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BACKGROUND: Neuronal primary cilia are sensory organelles that are critically involved in the proper growth,
development, and function of the central nervous system (CNS). Recent work also suggests that they signal in the context of
CNS injury, and that abnormal ciliary signaling may be implicated in neurological diseases.

METHODS: We quantified the distribution of neuronal primary cilia alignment throughout the normal adult mouse brain by
immunohistochemical staining for the primary cilia marker adenylyl cyclase III (ACIII) and measuring the angles of primary
cilia with respect to global and local coordinate planes. We then introduced two different models of acute brain
insult—temporal lobe seizure and cerebral ischemia, and re-examined neuronal primary cilia distribution, as well as ciliary
lengths and the proportion of neurons harboring cilia.

RESULTS: Under basal conditions, cortical cilia align themselves radially with respect to the cortical surface, while cilia in the
dentate gyrus align themselves radially with respect to the granule cell layer. Cilia of neurons in the striatum and thalamus, by
contrast, exhibit a wide distribution of ciliary arrangements. In both cases of acute brain insult, primary cilia alignment was
significantly disrupted in a region-specific manner, with areas affected by the insult preferentially disrupted. Further, the two
models promoted differential effects on ciliary lengths, while only the ischemia model decreased the proportion of ciliated cells.
CONCLUSIONS: These findings provide evidence for the regional anatomical organization of neuronal primary cilia in the
adult brain and suggest that various brain insults may disrupt this organization.

Keywords

Introduction

The primary cilium is a microtubule-based sensory organelle
expressed among most cells of the mammalian body that is
critically involved in various signaling pathways (Singla and
Reiter, 2006; Berbari et al., 2009; Goetz and Anderson,
2010). Primary ciliary assembly begins at the basal body, a
modified centriole that serves as the foundation upon which
the ciliary appendage will grow, protruding through the cell
membrane. The backbone of the non-motile primary cilium is
the axoneme, consisting of cross-linked microtubule doublets
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in a 94+ 0 configuration that provides both tensile strength
and a rail upon which intraflagellar transport (IFT) proteins
can shuttle to elongate the structure and maintain its integrity
(Pedersen and Rosenbaum, 2008; Ishikawa and Marshall,
2011). The importance of this organelle in normal physiology
is exemplified by the wide array of ciliopathies that occur
when ciliary assembly, anchoring, or signaling is disrupted.
Indeed, ciliopathies affecting the neurological, musculoske-
letal, endocrine, hepatic, cardiovascular and renal systems
have all been well described (Fuchs and Schwark, 2004;
Yoder, 2007; Berbari et al., 2008; Quinlan et al., 2008; Ware
et al., 2011). In the central nervous system (CNS) in
particular, defects in primary cilia that arise during develop-
ment and throughout life can lead to devastating conse-
quences including hydrocephalus, neurocognitive
impairment, and neurodegeneration (Winter et al., 1995;
Lee and Gleeson, 2011; Valente et al., 2014).



Gregory W. Kirschen et al.

125

Others and our own group have previously characterized
the development and behavioral relevance of primary cilia in
the brain (Breunig et al., 2008; Han et al., 2008; Einstein et
al., 2010; Wang et al., 2011; Kumamoto et al., 2012; Rhee et
al., 2016). In contrast to the increasingly understood roles of
primary cilia in normal development, as well as the well-
characterized underlying etiologies of primary ciliopathies,
little is known about how neuronal primary cilia respond to
cellular and tissue insults. Nevertheless, primary cilia in the
CNS appear to be quite sensitive to changes in neurological
homeostasis. For instance, signals propagated through
neuronal primary cilia aid in mounting a reactive glial
response after spinal cord injury, and promote neuronal
survival in multiple sclerosis (MS)-induced cortical axonal
degeneration, via upregulation of ciliary neurotrophic factor
(CNTF) (Winter et al., 1995; Albrecht et al., 2002; Fuchs and
Schwark, 2004; Dutta et al., 2007). On the other hand, early
neonatal seizure activity can induce structural damage by
altering the lengths of primary cilia on cortical neurons
(Parker et al., 2016). Although such findings implicate the
neuronal primary cilium’s involvement in the response or
contribution to neurological injury and disease, the global
organization of neuronal primary cilia throughout the brain
remains unknown, and how this pattern of organization may
become grossly or regionally disrupted in the context of brain
insults has not been previously studied.

Thus, we first set out to identify neuronal primary cilia
patterning throughout the adult brain by examining ciliary
positioning in various cortical and subcortical regions. We
next examined whether this patterning would become
disrupted in two models of acute neurological insult: temporal
lobe seizure and cerebral hemispheric ischemia. Our results
provide evidence of a gross regional organization of neuronal
primary cilia in the brain, and demonstrate a compromise of
such organization in the context of two independent models
of CNS injury.

