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Abstract

The migration of neurons from their birthplace to their correct destination is one of the most crucial steps in
brain development. Incomplete or incorrect migration yields ectopic neurons, which cause neurologic deficits
or are negligible at best. However, the granule cells (GCs) in the cerebellar cortex may challenge this tradi-
tional view of ectopic neurons. When animals are born, GCs proliferate near the pia mater and then migrate
down to the GC layer located deep in the cerebellar cortex. However, some GC-like cells stay in the molecular
layer, a layer between the pia mater and GC layer, even in normal adult animals. These cells were named ec-
topic GCs nearly 50 years ago, but their abundance and functional properties remain unclear. Here, we have
examined GCs in the molecular layer (mGCs) with a specific marker for mature GCs and transgenic mice in
which GCs are sparsely labeled with a fluorescent protein. Contrary to the previous assumption that mGCs
are a minor neuronal population, we have found that mGCs are as prevalent as stellate or basket cells in the
posterior cerebellum. They are produced during a similar period as regular GCs (rGCs), and in vivo time-lapse
imaging has revealed that mGCs are stably present in the molecular layer. Whole-cell patch-clamp recordings
have shown that mGCs discharge action potentials similarly to rGCs. Since axonal inputs differ between the
molecular layer and GC layer, mGCs might be incorporated in different micro-circuits from rGCs and have a
unique functional role in the cerebellum.
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Significance Statement

During brain development, neuronsmigrate away from the place they are born to their correct destination. A defect
in this process yields ectopic neurons, i.e., abnormally positioned neurons, which have been considered harmful
and studied mostly in the context of brain diseases. Here, we show that abundant granule cells (GCs) in the cere-
bellum are located ectopically in normal, healthy animals. These neurons are functionally mature and discharge ac-
tion potentials similarly to conventional GCs. The seemingly ectopic GCs in the normal cerebellum may not be
harmful or negligible. Rather, their abundance and distinct location suggest that theymight play a unique functional
role in the cerebellum via previously unconsidered neuronal connections.

Introduction
Neuronal migration is an elaborate developmental pro-

gram, and a failure in this process often causes severe motor
and cognitive dysfunction because of brain malformation.

Therefore, ectopic neurons, abnormally positioned neurons,
have been studied mostly in their relation to neurologic dis-
eases (Takao et al., 2001; Pierce et al., 2005; McCloskey et
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al., 2006; Watrin et al., 2015). However, some neurons are
placed ectopically even in the normal, healthy brain. Well-
known examples are granule cells (GCs) in the hippocampal
dentate gyrus (DG) and cerebellar cortex (Chan-Palay, 1972;
Palay and Chan-Palay, 1974; Gaarskjaer and Laurberg, 1983;
Scharfman et al., 2007). These seemingly harmless ectopic
neurons have not been paid much attention, and it remains
largely unclear whether they are just tolerable errors or play
some roles in brain function.
The mature cerebellar cortex consists of four distinct

layers: the molecular layer, Purkinje cell layer, GC layer,
and white matter in this order from the surface (Palay and
Chan-Palay, 1974; Altman and Bayer, 1996). GCs migrate
down from the surface to the GC layer during develop-
ment, but some GCs have been found in the molecular
layer of the normal adult cerebellum in various animal spe-
cies (Brzustowicz and Kernohan, 1952; Spacek et al.,
1973; Palay and Chan-Palay, 1974; Lafarga and Berciano,
1985; Berciano and Lafarga, 1988).
Thus far, those molecular layers GCs (mGCs) have

been studied using nonspecific histochemical techniques,
such as hematoxylin-eosin staining and Nissl staining.
With these staining techniques, mGCs can be unambigu-
ously identified only when they form a clear, distinguish-
able cluster near the pia mater. If individual mGCs are
dispersed throughout the molecular layer, they are diffi-
cult to identify because their staining pattern appears sim-
ilar to that of molecular layer interneurons (MLIs), i.e.,
stellate cells and basket cells. As a consequence, the
number of mGCs has likely been underestimated. Indeed,
Golgi staining revealed GCs distributed throughout the
molecular layer (Lafarga and Berciano, 1985; Berciano
and Lafarga, 1988). Although Golgi staining is nonspe-
cific, it highlights the entire structure of sparsely labeled
cells, allowing cell-type identification. The dendritic struc-
ture of mGCs is slightly different from regular GCs in the
GC layer (rGCs); hence they were considered immature
forms of GCs (Lafarga and Berciano, 1985). Combined
with the assumption that GCs are a minor population in
the molecular layer, mGCs have been regarded as a
harmless error in migration (Berciano and Lafarga, 1988).
It may be too early to draw such a conclusion because

previous studies of mGCs were performed several

decades ago before a GC-specific marker was estab-
lished. Therefore, the actual abundance of mGCs remains
unclear. Furthermore, the functional properties of mGCs
have not yet been studied because identifying them in liv-
ing tissues was nearly impossible. Now, the GABAA re-
ceptor a6 subunit (GABAARa6) is an established marker
for mature GCs (Kato, 1990; Laurie et al., 1992b; Nusser
et al., 1996; Mellor et al., 1998). A transgenic mouse line in
which GCs are selectively labeled with fluorescent pro-
teins is available for functional characterization of mGCs
(Huang et al., 2013; Shima et al., 2016; Dhar et al., 2018).
Using these new tools, we have found that mGCs,
GABAARa6-positive cells, are as prevalent as stellate or
basket cells in the molecular layer of the posterior cere-
bellum. Whole-cell patch-clamp recordings and in vivo
time-lapse imaging suggest that mGCs are stable compo-
nents in the molecular layer, potentially participating in
local synaptic circuitry in a different way from rGCs.

Materials and Methods
Animals
C57BL/6J (B6) mice and TCGO transgenic mice (males

and females) were used for this study. TCGO is one of
.200 enhancer trap lines that label small subsets of neu-
rons (Shima et al., 2016). A fraction of cerebellar GCs ex-
presses mCitrine fluorescent protein in TCGO mice
(Huang et al., 2013; Dhar et al., 2018), although it is un-
known why mCitrine expression is GC-specific and why the
labeling is sparse. TCGO line was backcrossed to B6, and
the experimental animals were obtained from TCGO � B6
and TCGO � TCGO. The mice were four-month-old or older
unless otherwise stated. All animal procedures were per-
formed in accordance with the University of Texas at Austin,
Institutional Aimal Care and Use Committee’s regulations.

