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Abstract Sublineage diversification of specific neural

cell classes occurs in complex as well as simply organized

regions of the central and peripheral nervous systems; the

significance of the phenomenon, however, remains insuf-

ficiently understood. The unipolar brush cells (UBCs) are

glutamatergic cerebellar interneurons that occur at high

density in vestibulocerebellum. As they are classified into

subsets that differ in chemical phenotypes, intrinsic prop-

erties, and lobular distribution, they represent a valuable

neuronal model to study subclass diversification. In this

study, we show that cerebellar UBCs of adult rats and mice

form two subclasses—type I and type II UBCs—defined by

somatodendritic expression of calretinin (CR), mGluR1a,

phospholipases PLCb1 and PLCb4, and diacylglycerol

kinase-beta (DGKb). We demonstrate that PLCb1 is

associated only with the CR? type I UBCs, while PLCb4

and DGKb are exclusively present in mGluR1a? type II

UBCs. Notably, all PLCb4? UBCs, representing about 2/3

of entire UBC population, also express mGluR1a. Fur-

thermore, our data show that the sum of CR? type I UBCs

and mGluR1a? type II UBCs accounts for the entire UBC

class identified with Tbr2 immunolabeling. The two UBC

subtypes also show a very different albeit somehow over-

lapping topographical distribution as illustrated by detailed

cerebellar maps in this study. Our data not only comple-

ment and extend the previous knowledge on the diversity

and subclass specificity of the chemical phenotypes within

the UBC population, but also provide a new angle to the

understanding of the signaling networks in type I and type

II UBCs.
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Abbreviations in figure legends

AON Anterior olfactory nucleus

Cer Cerebellum

CN Cerebellar nucleus

Cop Copula

Cx Cortex

DCN Dorsal cochlear nucleus

Fl Flocculus

gcl Granule cell layer

Hip Hippocampus

mb Medullary vellum border

ml Molecular layer

OB Olfactory bulb

PFl Paraflocculus

PM Paramedian lobule

sgl Superficial granular layer

Sim Simple lobule

tz Transition zone

VCN Ventral cochlear nucleus

wm White matter
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Roman numerals I–X Cerebellar lobules

I Lingula

VI, VIb, VIc Folia of lobule VI

IX Uvula

IXa, IXb, IXc Folia of uvula

IXc/d In some rat specimens the last

folia of uvula is subdivided into

IXc and IXd by a shallow sulcus

X Nodulus

Xdors Dorsal leaflet of nodulus

Xvent Ventral leaflet of nodulus

r1–r4 Regions 1–4; folial subdivision

based on UBC densities

Introduction

The topological distribution of afferent and efferent con-

nections within a specific brain center is often accompanied

by subclass differentiation of its individual neuron lineages

and may involve discrete patterns of gene expression that

determine diverse membrane properties and signal trans-

duction pathways. The unipolar brush cells (UBCs) repre-

sent a unique class of excitatory glutamatergic interneurons

that display diverse morphological, chemical and electrical

phenotypes, whose significance is still insufficiently

understood (Mugnaini et al. 2010; Kim et al. 2012). UBCs

are found in the granular layer of the cerebellar cortex and

the cochlear nuclear complex, and occur at highest density

in regions involved in head and eye movement and orien-

tation to sounds, specifically the vestibulocerebellar lobules

and the regions of the cochlear nuclear complex termed

‘‘granule cell domains’’, including the superficial granular

layer (sgl), and dorsal cochlear nucleus (DCN) (Harris

et al. 1993; Mugnaini and Floris 1994; Diño and Mugnaini

2008).

UBCs are notable neurons in many ways. Together with

the granule cells they represent the excitatory neurons of

the cerebellar cortex. Although they are severely outnum-

bered by granule cells in all lobules in which they occur,

the UBCs not only receive mossy fiber inputs like the

granule cells, but also provide the granule cells with axo-

dendritic and dendro-dendritic excitatory inputs (Mugnaini

et al. 2010). The UBCs receive one-to-one extrinsic mossy

fiber inputs on the dendritic brushes within special

glomeruli (Mugnaini et al. 1994; Jaarsma et al. 1996; Diño

et al. 2001); the axons of UBCs in turn send outputs to

granule cells and other UBCs thus forming an excitatory,

intrinsic cerebellar network that has the capacity to syn-

chronize and amplify mossy fiber inputs to potentially large

populations of granule cells (Rossi et al. 1995; Diño et al.

2000; Nunzi et al. 2001; Rousseau et al. 2012).

UBCs express a variety of ionotropic and metabotropic

receptors, as well as fast- and slow-inactivating voltage-

gated calcium channels associated with calcium transients,

whose magnitude in the dendritic brush exceeds that in the

cell body (Diana et al. 2007; Birnstiel et al. 2009). UBCs

were distinguished in subclasses displaying differential—

but overlapping—distributions on the basis of the expres-

sion of the calcium-binding calretinin (CR) and the group I

metabotropic glutamate receptor mGluR1a (Nunzi et al.

