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SUMMARY
The primary cilium is the non-motile cilium present inmostmammalian cell types and functions as an antenna for cells to sense signals.

Ablating primary cilia in postnatal newborn neurons of the dentate gyrus (DG) results in both reduced dendritic arborization and syn-

aptic strength, leading to hippocampal-dependent learning and memory deficits. Fragile X syndrome (FXS) is a common form of inher-

itance for intellectual disabilities with a high risk for autism spectrum disorders, and Fmr1 KOmice, a mousemodel for FXS, demonstrate

deficits in newborn neuron differentiation, dendriticmorphology, andmemory formation in the DG. Here, we found that the number of

primary cilia in Fmr1 KO mice is reduced, specifically in the DG of the hippocampus. Moreover, this cilia loss was observed postnatally

mainly in newborn neurons generated from the DG, implicating that these primary ciliary deficits may possibly contribute to the path-

ophysiology of FXS.
INTRODUCTION

More and more research suggests that neurons may sense

and respond to their environment via a specialized organ-

elle called a primary cilium (Green and Mykytyn, 2010),

which grows from basal bodies and extends from the cell

surface. The primary cilium is present inmultiple cell types,

including neurons in the brain, coordinates a series of

signal transduction pathways, such as the sonic hedgehog

(Shh), Wnt, and platelet-derived growth factor receptor a

pathways, and relays information from the extracellular

environment into the cell (Veland et al., 2009). Defective

formation or function of primary cilia is implicated in the

pathogenesis of many human developmental disorders

and diseases, collectively termed ciliopathies (Badano

et al., 2006; Green and Mykytyn, 2010). Ciliopathy pa-

tients display a range of neurological disorders (Lee and

Gleeson, 2010), including cognitive deficits and behavioral

phenotypes, thereby highlighting the importance of pri-

mary cilia function within the brain. While defective pri-

mary cilia leading to disruption of Shh signaling results

in impaired survival and patterning of the embryonic

mouse brain during development (Huangfu et al., 2003),

after birth, primary cilia are required for proper prolifera-

tion and differentiation of granule neuron precursors

(GNPs) in multiple brain regions, including in the dentate

gyrus (DG) (Breunig et al., 2008; Han et al., 2008). Proper

proliferation of GNPs in the DG requires primary cilia to

respond to Shh signaling for postnatal hippocampal devel-

opment (Breunig et al., 2008; Han et al., 2008). Primary

cilia are also known to be critical players for neuronalmatu-

ration in the DG; conditional deletion of the primary cilia

in adult-born neurons showed severe defects in dendritic
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arborization and synapse formation (Kumamoto et al.,

2012), and conditionally ablated primary cilia in adult

stem cells in the DG showed decreased newborn neuron

production, which resulted in defects in hippocampal-

dependent learning and memory (Amador-Arjona et al.,

2011), which often are phenotypes of neurodevelopmental

disorders. Although growing evidence indicates that pri-

mary cilia are implicated in brain development and intel-

lectual disabilities, the functional role of primary cilia in

neurodevelopmental disorders, such as fragile X syndrome

(FXS) is largely unknown.

FXS is themost commonmonogenic cause of autism spec-

trum disorder, and is driven by the silencing of the fragile X

mental retardation1 (FMR1) gene leading to a rangeofdevel-

opmental deficits, including intellectual disabilities and

cognitive impairment. TheFMR1geneencodes for the fragile

X mental retardation protein (FMRP), which is an mRNA-

binding protein and is expressed in the cell body, dendrites,

and postsynaptic spines of neurons (Antar et al., 2004; Lee

et al., 2011). The mouse model of FXS, the Fmr1 knockout

(KO) mouse, displays phenotypes similar to symptoms in

the human condition, including cognitive deficits, hyperac-

tivity, increased repetitive behaviors, and social deficits (Lee

et al., 2018; Spencer et al., 2011). Fmr1 KO mice are known

to lose synaptic strength and to have hippocampal-depen-

dent learning andmemory deficits (Guo et al., 2011), which

are phenotypes that are also shown by primary cilia loss in

the DG (Rhee et al., 2016; Amador-Arjona et al., 2011).

