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The developing brain is under the risk of exposure to a multitude
of environmental stressors. While perinatal exposure to excessive
levels of environmental stress is responsible for a wide spectrum
of neurological and psychiatric conditions, the developing brain is
equipped with intrinsic cell protection, the mechanisms of which
remain unknown. Here we show, using neonatal mouse as a
model system, that primary cilia, hair-like protrusions from the
neuronal cell body, play an essential role in protecting immature
neurons from the negative impacts of exposure to environmental
stress. More specifically, we found that primary cilia prevent the
degeneration of dendritic arbors upon exposure to alcohol and
ketamine, two major cell stressors, by activating cilia-localized
insulin-like growth factor 1 receptor and downstream Akt signal-
ing. We also found that activation of this pathway inhibits
Caspase-3 activation and caspase-mediated cleavage/fragmenta-
tion of cytoskeletal proteins in stress-exposed neurons. These re-
sults indicate that primary cilia play an integral role in mitigating
adverse impacts of environmental stressors such as drugs on
perinatal brain development.
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Exposure to harmful environmental factors during prenatal
and perinatal stages of human brain development can disrupt

a number of molecular pathways involved in critical steps of
brain development, potentially leading to the development of
neurodevelopmental disorders or intellectual disabilities (1, 2).
Of those factors, alcohol and ketamine represent major drugs
that are frequently used by pregnant women (3, 4). These two
drugs share γ-minobutyric acid (GABA) mimetic and N-methyl-
D-aspartic acid (NMDA) antagonistic properties, which have
been shown to mediate strong cell death-promoting effects in the
developing brain (5, 6). Exposing mice to alcohol or anesthetics,
such as ketamine, at about postnatal day (P) 7 is commonly used
to model exposure of human fetuses between the third trimester
of gestation and the neonatal stage. During this critical period, a
brain undergoes a growth spurt (7), and disruption of develop-
mental processes during this period is particularly harmful, often
triggering long-term brain dysfunctions.
Alcohol (ethanol) exposure can perturb essential processes in

brain development, including neurogenesis, migration, and cell
survival (8), leading to a wide range of functional deficits (9–13).
Many studies have revealed that immature neurons are partic-
ularly vulnerable targets for ethanol-induced apoptotic cell death
during the brain growth spurt (14).
Ketamine is used as an analgesic and anesthetic for surgery,

and has also emerged as an effective antidepressant (15, 16).
However, ketamine is also abused as a recreational drug (17).
Increasingly widespread use and misuse of ketamine by pregnant
and lactating women, raises concerns about its neurotoxicity to
the immature perinatal brain of their offspring (18, 19). In a

number of animal and human studies, perinatal exposure to ketamine
was shown to trigger neuronal degeneration, which subsequently
leads to long-term and permanent functional deficits (20–22).
Under the risk of exposure to such factors, the developing

brain relies on various intrinsic neuroprotective mechanisms in-
cluding heat shock signaling and endoplasmic reticulum stress
pathways (23, 24). Increasing attention has been paid to these
pathways as attractive targets for the development of novel in-
terventions and therapies for neuropsychiatric and neurodegen-
erative disorders (24, 25). Yet, our understanding of the intrinsic
protective mechanisms remains limited.
Cilia, which consist of motile and primary types, are protu-

berances that project from the soma of various cell types (26, 27).
Primary cilia are known to play a pivotal role in early normal
brain development (28) by regulating the signal transduction of
key molecular pathways such as Hedgehog and Wnt signaling
(29). The elongation (maturation) of primary cilia in the cerebral
cortex occurs during early postnatal development in mice (around
P0 to P14) (27), and deficits are suspected to be involved in the
pathogenesis of neuropsychiatric disorders such as autism and
schizophrenia (30–32). Although the risk for these disorders is
known to be increased by exposure to various environmental
stressors, including alcohol and ketamine (33–35), it is unknown
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whether cilia play a role in preserving normal brain development
in the face of environmental factors.
In the present study, we tested whether primary cilia serve a

protective role during exposure of the developing cerebral cortex
to environmental insults such as ethanol and ketamine. We used
transgenic mice in which cilia are genetically lost in cortical ex-
citatory neurons as a model system. Our data provide evidence
that primary cilia are an essential organelle for efficient activa-
tion of cilia-localized insulin-like growth factor 1 receptor (IGF-
1R), and downstream Akt signaling to protect immature neurons
from caspase-mediated dendritic degeneration in the developing
brain.