2002); the major UBC subclass ([65 %) consisting of

smaller cells (*48 lm2 soma size in mouse) expresses

mGluR1a (mGluR1a? UBCs) but not CR (CR- UBCs),

whereas a minor subclass (\35 %) of slightly larger cells

(*63 lm2 soma size in mouse) are mGluR1a-negative

(mGluR1a- UBCs) and express CR (CR? UBCs) (Nunzi

et al. 2002; Sekerková et al. 2004; Kim et al. 2012). UBCs

immunoreactive for both mGluR1a and CR represent but a

very small percentage (\3 %) of UBCs in the mature

cerebellum (Nunzi et al. 2002; Chung et al. 2009a),

although they may be slightly more numerous in the

cochlear nuclear complex (Diño and Mugnaini 2008).

Nakamura et al. (2004) demonstrated that beta-4 phos-

pholipase C isoform (PLCb4) is strongly expressed in

mGluR1a? UBCs (mGluR1a?/PLCb4? UBCs), while the

level of expression in CR? UBCs appeared low. This

observation is in agreement with the notion that mGluR1a
activates G protein pathways, which in turn leads to

activity of PLCb isozymes, production of second messen-

gers diacylglycerol and inositol 1,4,5-trisphosphate (IP3)

and stimulation of G protein-dependent inward rectifying

heteromeric potassium channels (GIRKs), of which

GIRK1, GIRK2 and GIRK3 are expressed in UBCs

(Knoflach and Kemp 1998; Aguado et al. 2008). Notably,

GIRK2 immunoreactivity was reported in CR? UBCs, but

not in mGluR1a? UBCs (Kim et al. 2012). Most UBCs,

furthermore, express the group II metabotropic glutamate

receptor mGluR2 (Ohishi et al. 1993a, b; Neki et al. 1996;

Jaarsma et al. 1998; Nunzi et al. 2002; Sekerková et al.

2004; Russo et al. 2008).

A recent study revisited the chemical phenotypes of the

UBC subclasses by performing cytochemical analysis

using an antibody to PLCb4 paired with either anti-

mGluR1a or anti-CR antibodies, and suggested a more

complex subclass repartition within the adult, murine,

cerebellar UBC population (Chung et al. 2009a, b). The

study proposed an essentially tripartite division, each of the

subclasses representing approximately one-third of the

entire population: one subclass appeared mGluR1a?/

PLCb4?/CR-, a second subclass PLCb4?/mGluR1a-/

CR-, and a third subclass CR?/mGluR1a-/PLCb4-. Such

classification seems to suggest that PLCb4 and CR

expression are mutually exclusive, whereas the expressions

of PLCb4 and mGluR1a are positively linked in only
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one-third of the UBCs. The large subset of PLCb4? UBCs

lacking expression of both CR and mGluR1a could thus be

considered a new, third UBC subclass in which PLC

activation would potentially be coupled to G protein-cou-

pled receptors (GPCRs) other than mGluR1a. Additionally,

the UBCs expressing CR but not PLCb4 (CR?/PLCb4-/

Table 1 List of primary antibodies used in this study

Antibody Species Dilution Specificity Source Characterization

Calretinin Mouse 1:2,000 Full-length recombinant human CR Swant, Bellinzona, Switzerland Nunzi et al.

(2002)

Calretinin Rabbit 1:5,000 Full-length recombinant human CR Swant, Bellinzona, Switzerland Nunzi et al.

(2002)

DGKb Rabbit 1 lg/ml N-terminal region of rat DGKb Gift of Dr. K. Goto, Yamagata University

School of Medicine, Japan

Hozumi et al.

(2008)

mGluR1a Mouse 1:800 Fusion protein containing sequences

from C-terminus of rat mGluR1a
Pharmingen Nunzi and

Mugnaini

(2009)

mGluR1a Rabbit 1:500 Peptide representing amino acid

residues 945–1,127 of mouse

mGluR1a

Frontier Institute Co, Japan Tanaka et al.

(2000)

mGluR1a Rabbit 1:2,500 Intracellular C-terminal residues

859–1,199 of mGluR1a
Gift of Dr. R. Shigemoto, National Institute

for Physiological Sciences, Okazaki,

Japan

Shigemoto et al.

(1997)

PLCb1 G-12

(sc205; lot

E040)

Rabbit 1:400 Peptide mapping at the C-terminus

of bovine PLCb1

Santa Cruz Western blota

PLCb1 R-233

(sc0905; lot

L008)

Rabbit 1:400 Amino acids 831–1,063 mapping

within an internal region of rat

PLCb1

Santa Cruz Western blota

PLCb3 Guinea

pig

1 lg/ml C-terminus (amino acid residues

1,201–1,234) of the mouse PLCb3

Frontier Institute Co., Japan Nomura et al.