Furthermore, previous reports also revealed that Fmr1 KO

mice show reduced neuronal differentiation and dendritic

complexity in postnatal newborn neurons in the DG (Guo

et al., 2011; Luo et al., 2010), which are other phenotypes

that are also shown in ciliary deficits (Amador-Arjona et al.,
uthors.
ecommons.org/licenses/by-nc-nd/4.0/).
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2011; Kumamoto et al., 2012). Given these shared pheno-

types between losing FMRP and losing primary cilia in the

DG, investigating whether primary cilia contribute to the

pathophysiology of FXS can be important in understanding

this disorder.

Our study is aimed at finding a link between primary cilia

and neurodevelopmental disorders using amousemodel of

FXS. Here, we demonstrate that the number of primary cilia

was significantly reduced in the DG, but not altered in the

somatosensory cortex, entorhinal cortex, and hippocam-

pus proper (CA1 and CA3) in Fmr1 KO mice compared

with wild-type (WT) mice. When we further investigated

primary cilia in various prenatal and postnatal develop-

mental stages, we found a significant reduction in the num-

ber of primary cilia in the DG of Fmr1 KO mice after post-

natal day 14 (P14), but not in earlier postnatal ages or in

embryos. Furthermore, the primary cilia loss in the DG of

Fmr1 KO mice was specifically found in mature granule

neurons, especially in newborn neurons differentiated

from the subgranular zone (SGZ) in the DG. Taken alto-

gether, these results show primary cilia deficits in the DG

of Fmr1 KO mice, implicating that these deficits may

possibly contribute to the pathophysiology of FXS.
RESULTS

Primary Cilia Are Significantly Reduced in the DG of

Adult Fmr1 KO Mice

To investigate primary cilia in Fmr1 KO mice, we analyzed

primary cilia in the hippocampus and the cortical area,

where Fmr1 KO mice show neuronal deficits associated

with cognitive behavioral phenotypes in FXS (Bureau

et al., 2008; Eadie et al., 2012), and where primary cilia

are known to mediate cognitive function (Berbari et al.,

2014). We examined primary cilia in the Ammon’s horn

(CA1 and CA3) and the DG of the hippocampus, and the

somatosensory (S1) and entorhinal cortex (EC) of the

cortical area (Figure 1A). Brain sections from adult WT or

Fmr1 KO mice were immunostained for type 3 adenylyl

cyclase (AC3), a marker for primary cilia, and nuclear

stained with 40,6-diamidino-2-phenylindole (DAPI), then

the percentage of AC3+ cells were counted by normalizing

with the total number of cells (DAPI+ cells). As a result,

among the brain regions that we investigated, the DG of

Fmr1 KO mice specifically showed a significant reduction
Figure 1. The Number and the Length of Primary Cilia Are Reduce
(A) Schematic view of the hippocampus (CA1, CA3, and DG), and the
(B and C) Left: immunostaining of (B) AC3 (magenta) or (C) Arl13b (m
Fmr1 KO mice. Higher magnifications of the left images (yellow boxes
the percentage of (B) AC3+ or (C) Arl13b+ cells among DAPI+ cells in
(D) Quantification of the length of AC3+ primary cilia in the DG of P6
n = 8, mean ± SEM, Student’s unpaired t test. **p < 0.01, ****p < 0.
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(15.96% lower) in the number of primary cilia (AC3+/

DAPI+ cells) compared with WT mice (Figure 1B). Notably,

the number of primary cilia determined by another pri-

mary cilia marker, adenosine diphosphate (ADP)-ribosyla-

tion factor-like protein 13b (Arl13b), was still significantly

decreased in Fmr1 KO mice compared with WT mice (Fig-

ure 1C), implicating that the reduction of AC3+ cells was

not due to the reduction in AC3 expression levels, but

due to the primary cilia loss. Given that ciliopathies often

also demonstrate shorter primary cilia (Hernandez-Her-

nandez et al., 2013; Tuz et al., 2014), we investigated pri-

mary cilia length, which showed that Fmr1 KO mice have

shorter primary cilia compared with WT mice in the DG

(Figure 1D). Since basal bodies template primary cilia for-

mation and can mediate primary cilia deficits, we further

checked if theDGof Fmr1KOmice showbasal body deficits

by immunostaining pericentrin, which identifies basal

bodies of mouse photoreceptors (Mühlhans et al., 2011).

