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1 | INTRODUCTION

Neurodevelopmental disorders (NDDs), including intellectual disabil-

Dendritic morphology is a critical determinant of neuronal connectivity, and calcium signaling
plays a predominant role in shaping dendrites. Altered dendritic morphology and genetic muta-
tions in calcium signaling are both associated with neurodevelopmental disorders (NDDs). In this
study we tested the hypothesis that dendritic arborization and NDD-relevant behavioral pheno-
types are altered by human mutations that modulate calcium-dependent signaling pathways
implicated in NDDs. The dendritic morphology of pyramidal neurons in CA1 hippocampus and
somatosensory cortex was quantified in Golgi-stained brain sections from juvenile mice of both
sexes expressing either a human gain-of-function mutation in ryanodine receptor 1 (T4826l-
RYR1), a human CGG repeat expansion (170-200 CGG repeats) in the fragile X mental retarda-
tion gene 1 (FMR1 premutation), both mutations (double mutation; DM), or wildtype mice. In
hippocampal neurons, increased dendritic arborization was observed in male T4826I-RYR1 and,
to a lesser extent, male FMR1 premutation neurons. Dendritic morphology of cortical neurons
was altered in both sexes of FMR1 premutation and DM animals with the most pronounced dif-
ferences seen in DM females. Genotype also impaired behavior, as assessed using the three-
chambered social approach test. The most striking lack of sociability was observed in DM male
and female mice. In conclusion, mutations that alter the fidelity of calcium signaling enhance
dendritic arborization in a brain region- and sex-specific manner and impair social behavior in
juvenile mice. The phenotypic outcomes of these mutations likely provide a susceptible biologi-
cal substrate for additional environmental stressors that converge on calcium signaling to deter-
mine individual NDD risk.

KEYWORDS
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of an individual can influence risk.°"® A significant number of genes

implicated in NDDs encode proteins that either function to generate

2+9-11 Ca2+

calcium (Ca?") signals or are regulated by Ca -dependent

ity, attention deficit hyperactivity disorder, and autism spectrum dis-
orders, impart a significant healthcare and quality of life burden to
patients and their families.? Such data provide a compelling reason
to identify and characterize risk factors that confer NDD susceptibil-
ity. Although no single genetic component can account for most
NDDs,%% it has long been acknowledged that the genetic background

signaling pathways are largely responsible for driving the dynamic

structural remodeling of dendrites that occurs during
development.*?~> Because dendritic architecture is a critical determi-
nant of neural networks, and altered dendritic morphology (increased
or decreased dendrite number, branching, spine density, etc.) is associ-

ated with many NDDs,1%1¢720 these observations suggest mutations
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that alter the fidelity of Ca2* signaling influence NDD risk, in part, by
interfering with dendritic arborization in the developing brain.

To test this hypothesis, we quantified dendritic morphology and
social behavior in juvenile mice expressing human mutations known
to alter Ca®* signaling in neurons. One such mutation is T48261-RYR1,
a human gain-of-function mutation in the gene that encodes ryano-
dine receptor 1 (RyR1), an essential regulator of intracellular calcium
stores.??? |t is estimated that ~35% of the human population carry
one or more RYR1 genetic variant.?®> Gain-of-function mutations in
the human RYR1 gene underlie malignant hyperthermia susceptibility
(MHS), which predisposes carriers to acute, potentially lethal, hyper-
thermia in response to heat stress, anesthetics, and other environmen-
tal stressors.'®2* RyR activity is necessary for BDNF-induced

remodeling of dendritic spines,?®

and RyR1 activity is required for
activity-dependent dendritic growth and synaptogenesis.?®?’ These
observations suggest the possibility that gain-of-function RYR1 muta-
tions alter dendritic arborization in the developing brain.

A second human mutation known to alter neuronal Ca?* signaling
is the CGG expansion repeat mutation in fragile X mental retardation
gene 1 (FMR1).28-3! CGG repeat expansions in the 5 non-coding
region of FMR1 in the premutation range (55-200 CGG repeats) not
only give rise to the neurodegenerative disorder fragile X-associated
tremor/ataxia syndrome (FXTAS), but also increase risk for
NDDs.3275 Estimated prevalence of the FMR1 premutation is 1:209
in females and 1:430 in males.>® A knock-in mouse that expresses the
human FMR1 premutation (170-200 CGG repeats) exhibits pathology
consistent with human carriers or FXTAS patients, including increased
FMR1 mRNA, decreased FMRP, ubiquitin-positive intranuclear inclu-
sions and deficits in spatial learning and memory and motor behavior
in adult animals.3¥%7-3% The FMR1 premutation mouse has also been
reported to exhibit aberrant neural migration,*® and primary neurons
derived from FMR1 premutation mice have significantly altered den-
dritic arborization,** increased resting intracellular Ca®* concentra-
tions, abnormal patterns of spontaneous Ca®* oscillations and altered
responses to glutamate in central neurons and astrocytes.2?-*° Several
early deficits identified in the premutation mouse model have been
corroborated in human iPSC-derived neurons from FMR1 premuta-
tion patients.*?