Materials and methods
Animals

Eight-week-old female C57BL6 mice (Charles River Labora-
tories) were used for all experiments. Mice were housed in
pairs in standard laboratory cages and maintained on a 12/12
h light/dark cycle with ad libitum access to food and water.
All surgeries and experimental procedures were approved by
the Stony Brook University Animal Use Committee and
followed guidelines of the National Institutes of Health.

Immunohistochemistry and quantification

Mice were anesthetized and transcardially perfused with PBS
and 4% PFA. Fixed brains were sliced by a sliding
microtome, creating 60 pm thick coronal brain sections.
Prior to primary antibody incubation, brain sections were

blocked with 1% donkey serum in 0.25% Triton-PBS for 1 h.
Next, sections were incubated overnight at 4°C with diluted
primary antibodies (rabbit anti-adenylyl cyclase III 1:300,
goat anti-somatostatin receptor 3 1:300 Santa Cruz Biotech-
nology, mouse anti-NeuN 1:500, Abcam, goat anti-Ibal,
Abcam, mouse anti-Parvalbumin 1:500, Abcam). The next
day, brain sections were incubated in diluted secondary
antibodies solution (Donkey anti-rabbit CY-3 1:1000, Jack-
son Laboratories, donkey anti-rabbit AlexaFluoro 647
1:1000, Jackson Laboratories, donkey anti-rabbit Alexa-
Fluoro 488 1:1000, Jackson Laboratories, donkey anti-mouse
CY-3, 1:1000, Jackson Laboratories, mouse anti-goat Alexa-
Fluoro 488 1:1000, Jackson Laboratories, mouse anti-goat
CY3 1:1000, Jackson Laboratories) for 4 h at room
temperature. Sections were mounted on slides using DAPI-
containing mounting media to stain nuclei. All images were
acquired on an Olympus FV1000 confocal system.

Primary cilia were identified and related to their neuron of
origin by examining 60 um thick, Z-stacked, 3-dimensional
reconstructed images co-stained for ACIII, NeuN, and/or PV
using Imaris Scientific 3D/4D Processing & Analysis Soft-
ware (Bitplane), as we previously described (Rhee et al.,
2016). Primary cilia orientation angles were measured in
ImagelJ by using the perpendicular to the cortical surface as a
reference for cortical neurons, the perpendicular to the dorsal/
ventral axis for striatal and thalamic neurons, and the
perpendicular to the granule cell layer for dentate granule
neurons. Primary cilia positions on the neuronal surface were
measured identically, with the following exception. The
center of the cell soma was used as the vertex for position
angles, and the angle extended to the base (proximal
attachment point) of the primary cilium. For bent or curved
cilia, we measured the proximal angle from the soma to the
first point of angulation.

Electroencephalography/electromyography

For EEG/EMG implantation, mice were anesthetized with
1%-2% isoflurane and then placed in a stereotaxic apparatus.
Briefly, four stainless screws were inserted into the skull to
record the EEG signal. Two EMG wires were inserted under a
facial muscle. Both the EEG and EMG channel were
connected to a headmount (#8402, Pinnacle Technology)
and then secured with dental cement. Mice were allowed to
recover from surgery on a 37°C heating pad for two hours and
were administered buprenorphine HCI1 (0.05 mg/kg, i.p.) for
immediate post-surgery analgesia. Mice were given 2 weeks
for recovery. During recording, freely moving animals were
placed in a soundproofed box with a video recording system,
with food and water provided ad libitum. EEG/EMG signals
were amplified (X100), filtered (0.5-25 Hz for EEG, 10-100
Hz for EMQG), digitalized and then recorded with Sirenia
Acquisition software (Pinnacle Technology). After 30 min of
baseline recording, mice were injected with scopolamine (1
mg/kg dissolved in 0.9% NaCl, i.p.), followed by pilocarpine
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15 min later (300 mg/kg dissolved in 0.9% NaCl, i.p.) to
induce seizure. EEG/EMG signals and video were continu-
ously monitored, and both EEG and EMG responses were
compared before and after seizure. A second group of animals
received identical treatment but were administered 0.9%
NaCl instead of pilocarpine to serve as a control group. Mice
were sacrificed 4.5 h after pilocarpine or saline treatment. The
reasons for choosing this early time point were twofold: 1)
We were interested in the acute phase of temporal lobe
seizure, during which time mitochondrial respiration becomes
compromised, but before the onset of diffuse metabolic
derangements leading to decreased neuronal respiration and
reserve capacity (beginning after 12 h and lasting ~6 weeks)
(Rowley et al., 2015); 2) We were concerned about the
variable post-ictal survival rate we observed (data not shown)
and as such, the potential for variation in severity of
neurological sequalae that could result from more intermedi-
ate to chronic time points.