As a result, Figure S1 shows that pericentrin adjacently lo-

calizes with AC3+ primary cilia (markedwithwhite arrows),

and no significant reduction in number was observed in

Fmr1 KO mice compared with WT mice, indicating that

the reduction of primary cilia in Fmr1 KOmice is not medi-

ated by basal body deficits. Finally, deficits in primary cilia

are specific to the DG among the brain regions we investi-

gated, as the number of primary cilia in the CA1, CA3, S1,

and EC showed no significant difference between WT and

Fmr1 KOmice as shown in Figure 2. Taken together, our re-

sults demonstrate deficits in the number and the length of

primary cilia in the DG of Fmr1 KO mice.
Fmr1 KO Mice Show Age-Dependent Primary Cilia

Deficits

Given that the DG developmental period extends from pre-

natal to postnatal days (Yu et al., 2014), we investigated pri-

mary cilia expression in theDGofWTor Fmr1KOmice from

the prenatal stage (embryonic day 18.5 [E18.5]) through the

postnatal stages (P0, P7, P10, P14, P30, and P60) to deter-

mine when the primary cilia deficits occur (Figure 3). As a

result, although primary cilia were present in both WT and

Fmr1 KO mice throughout the prenatal to postnatal ages

in the DG, increased numbers of primary cilia were found

in WT mice as the DG developed until P30, while primary

cilia in Fmr1 KOmice remained at a consistently significant

lower number at P14, P30, and P60 comparedwithWTmice
d in the DG of Fmr1 KO Mice
cortex (S1 and EC), where primary cilia were investigated.
agenta) with DAPI nuclear staining (green) in the DG of P60 WT or
) are shown in the middle and right panels. Right: quantification of
the DG.
0 WT or Fmr1 KO mice.
0001. See also Figure S1.
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A Figure 3. Primary Cilia Loss in the DG of
Fmr1 KO Mice Is Age Dependent
Brain sections were prepared from WT or Fmr1
KO mice at E18.5, P0, P7, P10, P14, P30, and
P60.
(A) Immunostaining of AC3 (magenta) with
DAPI nuclear staining (green) in the DG of WT
or Fmr1 KO mice. AC3+ primary cilia are shown
in upper panels of WT and Fmr1 KO mice, and
AC3+ primary cilia with DAPI+ cells are shown
in lower panels of WT and Fmr1 KO mice.
(B) Quantification of the percentage of AC3+

cells among DAPI+ cells in the DG of WT and
Fmr1 KO mice at E18.5, P0, P7, P10, P14, P30,
and P60.
n = 8, mean ± SEM, Student’s unpaired t test.
*p < 0.05, **p < 0.01, ****p < 0.0001.
(Figure 3); the percentage of ciliated cells in Fmr1 KO mice

was 14.70% lower at P14, 21.44% lower at P30, and 7.95%

lower at P60 compared withWTmice (Figure 3B). Although

we focused on the significant and consistent reduction of

the number of primary cilia from P14 to P60, notably, the

number of primary cilia showed a transient increase at P7

in Fmr1 KO mice. Taken together, we demonstrate that a

decreased number of primary cilia was observed from the

age of P14 in the DG of Fmr1 KO mice, which implicates

that the primary ciliary loss is age dependent.

Primary Cilia Deficits Are Shown in Mature Granule

Neurons of the DG in Fmr1 KO Mice

As theDG forms around the first week of postnatal develop-

ment, the neural progenitor cells (NPCs) settle at the border
Figure 2. Primary Cilia Deficits Are Not Observed in the CA1 and C
Fmr1 KO Mice
(A–D) Left: immunostaining of AC3 (magenta) with DAPI nuclear st
hippocampal CA1 (CA1), (B) hippocampal CA3 (CA3), (C) somatosen
higher magnifications of the left images (yellow boxes) are shown in t
of AC3+ cells among DAPI+ cells in the indicated brain region.
n = 8, mean ± SEM. Student’s unpaired t test.
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between the granule cell layer (GCL) and the hilus in the

