ mice), and a
second with somatic biallelic A7 inactivation in neuroglial progenitor cells (MVFICFAPCKO mice).
We observed altered USV production in both models: N7+~ mice exhibited both increased USVs
across development and alterations in aspects of pitch, while NfICFAPCKO mice demonstrated a
decrease in USVs. Developmental milestones, such as weight, pinnae detachment and eye
opening, were not disrupted in either model, indicating the USV deficits were not due to gross
developmental delay, and likely reflected more specific alterations in USV circuitry. In this
respect, increased whole-brain serotonin was observed in A7/~ mice, but whole-brain levels of
dopamine and its metabolites were unchanged at the age of peak USV disruption, and USV
alterations did not correlate with overall level of neurofibromin loss. The early communicative
phenotypes reported herein should motivate further studies into the risks mediated by
haploinsufficiency and biallelic deletion of A/fZ across a full battery of ASD-relevant behavioral
phenotypes, and a targeted analysis of underlying circuitry disruptions.
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Introduction

Neurofibromatosis type 1 (NF1) is a common monogenic neurodevelopmental disease with a
prevalence of 1 in 3,000 worldwide (Szudek, Birch, Riccardi, Evans, & Friedman, 2000),
which is caused by germline loss-of-function mutations of the A/FZ tumor suppressor gene.
The NFI gene codes for the highly conserved neurofibromin protein. Neurofibromin
functions in part as a tumor suppressor by negatively regulating Ras activity. While typically
regarded as a tumor predisposition syndrome (Karen Cichowski & Jacks, 2001; Gutmann,
2002; Jett & Friedman, 2010), 80% of children with NF1 exhibit cognitive impairments.
These neurocognitive deficits affect academic achievement, attention, executive functioning,
visual perception, language, and motor skills (Hyman, Shores, & North, 2005). As such,
learning disabilities have been reported in ~50-75% of individuals with NF1 (Jett &
Friedman, 2010), and comorbid diagnoses of attention-deficit-hyperactivity disorder
(Hyman et al., 2005) and autism spectrum disorder (ASD) are becoming more widely
recognized. Indeed, prevalence for ASD among NF1 patients ranges between 15 and 30%,
with an additional 30% showing partial ASD symptomatology (Garg, Green, et al., 2013;
Garg, Lehtonen, et al., 2013; Walsh et al., 2013). A recent study characterized the
quantitative autistic trait burden in a pooled NF1 data set of 531 individuals, and confirmed
that the diversity of mutations that give rise to NF1 may function as a quantitative trait loci
for ASD (Morris et al., 2016). ASD is a neurodevelopmental disorder characterized by social
and communication interaction deficits, and repetitive patterns of behavior (American
Psychiatric Association, 2013). While the mechanistic underpinnings of the tumor-related
clinical features of NF1 are fairly well understood, less is known about the role of NFZ gene
mutations in ASD comorbidity.

Murine genetically-engineered models (GEM) with mutations in the homologue of the
human NFI gene (NVfI) recapitulate many aspects of the disease, including optic nerve
gliomas, neurofibromas, and skeletal abnormalities. They also provide unique opportunities
to study the disruption of behavioral circuits in the context of impaired N/7Z function (Atit,
Mitchell, Nguyen, Warshawsky, & Ratner, 2000; K. Cichowski et al., 1999; Zhu, Ghosh,
Charnay, Burns, & Parada, 2002). N7 heterozygous mutant (A=) mice model a single
germline loss-of-function mutation (haploinsufficiency), genetically analagous to individuals
with NF1 (germline NVVFI gene mutation). Previous behavioral characterization of adult
NFI*= mice has shown impaired spatial learning and memory in the Morris water maze with
LTP deficiencies that are Ras-dependent and social recognition deficits related to the MAP
kinase signaling pathway and altered prefrontal cortex volume (Costa et al., 2002; Molosh et
al., 2014; Petrella et al., 2016). Additionally, some of these behavioral deficits (exploratory
behaviors, learning/memory) were linked to altered dopamine levels in the hippocampus
(Anastasaki, Woo, Messiaen, & Gutmann, 2015). Spatial and contextual learning and
memory deficits displayed by A/f7*/~ mice in the Morris water maze and fear conditioning,
respectively, were also linked to Anaplastic Lymphoma Kinase activity (Weiss, Weber,
Torres, Marzulla, & Raber, 2017; Weiss, Weber, Marzulla, & Raber, n.d.). N7/~ mice also
demonstrated normal associative learning and olfaction, and did not display anxiety- or
depression-related behaviors in the elevated plus maze and light/dark box or forced swim
assay, respectively (Molosh et al., 2014; Silva et al., 1997). Germline haploinsufficient mice
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with a somatic biallelic deletion in neuroglial progenitor cells of the brain (Vf1*/~-GFAPCKO
mice), were originally developed to specifically model the somatic loss of NfZ thought to
underlie development of optic pathway gliomas (Bajenaru et al., 2003). In addition to optic
gliomas and visual acuity deficits, these mice showed attention, spatial and associative
memory deficits, hypoactivity, and altered emotionality (Brown et al., 2010; Diggs-Andrews
et al., 2013; Wozniak et al., 2013). The behavioral disruptions in these mice were linked to
altered dopamine levels in the striatum, and were sexually dimorphic (Diggs-Andrews et al.,
2014). Lastly, mice harboring only this, somatic, biallelic deletion of A/fZ in neuroglial
progenitor cells in the absence of germline heterozygosity (VFICFAPCKO mice) also
exhibited memory deficits in the Morris water maze that were linked to altered hippocampal
DA levels (Anastasaki et al., 2015), suggesting a second, somatic mutation of the remaining
allele can disrupt brain function.