5-Bromo-2’-deoxyuridine (BrdU) cell proliferation
assay
BrdU was subcutaneously injected into B6 pups

(150mg/kg). Individual pups received two pulses of injec-
tion (4-h interval) either at postnatal day (P)4, P8, or P12
and were returned to the home cage with their mother.
They were sacrificed approximately two months after the
injection and processed for immunohistochemistry as de-
scribed below but with an additional antigen retrieval
step. For antigen retrieval, cerebellar sections were first
incubated with 2N HCl at room temperature for 30min.
The HCl was washed thoroughly with PBS (in mM; 137
NaCl, 2.7 KCl, 8 Na2HPO4, and 2 KH2PO4, pH 7.4) con-
taining 0.5% Triton X-100 (PBST) before proceeding to
the blocking step of immunohistochemistry. Image acqui-
sition and analysis were performed as described below.

Immunohistochemistry
B6 or TCGOmice were anesthetized with an intraperito-

neal injection of ketamine/xylazine (100/10mg/kg) and
then intracardially perfused with 4% paraformaldehyde
in PBS. The brains were extracted postperfusion and
immersed in the same fixative overnight at 4°C. After
washing the tissues with PBS, sagittal sections of the
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cerebellum (30–60mm in thickness) were cut using Microm
HM650V vibration microtome (Thermo Fisher Scientific). The
sections were washed with PBST and blocked for at least 1 h
at room temperature in PBST containing 5% normal donkey
serum. Following the blocking step, the sections were incu-
bated with primary antibodies overnight at 4°C, then washed
with PBST and incubated with secondary antibodies for at
least 2 h at room temperature. Sections were then washed
with PBST and mounted with mounting media (Fluoromount-
G, SouthernBiotech). The list of the primary and secondary
antibodies is shown below.
Primary antibodies: anti-GABAARa6 rabbit polyclonal

antibody (1:500, #224603, Synaptic Systems), anti-parval-
bumin (PV) mouse monoclonal antibody (1:2000, ab277625,
Abcam), anti-BrdU rat monoclonal antibody (1:500, ab6326,
Abcam), anti-NG2 rabbit polyclonal antibody (1:500, AB5320,
Millipore Sigma). Secondary antibodies: donkey anti-rabbit
IgG H&L Alexa Fluor 488 (1:500, ab150073, Abcam), donkey
anti-mouse IgG H&L Alexa Fluor 568 (1:500, ab175472,
Abcam), donkey anti-rat IgG H&L Alexa Fluor 568 (1:500,
ab175475, Abcam), donkey anti-rabbit IgG H&L Alexa Fluor
647 (1:500, ab150075, Abcam), donkey anti-mouse IgG H&L
Alexa Fluor 647 (1:500, ab150107, Abcam).
Two-color detection was performed with the following

fluorophore combination: GABAARa6 (Alexa Fluor 488) –
PV (Alexa Fluor 568), GABAARa6 (Alexa Fluor 488) – BrdU
(Alexa Fluor 568), mCitrine – GABAARa6, PV, or NG2
(Alexa Fluor 647).

Image acquisition and analysis
The immunostained sections were imaged using Olympus

FV1000 laser-scanning confocal microscope (Olympus). Z-
stack images were acquired with a 40� water immersion
objective lens (0.8NA) at 1- to 1.5-mm step size with the x-y
resolution of 0.4–0.6mm/pixel. Alexa Fluor 488 and Alexa
Fluor 568 were excited by 488- and 543-nm lasers, respec-
tively. The green (Alexa Fluor 488) and orange (Alexa Fluor
568) fluorescent emissions were separated by a long-pass fil-
ter 560nm and then filtered by bandpass filters 505–525 and
560–660nm, respectively. mCitrine and Alexa Fluor 647 were
excited by 515- and 635-nm lasers, respectively. The yellow
(mCitrine) and red (Alexa Fluor 647) fluorescent emissions
were separated by a long-pass filter 640nm and then filtered
by bandpass filters 535–565 and 655–755nm, respectively.
The laser intensity and the sensitivity of the photomultiplier
tubes were manually optimized in each field of view (FOV) be-
cause the signal intensity and background noise are not al-
ways the same across samples and even within a sample.
To quantify the density of mGCs and MLIs (the mixture

or basket and stellate cells) in B6 mice, the number of
GABAARa6-positive cells (mGCs) and PV-positive cells
(MLIs) were manually counted in 3D, z-stack images. The
FOVs were selected from the anterior lobe (Lobules I–V),
posterior lobe (Lobules VI–IX), and flocculonodular lobe
(Lobule X). Then, in each FOV, the numbers of mGCs and
MLIs were divided by the ML volume to obtain the density.
The ML volume (range; 5.8� 10�4 mm3 to 28.0� 10�4

mm3) was calculated as the ML area � the depth of the
z-stack in which counted cells were included. The

numbers of animals and FOVs in each lobe are shown in
Figure 1 legend.
For BrdU cell proliferation assay in B6 mice, the num-

bers of GABAARa6-positive cells and BrdU/GABAARa6-
double-positive cells were manually counted in the
molecular layer and GC layer in 3D, z-stack images. Then,
the fraction of BrdU/GABAARa6-double-positive cells in
GABAARa6-positive cells was calculated in each layer.
The FOVs were selected randomly from the entire cere-
bellum. The numbers of animals and FOVs are shown in
Figure 2 legend. The average volume for quantification
was 14.0� 10�4 mm3. The quantification was done by
two experimenters, one knew when BrdU was injected,
and the other did not.
For the identification of mCitrine-expressing cells, at

least four TCGO mice were used for each immunostaining
against GABAARa6, PV, or NG2. The FOVs were selected
randomly from the entire cerebellum, and the images
were examined whether the immunoreactivity colocalized
with mCitrine fluorescence.

Cranial window preparation
TCGO mice (one month old or older) were anesthetized

with 5% isoflurane, and the dose was reduced to 1.5–2%
following the induction. A cranial window was created on
the dorsal surface of the cerebellar cortex (Lobules VI-VIII)
as described in a previous study (Nishiyama et al., 2014).
Briefly, the scalp, muscles, and fascia overlying the skull
were removed. A small metal bar (12� 2 mm in length and
; 0.9 mm in thickness) was glued to the skull near the
lambdawith surgical cyanoacrylate (Vetabond, 3M) and den-
tal cement (Ortho-Jet, Lang Dental). The mouse’s head was
stabilized by clamping the metal bar to the surgical stage. A
dental drill and a small drill bit (0.5-mm tip diameter) were
used for etching a rectangular (;2� 1.5 mm) craniotomy on
the skull. After an opening wasmade, a coverslip was placed
directly on top of the dura and secured in place using the
surgical cyanoacrylate and dental cement. The animal was
then allowed to recover from the anesthesia and returned to
the home cage. Carprofen (5mg/kg) was administrated for
2d postsurgery as an analgesic.