Results
Loss of Primary Cilia Augments Environmental Stress-Induced Caspase-3
Activation in the Developing Cerebral Cortex. To determine the
roles of cilia in brain development under exposure to environ-
mental insults, we employed conditional knockout (cKO) of
intraflagellar transport 88 (Ift88), a gene required for cilia for-
mation and maintenance (36). Ift88 floxed mice were crossed
with mice carrying the transgene Emx1-IRES-Cre (Emx1-Cre) by
which Cre recombinase is expressed specifically in the dorsal
pallium-originated cortical cells (37). In contrast to conditional
heterozygote (cHet) control mice, in which each cortical neuron
has one primary cilium at the somal region (27) (Fig. 1A), loss of
cilia in cortical excitatory neurons (Fig. 1A), but not in cortical
interneurons (Fig. 1B), was confirmed in cKO mice. No obvious
structural abnormalities were observed in the brain of cKO mice
as previously reported (38, 39).
Ethanol (EtOH) was administered by subcutaneous (s.c.).

injection on P7 at 2.5 g/kg weight twice with a 2-h interval
(Fig. 1C). Using this regimen, activation of Caspase-3, a key
effector in the process of apoptotic cell death, was observed in
the soma of cortical pyramidal neurons in layers II and V in cHet
animals as early as 4 h post (second) injection (SI Appendix, Fig.
S1A), similar to cases of EtOH-exposed wild-type mice (40–42).
Strikingly, in Ift88 cKO mice, the activation of Caspase-3 was
highly augmented in the soma as well as the main stem of apical
dendrites (SI Appendix, Fig. S1A). The number of activated
Caspase-3-positive neurons remained small 24 h postinjection in
cHet mice, while the number was significantly larger in cKO
mice, particularly in layer V (Fig. 1 D–F). By then, labeling of
activated Caspase-3 became widely scattered, likely in dendritic
arbors, in EtOH-exposed cKO mice (Fig. 1D). The expression of
activated Caspase-3 was no longer detectable 72 h postinjection
(SI Appendix, Fig. S1B). No obvious activation of Caspase-3 was
observed at any time point following phoshate-buffered saline
(PBS; control) exposure in either cHet or cKO mice (Fig. 1 D–F
and SI Appendix, Fig. S1).
Ketamine administration (by a single s.c. injection on P7 at

20 mg/kg weight) yielded similar results. Compared with little to
no activation of Caspase-3 in the cortex of both cHet and cKO
mice in the control (PBS) condition, a small number of Caspase-
3-positive cells were observed in layers II and V in ketamine-
exposed cHet mice 24 h postinjection, and the number was
drastically increased in cKO mice (Fig. 1 G–I). These results
suggest that primary cilia promote neuroprotection in the im-
mature brain exposed to these environmental factors.

Loss of Primary Cilia Causes Defects in Dendritic Arbors in the
Cerebral Cortex Exposed to Environmental Stress. To characterize
the potential neuroprotective roles of cilia across multiple neu-
ronal subpopulations, we quantified the number of neurons from
cortical layer V, where robust EtOH-induced Caspase-3 expression
was found, for each of several distinct neuronal subtypes at P21
(Fig. 2A). Surprisingly, across each neuronal subtype examined
(i.e., neurons expressing COUP-TF interacting protein 2 [Ctip2],
mu-crystallin [Crym], or Thymocyte differentiation antigen 1 fused

with yellow fluorescent protein [Thy1-YFP]), the number of neu-
rons counted was not significantly different among the four treat-
ment groups (cHet or cKO mice exposed to PBS or EtOH)
(Fig. 2B and SI Appendix, Fig. S2). Instead, we found a reduction in
dendritic complexity; Thy1-YFP-labeled layer V neurons in EtOH-
exposed cKO mice exhibited fewer dendrites with fewer and
shorter branches than those in other groups (Fig. 2 C–F). On the
other hand, dendritic spines were found in normal number and
morphology on apical and basal dendrites in EtOH-exposed cKO
mice (SI Appendix, Fig. S3).
These findings corroborate recent reports that caspases con-