Importantly, none of the existing A/fZ mouse models have been assessed for early
communicative deficits through ultrasonic vocalizations that might provide insights into
brain circuit disruptions relevant to ASD and language impairments. Ultrasonic
vocalizations (USVs) are whistle-like sounds emitted by rodents with frequencies from 30
kHz to 150 kHz, and are a form of communication as pups will emit USVs in response to
maternal separation, eliciting a search and retrieval response from the mother (D’ Amato,
Scalera, Sarli, & Moles, 2005; G. Ehret, 1987, 1992; Giinter Ehret & Haack, 1982; Hahn &
Lavooy, 2005; Smith, 1976; Wohr et al., 2008). Specifically, in playback experiments,
lactating females have been shown to respond rapidly with searching behavior to pup
isolation call (Haack, Markl, & Ehret, 1983; Sewell, 1970). In addition, these behaviors are
dependent on acoustic call features, such as duration and frequency, indicating these features
have communicative value (Gunter Ehret & Haack, 1982; Smith, 1976; Wéhr et al., 2008).
As production of this behavior has a distinct developmental trajectory, it can be used to
study both early communication and neurobehavioral development in infant rodents (Igor
Branchi, Santucci, & Alleva, 2001; Moy, Nadler, Magnuson, & Crawley, 2006). Previous
studies investigating USV production in other mouse models of ASD have found deviations
from baseline vocalization rates (Dougherty et al., 2013; Scattoni, Gandhy, Ricceri, &
Crawley, 2008; Wohr, 2014), and this has been interpreted as a sign of communication
impairment or affective disturbance. Recent reviews of a large number of USV studies
involving ASD models report the majority demonstrate a phenotype (Lai et al., 2014;
Michetti, Ricceri, & Scattoni, 2012), with a variety of specific alterations of USV features
including fewer calls, shorter call duration, increased number of calls, and dam-specific
effects.

Based on the prevalence of ASD in children with NF1 and the ability to model these
neurobehavioral deficits in mice, we sought to better understand the consequence of NfZ
disruption on these early communicative behaviors. In this report, we investigated two NFZ
mutant mouse lines during the early postnatal period. Both germline deletion (Vf7*") and a
biallelic somatic mutation during neural development (NVfICFAPCKO mice) led to alterations
in these behaviors in the absence of gross developmental delay.
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All protocols involving animals were approved by the Animal Studies Committee of
Washington University. The animal colony room lighting was a 12:12 h light/dark cycle;
room temperature (~20°C-22°C) and relative humidity (50%) were controlled automatically.
Standard laboratory chow and water were available on a continuous basis. Two mouse
models containing mutations within the A//Z gene were used in this study (Figure 1A). In
this manuscript, we have used the accepted NFZ legacy numbering system (Barron & Lou,
2012). For example, legacy ‘exon 31’ is exon 39 in a consecutive numbering based on the
UCSC Genome Browser alignment of reference sequence NM_010897. We included UCSC
exon numbering in parentheses. Homozygous germline A/fZ mutants are embryonically
lethal in rodent models, and therefore not represented in human populations (Gutmann &
Giovannini, 2002). We therefore examined heterozygous mutant mice and conditional
deletion mice. Generation of NV7I*/~ mice (Brannan et al., 1994; Costa et al., 2002; Jacks et
al., 1994) and NFICFAPCKO mice (Bajenaru et al., 2002; Zhu et al., 2001) have been
described previously. Briefly, the loss-of-function allele in AV/F7*/~ mice was generated by
insertion of a neomycin cassette in place of the first 126 nucleotides of exon 31 (39),
including the exon 31 splice acceptor sequence and approximately 2 kilobases of intron 30
(Figure 1A). This results in a lack of stable neurofibromin production from this allele
(Brannan et al., 1994; Jacks et al., 1994). This exon is a focus of interest because several
missense and nonsense mutations have been observed in this exon in people with NF1
(Ainsworth, Rodenhiser, & Costa, 1993; Cawthon et al., 1990; Jacks et al., 1994). We also
employed Cre-loxP to model a somatic mutation during neural development, leading to loss
of both A1 alleles in neuroglial progenitor cells (Anastasaki et al., 2015; Bajenaru et al.,
2002) and their progeny, leaving all other cells with two functional copies of the N/fZ gene
(NFIGFAPCKO mice). NVFIFF mice contain a loxP site with a neomycin cassette within intron
30 and a second loxP site within intron 32, thereby flanking exons 31 (39) and 32 (40) by
loxP sites. Cre recombinase under the human glial fibrillary acidic protein (hnGFAP)
promoter excises this portion of the gene resulting in a premature stop codon and biallelic
loss-of-function in neuroglial progenitor cells (NVfICFAPCKO) (Brown et al., 2010; Zhu et
al., 2001), and their neuronal and glial progeny (Figure 1A). For NfI*~ mice, wild type
littermates were used in parallel as controls, and Cre negative NfIFF mice served as controls
for the conditional deletion line. All animals were maintained on a C57BL/6J background.