Internal carotid artery occlusion

We performed internal carotid artery occlusion similar to
what has been previously described (Yin et al., 2010). Briefly,
mice were anesthetized with ketamine/xylazine cocktail (200
mg/kg i.p.). A 2 cm vertical midline incision was made
inferior to the chin and subcutaneous glandular tissue was
retracted with sterile saline-soaked Q-tips. Blunt dissection
was used to access the carotid sheath, and a 4-0 non-
absorbable sterile silk suture tie was used to ligate the external
carotid artery at its origin. The internal carotid artery was then
identified and ligated with a 4-0 non-absorbable sterile silk
suture tie. The incision was closed with non-absorbable sterile
nylon suture. A sham surgery control group received identical
treatment without suture placement. Mice were allowed to
recover from surgery on a 37°C heating pad for two hours,
were administered buprenorphine HC1 (0.05 mg/kg, i.p.) for
immediate post-surgery analgesia, and were continuously
monitored via video recording. Mice were sacrificed 12 h
after surgery, at which time prolonged ischemia is sufficient to
induce acute neuronal changes (e.g. dendritic vacuolation and
cellular scalloping, shrinkage, and/or swelling) but before the
onset of more severe and widespread cellular changes (e.g.,
cytoplasmic eosinophilia, karyolysis, necrosis) (Garcia et al.,
1993).

Analysis and statistics

Data were analyzed with two-sample Kolmogorov—Smirnov
non-parametric tests of equality and the binomial test. Alpha
values of less than 0.05 were considered the cut-off for
statistical significance for all tests. Data are represented as
mean+standard error of the mean (SEM) unless otherwise
specified. All statistics presented in figures are represented as
P <0.05 or P<0.01. P values are greater than 0.05 unless
otherwise indicated.

Results

Cortical neurons displayed a radial alignment of
primary cilia

To determine whether cortical neuronal primary cilia exhibit a
pattern of alignment in the normal adult brain, we first
measured primary cilia angles and cellular positioning. We
selected four cortical regions around the circumference of the
cortex (primary visual cortex, V1; lateral aspect of secondary
visual cortex, V2L; primary auditory cortex, Al; and
entorhinal cortex, Ent), in order to assess for patterns of
ciliary alignment. We measured the angle of the primary
cilium on the polar coordinate axis with respect to a
perpendicular drawn to the cortical surface, as well as the
relative position of the primary cilium’s base with respect to
the cell body (i.e. the “clock face” position) (Fig. 1A).
Measurements taken from the left hemisphere were reflected
over the y-axis before analysis, while those taken from the
right hemisphere were analyzed directly, in order to ensure
that angles measured from both hemispheres were compared
to each other on the same global coordinate plane. We began
by confirming the identity of neuronal primary cilia by co-
immunostaining for two neuronal ciliary proteins, adenylyl
cyclase III (ACII) and somatostatin receptor 3 (SSTR3)
(Handel et al., 1999; Bishop et al., 2007), and observed robust
co-localization, as expected (Fig. 1B).

We observed a radial pattern of primary cilia angle and
position distributions when we co-immunostained for ACIII
and the neuronal marker NeuN (Wolf et al., 1996), from V1
circumferentially to Ent (Fig. 1C-F; Fig. 2A-D). To determine
whether the radial alignment is a general property of all
cortical primary cilia, or is layer-specific, we further parsed
these distributions of angles and positions by performing a
subgroup analysis on the neuronal primary cilia of the
different cortical layers (L I, L II/IIl, L IV, L V, L VI). We
observed a clear trend of radial ciliary angles and positions in
layers II-VI in all four regions examined (Figs. S1, S2).
However, L 1 displayed a wide distribution of angles
(standard deviation (SD) of angles, V1: 95.4°, V2L: 35.4°,
Al: 94.4°, Ent: 72.7°, SD of positions, V1: 34.7°, V2L:
142.8°, Al: 56.7°, Ent: 98.0°) (Figs. S1, S2).

We noted that the radial alignment of primary cilia largely
corresponded to the orientation of the apical dendrite of the
major population of cortical neurons, i.e. the pyramidal
neurons (Spruston, 2008), although we noted variation in the
distributions among the regions and cortical layers. We
hypothesized that some of the variation of ciliary angles and
positions would be at least partially accounted for by cilia of
cortical GABAergic interneurons, which lack a dominant
apical dendrite (Benes and Berretta, 2001). As expected, we
found a wide variation in ciliary angles and positions among
the Parvalbumin (PV)-positive group of interneurons in all
four cortical regions examined (SD of angles, V1: 131.6°,
V2L: 105.5°, Al: 72.5°, Ent: 113.8°; SD of positions, V1:
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Figure 1 Neuronal primary cilia are radially aligned throughout the cortex. (A) Shown is a schematic of the primary cilia angle and
position measurements (°). (B) Shown is a representative image of a cell stained for adenylyl cyclase III and somatostatin receptor 3
(SSTR3). The scale bar is 30 um. (C) Shown is a representative image of neurons and their primary cilia in area V1. The scale bar is 50 pm.
(D) Shown is a representative image of neurons and their primary cilia in area V2L. (E) Shown is a representative image of neurons and
their primary cilia in area Al. (F) Shown is a representative image of neurons and their primary cilia in area Ent.

