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Development/Plasticity/Repair

Dendritic Spines in Early Postnatal Fragile X Mice Are
Insensitive to Novel Sensory Experience

Erica D. Arroyo,"* “Daniel Fiole,' “Shilpa S. Mantri,' Claire Huang,' and “Carlos Portera-Cailliau'-
Department of Neurology, 2Department of Neurobiology, and *Neuroscience Interdepartmental Program, David Geffen School of Medicine, University of
California Los Angeles, Los Angeles, California 90095

Autism spectrum disorders are often associated with atypical sensory processing and sensory hypersensitivity, which can lead to mal-
adaptive behaviors, such as tactile defensiveness. Such altered sensory perception in autism spectrum disorders could arise from dis-
ruptions in experience-dependent maturation of circuits during early brain development. Here, we tested the hypothesis that synaptic
structures of primary somatosensory cortex (S1) neurons in Fragile X syndrome (FXS), which is a common inherited cause of autism, are
not modulated by novel sensory information during development. We used chronic in vivo two-photon microscopy to image dendritic
spines and axon “en passant” boutons of layer 2/3 pyramidal neurons in S1 of male and female WT and Fmr1 KO mice, a model of FXS.
We found that a brief (overnight) exposure to dramatically enhance sensory inputs in the second postnatal week led to a significant
increase in spine density in WT mice, but not in Fmr1 KO mice. In contrast, axon “en passant” boutons dynamics were impervious to this
novel sensory experience in mice of both genotypes. We surmise that the inability of Fmr1 KO mice to modulate postsynaptic dynamics
inresponse to increased sensory input, at a time when sensory information processing first comes online in S1 cortex, could play a role in

altered sensory processing in FXS.
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ignificance Statement

are insensitive to a brief period of novel sensory experience.

Very few longitudinal in vivo imaging studies have investigated synaptic structure and dynamics in early postnatal mice. More-
over, those studies tend to focus on the effects of sensory input deprivation, a process that rarely occurs during normal brain
development. Early postnatal imaging experiments are critical because a variety of neurodevelopmental disorders, including
those characterized by autism, could result from alterations in how circuits are shaped by incoming sensory inputs during critical
periods of development. In this study, we focused on a mouse model of Fragile X syndrome and demonstrate how dendritic spines

~
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Introduction
Fragile X syndrome (FXS) is a leading hereditary cause of autism
and intellectual disability (Bailey et al., 2008; Hernandez et al.,
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2009). Although phenotypically heterogeneous, FXS is generally
characterized by learning impairments, anxiety, hyperarousal,
and atypical sensory processing (Cascio, 2010; Smith et al., 2012).
The latter is associated with sensory hypersensitivity and avoid-
ance responses, such as tactile defensiveness (Butler et al., 1991;
Baranek et al., 1997). This is likely due to circuit dysfunction
across brain regions, and of particular importance for the inte-
gration and processing of tactile inputs, in the primary somato-
sensory (S1) cortex. The onset of sensory-related phenotypes
occurs in infancy and might therefore arise from alterations in
sensory experience-dependent circuit assembly, which in mouse
S1 cortex takes place during a critical period in the second post-
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natal week (Wen and Barth, 2011; Itami and Kimura, 2012; van
der Bourg et al., 2017).

Neuropathological studies of FXS patients have revealed a
subtle synaptic defect, namely, an overabundance of dendritic
spines with immature morphologies in cortical pyramidal neu-
rons (Rudelli et al., 1985; Hinton et al., 1991; Irwin et al., 2001).
The same synaptic abnormality has been consistently described
in the Fmrl KO mouse model of FXS (for review, see Portera-
Cailliau, 2012). Immature spines are long, thin, and highly dy-
namic; as they mature, spines become more stable and adopt a
lollipop or mushroom-like morphology. Therefore, the mor-
phology and turnover of spines are proxies for their maturity. In
vivo imaging studies have shown that spines of cortical pyramidal
neurons in Fmrl KO mice are both morphologically immature
and abnormally unstable during early postnatal developmentand
in the adult (Cruz-Martin et al., 2010; Pan et al., 2010; Padmashri
etal.,, 2013; Nagaoka et al., 2016). Based on these results, we have
argued that the most consistent synaptic abnormality in FXSis a
defect in experience-dependent maturation and plasticity of
spines (He and Portera-Cailliau, 2013).