In vivo time-lapse imaging
We began long-term two-photon in vivo time-lapse imag-

ing one to two weeks after the cranial window preparation.
Mice were lightly anesthetized with 1–1.5% isoflurane and
securely positioned on a custom-made x-y translator under
Olympus FV1000 two-photon laser-scanning microscope
(Olympus). mCitrine was excited by 920-nm pulsed infrared
laser provided by Mai Tai HP DeepSee mode-locked Ti:sap-
phire laser (Spectra-Physics). The emitted fluorescence was
collected with a 25� water immersion objective lens
(1.05NA) and detected by an external gallium arsenide pho-
todetector (GaAsPs; Hamamatsu).
Both mGCs and rGCs express mCitrine in TCGO mice.

However, mGCs and rGCs are unambiguously distin-
guishable because mGCs are found within parallel fiber
bundles, which exist only in the molecular layer. Z-stack
images (1.5-mm step size, 30–60 planes with the x-y
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Figure 1. Immunohistochemical detection of mGCs and MLIs. A, The sagittal cerebellar slices of B6 mice were double-stained with
antibodies for GABAARa6 (cyan, top row) and PV (red, middle row). The merged images are shown in the bottom row. Note that
GABAARa6 signals do not colocalize with the somata of PV-positive cells. The left, middle, and right columns show examples taken
from the anterior lobe (ANT; Lobules I–V), posterior lobe (POST; Lobules VI–IX), and flocculonodular lobe (FL; lobule X), respectively.
The arrows in the top row indicate examples of mGCs. The asterisks in the middle row indicate Purkinje cell somata. ML, molecular
layer; PCL, Purkinje cell layer. Scale bar: 40mm. B–D, The density of MLIs (B), mGCs (C), and the mGC/MLI ratio (D) were quantified
in each lobe, and the mean differences between ANT versus POST and ANT versus FL were estimated by bootstrap resampling. In
the top panels, the closed circles indicate individual FOVs taken from ANT (red; n=19), POST (green; n=24), and FL (blue; n=6) of
four mice. The open circles and vertical lines indicate the mean and standard deviation (SD), respectively. In the bottom panels, the
gray curves indicate the resampled distribution of the mean difference between ANT versus POST (POST minus ANT) and ANT ver-
sus FL (FL minus ANT). The closed black circles and vertical lines indicate the observed mean difference and 95% confidence
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resolution of 0.3mm/pixel) were taken repetitively in the
same FOVs once a week until the window clarity dimin-
ished or the animals showed a sign of potential health
concern. The brain surface vasculature was used to lo-
cate the same FOVs roughly, and the position was con-
firmed and refined by mGC signals, which were stable
across time points. We imaged 344 mGCs from 17 mice
in total. Among them, 181 mGCs from 10 mice were im-
aged longer than one month. Since the inability of month-
long imaging likely reflects suboptimal surgery, we only
focused on those 181 mGCs and tracked their presence
in 3D z-stacks across timepoints. Cells located near the
top or bottom of a z-stack were excluded from the analy-
sis because those cells might not be captured at every
time point because of a slight angular difference in the op-
tical axis.

Electrophysiology
TCGO mice were deeply anesthetized with isoflurane.

The cerebellum was quickly removed after decapitation
and submerged in an ice-cold cutting solution containing
(in mM): 2.5 KCl, 0.5 CaCl2, 7.0 MgCl2, 1.25 NaH2PO4, 25
NaHCO3, 205 Sucrose, and 15 glucose bubbled with 95%
O2 and 5% CO2. Parasagittal slices (200 mm thick) were
cut using a 7000smz-2 vibration microtome (Campden
Instruments), recovered in artificial CSF (ACSF; in mM:
125 NaCl, 2.5 KCl, 1.25, NaH2PO4, 25 NaHCO3, 2 CaCl2,
1 MgCl2, and 10 glucose) for 30min at 32°C, and then
stored at room temperature until used for recording.
Recordings were performed at 32°C.
Whole-cell patch-clamp recordings were made using

Multiclamp 700B amplifier (Molecular Devices) and
AxoGraph data acquisition software (AxoGraph). The tip
of the recording pipettes (7–12 MV) was wrapped with
Parafilm to reduce the capacitance. Whole-cell current-
clamp recordings were performed using the pipettes filled
with the intracellular solution containing (in mM): 150 K-
gluconate, 10 NaCl, 10 K-HEPES, 3 Na2-ATP, 0.3 Na-
GTP (305–310 mOsm, pH adjusted to 7.3 with KOH).
mCitrine-expressing cells in the molecular layer (mGC1),
mCitrine-expressing cells in the GC layer (rGC1), and
mCitrine-nonexpressing cells in the GC layer (rGC–) were
selected at random, but mGC1 located at the pia mater
was avoided. Series resistance was compensated using
bridge balance, and pipette capacitance was neutralized.
Cells that required .1.5 pF of capacitance neutralization
were removed from further analysis. Passive and active
membrane properties of the cells were quantified as de-
scribed below.

Electrophysiology data analysis
Hyperpolarizing current steps (750 ms, 1–10pA with 1-

pA increment) were injected to quantify resting membrane

potentials and input resistance. Resting membrane po-
tentials were obtained as the averaged voltages without
holding current. To quantify input resistance, the steady-
state voltage deflection by each hyperpolarizing current
was obtained as the averaged voltage during the last 200
ms of hyperpolarizing current injection. The voltage de-
flections were plotted as the function of the amplitude of
the injected currents, and input resistance was obtained
as the slope of the linear regression line.
Depolarizing current steps (750 ms, 0–35pA with 5-pA

increment) were injected to quantify the excitability of the
cells. Action potential threshold was obtained as the volt-
age where dV/dt exceeds 10mV/ms. The action potential
firing frequency was obtained as the mean firing rate dur-
ing the first 200-ms period of depolarizing current injec-
tion. Input threshold was defined as the minimum current
that elicited action potentials. The action potential fre-
quencies were plotted as the function of the amplitude of
the injected currents, and the linear regression line was
obtained within the domain from the maximum current
that did not elicit action potentials and 35pA. The slope
of this line was used as a measure of the input-output
relationship.
The measurements were performed with AxoGraph, and

the obtained data were processed with custom-written R
codes for visualization, linear fit, and statistical analysis.