117.6°, V2L: 130.4°, Al: 97.1°, Ent: 122.6°) (Fig. S3).
Together, these results show that a majority of cortical
neuronal primary cilia align radially with respect to the
cortical surface, while interspersed GABAergic interneurons
exhibit a wide distribution of ciliary organization.

Striatal and thalamic neurons exhibited a wide distribu-
tion of ciliary alignment, while those of dentate granule
neurons exhibited a radial alignment with respect to the
granule cell layer

Given the cortical organization of primary cilia we observed,
we next sought to determine whether any such pattern would
emerge among subcortical neuronal populations that connect
with the superficial cortex. We thus examined two such
regions, one that projects to neocortex: the anterior nucleus of
the thalamus (Thal), and one that receives neocortical
projections: the dorsal striatum (DStr) (Irle and Markowitsch,
1982; Pan et al., 2010). We analyzed ciliary orientations with

respect to the vertical perpendicular, and ciliary positions with
respect to the cell body for DStr and Thal (Fig. 3A). We
observed a wide variation in ciliary angles and positions in
DStr (SD of angles: 116.3°; SD of positions: 116.8°) as well
as in thalamus (SD of angles: 101.0°; SD of positions: 95.5°)
(Fig. 3B,C; Fig. 4A-B).

We finally examined a unique deep cortical structure that
receives projections from the more superficial entorhinal
cortex: the dentate gyrus (DG) of the hippocampal formation.
Unlike the thalamus and striatum, the DG contains its own
internal plane of alignment: the subgranular zone (SGZ).
Mature DGCs align radially with respect to the SGZ as they
mature and integrate into the hippocampal circuit (Zhao et al.,
2006). We therefore wondered whether primary cilia of
dentate granule cells (DGCs) would align themselves with
respect to this local axis as do their cells of origin. We
measured ciliary orientation with respect to the SGZ as
indicated in Fig. 3D, and measured ciliary position as
described above. We observed a radial distribution of ciliary
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Figure 2 Neuronal primary cilia alignment in the cortex. (A) Shown are the distribution of angles (°) of primary cilia with respect to the
cortical surface (left) and with respect to the soma (right) in area V1. (B) Shown are the distribution of angles (°) of primary cilia with
respect to the cortical surface (left) and with respect to the soma (right) in area V2L. (C) Shown are the distribution of angles (°) of primary
cilia with respect to the cortical surface (left) and with respect to the soma (right) in area A1. (D) Shown are the distribution of angles (°) of
primary cilia with respect to the cortical surface (left) and with respect to the soma (right) in area Ent. Angle: N= 159 cells (V1), 116 cells
(V2L), 102 cells (A1), 101 cells (Ent); Position: N = 141 cells (V1), 118 cells (V2L), 102 cells (A1), 101 cells (Ent) from 4 animals.
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Figure 3 Neuronal primary cilia alignment in dorsal striatum, thalamus, and dentate gyrus. (A) Shown is a schematic of the primary cilia
angle and position measurements (°) in dorsal striatum (DStr) and thalamus (Thal). (B) Shown is a representative image of neurons and
their primary cilia in the dorsal striatum. The scale bar is 50 pum. (C) Shown is a representative image of neurons and their primary cilia in
the anterior nucleus of the thalamus. (D) Shown is a schematic of the primary cilia angle measurement in the dentate gyrus (DG) with
respect to the subgranular zone (SGZ). (E) Shown is a representative image of neurons and their primary cilia in the DG. N = 4 animals.

angles and positions, clustering between 0 and 90° (53.1+
23.5°) and 270-360° (312.84+28.7°) for orientation, and
clustering between 0 and 90° (35.84+20.7°) and 270-360°
(324.3£20.2°) for position (Fig. 3D, E; Fig. 4C). Thus,
primary cilia of DGCs tended to align perpendicular to the
GCL. Taken together, these findings demonstrate that
neuronal primary cilia in DStr and Thal exhibit a wide
variation in alignment with respect to the global axis, while
those in DG align radially with respect to the GCL.