One way to understand how sensory experience modulates
synapses is to image dendritic spines in vivo before and after a
period of sensory deprivation (Trachtenberg et al., 2002; Holt-
maat et al., 2006; Hofer et al., 2009; Pan et al., 2010; Miquelajau-
regui et al., 2015). Interestingly, whereas adult WT mice have
reduced rates of spine elimination following sensory deprivation,
spines of Fmrl KO mice fail to demonstrate changes in spine
dynamics in the absence of sensory input (Pan et al., 2010). But
whether dendritic spines (or axonal boutons) in FXS are also
insensitive to new sensory experiences, which is more relevant to
normal brain maturation, has never been tested in vivo during
development. To address this, we used a brief period of dramatic
novel sensory experience in the form of environmental enrichment
(EE) in postnatal day (P)14 mice. We found that, at baseline, layer
(L)2/3 pyramidal neuron spines in S1 cortex of 2-week-old
Fmrl KO mice appear structurally immature. Importantly,
whereas EE leads to a transient increase in spine density in WT
animals, Fmrl KO neurons were insensitive to such novel sen-
sory inputs. On the other hand, we did not detect any differ-
ences in “en passant” bouton (EPB) density, regardless of
genotype or environment.

Materials and Methods

Reagents. The plasmid vector pPCAG-GFP was obtained through Addgene
(plasmid #11150). All other reagents were from Sigma-Aldrich unless
otherwise noted.

Experimental animals. All experiments followed the U.S. National In-
stitutes of Health guidelines for animal research, under an animal use pro-
tocol (ARC #2006-016) approved by the Chancellor’s Animal Research
Committee and Office for Animal Research Oversight at the University of
California, Los Angeles. We used male and female C57BL/6] mice (HSD
C57Bl/6NHsd) housed in a vivarium with a 12 h light-dark cycle and food
and water ad libitum. Imaging was performed during the light cycle, and
enrichment experiments were performed during the dark cycle.

In utero electroporation (IUE) for GFP expression in L2/3 pyramidal
cells. IUE was performed as previously reported (Cruz-Martin et al.,
2010, 2012). Briefly, pregnant female mice at gestation day 16 were anes-
thetized with isoflurane (5% induction, 1.5%—-2% maintenance v/v). Un-
der sterile conditions, a medial incision was made along the abdomen to
expose the uterine horns. Using ringed forceps to gently hold embryos,
we pressure injected a plasmid encoding pCAG-GFP (500 ng/ul)
through a glass needle into the left lateral ventricle with a Picospritzer
(Parker; 40 psi, 10 ms pulses). A set of 3 square pulses (50 ms duration,
35V, with 500 ms between each pulse) was administered to each embryo
via a custom-built electroporator with the positive electrode paddle
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placed over the left somatosensory cortex. Throughout the procedure,
the embryos were frequently irrigated with warm saline (37°C). The
embryos were placed back inside the mother, and the abdominal wall was
sutured with absorbable sutures (muscle: Surgical specialties LOOK, ny-
lon 0.7 metric, 1279B) and nylon sutures (skin: Surgical specialties
LOOK, polysyn 0.7 metric, 492B). The dam was observed for 2 h follow-
ing the surgery to monitor full recovery.

Cranial window surgery for chronic in vivo two-photon microscopy. We
followed a previously described protocol (Mostany and Portera-Cailliau,
2008; Cruz-Martin, Portera-Cailliau et al., 2010; Cruz-Martin et al.,
2010). In short, pups (P10-P12) were anesthetized with isoflurane and
placed in a stereotaxic frame. A 2.5-mm-diameter circular craniotomy
was performed over the electroporated S1 cortex in the left hemisphere
and covered with a 3 mm glass coverslip (Electron Microscopy Sciences).
The coverslip was secured to the skull with Krazy Glue and dental ce-
ment. At P14, a small titanium headbar was attached to the skull with
dental cement to secure the animal to the microscope stage for imaging.

Histology. Two-month-old mice were perfused intracardially first with
0.1 M phosphate buffer until blood clearance, then with ice-cold 4% PFA
in 0.1 M phosphate buffer. The brains were harvested, postfixed overnight
at4°C, and then sliced in 100- wm-thick sections on a vibratome. Sections
were mounted onto coverslips coated with Vectashield containing DAPI
(Vector Laboratories). Sections were then imaged with a structure illu-
mination Apotome microscope (Carl Zeiss) and 10X objective (0.3 NA,
Carl Zeiss). Images were acquired and stitched via ZEN (Carl Zeiss).

In vivo two-photon imaging in head-restrained mice. Structural synap-
tic imaging was performed on a custom-built two-photon microscope
with a Chameleon Ultra II Ti:Sapphire laser (Coherent), a 40X objective
(0.8 NA, Olympus), and ScanImage software (Pologruto et al., 2003).
Mice were anesthetized for imaging sessions with isoflurane (1%-2%
maintenance v/v) and kept warm with an electric heating blanket (Har-
vard Apparatus). Throughout the imaging sessions (typically <1 h),
mice were monitored for taxed breathing and proper coloration of paws/
ears. Z stacks with 1 um steps were collected at 512 X 512 pixels, and a
Scanlmage zoom of 1X for low-magnification images (0.71 wm/pixel)
(see Fig. 1D,,D,) and 5X for dendrite and axon imaging (0.153 um/
pixel) (see Figs. 1, 2, 4, 5). Imaging sessions were performed in the eve-
ning at P14 and in the morning at P15 after being housed with their dam
and littermates in either standard cages or enriched cages (see EE). A
typical imaging experiment was performed as follows: t0: in the evening,
P14 mice wereimaged (<1h), allowed to recover (~1h), and returned to
their home cage with their dam and littermates; t1: 4 h after t0, the mice
were imaged again (same FOVs), allowed to recover, and placed over-
night with their dam and littermates in either a standard cage or an
enriched cage (see EE); t2: the next morning (~8-10 h after t1; at P15),
mice were imaged a third time, allowed to recover, and returned to their
home cage (standard or enriched); and t3: 4 h after t2, mice were imaged
one final time.