Statistical analysis
Bootstrap resampling (5000 resamples) was performed

using an R package dabestr (Ho et al., 2019) to present
the effect size, i.e., the mean difference between control
and test groups, with its resampling distribution and 95%
confidence interval. If the 95% confidence interval does
not include zero, it is equivalent to p, 0.05 in null hypoth-
esis significance testing. This method does not require
the sample or population to be normally distributed.
Furthermore, showing the effect size with its entire range
of distribution allows better inference beyond whether the
effect is statistically significant or not (Calin-Jageman and
Cumming, 2019; Ho et al., 2019).
Regarding passive and active membrane properties,

mGC1 showed a smaller variance than rGC1 and rGC– in
the input resistance and current-frequency (input-output)
relationship. Bartlett’s test was used in these cases to test
the homogeneity of variance, and p , 0.05 was considered
statistically significant.

Results
GC is one of the major neuronal subtypes in the
molecular layer of the posterior cerebellum
According to the traditional view of cerebellar anat-

omy, MLIs (basket cells and stellate cells) are the
only neuronal subtypes that have their somata in the

continued
interval, respectively. The horizontal dashed line is the line of zero mean difference. The statistical significance (p, 0.05) is assessed
whether the 95% confidence interval includes this zero-line or not. Furthermore, the sharpness of the resampled distribution (relative
to the mean difference) and the proximity of the confidence interval to the zero-line allow us to infer the certainty of the difference.
All the estimation graphics used in this study have the same structure.
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molecular layer (Palay and Chan-Palay, 1974; Altman
and Bayer, 1996; D’Angelo, 2018). Therefore, we first
performed double-immunohistochemistry using the anti-
GABAARa6 antibody and anti-parvalbumin (PV) antibody

to quantify how prevalent GCs are, relative to MLIs, in
the molecular layer of B6 mice.
GCs express GABAA receptors and the subunit expres-

sion pattern changes with developmental stages; GC

Figure 2. BrdU cell proliferation assay. A, Representative images of BrdU (red) and GABAARa6 (cyan) double staining in the normal adult
cerebellum. The top and bottom rows indicate the images taken from the molecular layer (ML) and GC layer (GCL), respectively. BrdU
was injected at P4 (left column), P8 (middle column), or P12 (right column). The arrows indicate examples of BrdU-positive mGCs, where-
as the arrowheads indicate examples of BrdU-negative mGCs. Scale bar: 40mm. B, C, The fraction of BrdU-positive cells in GABAARa6-
positive cells was quantified in the GCL (B) and ML (C), and the mean differences between the BrdU injection days were estimated by
bootstrap resampling. In the top panels, the closed circles indicate individual FOVs obtained from P4 injection (red; n=15 for GCL, 16 for
ML from 4 mice), P8 injection (green, n=20 for GCL, 20 for ML from 5 mice), and P12 injection (blue; n=13 for GCL, 17 for ML from 4
mice). The open circles and vertical lines indicate the mean and SD, respectively. In the bottom panels, the estimated mean differences
between P8 versus P4 (P4 – P8) and P8 versus P12 (P12 – P8) are shown for the GCL (B), and the estimated mean differences between
P4 versus P8 (P8 – P4) and P4 versus P12 (P12 – P4) are shown for the ML (C). The gray curves indicate the resampled distribution of
the mean difference. The closed black circles and vertical lines indicate the observed mean difference and 95% confidence interval, re-
spectively. The horizontal dashed line is the line of zero mean difference.
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precursors express the subunits a2, a3, b 3, g1, and g2,
whereas the expression of the subunit a6 (GABAARa6) is
restricted to postmigratory mature GCs (Laurie et al.,
1992a). Therefore, GABAARa6 has been used as a marker
for mature GCs (Kato, 1990; Laurie et al., 1992b; Nusser
et al., 1996; Mellor et al., 1998).
PV, a slow calcium-binding protein, is expressed in

subsets of GABAergic interneurons, and its expression is
specific to MLIs, Golgi cells, and Purkinje cells in the cere-
bellar cortex (Bastianelli, 2003). Among them, Golgi cells
are located in the GC layer, and Purkinje cells are located
at the bottom of the molecular layer. Within the molecular
layer, anti-PV antibody labels Purkinje cell dendrites, but
it highlights the soma of MLIs (Fig. 1A, middle). Therefore,
it has been used to label MLIs in various animal species
(Ohshima et al., 1991; Kadowaki et al., 1993; Fortin et al.,
1998; Kalinichenko and Pushchin, 2008; Kamiya and
Sawada, 2021).
The anti-GABAARa6 antibody labeled GCs as small,

open circles in the molecular layer (Fig. 1A, top), which
were distinct from PV-positive MLIs (Fig. 1A, bottom). We
called them mGCs and quantified the density of mGCs,
MLIs, and their ratio (mGC/MLI) on parasagittal sections
of the cerebellar vermis.
The cerebellum is divided into three lobes along the an-

terior-posterior axis by two major fissures: the anterior
lobe (Lobules I–V), posterior lobe (Lobules VI–IX), and floc-
culonodular lobe (Lobule X). The density of mGCs and
MLIs varied across the FOVs in all three lobes. However,
as a population, the anterior lobe had more MLIs
(125.76 31.5� 103/mm3, mean 6 SD) and fewer mGCs
(22.26 16.7� 103/mm3) than the posterior lobe (MLIs:
101.86 27.4� 103/mm3, mGCs: 33.86 11.9� 103/mm3)
and flocculonodular lobes (MLIs: 98.0620.2� 103/mm3,
mGCs: 34.76 11.0� 103/mm3). Figure 1B,C shows these
results (top panels) with the mean difference between the
anterior lobe and other lobes, with its estimated distribu-
tion and 95% confidence interval (bottom panels). Except

for the difference in mGC density between the anterior
lobe and flocculonodular lobe (Fig. 1C, bottom right),
these differences were statistically significant, i.e., the
95% confidence interval of the mean difference not in-
cluding zero. However, even in these statistically signifi-
cant cases, the 95% confidence intervals contain values
close to zero, suggesting that the actual difference could
be minimal or uncertain.
The primary purpose of this analysis is to quantify the

relative abundance of GCs as compared with MLIs.
Therefore, we calculated the mGC/MLI ratio in each FOV
(Fig. 1D). The ratio was significantly higher in the posterior
lobe (0.356 0.13) and the flocculonodular lobe (0.366
0.11) than the anterior lobe (0.176 0.11). Furthermore, the
95% confidence interval was narrow relative to the mean
difference, suggesting that the difference is likely real.
It is important to note that MLIs are a mixture of two dif-

ferent neuronal types: basket cells and stellate cells. If
the mGC/MLI ratio is 0.35, and the number of basket
cells and stellate cells are comparable, the ratio of mGC:
basket: stellate is estimated to be 0.35:0.5:0.5 = 0.7:1:1.
Therefore, the number of mGCs is estimated to be ;70%
of each MLI subtype in the posterior cerebellum.