(2007)

Western blotb

PLCb3 C-20

(sc403; lot

J1811)

Rabbit 1:500 Peptide mapping near the

C-terminus of rat PLCb3

Santa Cruz Western blotc

PLCb3 H-84

(sc13958; lot

C1710)

Rabbit 1:500 Amino acids 1,151–1,234 mapping

at the C-terminus of human PLCb3

Santa Cruz Sarna et al.

(2006)

Western blotd

PLCb4 Rabbit 0.5 lg/

ml

Amino acids 15–74 of the mouse

PLCb4

Dr. M. Watanabe Nakamura et al.

(2004)

PLCb4 Guinea

pig

0.5 lg/

ml

Amino acids 15–74 of the mouse

PLCb4

Dr. M. Watanabe Nakamura et al.

(2004)

Tbr2 Chicken 1:400 KHL-conjugated linear peptide

corresponding to mouse Tbr2

Millipore

a Both PLCb1 antibodies labeled a single band at *145–150 kDa position (see Fig. 1a)
b The PLCb3 antibody purchased from Frontier Institute recognized a single band at *175 kDa protein but only in mouse (not shown). This

antibody was previously shown to be specific for mouse brain tissue
c The PLCb3 C-20 (sc403) recognized a single band at *175 kDa (not shown) in both species. In rat but not in mouse this antibody intensely

immunolabed mossy fibers in the granule cell layer and climbing fibers in the molecular layer (not shown). In rat the Purkinje cells showed

insufficient, faint immunolabeling. In mouse the antibody immunolabed Purkinje cells, but also cross-reacted with other large neurons of the

brainstem (not shown)
d The PLCb3 H-84 (sc13958) labeled several nonspecific bands on the blot; particularly a band at *250 KDa which was more intensely labeled

than the 175 kDa PLCb3 specific band (not shown). In rat and mouse brain sections the PLCb3 H-84 antibody intensely labeled the endo-

plasmatic reticuli of most neurons. In mouse the Purkinje cell somata and dendrites were at best moderately labeled; we should, however, note

that the Purkinje cell immunolabeling pattern was comparable to the one we observed with the guinea pig anti-PLCb3 antibody (Frontier

Institute). In rat the Purkinje cells were barely labeled, just above the background level. Notably, PLCb3 H-84 was previously used to label

murine cerebellar Purkinje cells (Sarna et al. 2006); the difference between our results and the previously published data might be due to

differences in the antibody lots sold by the supplier
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mGluR1a- UBCs) could express other phospholipases of

the PLC family. Mammalian PLCs form six enzyme fam-

ilies (PLCb, c, d, e, f, g) with multiple isoforms that

contain several conserved domains capable of a variety of

ligand-binding properties; moreover, topological studies

indicate that activity and movement of PLC within the cell

is stringently regulated by molecular mechanisms that are

progressively becoming understood (Bunney and Katan

2011). Images of phospholipase expression patterns in the

Allen Brain Atlas of the mouse cerebellum support the

presence of more than one PLC isozyme in cells potentially

belonging to the UBC class; while PLCb4 expression

appears most abundant, message for PLCb1—but perhaps

not PLCb2, PLCb3, PLCc,d,e,g—might also be present in

a number of cells (Lein et al. 2007).

In this study, we set out to analyze further the expression

of mGluR1a and CR in UBCs in combination with anti-

bodies to PLCb1, PLCb3, PLCb4, and diacylglycerol kinase

b (DGKb). We demonstrate that PLCb1 and PLCb4 are

distinctively co-localized with CR and mGluR1a, respec-

tively, while DGKb is present exclusively in mGluR1a?

UBCs. We also produced quantitative topographic maps of

UBC distribution across cerebellar lobules that show the sum

of CR? UBCs and mGluR1a? UBCs fully accounts for the

cell class that in confocal microscopy is labeled by antibody

to the transcription factor eomesodermin (or T-Box brain

protein 2, Tbr2), which is considered a bona fide UBC

population-marker. The new data support the original sub-

division of the UBCs in two distinctive—CR?/PLCb1? and

mGluR1a?/PLCb4?/DGKb?—UBC subclasses, further

indicating that the two subclasses are endowed with different

signal transduction cascades and may differentially regulate

calcium homeostasis.