tribute not only to cell death but also to various physiological and
pathological nonapoptotic events, including axon and dendritic
pruning and degeneration, through cleavage of distinct protein
targets (43). Indeed, we found a significant increase in caspase-
mediated fragmentation/cleavage of β-actin and α-tubulin cyto-
skeletal proteins, which are hallmarks of developmental and
pathological neurite degeneration (44–46) in layers II and V in
EtOH-exposed cKO mice 24 h postinjection (Fig. 2 G–K).
A rapid microglial response, which includes extension and

reorientation of microglial processes toward degenerating neu-
ronal processes, has also been reported to occur during the acute
phase of dendritic degeneration (47, 48). In our study, we ob-
served that the number of Iba1-positive microglia in layers II and
V in cKO mice increased significantly compared with that of the
other three groups 24 h post EtOH injection (SI Appendix, Fig.
S4 A and B), at which point the activation of Caspase-3 had been
observed (Fig. 1D). We also found that microglia exhibited
larger cell bodies and longer branches with more complex mor-
phology than those in cHet mice exposed to EtOH (SI Appendix,
Fig. S4 A and C–E), indicating dynamic microglia activity in
response to dendritic degeneration. Given that microglia lack
both primary cilia (49) and Emx1-Cre expression, it is unlikely
that a microglial response is responsible for the degenerative
phenotype observed in neurons of the cKO mice. These results
collectively indicate a role of primary cilia to suppress stress-
induced caspase activation, and protect cortical neurons from
caspase-mediated degeneration of dendritic arbors.

Cilia Mediate Cell-Autonomous and Non-Cell-Autonomous Neuroprotection.
In our cKO mouse model, primary cilia are lost in the Emx1-Cre
lineage, which includes most cortical cells, including excitatory
neurons and glia (astrocytes and oligodendrocytes) originated
from the dorsal pallium (37). To gain insight into cell-autonomous
and non-cell-autonomous impacts of cilia loss, we limited cilia loss
to a subset of layer V neurons by crossing floxed Ift88 mice with
ER81-CreERT2;Ai9 transgenic mice (Fig. 3A). Following tamoxi-
fen administration, we found robust tdTomato expression at P8 in
layer V neurons, and confirmed the loss of primary cilia in Ift88
conditional homozygous knockout mice (Fig. 3B). In these mice,
augmented Caspase-3 activation, as compared to that seen in Ift88
heterozygous knockout mice, was observed in layer V 24 h post
EtOH injection (Fig. 3C), indicating that primary cilia within the
population of layer V neurons contribute to neuroprotection, al-
though this does not exclude the possibility that glial primary cilia
may also contribute to neuroprotection. In these mice, the prev-
alence of activated Caspase-3 puncta was significantly increased in
tdTomato-positive neurons (Fig. 3 C–E), while we also observed
augmented Caspase-3 activation in tdTomato-negative cells sur-
rounding tdTomato-positive neurons (Fig. 3D), suggesting that
cilia confer neuroprotective properties in both cell-autonomous
and non-cell-autonomous manners.