Primary cilia organization in the cortex was disrupted by
pilocarpine-induced seizure

To determine whether primary cilia organization would be
disrupted in a pathological context, we examined cortical
primary cilia after pilocarpine-induced seizure, commonly
used in rodent models of temporal lobe epilepsy, with seizure
foci originating in the entorhinal cortex and hippocampus

(Curia et al., 2008). We followed a seizure induction protocol
as previously described (Marchi et al., 2007). Briefly, we
assigned mice that had been implanted with a cortical EEG
headmount and intramuscular EMG to receive intraperitoneal
injections of scopolamine (1 mg/kg i.p.) followed by either
pilocarpine (300 mg/kg i.p.; N = 5 animals) or saline as
control (N =5 animals), and recorded EEG and EMG activity
at baseline and after injection. As illustrated in Fig. 5A, we
observed robust seizure activity minutes after pilocarpine
induction. Comparing the EEG power spectra from saline-
and pilocarpine-injected mice, we observed increased peak
power in the delta and theta range (Fig. 5A), as expected
(Pessoa et al., 2016). Four and a half hours after pilocarpine or
saline administration, we sacrificed mice to examine neuronal
primary cilia.

We observed that pilocarpine induced a significant shift in
the distribution of neuronal primary cilia positioning in all
four cortical regions examined (Fig. 5B-E). In dorsal cortical
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Figure 4 Distribution of neuronal primary cilia angles and positions in dorsal striatum, thalamus, and dentate gyrus. (A) Shown are the
distribution of angles (left) and positions (right) of primary cilia with respect to the cortical surface (°) in DStr. (B) Shown are the
distribution of angles (left) and positions (right) of primary cilia with respect to the cortical surface (°) in Thal. (C) Shown are the
distribution of angles (left) and positions (right) of primary cilia with respect to the cortical surface (°) in DG. Angle: N = 142 cells (DStr),
82 cells (Thal), 55 cells (DG); Position: N = 40 cells (DStr), 43 cells (Thal), 55 cells (DG) from 4 animals.

areas, pilocarpine induced a counterclockwise shift in primary
cilia positioning with respect to the radial axis, while in the
ventral cortex, pilocarpine induce a clockwise shift in primary
cilia positioning. We further observed that pilocarpine
induced a significant shift in the distribution of primary
cilia orientation in Al and Ent, but did not significantly affect
those of V1 or V2L (Fig. 5SB-E).

Primary cilia organization in dorsal striatum and dentate
gyrus was disrupted by pilocarpine-induced seizure

We next wondered whether pilocarpine-induced seizure
would alter the organization of neuronal primary cilia in
deeper brain structures, especially the hippocampus in which
pilocarpine-induced seizures originate. We again measured
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Figure 5 Pilocarpine-induced seizure disrupted primary cilia alignment in cortical neurons. (A) On the left are representative EEG and
EMG traces taken from an animal injected with scopolamine (Scop) followed by pilocarpine (Pilo). The corresponding power spectrum
density graph is shown in the center. On the right is a graph of the peak power for all animals in the Contrl (Con) and Pilo groups.
(B) Shown on the left are representative images of neurons and their primary cilia in area V1 in the control and pilocarpine conditions. On
the right are distribution plots of primary cilia angle and position (°). The scale bar is 30 um. (C) Shown on the left are representative
images of neurons and their primary cilia in area V2L in the control and pilocarpine conditions. On the right are distribution plots of
primary cilia angle and position (°). (D) Shown on the left are representative images of neurons and their primary cilia in area Al in the
control and pilocarpine conditions. On the right are distribution plots of primary cilia angle and position (°). (E) Shown on the left are
representative images of neurons and their primary cilia in area Ent in the control and pilocarpine conditions. On the right are distribution
plots of primary cilia angle and position (°). Two-sample Kolmogorov—Smirnov tests: V1 angle (synonymous with orientation): P > 0.05,
V1 position: P = 0.001, N = 84 cells (control), 186 cells (pilocarpine); V2L angle P> 0.05, V2L position: P = 0.049, N = 105 cells
(control), 169 cells (pilocarpine); Al angle: P = 0.001, Al position: P<0.001, EI: P<0.001, N = 55 cells (control), 134 cells
(pilocarpine); Ent angle: P < 0.001, Ent position: P < 0.001, N = 68 (control), 128 (pilocarpine) cells from 5 animals per group.
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Figure 6 Pilocarpine-induced seizure disrupted primary cilia alignment in hippocampal and striatal neurons. (A) Shown on the left are
representative images of neurons and their primary cilia in DStr in the control and pilocarpine conditions. On the right are distribution
plots of primary cilia angle and position (°). The scale bar is 30 um. (B) Shown on the left are representative images of neurons and their
primary cilia in DG in the control and pilocarpine conditions. On the right are distribution plots of primary cilia angle and position (°).
(C) Shown on the left are representative images of neurons and their primary cilia in Thal in the control and pilocarpine conditions. On the
right are distribution plots of primary cilia angle and position (°). Two-sample Kolmogorov—Smirnov tests, DStr position: P =0.014, N =
195 cells (control), 87 cells (pilocarpine), DG position: P =0.023 N = 140 cells (control), 160 cells (pilocarpine) from 5 animals per group.

ciliary orientation and positions in DStr, Thal, and DG. We
measured angles with respect to the global axis in the cases of
DStr and Thal, and with respect to the GCL in the case of the
DG, as above. We observed a significant shift in the
distribution of primary cilia positions in DStr and DG
(Fig. 6A,B). No significant shifts in cilia angle or position
were noted in Thal (Fig. 6C).