NFI*~ males were crossed to C57BL/6J wild type females to produce 36 NVfZ*/~ mice and
36 NFI*!* control littermates, representing a total of 14 independent litters, for behavioral
analysis of germline mutants. For the biallelic somatic mutant experiments, NfIFF females
and NFICFAPCKO males were crossed to generate 38 NfICFAPCKO mice and 35 litter-
matched NFIFF controls from a total of 10 independent litters. (Table 1). Males and females
were included for each line to allow assessment of any sex differences. Wild type females
were used as dams to control for any maternal behavior changes that might result from N2
loss in the dam. A power analysis to determine the appropriate sample size for a repeated
measure ANOVA with main and interaction effects using a large effect size of = .40 and
80% power indicates that a total sample size of 34 animals is required to reject the null
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hypothesis at the .05 alpha level (Faul, Erdfelder, Lang, & Buchner, 2007). Our total samples
of 72 and 73 for NfI*'~ and NiFISFAPCKO experiments are thus adequately powered.

Immunoblotting

Whole brains were dissected and snap-frozen from postnatal day (P)21 mice. The tissue was
homogenized in 1 mL lysis buffer (20mM Tris pH7.5, 10mM EGTA, 40mM b-
glycerophosphate, 1% Igepal Ca 630, 2.5mM MgCl,, 2mM sodium orthovanadate; Sigma)
supplemented with Aprotinin (1:1000) (Sigma), Leupeptin (1:100) (Sigma) and PMSF
(1:100) (Sigma) by sonication. Remaining debris was removed by centrifugation at
16,168rcf at 4°C. The supernatant samples were collected and protein concentration was
determined by BCA assay. Fifty to seventy pg of total protein was loaded on a 8%
polyacrylamide gel for the detection of neurofibromin and 5pg of total protein were loaded
on 10% polyacrylamide gels for the detection of a-tubulin (loading control). Gels were
analyzed by PAGE electrophoresis and transferred on a PVDF membrane. Western blotting
was performed as previously described (Anastasaki et al., 2015). Briefly, the gels were
blocked in 5% milk in TBS-T (1%), probed with either neurofibromin sc-67 (Santa Cruz
Biotechnology; 1:200) or a-tubulin (Life Sciences; 1:60,000) primary antibodies followed
by appropriate secondary horseradish peroxidase-conjugated antibodies (Sigma-Aldrich).
Neurofibromin and a-tubulin were detected by ECL chemiluminescence (Pierce ECL2
Western Blotting Substrate; ThermoFisher Scientific) in a UVP chemidock imaging system.
Protein intensity was quantified using densitometry using ImageJ (NIH, USA) software to
determine relative amounts of protein in each lane and neurofibromin levels were
normalized to total a-tubulin levels as an internal loading control. We report neurofibromin
levels as the normalized ratio of each animal’s detected neurofibromin expression/a-tubulin
(housekeeping gene) expression, in order to account for the slight variation in total protein
loaded in each well, as depicted by the small differences in a-tubulin expression. Analyses
of a-tubulin levels between genotypes showed comparable levels for A/fZ mutants and
control littermates. The histograms graphed (Figure 1) represent the mean of the
neurofibromin/a-tubulin ratio of all animals analyzed in each genotype compared to their
respective littermate controls. These values were calculated as follows: Following initial
neurofibromin/a-tubulin normalization of all animals in each cohort, we averaged the
neurofibromin/a-tubulin ratio of all control (CTL) animals in that cohort and set that as the
control reference point [AVG neurofibromingT /a-tubulingcT ]. We then calculated the
neurofibromin/a-tubulin ratio fold-change differences between every animal in the cohort
and the control reference point as follows: (neurofibromingpimai/a-tubulingaimar)/[average
(neurofibromincT /a-tubulingt )]. For comparisons between control and A7+~ animals, a
total of n=8 female animals/genotype; n=9 male animals/genotype were used. For
comparisons between control and NVfISFAPCKO animals, a total of n=4 female animals/
genotype; n=8 male animals/genotype were used.

Ultrasonic vocalization recording and analysis

USV recording occurred on P5, 7, and 9. Parents were removed from the home cage and
placed into a clean standard mouse cage for the duration of testing. Pups in the home cage
were placed into a warming box for at least 10 minutes prior to the start of testing to control
temperature. Skin surface temperature was monitored via a noncontact HDE Infrared

Autism Res. Author manuscript; available in PMC 2018 January 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Maloney et al.

Page 6

Thermometer during recordings to ensure consistent temperatures. For recording, pups were
individually removed from the home cage and placed into an empty standard mouse cage
inside a sound-attenuating chamber. USVs were obtained using an Avisoft UltraSoundGate
CM16 microphone, Avisoft UltraSoundGate 416H amplifier, and Avisoft Recorder software
(gain = 3 dB, 16 bits, sampling rate = 250 kHz). Pups were recorded for 3 min, after which
they were weighed and returned to their home cages inside the warming box. Tissue from a
toe was also collected at this time on P5 for genotyping. Frequency sonograms were
prepared from recordings in MATLAB (frequency range = 25 kHz to 120 kHz, FFT size =
512, overlap = 50%, time resolution = 1.024 ms, frequency resolution = 488.2 Hz), and
individual syllables and other spectral features were identified and counted from the
sonograms according to a previously published method (Holy & Guo, 2005; Rieger &
Dougherty, 2016).

Developmental milestones and general health examination

Mice were evaluated at several time points for achievement of physical and behavioral
milestones of development. A visual check for the presence of detached pinnae was done on
P5, and eye opening on P14. Weight was measured on P5, 7, 9 and 14, concurrent with USV
recordings and righting reflex testing. To assess surface righting reflex on P14, each mouse
was placed in a 50 ml conical containing a lid with a hole. When the belly of the mouse was
facing down, the conical was quickly turned 180 degrees in a smooth motion placing the
mouse on its back. The time for the mouse to right itself with all 4 paws underneath its belly
was recorded up to 60 sec. Each mouse received 3 trials, which were averaged for analysis.