In the present study, we quantified dendritic arborization and
social approach behavior in both the T4826I-RYR1 and FMR1 premu-
tation mouse models. Because many NDDs, such as autism, have a
complex etiology and are thought to arise from multiple genetic hits,
and because dysregulated calcium signaling is observed in NDDs,” 11
we also tested the hypothesis that expression of two mutations that
alter calcium signaling amplifies the effect of either mutation
expressed singly. To test this, we crossed homozygous T4826I-RYR1
MHS (T4826l mice) with homozygous female or hemizygous male
FMR1 premutation mice (CGG mice) to generate double mutant
(DM) homozygous/homozygous female or homozygous/hemizygous
male mice. Our findings indicate that genetic mutations that alter Ca?*
signaling interfere with dendritic architecture in pyramidal neurons in
the CA1 hippocampus and adjacent somatosensory cortex of juvenile
mice in a sex specific manner. These mutations also disrupt social

behavior in juvenile mice.

2 | METHODS

2.1 | Animals

All procedures involving animals were conducted in accordance with
the NIH Guide for the Care and Use of Laboratory Animals and were
approved by the University of California-Davis Animal Care and Use
Committee. Male and female mice of four different genotypes were
investigated: (a) homozygous T4826l1-RYR1 mice, which express a
human gain-of-function mutation in RYR1 referred to as T4826l
mice?>?2 (b) female homozygous and male hemizygous FMR1 premu-
tation mice that express the X-linked CGG repeat expansion mutation
in the FMR1 gene with the number of X-linked CGG repeats in the pre-
mutation range ranging from 170 to 200, referred to as CGG mice?%3%;
(c) mice expressing both the T48261 (homozygous males and homozy-
gous females) and CGG (hemizygous males; homozygous females)
mutations, referred to as double mutation (DM) mice; and (d) wildtype
(WT) mice (75% C57BL/6J/25% SVJ129 genetic background).
C57BL/6J and SVJ129 WT mice were purchased from Jackson Labs
(Sacramento, CA) and crossed to generate the 75% C57BL/6J) / 25%
SVJ129 genetic background of the WT mice, which was determined by
SNP analysis to match the genetic background of the mutant geno-
types. The following female x male matings were used to generate the
juvenile mice that were tested at postnatal day (P) 25-30: Homozygous
x homozygous T4826l, homozygous x hemizygous CGG, homozygous
T48261 / homozygous CGG x homozygous T4826l / hemizygous CGG
to generate DM mice, and WT x WT (WT). All mice were housed in
clear plastic shoebox cages containing corn cob bedding and main-
tained on a 12 hours light and dark cycle at 22 + 2°C. Feed (Diet
5058, LabDiet, Saint Louis, Missouri) and water were available ad libi-
tum. After weaning at P21, animals were group housed with same
genotype, same sex littermates prior to behavioral testing, which has
been reported to not alter social approach behavior.*®

2.2 | Genotyping

DNA was extracted from ear punches obtained from P21 mice by
incubating tissue in 25 pL of digestion buffer (50 mM TRIS, 1 nM
EDTA, 25 mM NaCl, 0.25% SDS, pH 8, Sigma, Saint Louis, Missouri)
and 0.5 pL of Proteinase K (20 mg/mL, Amresco-VWR, Radnor, Penn-
sylvania) overnight at 56°C. Samples were diluted with 250 pL of
ultrapure water and heated to 100°C for 5 minutes. CGG repeat
lengths were determined using Expanded High Fidelity Plus PCR Sys-
tem (Roche Diagnostics, Indianapolis, Indiana) as described previ-
ously.*' Genotyping of T4826] was conducted using previously
described WT and T48261 mutant primer sequences?! under the fol-
lowing PCR conditions: (a) for T4826l mutant RYR1: a final concentra-
tion of 0.5 uM each of forward and reverse primers, 1x GoTaq buffer,
2 mM MgCI2, 0.4 mM dNTP and 0.25puL GoTaq Polymerase
(Promega, Madison, Wisconsin) to a final volume of 25 pL; and (b) for
the WT RYR1: a final concentration of 0.53 uM forward primer,
0.57 uM reverse primer, 1x GoTaq buffer, 2 mM MgCI2, 0.4 mM
dNTP, and 0.25 pL GoTaq Polymerase to a final volume of 25 pL. PCR
conditions were as follows: (a) for T4826l mutant RYR1: 95°C for
3 minutes, 40 cycles of 95°C for 30 seconds, 60°C for 30 seconds,
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72°C for 30 seconds and a final extension of 72°C for 10 minutes;
and (b) for the WT RYR1: same as above except annealing step occurs
at 55°C for 30 seconds. PCR products were separated on a 1.5% aga-
rose gel at 125 V for 30 minutes; expected size of the T4826] mutant
RYR1 band was 100 bp; the WT RYR1 band, 353 bp.

2.3 | Social approach

The three-chambered social approach was conducted as described
previously.**~*” Animals were moved to the room 1 hour prior to test-
ing. Testing was conducted during the light phase. Light level in the
room was 110 Ix. Testing consisted of three consecutive 10 minutes
phases. During the first phase, animals were placed in the center of a
three-chambered box for 10 minutes to acclimate. During the second,
habituation phase, the center divide doors were removed and animals
were allowed to explore the entire box for 10 minutes. During the
third 10-minute phase, animals were allowed to interact with either
an empty cup (object) or a cup with a novel age- and sex-matched WT
mouse placed on opposite sides of the center chamber. Placement of
the object and mouse on left or right sides of the chamber was coun-
terbalanced to eliminate side bias. Chamber and cups were cleaned
with 70% ethanol between each animal. If an animal failed to explore
they were removed from the study. Animals used as novel mice were
habituated to sitting under the wire cup for 10 minutes. Behavior was
analyzed using Noldus EthoVision XT (version 11.0) automated track-
ing and analysis software (Noldus Information Technology Inc., Lees-
burg, Virginia). Male/Female n = 11/15 WT, 10/10 T4826l, 9/11
CGG, 13/11 DM animals each from at least 6 independent litters.