Together, these data show that pilocarpine-induced seizure
alters the radial positioning of primary cilia on cortical,
dentate granule, and striatal neurons.

Primary cilia organization was regionally disrupted by
ischemic brain injury

We next examined primary cilia distributions in the context of
an ischemic brain injury. We induced cerebral ischemia by
occluding the left internal carotid artery, as previously
described (Yin et al., 2010). Mice were randomly assigned
to receive either carotid artery occlusion (N = 3 animals) or
sham surgery (N = 3 animals) and sacrificed 12 h later (Fig.
7A). We verified the sufficiency of cerebral ischemia

induction by monitoring animal behavior post-surgery, noting
contralateral hemiparesis in occluded mice but not in sham
controls, as expected (data not shown). We further immunos-
tained brain sections for the microglia/macrophage marker
Ibal, to assess for microglial infiltration of the site of
ischemia, as previously described (Inose et al., 2015). We
noted marked microglial infiltration on the ipsilateral side in
occluded mice but not on the contralateral side, or in sham
surgery controls, as expected (Fig. 7A). Twelve hours after
occlusion of the internal carotid artery, we observed
significant shifts in primary cilia orientations in Al and Ent,
and significant disruptions in primary cilia positioning in A1,
V1 and V2L (Fig. 7B-E). We then analyzed the primary cilia
in DG, DStr, and Thal, and found a significant effect of
carotid artery occlusion on ciliary positioning in the DG, but
observed no significant effects of on orientation or position-
ing in DStr or Thal (Fig. 8A-C).

Together, these results suggest that acute ischemic brain
injury induces disruptions in primary cilia alignment. More-
over, the regional effects of ischemia on primary cilia we
observed are generally consistent with the blood supply
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Figure 7 Internal carotid artery occlusion disrupted primary cilia alignment in cortical neurons. (A) Shown on the left is the
experimental procedure timeline. On the right are representative images of Ibal-stained sections taken from the infarct region from an
animal in the occlusion condition side-by-side with a sham-operated control. The scale bar is 50 pm. (B) Shown on the left are
representative images of neurons and their primary cilia in area V1 in the occlusion condition. On the right are distribution plots of primary
cilia angle and position (°). (C) Shown on the left are representative images of neurons and their primary cilia in area V2L in the occlusion
condition. On the right are distribution plots of primary cilia angle and position (°). (D) Shown on the left are representative images of
neurons and their primary cilia in area A1 in the occlusion condition. On the right are distribution plots of primary cilia angle and position
(°). (E) Shown on the left are representative images of neurons and their primary cilia in area A1 in the occlusion condition. On the right
are distribution plots of primary cilia angle and position (°). Two-sample Kolmogorov—Smirnov tests: V1 position: P =10.039, N =59 cells
(sham), 99 cells (occlusion); V2L position: P = 0.017, N = 53 cells (sham), 132 cells (occlusion); Al angle: P = 0.004, Al position:
P <0.001, N =50 cells (sham), 53 cells (occlusion); Ent angle: P =0.042, N = 51 cells (sham), 83 cells (occlusion) from 3 animals per

group.
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occluded in our model, with the most severe and significant
effects noted in areas supplied by the occluded middle
cerebral artery, including the temporal and parietal lobes,
although we still detected subtle but significant changes in
other regions (Coyle, 1976; Dorr et al., 2007).

Seizure and ischemia induced changes in primary cilia
length, while only ischemia affected the number of ciliated
neurons

Given that structural integrity of neuronal primary cilia can
become compromised in ways other than their orientation
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Figure 8

(e.g. their length) in the context of neurological insult (Parker
et al.,, 2016), we finally set out to determine whether
pilocarpine-induced seizure or carotid artery occlusion-
induced ischemia would acutely affect the number of ciliated
neurons or the lengths of neuronal primary cilia.

To identify any potential disruption in ciliary lengths and
the number of ciliated versus non-ciliated neurons in the
pilocarpine-induced seizure model, we examined one cortical
region (Ent) and its synaptically targeted subcortical region
(DG). We observed significantly greater ciliary lengths in Ent
neurons of pilocarpine-injected mice as compared to control
mice (Fig. 9A). By contrast, we observed no significant
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Internal carotid artery occlusion affected primary cilia alignment in the dentate gyrus but not in striatum or thalamus.