SGZ, where cells differentiate into granule neurons as

they migrate into the GCL and project axons into the mo-

lecular layer (Li and Pleasure, 2005). This process persists

throughout their lifetime in the GCL. Therefore, we next

examined whether primary cilia deficits are specific to the

differentiation status or to the type of cells in DG by deter-

mining the number of primary cilia inmature granule neu-

rons (NeuN+ or calbindin+), NPCs (BLBP+), or astrocytes

(S100b+) in the DG of WT or Fmr1 KO mice. As a result,

the number of primary cilia was significantly reduced in

NeuN+ or calbindin+ mature granule neurons in the DG

of Fmr1 KO mice at P14, P30, and P60, but not in earlier

ages (Figures 4A, 4B, and S2). However, in NeuN� cells,

where a lower density of primary cilia was observed
A3 Regions of the Hippocampus, and S1 and EC of the Cortex in

aining (green) in the brains of P60 WT or Fmr1 KO mice. The (A)
sory cortex (S1), and (D) entorhinal cortex (EC) were imaged and
he middle and right panels. Right: quantification of the percentage
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Figure 4. Age-Dependent Primary Cilia Deficits Are Found Specifically in NeuN+ Mature Granule Neurons of Fmr1 KO Mice
(A) Immunostaining of AC3 (magenta) and NeuN (cyan) in the DG of P7, P10, P14, P30, and P60 WT or Fmr1 KO mice. AC3+ primary cilia are
shown in upper panels of WT and Fmr1 KO mice, and AC3+ primary cilia with NeuN+ cells are shown in lower panels of WT and Fmr1 KO mice.
White arrows, AC3+;NeuN+ cells; yellow arrows, AC3+;NeuN� cells.
(B and C) Quantification of the percentage of AC3+ cells among (B) NeuN+ cells or (C) NeuN� cells. n = 8, mean ± SEM.
Student’s unpaired t test. *p < 0.05, **p < 0.01, ****p < 0.0001. See also Figures S2 and S3.
comparedwithNeuN+ cells, no significant difference in pri-

mary cilia number was observed at any ages tested (P7, P10,

P14, P30, and P60) in the DG of Fmr1 KO mice (Figures 4A

and 4C). Notably, upon investigating primary cilia in NPCs
(BLBP+), no reduction in primary cilia number was

observed in the DG of P30 or P60 Fmr1 KOmice compared

withWTmice (Figures 5A and 5B), implicating that the pri-

mary cilia deficits observed in Fmr1 KOmice are specific to
Stem Cell Reports j Vol. 15 j 454–466 j August 11, 2020 459
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the differentiation status of cells in DG (mature granule

neurons). Since primary cilia are well known to mediate

Shh signaling, we further determined whether primary

cilia loss in the DG of Fmr1 KO mice contributes to Shh

signaling by measuring Gli1 mRNA expression, an indica-

tor of Shh signaling, using qRT-PCR. Figure 5C demon-

strates that there is no significant change in Gli1 mRNA

levels in the DG of Fmr1 KOmice, indicating no significant

change in Shh signaling. Since Gli1 is known to be mainly

detected at high levels in the inner area of the DG, andme-

diates Shh signaling mainly in NPCs of the DG (Han et al.,

2008), our result of no significant change in Gli1 mRNA

levels supports the observation of no significant reduction

of primary cilia number in NPCs in the DG of Fmr1 KO

mice. Finally, astrocytes (S100b+) in the DG of Fmr1 KO

mice showedno significant reduction of primary cilia num-

ber (Figures 5D and 5E), implicating that the primary cilia

deficits observed in Fmr1 KO mice are specific to the type

of cells in DG (granule neurons).

Given that neurogenesis in the DG was previously shown

to be reduced in Fmr1 KO mice (Luo et al., 2010), next we

checked the neuronal populations in the DG of WTor Fmr1

KOmice at various ages to know if the primary cilia density

was affected by the neuronal density (Figure S3). Although

the proportion of mature granule neurons (NeuN+) to total

number of cells (DAPI+) in the DG of Fmr1 KO mice was

increased at P7 and P10 compared with WT mice, there

were no significant differences at P14, P30, and P60 (Fig-

ure S3B), the ages which showed the decreased primary cilia

expression in mature granule neurons (Figures 4A, 4B, and

S2), implicating that the primary cilia deficits are not affected

by the neuronal density in the DG of Fmr1 KO mice. Taken

altogether, our results demonstrate that the reduction of pri-

mary cilia in the DGof Fmr1 KOmice is specifically found in

mature granule neurons and is age dependent.