Primary Cilia Are Required for Efficient Activation of Cilia-Localized
IGF-1R and Downstream Akt Signaling to Protect Neurons from
Environmental Stress. Insulin-like growth factor 1 (IGF1) pro-
motes neuroprotection by triggering autophosphorylation of its
receptor, IGF-1R, and initiating the PI3 kinase/Akt (also known
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Fig. 1. Caspase-3 activation by exposure to environmental stress is augmented in the cortex of Ift88 conditional knockout mice. (A) Adenylyl cyclase type 3
(ACIII)-labeled (green or white) ciliary axonemes, found in each NeuN-positive (red) cortical neuron within the primary motor cortex (M1) in cHet mice, is
absent from excitatory neurons in cKO mice at P90. (Scale bar, 20 μm.) (B) Axonemes (arrows) are observed in calbindin-positive interneurons in the cKO
cortex. Inset shows a higher magnification view of boxed area. (Scale bar, 20 μm.) (C) Experimental scheme. (D) Immunohistochemistry for cleaved Caspase-3
in M1 24 h after exposure to EtOH, showing increased levels of activated Caspase-3 in layers II and V in cHet mice and further augmentation in cKO mice,
particularly in layer V. Layers II/III and V are indicated with yellow and red brackets, respectively. (Scale bar, 200 μm.) (E and F) Quantification of cleaved
Caspase-3 puncta in layers II (E) and V (F) (counted in a 500-μm width in M1). The line indicates the mean. ***P < 0.001 by simple main effect test following
two-way ANOVA. (G) Immunohistochemistry for cleaved Caspase-3 in M1 24 h after exposure to ketamine, showing the increase of activated Caspase-3 in
cHet mice and further augmentation in cKO mice. (Scale bar, 200 μm.) (H and I) Quantification of cleaved Caspase-3 puncta in layer II (H) and V (I). The line
indicates the mean. *P < 0.05, ***P < 0.001 by post hoc Tukey or simple main effect test following two-way ANOVA.
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as Protein kinase B) signaling cascade (50). IGF-1R expression is
abundant in the embryonic and postnatal brain, but declines
during adolescence and adult life (51). Importantly, IGF-1Rs
located in primary cilia have been shown to be more sensitive
to ligand stimulation than those not located in cilia (52). We,
therefore, explored the possibility that primary cilia are required
for efficient and acute activation of IGF-1R signaling to protect
immature neurons during exposure to environmental insults. To
test this possibility, activation of IGF-1R signaling was first
assessed in the brain of (Emx1-Cre-driven) cHet and cKO mice
24 h after exposure to EtOH at P7. Activation of IGF-1R was
clearly detectable by immunohistochemistry for phosphorylated
IGF-1R (pIGF-1R) in EtOH-exposed cHet mice (Fig. 4 A and
C). Labeling was primarily found next to the base of cilium la-
beled by immunohistochemistry for pericentrin (Fig. 4B), likely
at the ciliary transition zone between the ciliary axoneme and
basal body as previously shown in neural progenitor cells (53). In
contrast, pIGF-1R was undetectable in EtOH-exposed cKO
mice (Fig. 4 A and C), indicating that primary cilia play a critical

role in transducing high-level IGF1 signaling in response to EtOH
exposure. Exposure to PBS did not induce detectable levels of
IGF-1R activation in cHet or cKO mice (Fig. 4 A and C).
Next, to examine the contribution of downstream Akt signal-

ing to neuroprotection from environmental stress, we adminis-
tered a specific activator of cytosolic Akt, small molecule SC79
(54), 30 min before the first EtOH injection in cKO mice at P7,
and again 6 h later to force the activation of Akt (Fig. 4D). In
these cKO mice, Caspase-3 activation in layer II and V neurons
24 h after exposure was significantly reduced compared to the
strong activation observed in cKO mice that received control
(vehicle only) administration (Fig. 4 E–G). Consistent with this,
dendritic atrophy in EtOH-exposed cKO mice, as observed at
P21, was prevented by daily injections of SC79 from P7 to P9
(Fig. 4 H–L). SC79 administration had no significant effects in
PBS-exposed animals (Fig. 4 H–L). These results demonstrate
that cilia-localized IGF-1R and downstream Akt signaling are
necessary for the neuroprotective function of cilia in cortical
neurons.
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fication view of boxed area in C, showing augmented caspase activation in tdTomato-positive neurons (arrowheads) as well as in tdTomato-negative sur-
rounding cells (arrows). (E) Quantification of activated Caspase-3 puncta within TdTomato-positive neurons in layer V in M1. *P < 0.05 by post hoc Tukey test
following two-way ANOVA.
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Discussion
Our results provide evidence for the role of primary cilia in relaying
molecular signals which protect cortical neurons from environmen-
tal stress. Fig. 4M depicts our model based on our data: 1) Upon
exposure to environmental stress such as alcohol, cilia-localized
IGF-1R is activated in cortical neurons; 2) activated IGF-1R (and
other pathways) leads to intracellular signal transduction via Akt
phosphorylation; 3) activated (phosphorylated) Akt directly or in-
directly (55, 56) suppresses the activation of Caspase-3, which oth-
erwise would be induced by exposure to environmental stress; and 4)
suppression of Caspase-3 activation prevents caspase-mediated cy-
toskeletal degradation and ensuing degeneration of dendrites.