24 | Golgi staining

Golgi staining was performed using the FD Rapid GolgiStain kit
(FD NeuroTechnologies Inc. Columbia, Maryland) according to manufac-
turer's instructions as described previously.***° Brightfield images of
Golgi-stained neurons (n = 32-48 neurons per sex per genotype from at
least six independent mice) were acquired with an IX-81 inverted micro-
scope (Olympus, Shinjuku, Japan) using MetaMorph Image Analysis Soft-
ware (version 7.1, Molecular Devices, Sunnyvale, California). Neurons
were acquired from CA1 dorsal hippocampus and somatosensory cortex
in slices ranging from ~ —2.3 to —1.4 mm Bregma. Criteria for selection
of neurons were as described previously.*®° Basilar dendritic arbors of
neurons were traced by an individual blinded to experimental group
using NeuroLucida (version 11, MBF Bioscience, Williston, Vermont), and
arbor complexity was quantified by automated branch structure and
Sholl analysis using NeuroLucida Explorer (version 11, MBF Bioscience).
Figure S1 illustrates the endpoints examined in Golgi-stained neurons.
Neuron tracings are publicly available via the NeuroMorpho.Org data-
base (NeuroMorpho.Org).

2.5 | Statistics

Golgi-stained neurons from juvenile brain sections were analyzed
using a mixed effects model as previously described.*®4? All analyses
were conducted using SAS software (version 9.4) of the SAS System

for Windows (SAS Institute Inc., Cary, North Carolina). For multi-level

and Behavior

data, if an outcome variable did not appear to be normal based on his-
tograms, summary statistics and residual plots, or if unequal variances
were observed, the appropriate transformation was used to achieve
approximate normality, and Satterthwaite degrees of freedom were
used in the mixed model to account for unequal variance. Area under
the curve for the number of dendritic intersections, values for the dis-
tance from the soma of the peak number of dendritic intersections
(peak X), and the maximum number of dendritic intersections (peak Y)
were calculated from Sholl profiles using built in area under the curve
analysis in GraphPad Prism Software (v6.07, San Diego, California).
Table S1 summarizes least squares means data, including group esti-
mates and SE. Differences in least squares means were used to deter-
mine significant differences within a sex or between sexes of each
genotype, and data from all groups are summarized in Table S2
(including estimate, SE, degrees of freedom, t value and P value). For
all other endpoints, data were assessed for normality and homogene-
ity of variance using the Shapiro-Wilks test and F test respectively
using GraphPad Prism. Differences between two groups were
assessed using Student's t test or Student's t test with Welch's correc-
tion for parametric data and by the Mann Whitney U test for nonpara-
metric data. Differences between more than two groups were
assessed using one-way Anova followed by Newman-Keuls multiple
comparison test for parametric data or Kruskal-Wallis test followed by
Dunn's multiple comparison test for nonparametric data. Data are
reported as mean =+ SE for Sholl plots, and box and whisker plots indi-
cate the mean as a (+) and whiskers are 10-90th percentile, P values

<0.05 were considered significant.

3 | RESULTS

3.1 | Dendritic morphology varies between sexes
and genotypes

Results from the mixed effects statistical modeling used to examine the
effects of sex, genotype, and sex*genotype interactions on specific
parameters of dendritic morphology variable are summarized in
Table 1. For ease of interpretation, we first discuss sex, genotype or
sex*genotype interactions that were identified, and then discuss differ-
ences within sex or genotype, summarized in Table 2; Table S2. Data
collected from pyramidal CA1 hippocampal neurons are presented first,
followed by data from pyramidal neurons of the somatosensory cortex.
These brain regions were chosen because both have been implicated in
NDDs, such as autism. Changes in connectivity have been reported in
the hippocampus®? and the somatosensory cortex of patients with
autism vs neurotypical controls.’>*®> Changes in hippocampal

volume,>4~>¢

and reduced branching of CA1 hippocampal neurons have
also been reported in brains of autism vs neurotypical controls.®” Fur-
thermore, changes in neural organization and density in the hippocam-
pus have been correlated with social deficits in a rat model of autism.>®
These brain regions also serve as anatomic substrates of social behavior

in humans>?¢° 61-63

and preclinical models.
Sholl plots and representative images of the basilar dendritic
arbor of Golgi-stained pyramidal CA1 hippocampal neurons for each