Monoamine analysis

High pressure liquid chromatography (HPLC) was used to quantify levels of dopamine (DA)
and serotonin (5-HT), and their metabolites 3,4-Dihydroxyphenylacetic acid (DOPAC),
homovanillic acid (HVA), and 5-hydroxyindoleacetic acid (5-HIAA) in NfI mutants and
controls as previously described (Dearborn et al., 2015). Brains were collected from P7
(NFIGFAPCKO and NFIFF littermates) or P9 (NVFI*'~ and NFIH* littermates) mice. Mouse
pups were sacrificed via rapid decapitation and the brains were rapidly removed. For
monoamine analysis, the brain was homogenized in 2- or 2.5-fold (weight: volume) ice-cold
PCA buffer (0.1 N perchloric acid, 0.2 mM sodium metabisulfite) in a glass Teflon
homogenizer. The homogenized tissue centrifuged at 10,000 RCF for 15 min at 4 °C. The
supernatant was stored at =80 °C. HPLC was performed using an ESA Coulochem 111
electrochemical detector (Bedford, MA) on a MD-150 x 3.2 mm column with MD-TM
HPLC buffer (75 mM sodium dihydrogen phosphate, monohydrate; 1.7 mM 1-
octanesulfonic acid, sodium salt; 100 pL/L triethylamine; 25 pM EDTA-tetrasodium salt,
tetrahydrate; 10% acetonitrile; pH 3.0). The samples were diluted with MDTM HPLC buffer
and filtered through a 0.22 uM syringe filter to remove any fine particulates. 100 pL was
injected onto the HPLC and eluted with MD-TM mobile phase at a rate of 0.6 mL/min.
Concentrations of DA, 5-HT, DOPAC, HVA and 5-HIAA in the whole-brain samples were
obtained by comparing to a series of monoamine standards. The levels of the
neurochemicals were normalized to tissue weights.
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Statistical analyses

Results

All statistical analyses were performed using the IBM SPSS Statistic software (v.23) and
MATLAB software. Independent t-tests, factorial ANOVAS, included repeated measures
(rm) ANOVAs, and mixed-model analyses were used where appropriate. The appropriate
correction, Huynh-Feldt or Greenhouse-Geisser, was applied to violations of the sphericity
assumption within rmANOVAs. With a statistically significant interaction between main
factors, simple main effects were calculated post-hoc to provide clarification of statistically
significant between-genotype and within-genotype differences. All data were analyzed for
genotype and sex effects, and genotype interactions with sex are reported where significant.
Multiple comparisons were Bonferroni adjusted. Probability value for all analyses was p<.
05.

Neurofibromin levels are differentially reduced by heterozygosity and biallelic deletion of
the Nfl gene

To establish the impact of A/fZ mutations on behavioral and physiological development in
pups, we employed two distinct AfZ GEM mouse lines: heterozygous mutants and
conditional biallelic deletion mutants (Figure 1A). Each line has been shown to have
reduced neurofibromin expression (Brannan et al., 1994; Jacks et al., 1994). Indeed, using
immunoblotting, we observed a 52% reduction in neurofibromin levels in A7/~ mice
relative to their control littermates (Figure 1B). Reduced neurofibromin was observed in
both female and male brains, 55% and 50% of controls, respectively. NfICFAPCKO mice
have a 77% reduction (80% in females and 74% in males) in neurofibromin levels in the
brain compared to NVFIFF littermates (Figure 1C). Consistent with previous findings
(Anastasaki et al., 2015), these results demonstrate reduced brain neurofibromin levels
relative to control littermates following heterozygosity or biallelic deletion of NFL

Nfl heterozygosity alters early communicative behavior

NFI heterozygous mutant mice were examined for USV production and developmental
milestones during the first two weeks of postnatal life. M7/~ mice exhibited an increase in
USV production when isolated from the dam compared to control littermates overall,
H1,68) =5.737, p=.019 (Figure 2A). Furthermore, a trend was observed for the interaction
between sex and N7 mutation, A1,68) = 3.573, p=.063, for male Nf7*/~ mice produced
more USV calls than male control littermates, A(1,68) = 7.669, p=.007, and female NfI*~
mice, A1,68) = 4.611, p=.035 (Figure 2B). Examination of the USV call number at each
age revealed N1/~ mice displayed a trend towards more USVs at P7, A1,204) = 3.691, p
= .056, and significantly more on P9, A1,204) = 6.570, p=.011 (Figure 2C). Both Nf1*/~
and control mice demonstrated the expected change in call numbers with age, H2,67) =
18.811 — 34.476, p < .000005 (Figure 2C). While control mice showed a peak in call
numbers by P7 (p < .05, 95% CI [48.59, 158.58]), which was unchanged at P9, NfZ*/~ mice
showed further increase by P9 (P7 p< .05, 95% CI [88.45, 202.23] and P9 p < .05, 95% ClI
[-6.865, 137.44]).
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Examination of the spectral features of the USV calls produced during the maternal
separation assay revealed changes to the frequency features of the calls produced by N1/~
mice. While no differences were observed between mutants and controls for features, such
as duration of call and fraction of calls with pitch jumps (Figure 3A, B), USVs produced by
NI~ mice were lower in mean frequency compared to littermate controls, A1,67.833) =
5.429, p=.023 (Figure 3C). This change was most pronounced at P7, A/1,150.915) = 5.647,
p=.019. Both NVf7*'~ mice and controls increased mean frequency from P5 to P9, (o < .05,
95% CI [342.62, 6572.13] and [241.1, 6651.33], respectively). Mice produce two call types:
flat calls that do not contain a pitch jump and dynamic calls that contain a pitch jump. The
pitch range for dynamic calls was narrower for A/f7*/~ mice compared to controls,
H1,168.563) = 5.675, p=.018, particularly at P9, A1,65) = 5.096, p=.027 (Figure 3D).
The pitch range of both controls and mutants increased with age, A2,118.76) = 4.473, p=.
013 and A2,121.503) = 3.268, p=.041, respectively. Examination of the pitch range of flat
calls revealed a genotype x sex x age interaction, A7,129.517) = 2.719, p=.012, due to a
narrower pitch range by female A/F7*/~ mice at P7, A1,116.846) = 6.158, p=.015 and P9,
A1,115.322) = 4.692, p=.032, respectively (Figure 3E). Female N/f*/~ mice were also
different from male Af7*/~ mice at P9, A1,115.322) = 5.276, p=.023. Body temperature of
the pup is known to influence USV production: the colder a mouse, the more calls produced
(I. Branchi, Santucci, Vitale, & Alleva, 1998). Thus, temperature of each pup was recorded
immediately prior to placement in the USV recording chamber. We did not observe any
differences in temperature between mutants and controls, indicating the differences in USV
production were not secondary to thermoregulation differences (data not shown). These data
indicate this germline single copy loss-of-function mutation altered communicative
behaviors in mouse pups.