Primary Cilia Deficits Are Observed in Newborn

Neurons from SGZ, but Not in Neurons from DNe

TheDG is one of the two areas of the brainwhere neurogen-

esis occurs postnatally (Eriksson et al., 1998). In the prenatal

stage and the early postnatal stage, postmitotic neurons and
Figure 5. No Significant Change in the Number of Primary Cilia Is F
KO Mice
(A) Immunostaining of Arl13b (magenta) and BLBP (cyan) with DAPI n
White arrows, Arl13b+;BLBP+ cells.
(B) Quantification of the percentage of Arl13b+ cells among BLBP+ ce
(C) Gli1mRNA level was analyzed by qRT-PCR in the DG of adult WT or F
gene peptidylprolyl isomerase A (Ppia) mRNA levels.
(D) Immunostaining of AC3 (magenta) and S100b (green) with DAPI n
KO mice. White arrows, AC3+;S100b+ cells.
(E) Quantification of the percentage of AC3+ cells among S100b+ cells.
unpaired t test.
GNPs migrate to the DG from the dentate neuroepithelium

(DNe) (Altman and Bayer, 1990). The GNPs are then trans-

formed into neural stem cells in the SGZ of the DG and

begin producing dentate granule cells, which result in the

majority of newborn granule cells in the GCL (Li and Plea-

sure, 2005). Therefore, the granule neuronal population in

the DG is heterogeneous; they originate from either the

DNe or the SGZ (Urbán and Guillemot, 2014). Meanwhile,

most primary cilia assemble between 14 and 21 days after

the birth of the newborn granule cells in the GCL of the

DG (Kumamoto et al., 2012). Given that primary cilia loss

in neurons of the DG was shown from around P14 in

Fmr1 KO mice, and that neuronal maturation takes 14–

21 days, we hypothesized that the primary cilia loss in the

DG of Fmr1 KO mice was triggered in newborn neurons

from the SGZ, and that these could account for the cilia

loss in P14. To investigate primary ciliogenesis in newborn

neurons from the DNe or the SGZ, we performed an intra-

peritoneal injection of 5-bromo-20-deoxyuridine (BrdU) in

various developmental stages. Given the development of

DG begins around E13.5 (Yu et al., 2014), we injected

BrdU at E12.5 (single injection) to track DNe-newborn neu-

rons, and at E15.5 (single injection), P7–8, P30–31, or P60–

61 (three times daily for 2 days, 8 h apart) to track SGZ-

newborn neurons (Figure 6). After 28 days from the last

BrdU injection for the neuronal maturation (at P21, P24,

P36, P59, or P89, respectively), we investigated the primary

cilia in newborn neurons originating at the ages of E12.5,

E15.5, P7–8, P30–31, or P60–61 ofWTor Fmr1KOmice (Fig-

ures 6A and 6B). As a result, newborn neurons from embry-

onic development were positioned in the outer layer of the

GCL (BrdU injection at E12.5 or E15.5 in Figure 6A), while

postnatal newborn neurons migrated into the inner and

middle layers of the GCL (BrdU injection at P7–8, P30–31,

or P60–61 in Figure 6A) as indicated in a previous study

(Mathews et al., 2010). We then analyzed the percentage

of the primary cilia in newborn neurons (NeuN+;BrdU+) of

WT or Fmr1 KO mice (Figure 6C). As a result, while DNe-

newborn neurons originating at E12.5 did not exhibit pri-

mary cilia loss in Fmr1KOmice, SGZ-newborn neurons orig-

inating at E15.5, P7–8, P30–31, or P60–61 showed
ound in NPCs (BLBP+) or Astrocytes (S100b+) in the DG of Fmr1

uclear staining (gray) in the DG of P30 and P60 WT or Fmr1 KO mice.