sex and genotype are shown in Figure 1A-C. Genotype differences
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TABLE1 Differences in dendrite morphology of Golgi stained neurons from juvenile WT, T4826l, CGG and DM mice
Hippocampus Cortex
Tests of fixed effects P values Tests of fixed effects P values
Sex Genotype Sex‘*genotype Sex Genotype Sex*genotype
Sholl plot profile analysis 0.9742 0.8776 0.2447 0.4072 0.7822 0.7118
Distance from Soma of peak intersection 0.1509 0.2735 0.0573 0.9732 0.0266 0.4988
Maximum number of intersections 0.1502 0.7137 0.485 0.4843 0.4136 0.767
Area under Sholl curve (AUC) 0.9029 0.9697 0.1482 0.7682 0.2435 0.5821
Proximal AUC 0.8411 0.8136 0.2795 0.6947 0.3062 0.6492
Distal AUC (log) 0.8003 0.9143 0.1638 0.9886 0.2965 0.2057
Primary dendrite number 0.1238 0.0582 0.1822 0.9567 0.6292 0.5545
Terminal tips 0.2072 0.012 0.0558 0.4867 0.0138 0.7882
Dendritic tips/dendrite 0.8615 0.1439 0.099 0.4641 0.0002 0.7604
Soma area 0.4441 0.0012 0.7326 0.8041 0.6098 0.9913
Sum dendritic length 0.7591 0.9532 0.0985 0.8427 0.0666 0.4839
Mean dendritic length 0.9998 0.3681 0.0817 0.8456 0.0072 0.5754
Sum dendritic intersections 0.8988 0.9696 0.1359 0.7692 0.2306 0.5761

Note: Numbers in bold font indicate p values < 0.05.

were limited to male neurons and included a significant increase in the
distance from the soma of the maximum number of dendritic intersec-
tions in T4826l male neurons compared to either WT (P = 0.0028) or
DM (P = 0.0128) neurons (Figure 1D,E, Table 2; Table S2). There were
no significant differences between genotypes with respect to the
maximum number of dendritic intersections (Figure 1F,G) or the total
area under the Sholl curve (Figure 1H,l) in male or female hippocampal
neurons.

While Sholl analysis provides a broad picture of dendritic com-
plexity, it does not always show subtle yet relevant changes in den-
dritic architecture (Figure S1B). Therefore, we refined our analysis by
further characterizing the number, complexity and length of dendrites
in pyramidal CA1 hippocampal neurons. In male but not female hippo-
campal neurons, there was a significant decrease in the total number
of primary dendrites in T48261 compared to WT (P = 0.0345)
(Figure 2A,B, Table 2; Table S2). CGG male hippocampal neurons had
a significantly increased number of primary dendrites compared to
T4826| (P = 0.0055) and DM (P = 0.0476) male hippocampal neurons
(Figure 2A,B, Table 2; Table S2). Mixed effects modeling showed a sig-
nificant overall effect of genotype on the number of terminal dendritic
tips (F3279 = 3.71, P = 0.012, Table 1). This was largely driven by an
increased number of dendritic tips in CGG male hippocampal neurons
compared to WT (P = 0.0005), T4826l (P = 0.0119) and DM
(P = 0.0002) male neurons (Figure 2C,D, Table 2; Table S2). There was
also a significant sex difference within CGG hippocampal neurons
with male neurons having more dendritic tips compared to female
CGG neurons (~20%, P = 0.0034) (Figure 2C,D). Significant differences
in the number of dendritic tips per primary dendrite, a measure of
dendritic complexity, were limited to an increased number of dendritic
tips per primary dendrite in T48261 male compared to WT male hippo-
campal neurons (P = 0.0022) (Figure 2E,F, Table 2; Table S2). Within
male neurons, mean dendritic length was significantly increased in
T4826] compared to WT hippocampal neurons (P = 0.0252,
Figure 2G,H, Table 2; Table S2, Supporting Information).

Mixed effect modeling showed a significant effect of genotype on
the area of neuronal somata (F3 40 = 6.45, P = 0.0012, Table 1) driven
by a significantly increased soma area of CGG neurons by ~15-26%
compared to the other genotypes (Figure 21,J; Table S2). Unlike the
dendritic parameters, both male and female hippocampal neurons
exhibited genotype effects on soma area. Within males, the soma area
of CGG neurons was significantly increased compared to T4826l1
(P = 0.035) and DM (P = 0.0073) hippocampal neurons (Figure 2I,
Table 2; Table S2). Within females, the soma area of CGG neurons
was significantly increased compared to WT (P = 0.0146), T4826I
(P = 0.0302) and DM (P = 0.0042) hippocampal neurons (Figure 2l,J,
Table 2; Table S2). Collectively, these data indicate that the T4826I
and CGG mutations increase dendritic complexity in pyramidal CA1
hippocampal neurons, and do so more consistently in male vs female
juvenile mice.

Sholl plots and representative images of the basilar dendritic
arbor of Golgi-stained pyramidal neurons within the somatosensory
cortex for each sex and genotype are shown in Figure 3A,C. In con-
trast to the observations of CA1 hippocampal neurons, genotype
effects on dendrite morphology were seen in both sexes. Mixed
effects model analysis showed a significant genotype effect on the
distance from the soma of the maximum number of dendritic intersec-
tions (F3318 = 3.11, P = 0.0266, Table 1) driven by a significant
increase in the distance from the soma of the maximum number of
dendritic intersections in CGG (~13%, P = 0.0186) and DM (~12%,
P = 0.0209) compared to WT cortical neurons (Table S2). Examining
each sex individually, in males there was a significant increase in the
distance from the soma of maximum dendritic intersections in CGG
compared to WT neurons (P = 0.0443) (Figure 3D, Table 2; Table S2),
while in females there was a significant increase in the distance from
the soma of maximum dendritic intersections in CGG (P = 0.0411) and
DM (P = 0.0260) compared to T4826l neurons (Figure 3E, Table 2;
Table S2). The maximum number of dendritic intersections only dif-
fered in female neurons, with a significantly greater maximum number