mGCs are produced during a similar period as rGCs
When animals are born, GCs proliferate near the pia

mater and form the external GC layer (Rahimi-Balaei et
al., 2018). The external GC layer then gradually disap-
pears as postproliferating GCs migrate down through
the molecular layer to form the GC layer deep inside
the cortex (Altman and Bayer, 1996; Rahimi-Balaei et
al., 2018). Although mGCs are speculated to be the last
ones to exit the mitotic cycle and thus could not complete
their migration to the GC layer (Lafarga and Berciano,
1985), no previous study has tested this hypothesis.
Therefore, we performed BrdU cell proliferation assay
combined with GABAARa6 immunostaining to test whether

Figure 3. mCitrine exclusively labels mGCs in the molecular layer of TCGO mice. A, The cerebellar cortex of TCGO mice. mCitrine-
expressing cells (cyan) are seen in the molecular layer (ML) and GCs layer (GCL). Scale bar: 50mm. B, The molecular layer of TCGO
mice was immunostained with antibodies for GABAARa6 (left column), PV (middle column), or NG2 (right column). The merged im-
ages (bottom row) show the mCitrine signal and the antibody signal in cyan and red, respectively. The arrowheads indicate the loca-
tion of mCitrine-expressing cells. Note that mCitrine-expressing cells are co-labeled only with the anti-GABAARa6 antibody. Scale
bar: 20mm.
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mGCs represent the group of GCs that exit the mitotic
cycle last (Fig. 2).
We injected BrdU into B6 pups at P4, P8, or P12. These

dates were chosen because P4–P12 covers the almost
entire range of GC proliferation as previous studies
showed that the fraction of proliferating GCs was nearly
100% at P4,;50% at P8, and only 10–20% at P12 in rats
(Fujita, 1967). We sacrificed the mice two months after the
BrdU injection and double-stained the sections with anti-
BrdU antibody and anti-GABAARa6 antibody (Fig. 2A).
Then, the fraction of BrdU-positive cells in the population
of GABAARa6-positive cells was quantified in each FOV
without distinguishing lobes (Fig. 2B, C). We did not
address potential differences among lobes for the rest
of this study.
The fraction of BrdU-positive GCs, i.e., BrdU and

GABAARa6-double-positive cells, showed a steady de-
cline in the GC layer as BrdU was injected at a later time
point (Fig. 2B). It indicates that our BrdU cell proliferation
assay reliably captured the overall time course of GC pro-
liferation. Therefore, this assay can be used to examine
the time course of mGC production.
If mGCs are the last group of GCs that exit the mitotic

cycle, all of them should be labeled by BrdU regardless of
the timing of injection. In this scenario, two possible out-
comes are expected. One possibility is that the fraction of
BrdU-positive GCs is not affected by the timing of BrdU
injection in the molecular layer. However, it is reasonable
to assume that the strength of BrdU labeling gradually
decreases and eventually becomes undetectable as
cells undergo more mitotic cycles after the BrdU injec-
tion. Therefore, the other possibility is that the fraction of
BrdU-positive GCs increases in the molecular layer as in-
jection timing is delayed toward the end of the GC prolif-
eration phase. As shown in Figure 2C, the experimental
outcome was different from both of these predictions.
The average fraction of BrdU-positive GCs was highest
in the molecular layer when BrdU was injected at P8
(0.3760.09), which was more than twice as P4 (0.136
0.07) and P12 (0.166 0.12) injections (Fig. 2C, top). The
mean difference between P4 and P8 injection was signif-
icant with the narrow confidence interval relative to the
difference, whereas there was no significant difference
between P4 and P12 injection (Fig. 2C, bottom). These
results indicate that mGCs are not merely the last group
of GCs that exit the mitotic cycle. Thus, although mGC
production may be slightly delayed from regular GCs in
the GC layer (rGCs), the timing of mGC production ap-
pears to be largely overlapped with rGC production.

mGCs are stable components of the cerebellar cortex
It is yet to be known whether mGCs are late migrating

cells, dying over time because of incorrect placement, or
stable components in the molecular layer. To determine
which of these possibilities is the case, mGCs must be vi-
sualized in living specimens. We, therefore, characterized
the transgenic mouse line called TCGO, in which rGCs are
labeled by the fluorescent protein mCitrine (Huang et al.,
2013; Shima et al., 2016; Dhar et al., 2018). Consistent
with the previous report, rGCs were sparsely labeled by

mCitrine in TCGO mice (Fig. 3A). Besides, we found
mCitrine-expressing cells in the molecular layer as well
(Fig. 3A).
To confirm the identity of mCitrine-expressing cells in the

molecular layer, we performed immunohistochemistry using
antibodies for GABAARa6, PV, and NG2, a marker for NG2
glial cells that are known to have their somata in the molecu-
lar layer (Levine and Card, 1987; Lin et al., 2005). Only
GABAARa6 immunosignals colocalize with mCitrine-ex-
pressing cells, indicating that they are mGCs, not MLIs or
NG2 glial cells (Fig. 3B). Because of the sparse labeling na-
ture of TCGO mice, not all mGCs or rGCs express mCitrine.
Regardless, the TCGO mouse line provides a powerful ex-
perimental tool to characterize mGCs in living specimens.