EE. Animals were housed in their home cages for standard enrichment
(SE) or in EE cages overnight (8 —10 h) between P14 and P15 during the
dark cycle when rodents are most active and awake. Standard cage di-
mensions were 13—1/4 inch X 7-1/8 inch X 5-7/16 inch with two pads
for nest-building and a layer of bedding. EE cage dimensions were 13—1/4
inch X 16-19/32 inch X 7-3/8 inch (1800 Mouse Cage, Lab Products)
and contained brightly colored balls and plastic tunnels, a running wheel,
beaded necklaces (Mardi Gras beads) strewn from the top of the cage, and a
variety of toys, multiple nest pads, and a layer of bedding (see Fig. 3B).

Statistical analysis. Spine imaging data were analyzed using the semi-
automated ScanImage (Pologruto et al., 2003) spine analysis software in
MATLAB (The MathWorks). Raw, unprocessed images were used for the
analysis. If a time point was missing or one or more imaging sessions was
of poor quality, the FOV was excluded from the analysis for time-series
calculations. Spines >5 um were excluded from analysis (<1% of all
spines). Dendritic and axonal segments were analyzed only in regions
>10 um from branch points and distal tips, and only if the segment was
at least 15 wm in length, and the segment was isolated (i.e., it had only
minimal overlap with other processes).

Custom-written code in MATLAB was used to determine EPB vol-
ume. Z stacks with 1 wm steps were collected at 512 X 512 pixels and a
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Figure1.
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250pm

Plasmid transduction, in vivoimaging of L2/3 neurons at P14. A, IUE scheme. pCAG-GFP plasmid is injected into the lateral ventricle of embryos and electroporated at embryonic day 16.

B, GFP expression localized to L2/3 pyramidal cells in S1 cortex. Coronal slice of 2-month-old WT brain following IUE with pCAG-GFP (green) and counterstained with DAPI (blue). C, Representative
cranial window implanted over the S1 cortex at P12 and photographed at P14. D, Representative L2/3 neuron imaged in vivo (maximum intensity xyz projection of 42 slices, 5 pum apart). D, Side
view of the same L2/3 neuron. D, Apical dendritic segment from the same L2/3 neuron (see box in D;; maximum intensity xyz projection of 38 slices, 1 .um apart). £, Representative axon from a

L2/3 neuron (sum xyz projection of 30 slices, 1 ,m apart).

Scanlmage zoom 5X for imaging (0.153 wm/pixel) (see Figs. 1, 2, 4, 5).
To minimize background signal interference, slices above and below
ROIs were deleted from stacks. Raw images were first aligned using the
StackReg plugin in ImageJ and then sum-projected. Images were manu-
ally binarized before skeletonization. Then, the signal baseline along the
skeleton was estimated on the projected images using an asymmetric
least-squares smoothing algorithm (Eilers, 2003). Peaks along the skele-
ton of the axon were detected using the Fast 2D Peak Finder algorithm
version 1.7 written in MATLAB (Natan, 2013). This algorithm is based
on the smoothing of the noisy point spread function associated to each
peak. This was achieved through median filtering and convolution-based
smoothing of the input image, so that each peak corresponds to the local
maximum of the point spread function. The threshold for EPB detection
was empirically set to detect what visibly appeared as a plausible EPB,
rather than an irregularity of the axon shaft (see Fig. 2E). The volume of
EPBs was defined as the sum of the pixel intensities of the subregions
containing the peaks detected by the Fast 2D Peak Finder algorithm,
divided by the baseline local value for normalization. Statistical analysis
was performed using MATLAB for each peak along the axonal shaft.

In Results, 7. and n, indicate the number of cells or axonal segments
analyzed, respectively, and N indicates the number of animals used. In
total, we tracked and analyzed 7969 individual spines in 165 cells over a
total dendritic length of 6.90 mm (average dendritic segment was 42 um
in length) and 703 individual EPBs in 124 axonal segments measuring on
average 52 um (total axonal length analyzed was 6.56 mm). For statistical
comparisons, we used n_ or n,, as the sample size.