In contrast to our results indicating that dendritic growth is
normal in the absence of environmental stress among cortical
neurons lacking primary cilia (lft88 cKO) (Fig. 2), a previous
study found that the loss of cilia via dominant negative Kif3a
expression resulted in impaired dendritic outgrowth in primary
cultured cortical neurons (57). This difference may be explained
by differential effects of Kif3a and Ift88 ablations on microtu-
bules projecting from the basal body of the cilium (58, 59) and/or
differences between in vitro culture conditions and in vivo en-
vironments (e.g., potentially higher oxidative stress in cell cul-
tures) (60). Our results, however, do not exclude the possibility
that impaired dendritic growth/arborization may also occur in
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Fig. 4. Activation of ciliary IGF-1R and downstream Akt signaling mediates neuroprotection from EtOH exposure. (A) Immunohistochemistry for
phospho-IGF-1R (pIGF-1R, green) in layer V neurons in M1 in the indicated conditions 24 h postexposure (see Fig. 1C for scheme). Cells are nuclear coun-
terstained with DAPI (blue). (Scale bar, 5 μm.) (B) Double staining for pIGF-1R (green) and pericentrin (PCNT, red), showing the accumulation of pIGF-1R
(arrowhead) in the region adjacent to the PCNT-labeled ciliary base (arrow). (Scale bar, 5 μm.) (C) Quantification of pIGF-1R particles per 8,000 μm2 in cortical
layer V, showing significant increase in cHet mice exposed to EtOH compared with those in other groups. The line indicates the mean. ***P < 0.001 by simple
main effect test following two-way ANOVA. (D) Experimental scheme for treatment with SC79. (E–G) Immunohistochemistry for cleaved Caspase-3 in M1 (E)
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with SC79 or DMSO (control). The increase in cleaved Caspase-3 puncta by exposure to EtOH in cKO mice is mitigated by SC79 administration in both layers.
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two-way ANOVA. (Scale bar, 200 μm.) (H) Representative morphologies of Thy1-YFP-positive neurons in the indicated conditions. (I) No differences were
found in the number of Thy1-YFP-positive neurons (in 500-μm width in M1) between the four groups at P21. The line indicates the mean. (J–L) Quantification
of primary/secondary/tertiary dendrites (J) and branches per neuron (K), and the length of dendrites (L) in Thy1-YFP-positive pyramidal neurons, showing that
SC79 administration mitigates the reduced complexity of dendritic morphology in EtOH-exposed cKO mice. The line indicates the mean. *P < 0.05, **P < 0.01,
***P < 0.001 by simple main effect test following two-way ANOVA. (M) Proposed mechanism of primary cilia-mediated protection of neurons from dendritic
degeneration caused by exposure to environmental stress (details in Discussion).

6 of 10 | PNAS Ishii et al.
https://doi.org/10.1073/pnas.2012482118 Primary cilia safeguard cortical neurons in neonatal mouse forebrain from environmental

stress-induced dendritic degeneration

https://doi.org/10.1073/pnas.2012482118


parallel to dendritic degeneration in cKO mice exposed to
environmental stress.
Of note, neurons in layers II and V were most severely af-

fected in cKO mice exposed to environmental stress at P7. These
neurons may require the neuroprotective support provided by
cilia more so than other cell types during this vulnerable period,
in which long axonal projections branch extensively at their
target regions (61). A recent study has shown that layer V neu-
rons (and layer II neurons to some extent) require microglia-
derived IGF1 for their survival throughout normal develop-
ment in earlier stages (P3 to P5) in mice (62). Regardless of
stress exposure, we didn’t observe a loss of layer V neurons from
the cortex of cKO mice at P7 (Fig. 2 and SI Appendix, Fig. S2),
despite these neurons lacking cilia. Activation of IGF-1R that is
not localized to cilia may therefore provide sufficient levels of
IGF1 signaling for neuronal survival at this stage.
Although we did not observe cell death, we found a robust