Figure 4. Long-term time-lapse in vivo imaging of mGCs. A, B,
Representative images of mGCs in vivo. Images taken on the
first day of imaging (day 0) are compared with the image taken
80d later (A) and 90d later (B). Axons running laterally in the im-
ages are parallel fibers. Red arrowheads in B indicate the mGC
that did not exist on day 0 but appeared on day 90. Note that
the images are maximum projections; hence, a small angular
difference in the optical axis sometimes causes false changes
in the projected images. The appearance of the mGC, indicated
by the red arrowheads, was confirmed in the z-stack. Scale bar:
20mm. C, The fractions of stable and newly appeared mGCs
were quantified in 181 mGCs (from 10 mice) that were imaged
longer than one month. Only two mGCs appeared, and no mGC
disappeared. Scale bar: 20mm.
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Figure 5. Passive membrane properties of mGCs. A, GABAARa6 (red) and mCitrine (cyan) double-labeling in a fixed tissue to show
the identity of recorded cells. Whole-cell current-clamp recordings were made from rGC– (mCitrine-nonexpressing rGC), rGC1
(mCitrine-expressing rGC), and mGC1 (mCitrine-expressing mGC). mGC– (mCitrine-nonexpressing mGC) is invisible in living tis-
sues, thus not recorded. Scale bar: 20mm. B, Hyperpolarizing current steps (1-pA increment) injected into the cells (top, left) and
the resultant membrane hyperpolarization in a rGC– (bottom, left), rGC1 (top, right), and mGC1 (bottom, right). C, A representative
current–voltage (I–V) relationship (gray dots) and the linear regression line (dashed line). The input resistance of each cell was ob-
tained as the slope of this linear regression line. D–F, The I–V relationship of rGC– (D), rGC1 (E), and mGC1 (F). Gray lines repre-
sent individual cells, and the colored lines represent the population average. G, The population averages of rGC– (red), rGC1
(green), and mGC1 (blue) are overlayed. H, I, The input resistance (H) and resting membrane potential (I) of rGC– (red; n=11),
rGC1 (green; n=7), and mGC1 (blue; n=12) were shown, and the mean differences between rGC1 versus rGC– and rGC1 versus
mGC1 were estimated by bootstrap resampling. In the top panels, the closed circles indicate individual cells. The open circles and
vertical lines indicate the mean and SD, respectively. In the bottom panels, the gray curves indicate the resampled distribution of
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To determine the stability of mGCs, we performed two-
photon in vivo time-lapse imaging using adult TCGO
mice. Since rGCs send their axons, called parallel fibers,
to the molecular layer (Altman and Bayer, 1996; Palay and
Chan-Palay, 1974); mGCs can be easily identified by their
co-presence with parallel fibers (Fig. 4A,B). Among 181
mGCs (from 10 mice) imaged over one month or longer,
only two mGCs newly appeared (Fig. 4C). None of the
mGCs imaged at the first time point disappeared later. It
remains unclear whether the new mGCs actually ap-
peared or mCitrine-nonexpressing mGCs somehow
started to express mCitrine. However, almost all mGCs
barely changed their positions or shapes, suggesting that
they were stable components of the molecular layer.

mGCs discharge action potentials
Because of the uncommon location of mGCs and their

morphology, it has been thought that mGCs are erroneous
neurons with their maturation stalled midway (Berciano and
Lafarga, 1988). However, no functional characterization has
yet been made. Using cerebellar slices acutely prepared
from TCGOmice, we performed whole-cell patch-clamp re-
cordings from visually identified mGCs. Recordings were
made from mCitrine-expressing mGCs (mGC1), mCitrine-
expressing rGCs (rGC1), and mCitrine-nonexpressing rGCs
(rGC–; Fig. 5A). Although mCitrine-nonexpressing mGCs
were not identifiable, thus not recorded, the comparison be-
tween rGC1 and rGC– was expected to provide insight into
potential differences between mCitrine-expressing and non-
expressing GCs, if any.
We held the cells with current-clamp mode and injected

a hyperpolarizing current step (0–10pA) with 1-pA incre-
ment (Fig. 5B). The voltage-current relationship was ob-
tained in each cell (Fig. 5C–G), and the input resistance
was measured as the slope of the linear regression line
(Fig. 5C,H). The input resistance showed substantial cell-
to-cell variation in rGC– (1.656 0.85 GV) and rGC1
(2.306 0.98 GV), as indicated by the relatively large SD
compared with the mean. On the other hand, the cell-to-
cell variation was small in mGC1 (2.426 0.39 GV). The dif-
ference in variation was statistically significant (p=0.028,
Bartlett’s test), suggesting that mGCs are more homoge-
neous than rGCs.
We also compared the mean input resistance between

rGC1 versus rGC– and rGC1 versus mGC1 because
rGC1 shares a common property with both cell types
(rGC–: location, mGC1: mCitrine expression); thus, suita-
ble as the control group for our statistical analysis. The
95% confidence interval of the mean difference includes
zero in both rGC– and mGC1, indicating that the mean
input resistance was not significantly different among the
cell types (Fig. 5H). The resting membrane potential,
measured as the voltage without a holding current, was
not significantly different among the cell types either (Fig.

5I). These results suggest that, although mGCs may be
more homogenous than rGCs, their passive membrane
properties are as mature as rGCs.
We next examined the firing properties of mGCs by in-

jecting a depolarizing current step (0–35pA) with 5-pA in-
crement (Fig. 6A). All three types of GCs discharged
action potentials, and the firing frequency increased as
the amplitude of the injected current increased (Fig. 6B–
F). Consistent with previous studies (Brandalise et al.,
2016), there was substantial cell-to-cell variation in the
minimum current required to elicit action potentials (input
threshold) and the slope of the current-frequency relation-
ship (Fig. 6G). Similar to the input resistance, mGCs
showed the smallest variation in the slope (Fig. 6I), and
the difference in variation was statistically significant
among the cell types (p=0.002, Bartlett’s test). It sug-
gests that the input-output relationship, i.e., how the input
strength is converted to the firing frequency, is relatively
homogeneous in mGCs. However, there was no signifi-
cant difference between rGC1 versus rGC– or rGC1 ver-
sus mGC1 in the mean input threshold (Fig. 6H), slope
(Fig. 6I), or action potential threshold (Fig. 6J) as shown
by the 95% confidence interval including zero in all the
cases. These results suggest that, although the physio-
logical properties of mGCs may be more homogenous
than rGCs, their intrinsic excitability is as mature as rGCs.

Discussions
This study reevaluated mGCs with modern experimen-

tal tools that were not available when previous studies
characterized them several decades ago. We used the
anti-GABAARa6 antibody, a GC-specific marker, to quan-
tify the distribution and abundance of mGCs. We also
used the TCGO transgenic mouse line to analyze for the
first time the functional properties of mGCs. Our data
show that the number of mGCs is estimated to be ;70%
of stellate cells or basket cells in the posterior lobe and
flocculonodular lobe, and they discharge action potentials
in a similar fashion as rGCs. These results suggest that
mGCs are one of the major neuronal subtypes in the mo-
lecular layer of the posterior cerebellum, potentially form-
ing a previously unconsidered synaptic circuit in the
cerebellar cortex.