of dendritic intersections in CGG compared to T4826l female cortical
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FIGURE1 Genotype influences the dendritic morphology of pyramidal neurons in the CA1 hippocampus of juvenile male but not female mice.
(A) Representative photomicrographs and (B, C) Sholl plots of the basilar dendritic arbors of Golgi-stained pyramidal CA1 hippocampal neurons
derived from P 25-30 male and female WT, T48261, CGG or DM mice. Dendritic morphology was further assessed by quantifying (D, E) the
distance from the soma to the maximum number of dendritic intersections, (F, G) the maximum number of intersections, and (H, I) the total area
under the curve of the Sholl plot (0-180 pm from the soma taken at 10 um increments). Data are presented as box plots, “+” indicates the mean;
whiskers, the 10-90th percentile, dots are outliers (n = 32-40 neurons per sex per genotype from at least six independent mice). Significant
differences were determined using a mixed effects model. Asterisk indicates a significant difference between groups as determined by the

differences of least squares means at P < 0.05

neurons (P = 0.0440) (Figure 3F,G, Table 2; Table S2). Genotype
effects on the area under the Sholl curve were limited to female neu-
rons with a significantly increased area under the Sholl curve in DM
compared to T4826I (P = 0.0401) female cortical neurons (Figure 3H,|,

Table 2; Table 2). Examining proximal vs distal changes in dendrite

complexity, there were no genotype or sex differences in the proximal
area under the curve (Table 1, results not shown); however, in female
neurons only, there was a significant increase in distal half of the area
under the curve in DM compared to WT (P = 0.0189) female cortical
neurons (Figure 3J,K, Table 2; Table S2).
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FIGURE 2 Genotype influences the dendritic morphology of pyramidal neurons in the CA1 hippocampus of juvenile male but not female mice,
and increases the area of neuronal somata in both sexes. Basilar dendritic arbors in Golgi-stained pyramidal CA1 hippocampal neurons derived
from P 25-30 male and female WT, T4826l, CGG or DM mice were assessed by quantifying (A, B) the number of primary dendrites per neuron,
(C, D) the number of dendritic tips per neurons, (E, F) the number of dendritic tips per primary dendrite, (G, H) the mean length of all dendrites
(total dendritic length/total dendrites per neuron, and (I, J) the area of the neuronal soma. Data are presented as box plots, “+" indicates the mean;
whiskers, the 10-90th percentile, dots are outliers (n = 32-40 neurons per sex per genotype from at least six independent mice). Significant
differences were determined using a mixed-effects model. Asterisk indicates a significant difference between groups as determined by the
differences of least squares means at P < 0.05
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FIGURE 3 Genotype influences the dendritic morphology of pyramidal neurons in the somatosensory cortex of juvenile male and female mice.
(A) Representative photomicrographs and (B, C) Sholl plots of the basilar dendritic arbors of Golgi-stained pyramidal somatosensory cortical
neurons derived from P 25-30 male and female WT, T4826l, CGG or DM mice. Dendritic morphology was assessed by quantifying (D, E) the
distance from the soma to the maximum number of dendritic intersections, (F, G) the maximum number of intersections, (H, I) the total area under
the curve of the Sholl plots (0-180 pm from the soma taken at 10 pm increments), and (J, K) the distal area under the Sholl curve (90-180 pm
from the soma). Data are presented as box plots, “+” indicates the mean; whiskers, the 10-90th percentile, dots are outliers (n = 32-48 neurons
per sex per genotype from at least six independent mice). Significant differences were determined using a mixed-effects model. Asterisk indicates
a significant difference between groups as determined by the differences of least squares means at P < 0.05
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We further characterized the number, complexity and length of
dendrites in cortical neurons derived from male and female mice of
each genotype. In contrast to hippocampal neurons, there were no
genotype differences in the number of primary dendrites extended by
cortical neurons in either sex (Figure 4A,B). Mixed effects model anal-
ysis showed a significant genotype effect for the number of terminal
dendritic tips (F3452 = 3.95, P = 0.0138, Table 1) driven by increases
in CGG (~16%, P = 0.0175) and DM (~16%, P = 0.0178) neurons com-
pared to WT neurons, as well as increases in CGG (~16%, P = 0.0202)
and DM neurons (~16%, P = 0.0205) compared to T4826l neurons
(Table S2). Examining genotype effects within each sex, significant dif-
ferences were limited to female neurons, with an increase in number
of dendritic tips in DM compared to WT (P = 0.0326) or T4826l
(P = 0.0183) female cortical neurons (Figure 4D, Table 2, Table S2).
There was also a significant overall genotype effect on the number of
dendritic tips per primary dendrite (F341 = 8.11, P = 0.0002, Table 1),
again driven by increased values for CGG (~20%, P = 0.0022) and DM
(~24%, P = 0.0002) compared to WT cortical neurons, as well as
increased values for CGG (~16%, P = 0.0096) and DM neurons (~21%,
P = 0.0010) compared to T4826l cortical neurons (Table S2). Within
males, the number of dendritic tips per dendrite was significantly
increased in DM compared to WT (P = 0.0428) or T4826l (P = 0.0379)
cortical neurons (Figure 4E, Table 2; Table S2). Within females, the
number of dendritic tips per dendrite was significantly increased in
CGG (P = 0.0098) and DM (P = 0.0005) compared to WT cortical neu-
rons, and in DM compared to T48261 (P = 0.0066) cortical neurons
(Figure 4F, Table 2; Table S2). There was also an overall effect of
genotype on mean dendritic length (F3 276 = 4.10, P = 0.0072, Table 1)
driven by increased mean dendritic length in CGG (~24%, P = 0.0357)
and DM (~34%, P = 0.0022) compared to WT cortical neurons, and
increased mean dendritic length in DM compared to T4826l (~28%,
P = 0.0105) cortical neurons (Table 2). Examining each sex, significant
effects were limited to female neurons, with DM female neurons hav-
ing greater mean dendritic length compared to WT (P = 0.0025) or
T48261 (P = 0.0078) female neurons (Figure 4H, Table 2; Table S2).
Unlike hippocampal neurons, no significant effects of genotype or sex