lls.
mr1 KO mice. Values of Gli1mRNA were normalized by housekeeping

uclear staining (gray) in the DG of P7, P14, P30, and P60 WT or Fmr1

n = 8 for immunostaining, n = 3 for qRT-PCR, mean ± SEM. Student’s
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Figure 6. Newborn Neurons (NeuN+;BrdU+)
Originated from the SGZ Exhibit Primary
Cilia Loss in the DG of Fmr1 KO Mice
BrdU was administrated by intraperitoneal
injection into WT or Fmr1 KO mice at E12.5,
E15.5, P7–8, P30–31, or P60–61 followed by
brain collection at 28 days post injection
(dpi).
(A) Immunostaining of AC3 (magenta), NeuN
(gray), and BrdU (green) in the DG of BrdU-
treated WT or Fmr1 KO mice. Orange arrows,
AC3+;NeuN+;BrdU+ cells. Inner layer (toward
hilus) of the DG is located on the lower side of
images.
(B) Schematic view of BrdU treatment and
collection of WT or Fmr1 KO mice.
(C) Quantification of the percentage of AC3+

cells among NeuN+;BrdU+ newborn neurons
originating at E12.5, E15.5, P7–8, P30–31, or
P60–61 in WT and Fmr1 KO mice (28 dpi: P21,
P24, P36, P59, or P89).
n = 8–10, mean ± SEM, Student’s unpaired t
test. *p < 0.05, ***p < 0.001, ****p < 0.0001.
See also Figures S4–S6.
significant reduction of primary cilia in the DG of Fmr1 KO

mice compared with WT mice (Figure 6C), indicating that

there were primary cilia deficits in newborn neurons from

the SGZ of theDG. A similar result was observedwhen using

another neuronalmarker, calbindin (Figure S4). Notably, to-

tal primary cilia number in NeuN+ mature granule neurons

from Fmr1 KO mice at 28 days post-BrdU injection (at P21,

P24, P36, P59, or P89, respectively) still show primary cilia

deficits compared with WT mice as observed in Figures 4A,

4B, and S2, indicating that BrdU administration did not alter

the primary cilia phenotype in Fmr1 KO mice (data not

shown).

Sinceprevious studies revealed that Fmr1KOmice showed

reduced neurogenesis but increased newly differentiated as-

trocytes in theDG (Guo et al., 2011; Luo et al., 2010),we also

checked primary cilia in newly differentiated astrocytes
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(S100b+;BrdU+). As a result, the number of primary cilia in

newly differentiated astrocytes did not show a significant

difference betweenWTand Fmr1KOmice (Figure S5), impli-

cating that primary cilia loss is specific to newborn neurons

and is independent of the rate of differentiation to newborn

neurons or newly differentiated astrocytes in the DG. Taken

altogether, these results demonstrate that newborn neurons

from the SGZ specifically show primary cilia deficits, indi-

cating that the primary ciliary deficits are dependent on

the origin of the cells in Fmr1 KO mice.
DISCUSSION

Defective primary cilia have been associated with diverse

human diseases, including Alström, Bardet-Biedl, Joubert,



Meckel-Gruber, and Oral-facial-digital type 1 syndromes

(Badano et al., 2006). Thepathology of these pleiotropic dis-

orders includes intellectual disability and ataxia, suggesting

that primary cilia are required for the proper development

or function of the brain. In the DG, primary cilia are known

to be required for proper proliferation and differentiation of

the GNPs into granule neurons, which play crucial roles for

learning and memory (Breunig et al., 2008; Han et al.,

2008). Primary cilia are also known to be critical players

for neuronal maturation in the DG (Amador-Arjona et al.,

2011; Kumamoto et al., 2012). Although several recent

works reported possible roles of primary cilia in neuronal

development and brain behaviors, the contribution of pri-

mary cilia in normal brain function and brain disorders re-

mains largely understudied; specifically, the role of primary

cilia in neurodevelopmental disorders is largely unknown.

In this study, we demonstrate that loss of FMRP leads to pri-

mary cilia deficits in a mouse model of FXS. In the DG of

Fmr1 KO mice, we found the reduction of primary cilia

number and length, phenotypes observed inmultiple cilio-

pathies, including Joubert and Bardet-Biedl syndromes

(Hernandez-Hernandez et al., 2013; Tuz et al., 2014). Previ-

ous studies revealed the potential role of FMRP in newborn

neurons, including decreases in dendritic length,

complexity, and branch tip numbers observed in hippo-

campal newborn neurons from Fmr1 KO mice (Guo et al.,

2011), and the reductions in dendrite number, length,

and branching in embryonic stem cells and induced plurip-

otent stem cells from human FXS patients (Castrén et al.,

2005; Doers et al., 2014). Therefore, our results demon-

strating primary cilia deficits in newborn granule neurons

of the DG induced by FMRP loss, a condition of FXS, impli-

cates the possible contribution of primary cilia to the path-

ophysiology of FXS given that primary cilia play a critical

role for neuronal maturation of newborn neurons in the

DG (Amador-Arjona et al., 2011; Kumamoto et al., 2012).