For statistical analysis where ANOVAs were used, data were distrib-
uted normally as determined by the Shapiro-Wilk test for normality
(with the p value set at < 0.05) and met the criteria for Levene’s test of
homogeneity of variances in each group. Outliers were defined as data
that were >2 or <2 SDs from the mean. For baseline length, density, and
turnover of WT and Fmrl KO spines, one-way ANOVAs were used.
(lost spines + gained spines)

2 X total number of spines)’
pairwise comparisons were corrected for multiple comparisons with the
Bonferroni method. For baseline density of WT and Fmrl KO EPB, data
were not normally distributed, so comparisons were made using the
Mann—Whitney U test.

For EE versus SE comparisons in spine imaging experiments, mixed-
design or split plot repeated-measures ANOVAs were used with

Turnover was calculated as follows: (

Bonferroni-corrected pairwise comparisons across all groups, with the
exception of spine formation rate at P14 versus P15 (see Fig. 5C). Because
the Fmr1 KO SE group was not normally distributed, comparisons for all
groups were determined using the nonparametric Wilcoxon signed ranks
test (with significance set at p < 0.05, two-tailed). For EE EPB analysis,
data were not normally distributed, so we used a Kruskal-Wallis H test
for turnover rate (ToR) and P15 volume comparisons between groups.
For within-group comparisons of EPB density and volume, Wilcoxon
signed-rank tests were used (with significance set at p < 0.05, two-tailed).
All statistics were performed with SPSS 24 (IBM). Graphs were generated
using Excel 2017 (Microsoft) and SigmaPlot 13 (Systat). In box-and-
whisker plots, error bars indicate the SEM and horizontal bars indicate
medians. Figures were generated with SPSS 24 (IBM), Excel 2017 (Mi-
crosoft), FIJT (FIJI is just Image]), Photoshop 2018 (Adobe), and Illus-
trator 2018 (Adobe).

Code accessibility. Access to the EPB volumetric analysis MATLAB
code will be made available upon request.

Results
For chronic two-photon imaging of synaptic structures, [UE was
performed at embryonic day 16 to express GFP in L2/3 pyramidal
neurons of S1 cortex (Fig. 1A). To ensure sparse labeling of GFP-
expressing neurons and minimal overlap of their apical dendrites
and axons in L1 (Fig. 1B), a low concentration of pCAG-GFP
(500 ng/ul) was injected into the lateral ventricle during the IUE
procedure. At P10-P12, cranial windows were implanted over
the S1 cortex. Only mice with windows that were optically trans-
parent with no signs of bleeding or dural damage were used for
subsequent imaging (Fig. 1C). This allowed us to repeatedly im-
age the same dendrites and axons of L2/3 neurons (Fig. 1D, E).
High-resolution in vivo imaging of L2/3 dendrites was first
performed at P14 (Fig. 24, left). We did not find a difference of
spine density in WT and Fmrl KO mice (0.68 = 0.01 spines/um
vs 0.65 = 0.02 spines/um, respectively; n./N = 81/18 for WT and
n /N = 73/15 for Fmr1 KO; one-way ANOVA, F, |5, = 1.61,p =
0.20, partial n*> = 0.01; Fig. 2B), which is in agreement with
several prior in vivo imaging studies during development and in
adulthood (Cruz-Martin et al., 2010; Pan et al., 2010; Padmashri
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Spine density and EPB density/volume of L2/3 neurons are similar in WT and Fmr7 KO mice at P14, but Fmr7 KO spines are longer. A, In vivo two-photon images (best projections xyt)

of representative apical dendrites and axons in WT and Fmr7 KO mice acquired at P14. Scale bar, 10 wum. B, Density of spines in L2/3 neurons in WT mice (gray) and Fmr7 KO mice (red) is not
significantly different. , Dendritic spines in Fmr1 KO mice (red) are significantly longer than those in WT mice (gray) in L2/3 dendrites. D, No difference in the density of EPBs was detected between
WT (gray) and Fmr7 KO (red) mice. E, Example heat map generated by MATLAB code illustrating how EPBs are detected. Intensity profiles (solid blue line) above threshold (gray dashed line) are
considered EPBs (white arrows) for further analysis and estimation of volume. Representative axon shown is the same asin A (farright). F, No difference in the volume of EPBs was detected between

WT (gray) and Fmr7KO (red) mice.

et al., 2013). Because immature dendritic protrusions are often
longer and thinner (filopodia-like) than their mature counter-
parts (Portera-Cailliau, 2012), we also compared the length of
spines in both genotypes. We found that spines in Frnr1 KO mice
at P14 were significantly longer than those of WT mice, although
the difference was small (1.50 = 0.03 wm vs 1.38 = 0.03 wm;
one-way ANOVA, F(, ;45 = 8.069, p = 0.005, partial n? =0.047;
Fig. 2C).