increase in Caspase-3 activation in cortical neurons from cKO
mice exposed to EtOH or ketamine. The neurotoxicity of GABA
mimetics and NMDA antagonists in the developing brain has
been extensively studied in various animal models. By immuno-
histochemistry, Olney and colleagues have shown very robust
activation of Caspase-3 even in the brain of wild-type mice by
exposure to EtOH at P7 (40, 63). In contrast, with the same
treatment condition, we observed weaker Caspase-3 activation
by EtOH in our control (cHet) animals. A likely reason for this
difference would be because Olney and colleagues observed the
brain at 8 h post EtOH exposure, while we did at 4, 24, and 72 h
after exposure to compare between cKO and cHet mice. In fact,
the quantitative analysis by Olney and colleagues using Western
blotting has indicated that the level of activated Caspase-3
changes over time; it becomes detectable at 8 h, peaks at 12 h,
and decreases to an undetectable level at 24 h after EtOH ex-
posure (40). Although the activation of Caspase-3 has been used
as a marker for apoptotic cell death in many of these previous
studies (40, 63–65), more recent studies have found that caspase
activation is also involved in various nonapoptotic processes such
as immunity and cell fate determination, depending on the de-
gree of activation, intracellular domain, and substrate specificity
(43, 66, 67). Our results provide support for nonapoptotic roles
of caspase activation, specifically its role in neurite degeneration
that occurs independently of cell death, via cleavage of actin and
tubulin cytoskeletal molecules (43–45, 68–70). Punctate distri-
bution of fractin and cleaved tubulin in layers II/III and V in
EtOH-exposed cKO brains (Fig. 2) is consistent with previous
reports showing the punctate labeling in degenerating axons and
dendrites (45, 46), and is likely correlated with the distribution of
activated Caspase-3 that also shows a punctate pattern (Fig. 1).
As the effect of a pan-caspase inhibitor to suppress EtOH-
induced cleavage of Caspase-3 in the P7 brain has been shown
(71), our results suggest that caspase inhibitors have therapeutic
potential to prevent dendritic degeneration by perinatal EtOH
exposure. The level of activated Caspase-3, fractin, and cleaved
tubulin in the brain of EtOH-exposed cKO mice exhibited large
variability across individual animals (Figs. 1–4). Such variability may
be primarily introduced by the complexity of gene–environment
interactions, although we do not exclude possible involvement of
other factors such as variations in the genome sequence reported
even within an inbred strain (72–74).
We found that IGF-1R was activated at the ciliary transition

zone upon exposure to EtOH using immunofluorescence staining
(Fig. 4B), although the exact mechanisms responsible for receptor
activation require further investigation. This staining was absent in
cKO mice. A previous study has shown that loss of cilia in pre-
adipocytes by Ift88 knockdown causes overall decrease of pIGF-
1R (52). This study also has shown that loss of cilia causes a
marked decrease in IGF-1R signaling-mediated Akt-1 activation
not only at the transition zone but also throughout the cell.

Therefore, although we were able to detect only the most obvious
decrease at the transition zone, EtOH-induced pIGF-1R may be
similarly decreased throughout the cell by the loss of cilia. Acti-
vation of IGF-1R by EtOH exposure contrasts with previous
studies that have reported attenuation of IGF-1R signaling path-
ways in the developing brain due to chronic EtOH exposure (75,
76). The difference may be due to pleiotropic effects of EtOH
depending on cellular context or treatment regimen (77, 78). In
fact, it has been shown that EtOH positively and negatively affects
Akt phosphorylation at low and high doses, respectively, in hepatic
insulin signaling in rats (77). Differential effects on IGF-1R acti-
vation based on the type of EtOH treatment (i.e., chronic expo-
sure versus acute low-dose exposure) have also been reported in
cultured neurons (79). Cilia-dependent IGF-1R signaling is re-
quired for cell-cycle progression in cortical progenitor cells (53,
80) and the differentiation of preadipocytes (52). In both pro-
cesses, similar to what we observed in stress-exposed cortical
neurons, phosphorylated IGF-1Rs are shuttled from the primary
cilium toward the ciliary base upon ligand stimulation, allowing for
efficient activation of downstream signaling molecules including
Akt (53, 81). Thus, cilia-mediated signaling may be prioritized for
cellular activities that require immediate and/or efficient IGF-1R
signal transduction.
Primary cilia likely mediate other external signals for neuro-