We demonstrated that the number of primary cilia is

significantly reduced in the DG, but not in the CA1 or

CA3 of the hippocampus or in the cortical areas (brain re-

gion specific) in adult Fmr1 KO mice (Figures 1 and 2).

We also showed that the loss of primary cilia is observed

from ages around P14 and the deficit continues to adult-

hood (age dependent) in Fmr1 KO mice (Figure 3). There-

fore, our findings indicate that primary cilia loss in Fmr1

KO mice occurs at a specific time and location. Moreover,

we identified that the number of primary cilia shows a

marked decrease in mature granule neurons in the DG of

Fmr1 KOmice from ages around P14, but primary cilia def-

icits were not found inNPCs (differentiation status specific)

or astrocytes (cell type specific) in the DG of Fmr1 KOmice

(Figures 4, 5, and S2). The distinct origin of embryonic cells

(DNe-origin) and NPCs (SGZ-origin) contributes to a het-

erogeneous mixture of the granule neuronal population
in the DG (Urbán and Guillemot, 2014). Our BrdU-labeling

experiments revealed that newborn neurons from the SGZ

(SGZ-newborn neurons) lost primary cilia in Fmr1 KOmice

while newborn neurons from the DNe (DNe-newborn neu-

rons) did not show primary cilia loss (origin specific) in

Fmr1 KO mice compared with WT mice (Figures 6 and

S4). Moreover, the reduction of primary cilia number in

SGZ-newborn neurons corresponds to the level of reduc-

tion shown in ciliopathies (Hernandez-Hernandez et al.,

2013; Tuz et al., 2014). However, mechanisms underlying

how newborn neurons from the SGZ specifically show pri-

mary cilia deficits in Fmr1 KO mice need further

investigations.

Our result demonstrates that the primary cilia loss in the

absence of FMRP occurs between E12.5 and E15.5, and im-

plicates that primary cilia deficits are mainly in the SGZ-

newborn neurons rather than the DNe-newborn neurons

(Figure 6). There may be a dramatic change in the condi-

tions of cells during this critical period in the DG develop-

ment between E12.5 and E15.5, which may cause the pri-

mary cilia deficits shown in mature granule neurons

between P10 and P14 in theDGof Fmr1KOmice (Figure 4),

given that both the primary cilia maturation and the

neuronal differentiation take approximately 14–21 days

(Kumamoto et al., 2012). One possible mechanism is that

dramatic FMRP level changes, if detected in this critical

period of primary cilia loss, can potentially contribute to

primary cilia deficits detected in SGZ-newborn neurons

from around P14 in Fmr1 KO mice. However, when we

checked whether there was any dramatic elevation in the

expression levels of FMRP between E12.5 and E15.5, no sig-

nificant difference in FMRP levels in the DNe or DG of WT

embryos at E12.5, E15.5, and E18.5 was detected (Fig-

ure S6). This result demonstrates that FMRP levels may

not be a critical factor in mediating the primary cilia loss

transition in E12.5–E15.5 and P10–P14, but given that pri-

mary cilia loss is spatially and temporally controlled, and

that FMRP is an mRNA-binding protein that associates

with polyribosomes and regulates the trafficking, stability,

and translation of mRNA (Laggerbauer et al., 2001; Lee

et al., 2011), one potential scenario might be that FMRP

contributes to the primary ciliogenesis directly or indirectly

by regulating mRNAs which are critical for primary cilia

formation or maintenance. The molecular mechanisms

underlying primary cilia deficits in SGZ-newborn neurons

of FXS can be further investigated by identifying FMRP

mRNA targets and characterizing how FMRP regulates pri-

mary cilia. Our result also demonstrates ciliary loss specif-

ically in the DG among the brain regions that we investi-

gated (Figures 1 and 2), although FMRP, which expresses

ubiquitously through the brain, does not show a specific

higher expression in the DG compared with the CA1 and

CA3 of the hippocampus (Zorio et al., 2017). Notably, the
Stem Cell Reports j Vol. 15 j 454–466 j August 11, 2020 463