As a measure of general health, we recorded the weight of all mice on days we also
conducted a developmental assessment (P5, P7, P9 and P14). All mice exhibited an increase
in weight across developmental time points, as expected, A3,183) = 423.074, p < .000005
(Supplemental Figure 1A). No difference in weight was observed between Nf7*/~ and
control littermates at any age. Assessment of developmental milestones revealed no effect of
germline NVfI mutation on pinnae detachment by P5 or eye opening at P14 (data not shown).
To assess early gross locomotor abilities and to evaluate general body strength, we tested all
mice in this cohort for latency to exhibit a righting reflex at P14. We observed no difference
between the i7"/~ and control littermates for time to right (Supplemental Figure 1B).

Robust early communicative deficits in mice result from somatic biallelic loss of Nfl
during development

Mice with A7 biallelic deletion in neuroglial progenitor cells (VfICFAPCKO mice) were
examined for USV and developmental milestones during the first two postnatal weeks. The
hGfap-Cre mouse strain used for these experiments is confirmed to delete NfZ from
neuroglial progenitors during late embryonic development (~E15.5) (Anastasaki et al., 2015;
Bajenaru et al., 2002). In this line, no effect of sex was observed for any variable examined;
therefore, we collapsed the data by sex for all analyses reported. Biallelic deletion of NfZ in
neuroglial progenitors resulted in altered of USV call production when isolated from the
dam on P5, P7, and P9. NfICFAPCKO mice produced fewer USV calls during development
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relative to their control littermates, A1,71) = 5.963, p=.017 (Figure 4A). Examination of
the USVs at each age (Figure 4B) revealed the greatest difference in call production on P7,
A1,213) = 7.660, p=.006. A large decrease in call rate produced by NfICFAPCKO mice
was also observed on P5, A1,213) = 3.048, p=.082, although the difference did not reach
statistical significance. All mice increased call production with age, A2,142) =8.742, p=.
000, as expected. Within each genotype, control mice showed an increase in calls, A2,70) =
5.670, p=.005, from P5 to P7 (p < .05, 95% CI [20.45, 156.35]) and P9, although the
difference from P9 did not reach statistical significance (p < .1, 95% CI [-2.02, 142.420]).
NFICFAPCKO littermates also demonstrated an increase in USVs, A2,70) = 4,735, p=.012,
only from P5 to P9 (p < .05, 95% CI [16.53, 155.15]). Examination of the spectral features
of the USV calls produced during maternal separation assay did not reveal any differences
between genotypes (Figure 5), suggesting that NFZSFAPCKO mice are able to produce calls
similar to their control littermates. Spectral features cannot be assessed if < 10 calls are
produced, and a significant portion of the NFZSFAPCKO mice produced < 10 calls per
session (Table 2). Since different mice produced such low rate of calls from day to day, the
assessments of spectral features in NFICFAPCKO mice are likely accurate. Overall, the USV
phenotype among NVfICFAPCKO mice indicates that complete somatic loss of neurofibromin
in a large population of brain cells decreases this early communicative behavior in mouse

pups.

As a measure of general health, we also analyzed weight differences on P5, P7, P9 and P14.
All mice exhibited an expected increase in weight across developmental time points. Both
experimental, A3,69) = 445.821, p=.000, and control, A3,69) = 430.266, p=.000, animals
gained weight at each age (Supplemental Figure 1C). A significant interaction between
genotype and age, A1.197,84.980) = 5.639, p=.015, was driven by a decrease in weight of
the NVFICFAPCKO mice at P14 compared to littermate controls, A1,284) = 5.965, p = .015.
Assessment of developmental milestones revealed no effect of genotype on pinnae
detachment by P5 or eye opening at P14 (data not shown). We also observed no difference
between NFICFAPCKO mice and their control littermates for time to exhibit righting reflex at
P14 (Supplemental Figure 1D).