protection against environmental stress. For example, Hedgehog
(Hh), Wnt, and platelet-derived growth factor (PDGF) signaling
pathways, which are also mediated by the primary cilium, have
been shown to exert neuroprotective function (82–84). Defects in
ciliary signaling may therefore render neurons susceptible to
various types of environmental stress. It is also highly likely that
cilia play protective roles in cell types other than neurons. For
example, an in vitro study has shown that activation of Hh sig-
naling in primary cilia is involved in the survival of astrocytes
under starvation (85). In our results, we observed that the loss of
cilia in layer V neurons augmented Caspase-3 activation, not only
in layer V neurons, but also in cells surrounding these neurons
(Fig. 3). This non-cell-autonomous effect may represent an indi-
rect consequence of disrupted intercellular interactions arising
due to dendritic degeneration of primarily affected neurons or
from altered expression of secreted molecules from these neurons
due to deficient cilia-mediated signaling (86). Alternatively, im-
paired release of ciliary vesicles (87–89) might also be involved in
producing non-cell-autonomous effects.
Collectively, our findings indicate that primary cilia play more

diverse roles than previously assumed in brain development, a
critical biological process which proceeds under the risk of ex-
posure to a variety of environmental factors. Our results suggest
that ciliopathy patients may have increased risk of abnormal brain
development upon exposure to environmental insults, and this
may also underlie the variability in their disease manifestations
(90). More subtle alterations in primary cilia due to genetic con-
ditions, in combination with environmental factors, may lead to
various neurodevelopmental disorders (32, 91). Therefore, despite
the benefits of several factors, such as ketamine as an efficient
anesthetic and antidepressant agent, our results urge clinicians and
patients with potential deficits in primary cilia to take extra pre-
cautions to avoid the risks for long-term negative impacts of those
factors. Further studies to define the whole picture of cilia-mediated
neuroprotection will help us to advance our understanding of its
importance in the pathogenesis of neurodevelopmental disorders.

Materials and Methods
Animals. The animal protocol was approved by the Institutional Animal Care
and Use Committee at Children’s National Hospital. All methods were per-
formed in accordance with relevant guidelines and regulations. Ift88fl

(B6.129P2-Ift88tm1Bky/J), Emx1-IRES-Cre [B6.129S2-Emx1tm1(cre)Krj/J], ER81-CreERT2
[B6(Cg)-Etv1tm1.1(cre/ERT2)Zjh/J], Ai9 [B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J],
and Thy1-YFP-H Tg [B6.Cg-Tg(Thy1-YFP)HJrs/J] mice were obtained from The
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Jackson Laboratory (stock nos.: 022409, 005628, 013048, 007909, and 003782,
respectively). For conditional deprivation of primary cilia, Ift88fl/fl mice were
crossed with Emx1-IRES-Cre or ER81-CreERT2;Ai9 mice. Heterozygous knockout
mice from the same litter were used as controls. Using 120 single nucleotide
polymorphisms across 19 chromosomes, we confirmed that the percent contri-
bution of C57BL/6 to overall genetic background of Ift88fl/fl mice was over 90%.
All mice were genotyped by Transnetyx.

Drug Administration. cHet and cKO pups were weighed and subcutaneously
injected twice with 2.5 g/kg of EtOH (or PBS control) at 2-h intervals or once
with 20mg/kg ketamine (or PBS control) at postnatal day (P) 7. For conditional
Ift88 deletion in ER81-CreERT2;Ai9 mice, tamoxifen dissolved in corn oil
(75 mg/kg) was administrated daily from P3 to P5. Akt Activator II, SC79
(Calbiochem, 123871) was dissolved in dimethyl sulfoxide (DMSO) at 50 mg/mL
for stock solution. P7 pups were injected subcutaneously with SC79 (diluted in
saline from the stock solution, 40 μg/g weight) or vehicle control (DMSO diluted
in saline) 30 min before the first EtOH injection, and again 6 h after the first
SC79 injection. For the analysis of dendritic morphology at P21, SC79 (or DMSO
control) was injected additionally at P8 and P9.