DG is one of the two areas of the brain where neurogenesis

occurs postnatally (Eriksson et al., 1998), therefore we

believe that our findings can lead to exciting potential

future studies as to whether another brain region, the olfac-

tory bulb, where postnatal newborn neurons migrate to

(Urbán and Guillemot, 2014), shows ciliogenesis deficits

in Fmr1 KO mice.
EXPERIMENTAL PROCEDURES

Animals
FVB.129P2-Pde6b+ Tyrc-ch/AntJ (control for Fmr1 KO mice) and

FVB.129P2-Pde6b+ Tyrc-ch Fmr1tm1Cgr/J (Fmr1 KO mice) were pur-

chased from Jackson Laboratory. Heterozygous females (Fmr1+/�)
were generated by crossing Fmr1 KO female (Fmr1�/�) and control

male (Fmr1+/y) mice, which were then crossed with control male

(Fmr1+/y) mice to obtain male Fmr1 KO pups (Fmr1�/y) and male

WT control littermates (Fmr1+/y). For BrdU injections, control mice

and Fmr1 KO mice were given intraperitoneal injections of BrdU.

Mice for each genotype were chosen randomly for all experiments.

All mice were housed in the university’s animal facility which was

maintained under normal humidity and temperature with 12 h pe-

riods of light and darkness. Food andwaterwere provided ad libitum.

The use and care of animals in this study followed the guidelines of

the University of Texas Health Science Center at San Antonio

(UTHSCSA) Institutional AnimalCare andUseCommittee (IACUC).

Embryo Collection
Embryoswere collected through timedbreeding of adultmales and

females with E0.5 being noon of the day the vaginal plug was de-

tected. Plugged females were euthanized, and embryos were

collected at E12.5, E15.5, and E18.5. Brains were dissected and

fixed in 4% paraformaldehyde (PFA) (w/v) in 13 PBS for 2 h at

4�C, and then stored in 30% sucrose for 2 days. Embryonic brains

were kept at �80�C after being embedded into embedding mold

with Tissue-Plus O.C.T. Compound. Coronal sections (25 mm)

were obtained by cryostat sectioning onto a Superfrost Plus slide.

The sections were stored at �20�C until use for immunostaining.

Postnatal Brain Preparation
Postnatal mice at P7, P10, P14, P30, and P60were anesthetized with

isoflurane and perfused intracardially with PBS followed by 4%PFA,

whereas P0 mice were decapitated without perfusion. Brains were

dissected and fixed in 4% PFA in 13 PBS for 4 h at 4�C, and then

stored in 30% sucrose for 2 days. Embryonic brains were kept at

�80�C after being embedded into embedding mold with Tissue-

Plus O.C.T. Compound. Coronal sections (25 mm) were obtained

by cryostat sectioning onto a Superfrost Plus slide. The sections

were stored at �20�C until used for immunostaining. For qRT-

PCR, the DG was dissected as indicated previously (Hagihara et al.,

2009) followed by RNA extraction.

BrdU Injections
To study the primary cilia in newborn neurons, BrdU was intraper-

itoneally injected into mice. For injection into mouse embryos,

BrdU was injected once into pregnant females at E12.5 or E15.5
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(15 mg kg�1 body weight at E12.5; 25 mg kg�1 body weight at

E15.5), and perfused with 4% PFA 28 days after the injection. Post-

natal mice (P7, P30, and P60) were injected with 50 mg kg�1 body

weight of BrdU intraperitoneally three times, 8 h apart, for 2 days

(six injections total) and perfused with 4% PFA 28 days after the

last injection as described previously (Amador-Arjona et al., 2011).
Statistical Analysis
Significant differences were designated by Student’s unpaired t test

or one-way ANOVA. For all comparisons, values of p < 0.05 were

considered statistically significant, and all data are presented as

mean ± SEM. All the statistics showed that variances were similar

between the groups that were being statistically compared. No sta-

tistical methods were used to pre-determine sample sizes, but all

sample sizes are similar to those generally used in the field. Sample

size (n) is indicated in each figure legend.None of the sampleswere

excluded for the analysis.

Materials, Antibodies, Vaginal Plug Formation, RNA Extraction

from Mouse Brains and qRT-PCR, Immunostaining, Imaging and

Analysis, and Data Availability. See Supplemental Experimental

Procedures for details.
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