Because FMRP is also expressed in axon tips, where it plays a
role in growth cone navigation, and along the axon shaft near
synapses (Antar et al.,, 2006; Christie et al., 2009), we imaged
axons of L2/3 neurons coursing through L1 at P14 and tracked
their EPBs (Fig. 24, right). We did not find any significant differ-
ences in EPB density between WT and Fmrl KO mice (Fig. 2D;
0.12 = 0.01 EPBs/um vs 0.11 * 0.01 EPBs/um, respectively;
n,JN = 65/18 for WT, and n,/N = 59/14 for Fmrl KO; Mann—
Whitney U test, Z = —0.82, p = 0.41, partial 1n? = 0.01), nor any
differences in EPB volume (Fig. 2F; 34.2 = 3.8 A.U. and 33.1 =
5.0 A.U. in n, /N = 55/15 in WT and n,/N = 38/11 Fmrl KO,
respectively, Mann—Whitney U test, Z = —0.15, p = 0.88, partial
n® =2E-4).

Multiple independent in vivo imaging studies have revealed a
significant increase in spine turnover in juvenile or adult Fmrl
KO mice (Cruz-Martin et al., 2010; Pan et al., 2010; Padmashri et
al., 2013; Nagaoka et al., 2016). We have interpreted this synaptic
instability to mean that neurons in Fmrl KO mice are unable to
respond to new sensory inputs related to novel sensory experi-
ences or to learning (He and Portera-Cailliau, 2013). To test this
hypothesis, WT and Fmrl KO mice were placed in either EE
overnight at P14-P15 or kept in their SE cage (Fig. 3). The EE
cages provided a dramatic novel sensory experience across visual,
auditory and, especially, tactile modalities. To determine dy-
namic changes before and after EE/SE, mice were imaged twice at

P14, 4 h apart, then placed overnight in either EE or SE cages, and
then imaged again at P15 twice, 4 h apart (Fig. 3A).

We first imaged axons before and after either EE or SE (Fig.
4A) and found that neither the ToR nor the density of EPBs was
significantly different in WT mice or Frnrl KO mice, regardless of
whether they were housed overnight in EE or in SE (Fig. 4B;
n,J N =32/10 for WT EE, n,/N = 32/8 for Fmr1 KO EE, n,,/N =
33/8 for WT SE, n,/N = 27/6 for Fmrl KO SE; Wilcoxon signed
ranks tests for density; Fig. 4C; WT SE, Z = —1.55,p = 0.12,r =
—0.27, WTEE, Z= —1.06,p = 0.29,r = 0.19; Fmr1 KO SE, Z =
—1.66,p = 0.096,r = —0.32; Fmr] KOEE, Z = —0.096,p = 0.92,
r = —0.017; Kruskal-Wallis H test for ToR, F(5 ;54 = 1.97,p =
0.58, partial > = 0.016). We also did not detect any global dif-
ferences in EPB volumes at P15 across all groups (Fig. 4D; n,/
N = 29/7 for WT SE, n, /N = 29/9 for WT EE, n, /N = 18/5 for
Fmrl KO SE, and n,/N = 17/6 for Fmr1 KO EE; Kruskal-Wallis
H test, F(5 go) = 3.088, p = 0.38, partial n*> = 0.034). To account
for varied EPB sizes at baseline, we then tracked EPBs present at t1
and t2 to determine whether or not EPB volumes change follow-
ing EE, but again, we did not detect any significant differences
(Fig. 4E; n,/N = 21/7 and 71 EPBs for WT SE, n, /N = 27/9 and
97 EPBs for WT EE, n, /N = 17/5 and 64 EPBs for KO SE, n, /N =
17/6 and 60 EPBs for KO EE; Wilcoxon signed-ranks tests for EPB
volumes; WT SE, Z = —1.87,p = 0.061,r = —0.36; WT EE, Z =
—1.13,p = 0.26,r = —0.22; KO SE, Z = —0.64, p = 0.53, r =
—0.16; KO EE, Z = —1.11,p = 0.27,r = —0.27).

We then imaged the apical dendrites of L2/3 neurons before
and after either EE or SE (Fig. 5A). Because at young ages (P10-
P12) and in adult animals, spine ToR is known to be higher in
Fmrl KO mice, we examined ToR over 4 h in mice kept overnight
in SE or EE. Exposure to EE did not result in any significant
change in spine ToR for mice of either genotype (Fig. 5B; n /N =
40/9 for WT SE, n /N = 40/9 for WT EE, n/N = 32/7 for Fmrl
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KO SE, and n /N = 41/8 for Fmrl KO; A
Kruskal-Wallis H test, F(5 ;53 = 2.32,p =

0.51, partial n? = 0.015). When we com-

pared spine density in WT mice housed in

SE versus EE, we found a significant in- T
crease in spine density in WT mice follow- 2P
ing the novel sensory experience in EE