on soma area were detected in cortical neurons (Figure 41,J).

3.2 | Genotype impacts the social behavior of
juvenile mice

In order to determine whether genotype-dependent changes in den-
dritic morphology are associated with changes in behavior, we used
the three-chambered social approach task to assess social behavior in
juvenile mice of each genotype. This test was chosen because it is a
simple, automated and standardized assay that can be used with juve-
nile animals.**~#¢%* Mice were initially allowed to explore the empty
left and right chambers during a 10 minutes habituation period. There
were no significant differences in the combined number of side
entries or velocity of the mice during the habituation phase for any of
the genotypes or sexes (results not shown).

During the sociability phase, typical approach behavior was
defined as spending significantly more time with a mouse vs the
object. Time spent in the center chamber is shown in graphs for illus-

trative purpose only.*” Genotype impacted sociability in both male

and Behavior

and female mice. WT (t(20) = 3.138, P = 0.0052) and CGG (t
(16) = 2.497, P = 0.0238) male mice spent more time in the chamber
containing a mouse vs an object (Figure 5A); however, T4826l and
DM male mice failed to show a preference (Figure 5A). Similarly, WT
(U =52, P=0.0128) and CGG (t(20) = 6.165, P = 0.0001) female mice
spent significantly more time in the chamber containing a mouse vs an
object (Figure 5B). T4826| female mice trended toward being social;
however, the time spent in the chamber with the mouse vs object was
not statistically significant (P = 0.09). DM female mice also failed to
show a preference (Figure 5B). We next examined the more stringent
social criteria of time spent in close proximity (< 1 in. to the object vs
the mouse. WT (t(20) = 4.709, P = 0.0001) and CGG (t(16) = 3.101,
P = 0.0069) male mice spent significantly more time in close proximity
to a mouse vs an object, while T48261 and DM male mice failed to
show a preference (Figure 5C). Amongst female mice, the time spent
in close proximity to a mouse vs an object was significantly increased
in WT (t(28) = 2.197, P = 0.0364) and CGG (t(13) = 7.349, P = 0.0001)
female mice but not in T4826l or DM female mice (Figure 5D). There
was also a significant effect of genotype on the time spent in close
proximity to the mouse (sex Fi1g2 = 0.00, P = 0.952; genotype
Fzs2) = 10.01 P = 0.0001; interaction F(z g = 2.57, P = 0.0596, two
way ANovA with Tukey's multiple comparison test), with this variable
decreased most significantly in the DM compared to WT, T4826l1 and
CGG genotypes (Figure 5C,D). Velocity of mice during the testing
phase was similar between genotypes in both sexes (Figure 5E,F).
Additionally, there were no differences in body mass (Figure S2). Col-
lectively, these results indicate that genotype impacts social behavior

as assessed by the three-chambered social approach task.

4 | DISCUSSION

Genetic studies have identified a strong association between herita-
ble mutations in Ca2* signaling and increased risk for NDDs.”1!
Here, we examined the effects of two mutations associated with
dysregulated Ca®* signaling in neurons, the T4826I-RYR1 gain-of-
function mutation and the FMR1 premutation, on NDD-relevant
outcomes in a preclinical model of late childhood/early adolescence.
This study showed that these mutations, alone or in combination,
enhanced dendritic arborization in a brain region and sex-specific
manner, and impaired social behavior. Specifically, we observed that:
(a) the dendritic morphology of pyramidal CA1 hippocampal neurons
was altered in male but not female mice with the greatest number
of differences relative to WT observed in T48261 males; (b) the den-
dritic morphology of pyramidal neurons in the somatosensory cortex
was altered in both male and female mice, increases in dendritic
complexity were observed in CGG and DM males, but the most
robust increases in dendritic complexity were seen in DM females;
and (c) genotype impacted performance of juvenile mice in the three
chambered social approach task.