Quantification of mGCs andMLIs
An anti-GABAARa6 antibody has been used in numer-

ous studies since it was established as a GC-specific
marker. But, to our knowledge, those studies barely de-
scribed mGCs in the normal adult cerebellum. It is prob-
ably because the intense GABAARa6 immunoreactivity in
the GC layer overshadows the signals in the molecular
layer; thus, mGCs have not received much attention.
rGCs are densely packed in the GC layer, and they are the
most abundant neurons in the mammalian brain. It could

continued
the mean difference between rGC1 versus rGC– (rGC– minus rGC1) and rGC1 versus mGC1 (mGC1 minus rGC1). The closed
black circles and vertical lines indicate the observed mean difference and 95% confidence interval, respectively. The horizontal
dashed line is the line of zero mean difference.
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Figure 6. Excitability of mGCs. A, Depolarizing current steps (5-pA increment) injected into the cells. B, The action potential dis-
charge in a rGC– (top), rGC1 (middle), and mGC1 (bottom) on current injection. The amplitude of the injected current is shown
above each trace. C–E, The frequency of action potential discharge as a function of injected current in rGC– (C), rGC1 (D), and
mGC1 (E). Gray lines represent individual cells, and the colored lines represent the population average. F, The population averages
of rGC– (red), rGC1 (green), and mGC1 (blue) are overlayed. G, A representative current-frequency relationship (gray dots) and the
linear regression line (dashed line). The linear fit was performed between the maximum current that did not evoke action potential
(10 pA in this cell) and the current that elicited the highest frequency of action potentials (35pA in this cell). The input threshold is
the minimum current that evoked action potentials (15pA in this cell). H–J, The input threshold (H), the slope of the linear regression
line (I), and action potential threshold (J) of rGC– (red; n=8), rGC1 (green; n=8), and mGC1 (blue; n=8) were shown, and the
mean differences between rGC1 versus rGC– and rGC1 versus mGC1 were estimated by bootstrap resampling. In the top panels,
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be possible to argue that mGCs have little contribution to
cerebellar function because the fraction of mGCs is small
compared with rGCs. However, GC activity is sparse, and
only a subset of rGCs convey action potentials to their
postsynaptic targets on sensory stimulation (Chadderton
et al., 2004; Jörntell and Ekerot, 2006; Ruigrok et al.,
2011; Wilms and Häusser, 2015). Therefore, mGC activity
might not be overwhelmed by rGCs, and it is more likely
the case if mGCs and rGCs receive different types of exci-
tatory inputs.
When we combine all images taken from the entire

cerebellum, the mean density of MLIs and mGCs is
110.66 30.4� 103/mm3 and 29.46 14.8� 103/mm3, re-
spectively. A previous study using Lapham’s staining and
hematoxylin-eosin staining estimated that the mean den-
sity of MLIs was 83.8� 103/mm3 in mice (Sturrock, 1989),
which is reasonably similar to this study. On the other
hand, another study using anti-PV antibody estimated
that MLI density in mice was ;90/0.1 mm2 (Collin et al.,
2005). If we assume that the density is isotropic, the 2D
density of 90/0.1 mm2 (900/mm2 = 30/mm) is converted
to the 3D density of 27� 103/mm3. While this value is sub-
stantially smaller than this study and Sturrock, 1989; the
accuracy of such conversion is unclear. Besides, obtain-
ing consensus cell density data has been very challenging
in general (Keller et al., 2018). Therefore, we argue that
the mGC/MLI ratio is more reliable than the absolute den-
sity of mGCs and MLIs.
The mGC/MLI ratio was significantly different between

the anterior and posterior cerebellum. Although its functional
implication is unknown, previous studies also reported other
types of difference along the anterior-posterior axis of the
cerebellar cortex. For example, a distinct isoform of phos-
pholipase C is used in the anterior and posterior cerebellum
for the proper maturation of climbing fiber-Purkinje cell syn-
apses (Kano et al., 1998). Unipolar brush cells, excitatory in-
terneurons in the GC layer, are more prevalent in the
posterior cerebellum, particularly in the flocculonodular lobe
(Harris et al., 1993; Mugnaini et al., 2011). Still, differences
along the anterior-posterior axis are lesser-known than
those along the mediolateral axis of the cerebellum (Apps
and Hawkes, 2009; Apps et al., 2018). The uneven distribu-
tion of mGCs, MLIs, and their ratio reported herein is intrigu-
ing because it highlights the heterogeneity of the cerebellar
cortex along the anterior-posterior axis.

Developmental profile of mGCs
It was previously speculated that mGCs are the group

of GCs that exits the mitotic cycle too late and cannot
complete the migration (Berciano and Lafarga, 1988). To
test this hypothesis, we performed BrdU cell proliferation
assay. Previous studies showed that all GCs are prolifer-
ating at P4 (Fujita, 1967), whereas our data showed that

;50% of rGCs, not 100%, were BrdU-positive when
BrdU was injected at P4. This apparent discrepancy is
likely because of the frequency of proliferation marker in-
jection. The frequency of injection is critical because the
proliferation marker signal gradually decreases and even-
tually becomes undetectable as the labeled cells undergo
more mitotic cycles after injection. We injected BrdU only
1 d in this study; hence even if all GCs were labeled at P4,
cells that kept proliferating would eventually be undetect-
able. On the other hand, previous studies repetitively in-
jected 3H-thymidine over many days until the time of
tissue collection at P20 (Fujita, 1967). Therefore, the
3H-thymidine signal was not diluted by proliferation.
To detect GCs that exit the mitotic cycle last, P12 injec-

tion should be most efficient because labeled GCs experi-
ence fewer mitotic cycles than P4 and P8 injection.
However, our data showed that P8 injection was most ef-
ficient in labeling mGCs, suggesting that mGCs are not
merely the cells that exit the mitotic cycle last. Although it
remains unclear why some GCs in the normal cerebellum
stop migration in the molecular layer, factors other than
timing appear to affect the expression of migratory cue
molecules.
rGCs undergo extensive dendritic refinements once

they migrate into the GC layer. While immature, postmi-
gration rGCs have .10 dendrites, these nascent den-
drites are subsequently pruned such that mature rGCs
have an average of four dendrites with claw-like terminals.
(Altman, 1972; Dhar et al., 2018). We did not examine
whether mGCs also undergo similar dendritic refinements
because reconstructing the entire mGC structure is chal-
lenging in our specimens because of the parallel fiber la-
beling (Fig. 4). However, a previous study using Golgi
staining showed that mGCs have fewer dendrites than
rGCs, and their dendrites often lacked claw-like terminals
(Lafarga and Berciano, 1985). These differences might be
caused by different presynaptic inputs available in the
molecular layer and GC layer.