(from 0.66 = 0.02 to 0.70 = 0.02 spines/ B

pm; 1 /N = 40/9; mixed-model repeated-
measures ANOVA was used to compare
across all groups, p values reported were
corrected via Bonferroni, F; ;,,, = 2.96,
p = 0.023, partial n* = 0.34; Fig. 5C, top).
WT mice kept overnight in SE showed no
difference in spine density (from 0.66 *
0.02 to 0.64 = 0.02 spines/pum; n/N =
40/9; F (3 147) = 2.46, p = 0.84, partial n* =
0.029). Although the increase in spine
density with EE in WT mice was subtle
(~6%), the vast majority (67.5%, 27 of 40
cells) of the neurons analyzed added
spines following this relatively brief pe-
riod of novel sensory experience, whereas
the majority of neurons in WT mice that
remained in the more impoverished stan-
dard environment (62.5%, 25 of 40 cells)
showed a decrease in spine density (Fig.
5C, top). Approximately 65% of spines
that were newly added during EE in WT
mice persisted until t3 (4 h). In contrast to
WT mice, the density of spines from P14 Fmrl KO mice kept
overnight in EE or SE did not change significantly (0.64 = 0.02
spines/um at P14 to 0.61 = 0.02 spines/um at P15 for Fmrl KO
SE, n/N = 32/7, F3 147 = 2.78, p = 0.45, partial n* = 0.14; and
0.64 * 0.02 spines/um to 0.62 * 0.02 spines/um for Fmrl KO
mice in EE, n/N = 41/8, F(5 147, = 2.46, p = 0.67, partial n* =
0.061; Figure 5C, bottom).

Changes in spine density are due to changes in the rates at
which spines are added or eliminated, and/or to changes in their
lifetime. Thus, the higher spine density in WT mice after a novel
sensory experience (EE) could arise from a gain in new spines or
from a reduction in the rate of elimination of preexisting spines.
First, we examined how the rates of spine elimination were af-
fected by EE and did not find changes in either WT mice
(repeated-measures ANOVA, F(, 4, = 1.42, p = 0.24, partial n°
= 0.035; Fig. 5D, left), or Fmrl KO mice (repeated-measures
ANOVA, F,, 45, = 3.85, p = 0.056, partial n° = 0.082; Fig. 5D,
right). However, when examining spine formation, we discov-
ered that the rate at which new spines were added in WT mice was
significantly increased by EE (from 0.14 = 0.01 new spines/um
before vs 0.16 = 0.01 new spines/um after EE; Wilcoxon signed-
rank test, Z = —2.11, p = 0.035, r = —0.33; Fig. 5E, left). This
effect was specific to the enriched environment because neither
spine elimination nor new spine formation changed in WT mice
that remained in SE overnight (formation: 0.14 * 0.01
spines/um at P14 and 0.15 = 0.01 spines/um at P15, Wilcoxon
signed rank test, Z = —0.16, p = 0.87, r = —0.025; Fig. 5E, left;
elimination: Wilcoxon signed-rank test, Z = —0.038, p = 0.97, r =
—0.0061; Fig. 5D, left). In contrast to WT mice, Frnrl KO mice
housed overnight in EE showed no change in the rates of spine for-
mation (0.16 = 0.01 spines/um before vs 0.14 = 0.01 spines/wm,
signed rank test; Z = —1.11, p = 0.27, r = —0.17; Fig. 5E, right).
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cagesat P14 (green bar) and P15 (purple bar). B, SE cages (left) are small and only contain bedding and 1 or 2 nesting pads, whereas
EE cages (right) contain various objects chosen to engage different sensory modalities, including toys of bright colors and various
shapes, sizes, and textures, as well as a running wheel.