serotonin levels altered by Nfl loss-of-function mutation

Monoaminergic system dysfunction has been previously demonstrated in NF1 and other
ASD-related mutants. We previously reported altered whole-brain 5-HT levels in a mutant
model demonstrating robust decreases in postnatal USV production, as well as in other
ASD-related behavioral deficits (Dougherty et al., 2013). We also demonstrated behavioral
disruptions in adult Nf7*/~“GFAPCKO mice were due to altered DA activity (Brown et al.,
2010; Diggs-Andrews et al., 2013; Wozniak et al., 2013), and linked memory deficits in
NFI=GFAPCKO and NFICFAPCKO mice to altered DA levels in the hippocampus. Since
specific regions mediating pup USV are unknown, we measured whole-brain levels of 5-HT,
DA and their metabolites in A/fZ mutants and littermate controls to determine if USV
production may be related to overall monoamine levels. We examined brains at the postnatal
age at which the most robust USV alteration was observed in each line. Increased levels of
whole-brain 5-HT were present in NfI*/~ mice (Table 3). NfI*/~ brains had greater levels of
5-HT, #4) = 3.465, p=.026, compared to NfI** (wild-type) control brains. Higher levels of
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5-HT and 5-HIAA were observed in NfICFAPCKO brains, £5) = 2.355, p=.065 and #5) =
2.145, p=.085, respectively, although this did not reach statistical significance. We did not
observe altered levels of whole-brain DA or its metabolites, DOPAC and HVA, in P7
NFISFAPCKO mice or in P9 Aif1*/~ mice compared to control littermates (Table 3). It is
possible that the USV disruptions in MF7*/~ mice are linked to 5-HT alterations, but future
experiments will be required to prove causality. While a robust overall change in DA levels
was not present, our results do not exclude the possibility that the USV phenotype may be
linked to monoamine alterations in specific brain regions.

Discussion

The high comorbidity rate between NF1 and ASD warrants relevant behavioral testing in the
Nf1I mouse models to fully understand the expressivity of AfZ mutations on ASD
phenotypes. In the current study, we demonstrate, for the first time, early neurobehavioral
disruptions relevant to early social communicative behavior in two independently-generated
murine NVFZ mouse models. Specifically, NVf7*/~ mice exhibit an increase in USV calls, with
altered aspects of frequency pitch during postnatal separation from the dam and litter. In
contrast, somatic biallelic V77 deletion in NfICFAPCKO mice results in a decrease in USV
call production at early postnatal ages. USVs are considered a strongly conserved affective
and communicative display that elicits maternal search and retrieval responses, nursing, and
caretaking, and is used in the rodent literature to model early communicative deficits
(Glinter Ehret & Haack, 1982; Haack et al., 1983; Hofer, Shair, & Brunelli, 2002; Sewell,
1970; Smith, 1976). USV production due to maternal isolation in the C57BL/6J mouse pup
normally peaks just after P7, disappearing completely by P14 (Rieger & Dougherty, 2016).
The USV production of NfICFAPCKO mice suggests a developmental neurobehavioral
delay, as call number is reduced at younger ages, P5 and P7, but became equivalent to
control littermates by P9. Furthermore, while controls showed an increase in call rate by P7,
NFICFAPCKO mice did not exhibit a significant increase until P9. The age-related
neurobehavioral profile of USVs in the Af7*/~ mice was also altered as they continued to
increase calls until P9, different from their littermate controls. The increased USVs observed
in this line at later postnatal ages demonstrate abnormal decline of the behavior and,
therefore, abnormal neurobehavioral maturation of the pups. This finding suggests possible
developmental delay of early social communicative behavior. Pup USV calls have been
related to anxiety levels. Specifically, high-anxiety mouse lines produce more such calls than
low-anxiety lines (Krémer et al., 2005). It is possible the increased calls in the M7~ pups
result from an increased anxiety state. However, previous investigations have not found
increased anxiety levels in emotionality tasks like the light-dark box or elevated plus maze in
NI~ mice (Molosh et al., 2014). It is important to note that our USV findings do not result
from gross developmental delay or altered maternal behavior. All mice were comparable for
achievement of physical milestones, such as pinnae detachment, eye opening and weight, as
well as the righting reflex. Previous studies showed USV alterations resulting from dam
genotypes (van Velzen & Toth, 2010; Weller et al., 2003; Young, Schenk, Yang, Jan, & Jan,
2010). Only control females were used as dams in our study, therefore, maternal NfZ
genotype did not influence pup USV calls via change to maternal behavior.
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Deviations from baseline vocalization rates have been reported previously in other mouse
models of syndromic ASD, such as those for Fragile-X, Rett, and Timothy syndromes. Fmr1
knockout mice, a model for Fragile-X syndrome, emitted more calls, specifically those with
frequency jumps, that were longer in duration than those emitted by wild type controls (Lai
et al., 2014). In a mouse model for Rett syndrome, the Mecp2-308 mutant, heterozygous
pups emitted significantly fewer calls than their wild-type counterparts. However, it should
be noted that this decrease in calls may be related to poor respiratory function in this model
(De Filippis, Ricceri, & Laviola, 2010). Shorter call duration was seen in a mouse model of
Timothy syndrome, 752-neo heterozygous mice, without a differences in call number
compared to wild-type controls (Bader et al., 2011). A large humber of other ASD models
also show either increases or decreases in USV production (Michetti et al., 2012). Thus, our
results are consistent with those observed in other murine models of syndromic ASD, and
indicate heterogeneity in disruptions of early social communicative behaviors across genetic
ASD mouse models. The distinct phenotypes we observed in N7~ and NFICFAPCKO
mice, both the increase and decrease in USVs, respectively, may reflect the heterogeneity of
early communicative disruptions that result from subtle, but distinct, differences in loss-of-
function mutations, and suggest the ability of somatic mutations to alter final phenotype.
The mechanism underlying the differences in phenotype in N7~ and NFISFAPCKO mice is
unclear. To understand the etiology of the distinct USV phenotypes reported here, further
studies are needed to map the brain circuitry of pup USV behavior and how that circuitry is
disrupted in each NVf7*/~ and NFICFAPCKO mice. It is possible the 5-HT levels create a
distinct effect in each mouse line, but which may only be observable at the circuit or
structure level. A direct circuit has been identified from the layer V pyramidal projection
neurons in the primary motor cortex to the nucleus ambiguus that is active during adult
mouse USV production, with activation of immediate early genes in the primary and
secondary motor cortices and anterodorsal striatum (Arriaga, Zhou, & Jarvis, 2012), yet
studies are needed to identify areas active during isolation-induced pup USV. Future work
investigating the actively translated transcriptomes in these areas of the A7+~ and
NFICFAPCKO pup brain may help elucidate the differential molecular mechanisms of
enhanced versus reduced USV production, respectively, in these mice. Indeed, mapping the
circuitry of pup isolation calls will enable the identification of convergent and divergent
cellular and circuitry-level mechanisms of USV disruptions in differing monogenic forms of
ASD and will help us understand the heterogeneity of this behavior.