While we cannot conclude that the observed changes in dendrite
morphology observed here occur through altered calcium dynamics,
previously published data support the hypothesis that calcium signal-
ing is dysregulated in both the T4826I-RYR1 gain-of-function muta-

tion and FMR1 premutation mouse models. RYRs, as a class of
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FIGURE4 Genotype influences the dendritic morphology of pyramidal neurons in the somatosensory cortex of juvenile male and female mice
but has no effect on the area of neuronal somata in either sex. Basilar dendritic arbors in Golgi-stained pyramidal somatosensory cortical neurons
derived from P 25-30 male and female WT, T48261, CGG or DM mice were assessed by quantifying (A, B) the number of primary dendrites per
neuron, (C, D) the number of dendritic tips per neuron, (E, F) the number of dendritic tips per primary dendrite, (G, H) mean dendritic length per
neuron, and (I, J) neuronal soma area. Data are presented as box plots, “+” indicates the mean; whiskers, the 10-90th percentile, dots are outliers
(n = 32-48 neurons per sex per genotype from at least six independent mice). Significant differences were determined using a mixed-effects
model. Asterisk indicates a significant difference between groups as determined by the differences of least squares means at P < 0.05
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FIGURE5 Genotype influences sociability by three chambered approach in juvenile male and female mice. Juvenile WT, T4826l, CGG or DM
mice of both sexes were allowed to explore a three-chambered social approach arena with one side containing a novel object and the other a
novel mouse for a 10 minutes period and assessed for (A, B) the cumulative time spent in the chamber with the object vs mouse, (C, D) the
cumulative time spent in close proximity (<1 in. to the object or mouse, and (E, F) the velocity of mice over the entire testing period. Data are
presented as box plots, “+” indicates the mean; whiskers, the 10-90th percentile, dots are outliers (male/female n = 11/15 WT, 10/10 T4826l,
9/11 CGG, 13/11 DM animals each from at least six independent litters). Sociability was defined as spending more time with the mouse vs the
object. Time spent in the center chamber (A, B) is shown for illustrative purposes only. Significant differences were determined using Student's
t test for parametric data and Mann-Whitney U test for nonparametric data (A-D) and by one-way anova followed by Newman-Keuls multiple
comparison test for parametric data (E) or Kruskal Wallis followed by Dunn's multiple comparison tests for nonparametric data (F)

intracellular calcium ion channels, are essential in regulating calcium
release, and the T4826I-RYR1 gain of function mutation in mice has
been shown to elevate intracellular calcium levels in muscle.?* While
not as obvious as RYR gain-of-function neurons, FMR1 premutation
neurons also provide evidence of disrupted calcium signaling. FMRP
has been shown to bind and regulate ion channel expression in addi-
tion to altering the function of calcium binding proteins.®>¢ Elevated
Ca?* concentrations and abnormal patterns of spontaneous Ca®*
oscillations have been reported in central neurons and astrocytes,?%*°
Drosophila,®® human iPSC-derived neurons from FMR1 premutation
patients*? and in human fibroblasts with CGG repeats in the FMR1
gene.67 Furthermore, in human fibroblasts with FMR1 CGG repeats,
pharmacological destabilization of CGG repeat RNA restores calcium
dynamics.®” Juvenile Fmri—/— mice have elevated synchrony in the
firing of cortical neurons as indicated by in vivo calcium imaging, espe-
cially during the first two postnatal weeks.®®%? Together these results
highlight elevated calcium signaling as a convergent pathway of both
T48261-RYR1 gain-of-function mutation and CGG models. Given the

importance of calcium signaling in dendritic morphology and

connectivity, it is possible that altered calcium signaling contributes to
the effect on dendritic morphology of each genetic mutation observed
in this study.

Previous studies have examined dendritic arborization and social
behavior in adult FMR1 premutation mice. In adult male FMR1 premu-
tation (156 CGG repeats) mice, pyramidal neurons in the primary
visual cortex are reduced in branching complexity and dendritic length
compared to age- and sex-matched WT.%® Decreased dendritic com-
plexity was also reported for basilar dendrites of pyramidal neurons in
the medial prefrontal cortex and CA3 hippocampus of FMR1 premuta-
tion mice.”® In contrast, the differences in juvenile CGG mice relative
to age- and sex-matched WT mice were few but consisted of
increased dendritic complexity. The discrepancy between these stud-
ies likely reflects differences in the adult vs juvenile brain, suggesting
that genotype effects on dendritic arborization in the juvenile brain—a
time of active dendritic growth and remodeling—are not predictive of
genotype effects on dendritic morphology in the adult brain. Perhaps
not surprisingly, the subtle changes in dendritic arborization observed

in the CGG juvenile mice were not associated with altered social
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behavior. Similarly, adult FMR1 premutation mice behave no differ-
ently than WT mice in social interaction and social novelty tasks.”®
CGG hippocampal neurons also exhibited increased soma area. Soma
size has been shown to change significantly over postnatal develop-
ment in rat supraoptic magnocellular neurons.”! Soma size is influ-
enced by calcium signaling, as evidenced by reports that
pharmacological antagonism of Q-type or AMPA/kainite calcium
channels decreases soma size in rat ganglion cells.”?> While the mecha-
nisms underlying altered soma size in our models remains to be deter-
mined, these data suggest that calcium signaling may be involved.

While age-related changes in RyR function were recently showed
to impair cognition in adult mouse models of Alzheimer's disease,”®
this study provides the first characterization of juvenile mice with
genetically altered RyR function. The T4826l and DM mouse models
showed that expression of these mutations generally enhanced den-
dritic arborization, although the outcome varied as a function of sex
and brain region. This is consistent with previous in vitro studies dem-
onstrating that environmental stressors with a “gain-of-function”
effect on RyR1 similarly increase dendritic arborization of hippocam-
pal and cortical neurons.?””#7> Genotype effects on dendritic arbori-
zation mapped onto deficits in social behavior. Increased dendritic
complexity was observed in the CA1 hippocampus of T4826] males,
and in the somatosensory cortex of DM males and females, which
were the same experimental groups that exhibited the most signifi-
cant deficits in social approach.