Immunohistochemistry. Immunohistochemistry was performed as previously
described (92, 93). Brains were fixed in 4% paraformaldehyde (PFA) in PBS
overnight at 4 °C, and cut into 70 μm-thick coronal sections. The staining was
amplified using the TSA Plus system (Perkin-Elmer) or VECTASTAIN ABC system
(Vector Laboratories). Monoclonal anti-Calbindin-D-28K (clone CB-955, 1:3,000,
Sigma-Aldrich, C9848), anti-NeuN (clone A60, 1:1,000, EMD Millipore,
MAB377), anti-cleaved Caspase-3 (Asp175) (clone 5A1E, 1:300, Cell Signaling,
9654), anti-mu Crystallin (Crym) (1:500, Abcam, ab54669), anti-RFP/tdTomato
(1:200, Abcam, ab65856), anti-Ctip2 (clone 24B6, 1:500, Abcam, ab18465), anti-
IGF1 Receptor α (clone G-5, 1:100, SCBT, sc-271606), and anti-pericentrin (1:200,
BD Biosciences, 611815) antibodies were used. Polyclonal anti-adenylate cy-
clase III (1:10,000, EnCor Biotechnology Inc., RPCA-ACIII), anti-cleaved Caspase-
3 (Asp175) (1:400, Cell Signaling, 9661), anti-fractin (1:1,000, EMD Millipore,
AB3150), anti-tubulin cleaved by caspase (1:3,000, MediMabs, MM-0143), anti-
Iba1 (1:1,000, WAKO, 019-19741), and anti-IGF1 Receptor (phospho Y1161)
(1:100, Abcam, ab39398) antibodies were also used. Both monoclonal and
polyclonal antibodies for cleaved Caspase-3 provided the same results, and the
images obtained using the monoclonal antibody are shown in the figures.
Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI) (Sigma-
Aldrich). Images were acquired using a Zeiss LSM 510 or Olympus FV1200
confocal microscope or the ApoTome system.

Quantification of Cleaved Caspase-3, Fractin, and Caspase-Cleaved Tubulin
Puncta. For the quantification of cleaved Caspase-3, fractin, or caspase-
cleaved tubulin puncta in primary motor cortex (M1), images were taken
in coronal sections using a 10× objective lens on the Zeiss ApoTome system.
Three regions in M1 (500-μm width each) were randomly selected in each
brain, and the areas occupied by puncta (arbitrary unit) were measured using
ImageJ. For the quantification of cleaved Caspase-3 puncta in tdTomato-
positive neurons, the area occupied by puncta within TdTomato-positive
neurons in layer V in M1 was measured similarly. Four different brains per
group were used for each quantification.

Analyses on the Number and Morphology of Microglia and Pyramidal Neurons.
Iba1-positive microglia and Ctip- and Crym-positive neurons in layer V in M1
were imaged in coronal sections at 63× by Olympus FV1200. The number of
cells per 2 mm2, cell body size, number of branches per microglia, and total
length of branches per microglia was quantified based on previous methods
(94–96).

Morphological Analysis of Dendritic Spines. Spines on apical and basal den-
drites of Thy1-YFP-labeled layer V pyramidal neurons in M1 were imaged in
coronal sections using a 63× objective with 3× digital zoom using the
Olympus FV1200 system and LSM 510 system. Spine density was defined as
the number of spines per micrometer by counting the number of spines on
dendritic branches of ∼20- to 30-μm length from three neurons per group.

Statistics. Data were subjected to statistical analyses with Prism 7 and 8
(GraphPad). In dot plots, each filled circle represents the average value
quantified at each of the three randomly selected regions in M1 in each brain
(see also Quantification of Cleaved Caspase-3, Fractin, and Caspase-Cleaved
Tubulin Puncta above). For each condition, we collected data from four
animals. The horizontal line indicates the mean of the data. In box plots, the
bar within the box indicates the median, and the upper and lower edges of
the box represent the 25th and 75th percentiles, respectively. The upper and
lower whisker boundaries indicate the 10th and 90th percentiles, respec-
tively. All statistical analyses were performed using two-way ANOVA (F and
P values are shown in SI Appendix, Table S1) followed by post hoc multiple
comparisons. Tukey and simple main effect tests were used as the post hoc
test if interactions between variables were insignificant or significant, re-
spectively. A P value of less than 0.05 was considered significant.

Data Availability. All study data are included in the article and SI Appendix.
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