While the neurochemical defects responsible for the observed abnormal vocalizations have
not been established, our data suggest that change in 5-HT levels may be sufficient, but not
necessary, to alter USV production in AV/fZ-mutant pups, however, further research in this
area is needed. Alterations in the serotonergic system have been repeatedly shown to
influence USV production (for review, see (Wéhr, van Gaalen, & Schwarting, 2015)). Of
particular relevance, we previously reported whole-brain reduction in 5-HT in Celf6
homozygous mutant mice, which also display robust decreases in pup USVs (Dougherty et
al., 2013). The increase in 5-HT levels observed in Nf7*/~ pups may be linked to this
increase in USVs. Further studies are needed to understand the possible direct correlation
between 5-HT levels and USV call rate in the M7~ mouse pup, as well as the mechanism
underlying the higher 5-HT levels in AV/FZ*/~ mice.
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We did not observe large effects of sex on neurobehavioral development in the A/fZ models
employed in this study. Among male A/f7*/~ mice, a trend was observed towards increased
calls over male controls, indicating the overall effect may be driven by differences between
males. Our Nf1*~ breedings produced slightly more females than males (Table 1), therefore
this study may be underpowered to observe a significant sex effect in this line. In addition,
we observed sexual dimorphism in pitch range of flat calls produced by A7/~ mice.
Specifically, female NV77*/~ mice produced flat calls in a narrower pitch range compared to
female controls. It is possible that complete germline haploinsufficiency for Nf1
differentially affects aspects of USV in males and females. Further investigation will be
required to better understand whether sex is a biological factor underlying early
communicative behaviors in A/fZ mutant mice.

The findings in this current study highlight an interesting phenomenon surrounding early
communicative behaviors in MfZ mutant mice. Specific USV disruptions can be caused by
germline NI haploinsufficiency in all cells and by developmental somatic biallelic V72 loss
within a large, but incomplete, population of brain cells. Clinically, somatic biallelic
inactivation of NVFZ results in formation of tumors such as pilocytic astrocytomas, malignant
nerve sheath tumors, neurofibromas, café-au-lait macules and glomus tumors (Gutmann et
al., 2013; Jouhilahti, Peltonen, Heape, & Peltonen, 2011; Spyk, Thomas, Cooper, &
Upadhyaya, 2011). It is possible this somatic loss of heterozygosity is not restricted to
tumorigenesis and, when it occurs in cell populations underlying behavioral regulation,
disrupted behavioral phenotypes emerge. In this regard, biallelic A7 loss in dopaminergic
neurons was required to demonstrate a defect in spatial learning and memory, which was not
observed in mice with heterozygous NfZ inactivation (Anastasaki et al., 2015). Additional
evidence from clinical genetic work supports the hypothesis that somatic mutation within
only a small subset of brain cells can result in profound phenotypes, as deleterious somatic
mutations have been found in ASD cases in brain-region-specific patterns (D’Gama et al.,
2015). Moreover, other data suggest that somatic mutations which result in a clear disorder
may be detected in only 10% of cells (Jamuar et al., 2014). An interesting suggestion is the
variation in expressivity of ASD symptoms in NF1 patients may be due to region-specific
somatic A/FI mutations or somatic mutations in other genes that then interact with the
present germline A/FZ mutation.

While the maternal isolation pup USV assay is a standard assay for early social
communicative and affective behavior in mouse models of ASD, it does not capture the
entire spectrum of clinical ASD conferred by a candidate gene mutation. The early
communicative phenotypes reported herein should therefore motivate further studies into the
risk mediated by A/fZ mutation across a full battery of ASDrelevant behavioral phenotypes
examining both social and communicative interactions, as well as repetitive and restricted
patterns of behaviors in these models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Lay Summary

Neurofibromatosis type 1 (NF1) is a common neurogenetic disorder caused by mutation
of the VFI gene, in which 80% of affected children exhibit cognitive and behavioral
issues. Based on emerging evidence that NF1 may be an autism predisposition gene, we
examined ASD-relevant early communicative behavior in AfZ mouse models and
observed alterations in both models. The changes in early communicative behavior in N7Z
mutant mice should motivate further studies into the causative factors and potential
treatments for ASD arising in the context of NF1.
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Figure 1. Nf1 germline heterozygosity and somatic biallelic inactivation differentially decrease
neurofibromin levels