Motility of mGCs
During the formation of the cerebral cortex, radial glial

cells guide the migration of cortical neurons, and they dis-
appear once the migration completes (Gadisseux et al.,
1990). On the other hand, Bergmann glia, which guides GC
migration in the cerebellum, persistently presents through-
out the animals’ lives (Yuasa et al., 1996; Dahmane and
Ruiz-i-Altaba, 1999; Rahimi-Balaei et al., 2018). Therefore,
neuronal migration in the cerebellum might occur beyond
the developmental period. Indeed, a relatively recent study
suggested that neuronal proliferation and migration in the
rabbit cerebellum continue until around six months old,
much later than the disappearance of the external GC layer
around five weeks old (Ponti et al., 2008). Traditionally, GC

continued
the closed circles indicate individual cells. The open circles and vertical lines indicate the mean and SD, respectively. In the bottom
panels, the gray curves indicate the resampled distribution of the mean difference between rGC1 versus rGC– (rGC– minus rGC1)
and rGC1 versus mGC1 (mGC1 minus rGC1). The closed black circles and vertical lines indicate the observed mean difference
and 95% confidence interval, respectively. The horizontal dashed line is the line of zero mean difference.
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migration has been thought to be complete by the end of
the third postnatal week in rats and mice (Altman and
Bayer, 1996; Rahimi-Balaei et al., 2018). However, a small
number of late migrating GCs, even if they exist, are diffi-
cult to detect by between-animal comparisons of fixed tis-
sues. To examine whether mGCs are on their way to the
GC layer or stay in the molecular layer, we performed two-
photon imaging and followed the same mGCs for days to
months in vivo. Our data demonstrated that mGCs are not
migrating. Thus, mGCs stay in the molecular layer despite
the persistent presence of Bergmann glia.

Physiologic properties of mGCs and comparison to
other ectopic neurons
While previous studies analyzed the electrophysiological

properties of immature GCs before or during the migration
in the molecular layer, no functional characterization has
yet been made for mGCs in the adult cerebellum. We took
advantage of GC-specific labeling in TCGO mice and per-
formed the first-ever electrophysiological recordings from
mGCs. One of the most significant findings is that the in-
trinsic membrane properties of mGCs are as mature as
rGCs. In particular, the capability of mGCs to discharge ac-
tion potentials is crucial because it allows them to be a part
of synaptic circuits in the cerebellar cortex.
One unexpected finding is that some physiological

properties of mGCs were more homogenous than rGCs
as shown by less variation within the group. It may sug-
gest that the functional maturation of individual GCs is in-
fluenced by cell-to-cell variation in their developmental
process occurring in the GC layer, such as the pruning of
excess dendrites. Another interesting observation is that
mCitrine-nonexpressing rGCs (rGC–) tend to show slightly
different membrane properties and excitabilities from
mCitrine-expressing rGCs (rGC1) and mGCs (mGC1).
Although the difference was not statistically significant,
mCitrine expression might affect the physiological prop-
erties of GCs to some extent. Alternatively, mCitrine ex-
pression in TCGO mice might not be random but specific
to a previously unknown GC subgroup.
Ectopic neurons that have been most extensively stud-

ied thus far are GCs in the hippocampal dentate gyrus
(DG). Regular DG GCs reside in the GC layer and extend
their dendrites in the molecular layer, where they receive
excitatory inputs from the perforant path. They send their
axons, mossy fibers, toward CA3 regions through the
hilus. However, a small population of DG GCs resides in
the hilus in normal animals, and the population increases
substantially after a seizure (Gaarskjaer and Laurberg, 1983;
Parent et al., 1997; Scharfman et al., 2007). Depending on
the proximity to the GC layer, those hilar ectopic GCs have
their dendrite in the molecular layer or not (Scharfman et al.,
2007; Pierce et al., 2011).
Hilar ectopic GCs in the normal animals showed similar in-

trinsic membrane properties as regular DG GCs (Scharfman
et al., 2003, 2007), which is consistent with mGCs in this
study. Although little is known about the synaptic connectivity
of hilar ectopic GCs in the normal DG, seizure-induced hilar
ectopic GCs receive excitatory inputs from mossy fibers,

suggesting that they receive primary inputs from other GCs
(Pierce et al., 2005).
In the cerebellum, rGCs receive excitatory inputs from

mossy fibers (the same name but different from the hippo-
campal mossy fibers) in the GC layer. Since cerebellar
mossy fibers rarely innervate into the molecular layer, we
argue that the amount of mGCs seems too many if all of
them are innervated by mossy fibers. Indeed, mGC clus-
ters near the pia mater make synapses with mossy fibers,
whereas individual mGCs dispersed in the molecular layer
do not (Lafarga and Berciano, 1985). Perhaps, individual
GCs cannot produce sufficiently strong neurotropic cues
to attract mossy fibers.
If mGCs are innervated by nearby axon terminals in the

molecular layer, two potential sources of inputs are paral-
lel fibers and climbing fibers (Palay and Chan-Palay,
1974; Altman and Bayer, 1996). Parallel fibers are the
axons of rGCs. If mGCs receive parallel fiber inputs, they
receive inputs from other GCs, which somewhat resemble
seizure-induced hilar ectopic GCs in the hippocampal
DG.
Climbing fibers release a massive amount of glutamate,

evoking EPSCs via spillover in nearby cells even if they
are not synaptically connected. All previously examined
neurons and glial cells, whose dendrites or processes re-
side in the molecular layer, receive climbing fiber inputs
via synaptic transmission or spillover (Matsui and Jahr,
2003, 2004; Lin et al., 2005; Szapiro and Barbour, 2007;
Coddington et al., 2013; Nietz et al., 2017). Therefore, it is
hard to imagine that only mGCs are somehow seques-
tered from the spillover-mediated volume transmission in
the molecular layer. Identifying presynaptic inputs of
mGCs is the next crucial step for understanding their po-
tential roles in cerebellar synaptic circuitry.
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