(A) Shown are distribution plots of primary cilia angle and position (°) in DG. (B) Shown are distribution plots of primary cilia angle and position
(°) in Thal. (C) Shown are distribution plots of primary cilia angle and position (°) in DStr. Two-sample Kolmogorov—Smirnov tests: DG angle:
P >0.05, DG position: P =0.011, N =61 cells (sham), 85 cells (occlusion); Thal angle: P > 0.05, Thal position: P > 0.05, N = 55 cells (sham), 40
cells (occlusion); DStr orientation: P > 0.05, DStr orientation: P > 0.05, N = 78 cells (sham), 76 cells (occlusion).
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difference in ciliary lengths in the DG (Fig. 9A). The
proportion of cells that were ciliated was comparable between
groups in both regions examined (Fig. 9B).

We next analyzed ciliary lengths and the number of ciliated
versus non-ciliated cells in the carotid artery occlusion model
of ischemia. We observed significantly shorter cilia in both
Ent and DG, as compared to sham surgery controls (Fig. 9C).
Strikingly, when we analyzed the proportion of ciliated
neurons, we observed dramatic reductions in both Ent and
DG in occluded animals as compared to sham controls
(Fig. 9D).

Taken together, these results suggest that pilocarpine-
induced seizure has regionally variable effects on neuronal
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primary cilia lengths, without affecting the total number of
ciliated cells. By contrast, the carotid artery occlusion
ischemia model induced consistent shortening of cilia lengths
and also decreased the number of ciliated cells across brain
regions.

Discussion

In this study, we systematically mapped the organization of
neuronal primary cilia throughout the adult mouse brain. We
made the interesting discovery that neurons in neocortex
display their primary cilia radially, in line with the orientation
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Figure 9 Primary cilia length and number in seizure and ischemia. (A) Shown are plots of cilia lengths measured in entorhinal cortex
(Ent) and dentate gyrus (DG) in mice injected with pilocarpine (Pilo) or saline (Con). Ent con: 4.27+0.11 pm, Ent pilo 4.54+0.11 pm,
Kolmogorov—Smirnov test P < 0.001, N = 105, 199 cells, respectively; DG con: 3.0940.06 um, pilo: 3.134+0.05 um, Kolmogorov—
Smirnov test P> 0.05, N = 250 cells/group from 3 animals/group. (B) Shown are pie charts displaying the proportion of neurons
containing (gray wedge) or lacking (white wedge) primary cilia in Ent and DG of Pilo and Con animals. Ent con: 190/205 cells ciliated,
Ent Pilo: 212/226 cells ciliated, binomial test P > 0.05; DG Con: 355/370 cells ciliated, DG Pilo: 319/337 cells ciliated, binomial test
P >0.05. (C) Shown are plots of cilia lengths measured in entorhinal cortex (Ent) and dentate gyrus (DG) in mice that received carotid
artery occlusion (Occlusion) or sham surgery (Sham). Ent sham: 4.17+0.11 um, Ent occlusion: 2.75+0.08 um, Kolmogorov—Smirnov test
P <0.001, N =150, 161 cells, respectively; DG sham: 2.884+0.07 um, DG occlusion: 2.544+0.11 um, Kolmogorov—Smirnov test P =
0.001, N =100, 56 cells, respectively. (D) Shown are pie charts displaying the proportion of neurons containing (gray wedge) or lacking
(white wedge) primary cilia in Ent and DG of Occlusion and Sham animals. (Ent sham: 186/208 cells ciliated, Ent occlusion: 117/157 cells
ciliated, binomial test P < 0.001; DG sham: 399/426 cells ciliated, DG occlusion: 219/335 cells ciliated, binomial test P < 0.001.

** represents P < 0.01.
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of their cells of origin. Likewise, dentate granule neurons in
the DG display their primary cilia radially with respect to the
GCL, as the neurons themselves are poised. This radial
alignment likely corresponds to the orientation of the apical
dendrite (Kumamoto et al., 2012), as GABAergic interneur-
ons lacking a dominant apical dendrite exhibited no clear
pattern of primary cilia alignment (Fig. S3). We then
investigated whether this intrinsic ciliary order would become
acutely disrupted in pathological settings. Indeed, we
observed significant shifts in the distribution of primary
cilia angles and positioning on the cell in a temporal lobe
seizure model (Figs. 5-6) and an ischemic stroke model (Figs.
7-8). Importantly, areas affected by these insults were
generally more severely affected than those that were
relatively spared, with respect to preservation of cilia
orientation.

Neuronal primary cilia play important functions in normal
cerebral development and homeostasis. Primary cilia regulate
the proliferation of neural progenitors and dictate neural
patterning and midbrain-hindbrain boundary determination
during embryogenesis (Han and Alvarez-Buylla, 2010). In
the healthy adult brain, primary cilia also promote the
division and maturation of hippocampal neurons (Breunig et
al., 2008; Kumamoto et al., 2012). As sensory structures,
neuronal primary cilia signal through G protein-coupled
receptors (GPCRs), adenylyl cyclase, and calcium channels,
allowing them to act as efficient chemosensors in the CNS
(Fuchs and Schwark, 2004; DeCaen et al.,, 2013). This
property makes them particularly well suited to rapidly detect
local changes in the brain’s microenvironment that may be the
first signals of acute CNS insult, such as synchronized
epileptiform discharge or hypoxia. Indeed, previous work has
demonstrated that primary cilia are involved in axonal repair
and glial scar formation after injury (Winter et al., 1995;
Albrecht et al., 2002; Dutta et al., 2007).