A) Distinct targeted disruptions of the NI gene locus in the mouse are shown by a
schematic of the murine NI gene, represented by the black line with exons depicted as
intersecting narrow rectangles. The area within the blue dashed box is enlarged to show
details of specific genetic alterations. Gray boxes represent exons, blue boxes represent a
neomycin cassette, and the red triangles show loxP sites. The NfI*/~ loss-of-function
mutation results from an insertion of a neomycin cassette within a portion of intron 30 (38)
and exon 31 (39). The NfIFF mice contain a loxP site attached to a neomycin cassette within
intron 30 (38) and a second loxP site within intron 32 (40). B-C) Representative western
blot images and quantification. B) Neurofibromin levels were reduced in the brains of P21
NFI*= mice compared to control littermates by 55% in females and 50% in males. C)
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Neurofibromin levels were reduced in the brains of P21 male and female AVfZSFAPCKO mice
compared to control littermates by 80% in females and 74% in males.
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Figure 2. Germline heterozygous mutation in the Nf1 gene results in increased USV production
when separated from dam during development

NfI*= and control littermates were evaluated for USV production during the first two weeks
postnatal. A) NVFI*'~ mice produce significantly more USV calls during development
compared to control littermates, A1,68) = 5.737, p=.019. B) Male NfZ*/~ mice exhibit
more USV calls compared to male controls, A1,68) = 7.669, p=.007, and female Nf*/~
mice, A1,68) = 4.611, p=.035. C) NfI*'~ mutants produced marginally more USVs on P7
compared to controls, A1,204) = 3.691, p=.056, and significantly more USVs compared to
controls, A1,204) = 6.570, p=.011. Control mice increased USV calls only from P5 to P7
(p< .05, 95% CI [48.59, 158.58]), while NVFI*/~ mice showed a further increase by P9 (P7 p
<.05, 95% CI [88.45, 202.23], P9 p< .05, 95% CI [-6.865, 137.44]). Boxplots represent
number of USV calls at P5, P7, and P9. *indicates significant differences from P5 (p < .05).
~Nindicates a marginal significant difference from P7 (p < .1). Thick horizontal lines signify
respective group medians, boxes are 25t — 75t percentiles, whiskers are 1.5 x IQR, closed
and open circles depict outliers.
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Figure 3. Examination of the spectral features of the Nf1*/~ USVs revealed alterations in pitch
A) USV calls from both NF1*/~ and controls were similar in duration and B) fraction of calls

containing a pitch jump. C) The mean pitch frequency of Aif1*/~ USVs was lower compared
to controls, A1,67.833) = 5.429, p=.023, with the greatest difference observed at P7,
F1,150.915) = 5.647, p=.019. D) NfI*'~ USVs exhibited a narrower range of pitch
compared to controls, A1,168.563) = 5.675, p=.018, particularly at P9, A1,65) = 5.096, p
=.027. E) A narrower pitch range was also observed for female Nf7*~ flat calls at P7,
A1,116.846) = 6.158, p=.015 and P9, A1,115.322) = 4.692, p=.032, compared to female
controls, and male M7/~ mice at P9, A1,115.322) = 5.276, p=.023. All animals increased
average pitch and range with age. *indicates differences from P5 (p < .05). +indicates a
difference from P7 (p < .05). ~indicates a marginal difference from P7 (p< .1). Thick
horizontal lines signify respective group medians, boxes are 251 — 75t percentiles, whiskers
are 1.5xIQR, closed and open circles depict outliers.
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Figure 4. Biallelic deletion of Nf1 gene in neuroglial precursor cells results in reduced USVs in

pups

NFIFF and NFICFAPCKO littermates were evaluated for USVs during the first two weeks
postnatal. A) NfICFAPCKO produced significantly less USV calls during development
compared to their control littermates, A1,71) = 5.963, p=.017. B) The greatest difference in
USVs occurred on P7, A1,213) = 7.660, p=.006. All mice significantly increased USVs

with age, A2,142) = 8.742, p=.000. Within each genotype,

control mice showed an

increase in USVs, A2,70) = 5.670, p=.005, from P5 to P7 (p < .05) and P9, although the
difference from P9 did not reach statistical significance. The NfICFAPCKO littermates
demonstrated an increase in USVs, A2,70) = 4.735, p=.012, only from P5 to P9 (p < .05).
Boxplots represent USV calls when removed from dam at P5, P7, and P9. *indicates
difference from P7 (p < .05), ~indicates difference from P9 (p < .05). Thick horizontal lines
signify respective group medians, boxes are 25t — 75t percentiles, whiskers are 1.5 x IQR,

closed and open circles depict outliers.
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Figure 5. Spectral features of the USVs were unchanged by biallelic inactivation of Nf1
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A) USV calls from both NFICFAPCKO and N/FIFF littermates were on average the similar in
duration. B) Both NFICFAPCKO and NFIFF littermates produced a similar fraction of calls
containing a pitch jump. C) The mean frequency of the USV calls produced was comparable
for all mice. Boxplots represent (A) average duration, (B) fraction of calls containing a pitch
jump, and (C) mean frequency of USV calls produced on P5, P7 and P9. Thick horizontal
lines signify respective group medians, boxes are 251 — 75t percentiles, whiskers are 1.5 x

IQR, closed and open circles depict outliers.
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Table 1

Sample sizes distributed between sexes.

Animal Line Males Females Total Litters
NFT- 13 23 36

14
NFI* controls 16 20 36
NFICFAPCKO 19 19 38

10
NFIFF controls 16 19 35
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Table 2

Percent of somatic biallelic deletion mice producing < 10 calls per session.

Age Nf1IGFAPCKO  Nf1FF controls  Fisher’s Exact p value

P5 50% 20% .007
P7 37% 20% .091
P9 16% 3% .067
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