Discussion
We set out to investigate whether or not presynaptic and postsynap-
tic elements of S1 cortical L2/3 neurons in WT and Fmrl KO mice
are affected in similar ways by novel sensory experience at a time
during development when sensory information guides behaviors,
such as navigation, object recognition, social interaction, and senso-
rimotor function, which are relevant to autism spectrum disorders.
This was an important question because, previously, in vivo imaging
studies of dendritic spines had focused only on sensory deprivation,
which is not something that happens during typical brain develop-
ment. Our main findings are as follows: (1) spine density is normal at
P14 in Fmrl KO mice; (2) the density and size of axonal EPBs are not
different between genotypes and are unaltered by EE; (3) a very brief
period (8—10 h) of EE at P14 leads to a significant increase in spine
density in WT mice, due to an increase in the rate of spine formation;
and (4) dendritic spines of Fmrl KO mice are insensitive to EE.
The fact that spine density was normal in the S1 cortex of Frmr1
KO mice is in line with several other in vivo imaging studies
(Cruz-Martin et al., 2010; Pan et al., 2010; Padmashri et al., 2013)
and helps support the notion that prior reports of higher spine
density in the somatosensory cortex of mutant mice from fixed
tissue studies may have been due to sampling bias (He and
Portera-Cailliau, 2013). It is also possible that differences in spine
density in Fmrl KO mice may occur in only certain neuronal cell
types or be specific to certain brain regions (Levenga et al., 2011;
Scotto-Lomassese et al., 2011; Suresh and Dunaevsky, 2017).
Previous work from our laboratory shows that L2/3 spine den-
sity at P10-P12 is ~0.35 spines/um but increases to ~0.99
spines/wm by P21-P24 (Cruz-Martin etal., 2010). Here, we show
that, by P14, spine density nearly doubles from that seen at P10—
P12, reaching 0.68 spines/um in WT and 0.65 spines/wm in Fmrl
KO mice, suggesting that the bulk of the spine gain between
P10-P12 and P21-P24 happens in the first few days. The data also
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Figure4. EPB density and turnover are similar between WT and Fmr1 KO mice and do not change following EE regardless of genotype. A, In vivo two-photon images of axonal EPBs in WT mice
were acquired at P14 (t1). Animals were then housed overnight (for 8—10 h) either in SE or in an EE and imaged again at P15 (t2). Subsets of representative EPBs were tracked with arrows: yellow
indicates persistent EPBs; magenta indicates lost EPBs; and green indicates newly formed EPBs (with respect to overnight period); empty arrows indicate the position along the axon that corresponds
to the location of an eliminated EPB (magenta) or newly formed EPB (green). B, Changes in the density of EPBs were not detected from P14 to P15 regardless of genotype and or housing condition.
Top, Density of EPBs in L2/3 neurons of WT mice housed overnight in SE or EE. Each line indicates the EPB density for an individual axonal segment. Green, magenta, and yellow lines indicate an
increase, a reduction, or no change in EPB density, respectively. Thick black lines indicate the average for all the axonal segments. Bottom, Density of EPBs in L2/3 neurons of Fmr1 KO mice housed
overnight in SE or EE at P14. There was no significant change detected in EPB density after EE or SE. €, Differences in the turnover of EPBs of L2/3 neurons were not detected between WT mice (top)
and Fmr1 KO mice (bottom), nor was turnover of EPB affected by EE in either genotype. There was a slight trend for EPB turnover to be lower after EE compared with after SEin WT mice, but this was
not significant. D, After SE (brown) or EE (blue) housing overnight (P15, t2), all EPB volumes were pooled per axonal segment. Differences of EPB volumes were not detected between any groups.
E, The volumes of only persistent EPBs were tracked from t1 to t2 and averaged for each axonal segment (represented by individual lines). Significant changes in EPB volumes were not detected.
Green and magenta lines indicate an increase or reduction in EPB averages, respectively. Thick black lines indicate the average for all the axonal segments.

emphasize the notion that the second postnatal week is an impor-
tant developmental period during which cortical L2/3 neurons
rapidly increase the number of dendritic spines, presumably in
response to incoming sensory information. The Cruz-Martin et
al. (2010) study also showed that, at P10-P12, ToR is higher in
Fmrl KO but that this high ToR stabilizes by P21. In the present
study, we did not find that ToR was significantly different be-
tween genotypes at P14. There are several possible explanations
for this finding: First, in Cruz-Martin (2010), we measured ToR
over a 60 min interval, whereas for this study we imaged mice 4 h
apart. Second, the ages in the two studies do not match (P14-P15
here vs P10-P12 and P21-P24 in Cruz-Martin et al., 2010),
which is important because we previously reported an elevated
ToR of spines for L2/3 neurons in S1 at P10-P12, but no differ-
ences in dynamics by P21-P24. Thus, it is possible that any geno-
typic differences in ToR (over short periods of time, 1-4 h) could
disappear by P14—P15. In general, however, our present data are
in good agreement with the data presented in Cruz-Martin

(2010), as well as with data from several other in vivo imaging
studies of dendritic spines (Pan et al., 2010; Padmashri et al.,
2013; Nagaoka et al., 2016; Suresh and Dunaevsky, 2017).
Despite the fact that FMRP is expressed presynaptically, we
did not observe any alteration in axon EPB density and volume in
L2/3 neurons of Fmrl KO mice. This could mean that, because of
the relative abundance of FMRP in dendrites (compared with
axons), dendritic spines are selectively affected by its absence in
Fmrl KO mice. However, due to the much lower density of EPBs
compared with spines, it is conceivable that, with a larger sample
size (i.e., more mice), we might have detected differences in EPBs
in Fmrl KO mice. Still, even during normal aging, we detected
significant changes in EPB density and dynamics with a similar
sample size (Mostany et al., 2013). A perplexing result about axon
EPB data is the discrepancy between the lack of plasticity in EPBs
in light of changes in spine density and dynamics. We previously
identified a similar mismatch in the context of normal aging in
mice, which led to significant changes in spine density and dy-
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Dendritic spines of L2/3 neurons in Fmr7 KO mice are insensitive to EE at P14. 4, Best projection in vivo two-photon images of dendritic spines of representative L2/3 neurons from WT