On the other hand, loss of the integrity of primary cilia
during neuronal injury may exacerbate the offense and
impede functional recovery. A recent study found that
primary cilia development was sensitive to PTZ or KA-
induced seizures in the early postnatal period (Parker et al.,
2016). In that investigation, the lengths of primary cilia were
disrupted upon seizure induction, with neocortical and
hippocampal cilia lengthening, shortening, or exhibiting no
change, depending on the specific brain region, the develop-
mental age of the animal, and the seizure induction protocol.
Interestingly, a single perinatal seizure was sufficient to
induce long-lasting effects on neuronal primary cilia length,
as measured up to 42 days post-natally. In the present study,
we focused on the pre-existing neuronal cilia of the adult
brain, rather than newly-sprouting cilia. We observed shifts in
the distribution of cilia angles and positioning on neurons of
pilocarpine-treated animals in all cortical regions examined,
as well as in the dorsal striatum and dentate gyrus, with
thalamic sparing (Figs. 5-6). We also found significant cilia
lengthening in one cortical region examined, although there

was no change in this parameter in the dentate gyrus (Fig. 9).
The more severe effects we observed in the temporal lobe/
limbic structure as compared to other structures is consistent
with the focus of temporal lobe epileptiform discharge (Curia
et al., 2008).

Furthermore, in our cerebral ischemia model, we observed
significant effects on cilia orientation in neocortical regions as
well as in the dentate gyrus (Figs. 7-8). We also identified
changes in cilia lengths and the percentage of ciliated cells in
this model (Fig. 9). These disruptions likewise generally
correlated with areas supplied by branches of the middle
cerebral artery (Dorr et al., 2007), which was occluded in our
model.

The effects on cilia orientation and length we observed may
represent structural damage induced to the neuronal cytoske-
leton under metabolic stress. For example, hypoxic condi-
tions can induce changes in the neuronal cytoskeleton by
interfering with actin assembly and loss of microtubule-
associated proteins (Ota et al., 1997; Khan et al., 2008). The
primary cilium emerges from the basal body, derived from the
mother centriole, whose localization/polarization is highly
dependent upon the microtubule- and microfilament-based
infrastructure of the cytoskeleton (Buendia et al., 1990).
Thus, any damage to this cellular scaffolding system could
potentially result in a bending or distortion of the primary
cilium, as we discovered in our two models of acute brain
injury.

Alternatively, or in addition, such changes in primary cilia
could serve as an initial signal to surrounding neurons and
glial cells that damage has occurred. For example, Double-
cortin domain containing 2 (DCDC2) is a cilia- and
microtubule-localizing protein that interfaces between the
primary cilium and the cytoskeleton to regulate Sonic
hedgehog (Shh) and Wnt signaling (Massinen et al., 2011).
Importantly, the Wnt/beta-catenin pathway has been shown to
be induced by both seizure activity and hypoxia (Busceti et
al., 2007; Theilhaber et al., 2013). Given the vital role that
beta-catenin plays in the maintenance of neuronal structural
integrity as well as synaptic plasticity (Maguschak and
Ressler, 2012; Theilhaber et al., 2013), it is plausible that this
pathway could be disrupted when primary cilia become
compromised, as in the two pathological contexts we
examined. Still, it will be important to pinpoint the
mechanisms by which neurological insult results in acute
changes in cilia orientation and length, and to identify the
functional consequences thereof.

While signaling downstream of structurally-compromised
neuronal primary cilia remains to be determined, pathways
may have been triggered to promote aberrant neurite
outgrowth or progenitor cell proliferation, which are known
to occur in seizure and ischemia models (Yagita et al., 2001;
Huang et al., 2002; Madsen et al., 2003; Parent et al., 2006;
Sierra et al., 2015). With regard to cerebral ischemia,
upregulated cytokine signaling (e.g. via tumor necrosis factor
(TNF)) and microglia recruitment are among the hallmarks of
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the acute response (Bruce et al., 1996). The potential role of
primary cilia in this setting remains uncertain, and should be
the focus of future investigation.

In summary, we have shown that neuronal primary cilia
display a region-specific distribution of alignment, and that
this patterning becomes acutely disrupted during brain injury.
Whether preventing neuronal primary cilia from modifying
their alignment or length in the context of CNS injury would
alleviate or exacerbate cellular damage and functional
recovery will be important questions to address in future
work.
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