While our data do not establish a cause-effect relationship
between increased dendritic arborization and impaired social behav-
ior, they add to emerging evidence linking these two phenomena in
juvenile animals. For example, early life stress caused by maternal
separation increased apical dendritic branch number and length of
pyramidal neurons in the medial prefrontal cortex of female juvenile
rats, and these morphological outcomes coincided with deficits in
social interactions.”® Similarly, in a model of endoplasmic reticulum
stress, adult male mice exhibit decreased social behavior coincident
with hyperconnectivity in the neural circuit from the medial prefron-
tal cortex to the dorsal hippocampus as measured by implanted
depth electrodes.®® However, our results also indicate that alter-
ations in dendritic morphology do not necessarily predict behavioral
outcomes or vice versa. We found no difference in social behavior
between WT and CGG juvenile mice despite evidence of subtle dif-
ferences in dendritic morphology. Alternatively, the lack of associa-
tion between altered dendritic morphology and social behavior in
the CGG mouse may indicate that the changes in dendritic morphol-
ogy in this mouse model were below the “threshold” required to
manifest as behavioral deficits.

A key question raised by this study is whether co-expression of
the T4826l-RYR1 mutation and FMR1 premutation amplified the
impact of either mutation alone. With respect to dendritic arborization
of hippocampal neurons, significant differences relative to WT were
observed in male CGG and T48261 but not DM mice. Thus, there
appears to be no interaction between the genotypes that enhances
outcome in hippocampal neurons. However, in cortical neurons, there
were subtle dendritic effects in the CGG mice alone but robust effects
in the DM compared to WT in both sexes, but especially in females,

which included a 32% increase in dendritic tips/primary dendrite and

a 47% increase in mean dendritic length. Furthermore, in cortical neu-
rons a number of parameters of dendritic complexity were signifi-
cantly increased in DM compared to T4826l neurons including an
18% increase in dendritic tips/primary dendrite in male neurons, a
30% and 41% increase in area under the curve and mean dendritic
length, respectively, in female neurons. These data suggest that co-
expression of these mutations does amplify the effect of either muta-
tion alone on dendritic morphology of cortical neurons in both sexes.
With respect to social behavior, both male and female DM mice
exhibit social deficits. This phenotype appears to be driven by the
T4826l-RYR1 mutation because male and female CGG mice exhibit
normal social approach, while T4826l mice exhibit impaired social
approach, although both male and female T4826l mice were trending
toward normal sociability. Further work involving more nuanced social
behavioral assays, like dyadic play and ultrasonic calls during social
interactions are required to dissect and confirm the influence of each
gene on mouse social behavior.

Unraveling the complex etiology of NDDs is an ongoing chal-
lenge, and understanding the mechanisms by which susceptibility
genes interact with each other and environmental risk factors to
determine individual risk remains a critical data gap in the field. While
we cannot rule out other mechanisms, our findings together with pre-
vious studies linking these mutations to altered calcium signaling,2%°
suggest models expressing distinct heritable mutations that modify
Ca?* signaling early in life may be capable of altering neural circuits by
interfering with normal patterns of dendritic arborization, and these
changes may contribute to functional deficits in NDD-relevant behav-
jors. Importantly, histological studies of brains from patients diag-
nosed with ASD”” or fragile X syndrome”® have showed significantly
increased dendritic complexity relative to neurotypical controls. More-
over, the magnitude of change in dendritic arborization we observed
in the mouse models, which ranged from ~17% to 47% increase in
dendritic complexity compared to sex-matched WT controls, is within
the range of clinical data indicating a 15% increase in local connectiv-
ity in the brains of autistic patients vs neurotypical controls based on
fMRI imaging.2°

While we cannot rule out other mechanisms, our data are con-
sistent with the hypothesis that Ca?* signaling represents a conver-
gence point for multiple genetic factors, which if they drive Ca?*
signaling in the same direction, as is the case with the T4826I-RYR1
mutation and FMR1 premutation, can amplify phenotypic outcomes.
Importantly, our data also suggest that human gain of function
mutations in RYR1 linked to MHS%24 have effects on not only skel-
etal muscle, but also neurons. These data extend previous reports
of ion channel deficits in autism,”? the localization of at least one
RYR isoform on chromosome 15q, a region associated with autism
susceptibility genes,®° and identification of RYR2 as a potential ASD
risk gene.81 However, it should be noted that humans with the
RYR1 gain of function mutation are typically heterozygous, unlike
the homozygous T4826I-RYR1 mice used in this study. It is possible
that the phenotype we observed in the mouse may be more pro-
nounced than what is observed in humans. However, like the
human condition, the T4826l1 mouse exhibits no overt clinical patho-
genic phenotype.?? Identifying genetic and environmental risk fac-

tors that interact with gain-of-function RYR mutations and/or FMR1
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premutation to increase individual risk for NDDs remains to be
determined, and the three genetic models characterized here will

serve as powerful tools for addressing this critical question.
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SUPPORTING INFORMATION

Additional supporting information may be found online in the Sup-

porting Information section at the end of the article.
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