mice. Images for EE experiments were acquired as follows: at P14, 4 h apart (t0 and t1); animals were then housed overnight (for 8 10 h) eitherin SE or in EE andimaged again twice at P15, 4 hapart
(t2 and t3). Subsets of representative spines are pseudo-colored: yellow represents persistent spines; magenta represents lost spines; and green represents newly formed spines (with respect to
overnight period). B, ToR of spines in L2/3 neurons of WT (top) and Fmr7 KO (bottom) mice housed overnight in SE or EE. €, Density of spines in L2/3 neurons of WT (top) and Fmr7 KO (bottom) mice
housed overnight in SE or EE. There is significant increase in spine density after EE in WT mice. Each line indicates the average of all ROIs for an individual neuron. Green, magenta, and gray lines
indicate an increase, a reduction, or no change in spine density, respectively, for individual cells. Thick black lines indicate the average for all the cells. D, Rates of spine elimination for L2/3 neurons
inWT mice (left) and Fmr7 KO mice (right). E, Rates of formation of new dendritic spines of L2/3 neurons in WT mice (left) and Fmr 7 KO mice (right). The rate of spine formation was significantly higher

in WT mice immediately after EE, but not in Fmr7 KO mice or WT mice housed in SE.

namics, while changes in in axons were underwhelming (Mo-
stany etal., 2013). One interesting possibility is that newly formed
spines after EE will primarily contact preexisting EPBs (rather
than inducing de novo EPB formation). In this scenario, new
spines would either replace preexisting spines (competition) or
eventually disappear themselves (unless the animals are main-
tained in an enriched environment); this would leave total syn-
apse numbers more or less stable. Alternatively, new spines might
form contacts on the same EPBs as preexisting spines, in essence
forming multiple-synapse EPBs. However, in our previous study,
we did not find evidence of such multiple-synapse EPBs when
examining serial section electron microscopic reconstructions
(Mostany et al., 2013). Clearly, the role of axonal EPBs in
experience-dependent synaptic plasticity is less well understood
because we do not yet know the relationship between the appear-
ance or disappearance of an EPB and synapse remodeling. On the
other hand, changes in EPB volume clearly reflect changes in
synaptic strength (for review, see Kasai et al., 2010). However, we
did not find any significant changes in EPB volume after over-
night period of EE. Reasons for this may have to do with our
lower sample size for EPBs than for spines, the fact that the period
of enrichment was relatively brief, or perhaps that EPBs are less
plastic in young mice than in adults.

The most significant finding of our study is that a novel sen-
sory experience leads to new spines being added onto dendrites of
L2/3 neurons in WT mice, but not in Fmr1 KO mice. A previous
in vivo imaging study found that a period of EE for 2 d in
1-month-old WT mice led to a significant increase in the rate of

spine formation (Yang et al., 2009), which is in line with our
findings. However, our study is the first to demonstrate that this
effect of EE is already apparent during the critical period of S1
cortex development (P14) and requires only 8—10 h of novel
experience. The Yang et al. (2009) study showed that experience-
induced spines persisted longer than spines formed during SE,
indicating that they were permanently incorporated into the cir-
cuit. Similarly, we found that, although the modest increase in
spine density was only transient, spines formed during EE per-
sisted, suggesting that newly added spines are retained. The fact
that new spines are added in the neocortex in response to new
sensory inputs in early postnatal development is a critical step in
circuit wiring in the cortex.

Our finding that spines in 2-week-old FmrI KO mice are in-
sensitive to novel sensory experience is reminiscent of results in
motor cortex of adult Fmrl KO mice, where spines do not re-
spond to motor learning (Padmashri et al., 2013). This fits our
theory that a central defect of dendritic spines in FXS is their lack
of plasticity in response to learning or incoming sensory infor-
mation (He and Portera-Cailliau, 2013). However, we do not rule
out the possibility that the defect is simply a delay in their respon-
sivity to EE, and that, if we had extended the period of EE, FmrI
KO mice would have eventually shown an increase in spine den-
sity. Indeed, there is some evidence that the increased abundance
of morphologically immature spines in L2/3 neurons is rescued
when adult Fimrl KO mice are reared in EE since birth (Restivo et
al., 2005; Nagaoka et al., 2016). In an extension of that study, our
data support the notion that the end of the second postnatal week
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is a critical time when external sensory information shapes and
refines circuits in mice (Wen and Barth, 2011; Itami and Kimura,
2012; van der Bourg et al., 2017).

In the future, it will be important to determine the functional
impact of spine gains after sensory experience. For example, using
calcium imaging, one could investigate whether newly added spines
in barrel cortex have larger whisker-evoked signals in WT mice. It is
also fair to assume that our EE paradigm would yield similar synaptic
gains in other brain regions, including visual or auditory cortex, as
well as motor cortex, but that Frnr1 KO mice would not show those
changes. Because EE-induced improvements in synaptic and behav-
ioral abnormalities have been shown in other models of autism
(Lonetti et al., 2010; Yamaguchi et al., 2017), we believe our results
have broad implications regarding the effects of EE in autism.
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