Materials and methods

Animals and tissue preparation

This study was carried out on rats and mice in accordance

with the guidelines issued by the National Institutes of

Health and the Society for Neuroscience, with attention to

minimize the number of experimental animals and their

suffering. We used adult male rats (Sprague–Dawley;

2–3 months old) and mice (CD1-wild type and Tg(Grp-

EGFP)DV197Gsat; 2–3 months old) from colonies bred

and housed in the Center for Comparative Medicine

vivarium at Northwestern University Feinberg School of

Medicine. The Tg(Grp-EGFP) mice were generated by the

GENSAT project (Doyle et al. 2008). In these transgenic

animals the neuronal expression of EGFP is present

exclusively in the mGluR1a? UBCs, and is especially

evident in their somata (Kim et al. 2012).

Rats and mice were deeply anesthetized with sodium

pentobarbital (60 mg/kg body weight) and then perfused

through the ascending aorta with saline followed by 4 %

freshly prepared formaldehyde in 0.12 M phosphate buffer

(PB), pH 7.4. One hour after the perfusion, the brains were

dissected out and were either embedded in paraffin or

cryoprotected in passages of 10–20–30 % sucrose in

phosphate buffered saline (PBS) for cryosectioning. Brain

embedment and paraffin sectioning were done by AML

Laboratories, Inc (Baltimore). Sagittal or coronal cerebellar

sections of paraffin-embedded blocks were cut at 8 lm,

deparaffinized in xylenes, and rehydrated in descending

series of ethyl alcohols. After rinsing in water, sections

were then subjected to an effective antigen retrieval pro-

tocol, using a pressure cooker with a 19 Rodent Dec-

loacker solution (Biocare Medical) for 20 min, followed by

a 10-min treatment with 0.1 % sodium borohydride in Tris-

buffered saline (TBS; 100 mM Tris, 150 mM NaCl; pH

7.4). Cryoprotected cerebella were sectioned serially in the

sagittal or coronal planes at 24 lm on a freezing-stage

microtome and collected in multiwell plates.

Immunohistochemistry

Primary antibodies

The following primary antibodies were used: mouse and

rabbit anti-CR, rabbit anti-DGKb, mouse and rabbit anti-

mGluR1a, rabbit anti-PLCb1, rabbit and guinea pig anti-

PLCb3, rabbit and guinea pig anti-PLCb4, and chicken

anti-Tbr2. Detailed specifications of these antibodies are

listed in Table 1. Specificity of antibodies to CR, DGKb,

mGluR1a, and PLCb4 has been validated previously

(Shigemoto et al. 1997; Nunzi et al. 2002; Nakamura et al.

2004; Sarna et al. 2006; Hozumi et al. 2008, 2009; Chung

et al. 2009a, b). Specificity of Santa Cruz PLCb1 and

PLCb3 antibodies was validated by Western blot analysis.

Bright-field microscopy

Both paraffin sections and cryosections were processed for

immunohistochemistry according to an avidin/biotin

amplification protocol. Briefly, the endogenous peroxidase

activity was blocked in 0.3 % H2O2 and 10 % methanol in

TBS. Unspecific binding was suppressed in a blocking

solution containing 5 % normal goat serum (NGS) and 1 %

bovine serum albumin (BSA) in TBS with 0.2 % Triton

X-100. Sections were then incubated overnight, or up to

2 days at 4 �C with primary antibodies. For immunoreac-

tions with rabbit anti-PLCb1 G-12, guinea pig anti-PLCb3

(Frontier Institute Co) and rabbit and guinea pig anti-

PLCb4 antibodies, sections were treated with 33 % MeOH/

67 % PBS for 3 min, 67 % MeOH/33 % PBS 3 min,
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100 % MeOH 3 min, and then in the reverse gradient for

3 min each step (Nomura et al. 2007). Bound antibodies

were detected using biotinylated anti-mouse or anti-rabbit

IgG (GE Healthcare), ABC Elite kit (Vector) and 3,300-
diaminobenzidine (DAB). Control sections incubated

without primary antibodies were free of immunoreaction

products.

Immunofluorescence

Sections were incubated with a cocktail of primary anti-

bodies raised in different species. Bound primary anti-

bodies were visualized by secondary antibodies coupled to

Alexa 488 or Alexa 594 (Invitrogen). To ascertain whether

the sum of the CR? and mGluR1a? UBC subclasses

accounts for the entire UBC population, we used a mixture

of three primary antibodies: anti-Tbr2, anti-CR and anti-

mGluR1a. Tbr2 is a marker for all UBC nuclei, while CR

and mGluR1a are UBC subclass-specific markers. The

Tbr2-binding sites were revealed with Alexa 594-labeled

secondary antibody, while binding sites of both CR and

mGluR1a were revealed with Alexa 488-labeled secondary

antibody.

Western blotting

Protein lysates were prepared from cerebellar lobule X and

lobule V. The tissues were homogenized in 5 volumes (ml/g

of wet tissue) of RIPA buffer (150 mM NaCl, 50 mM Tris,

pH 8.0; 0.1 % SDS, 0.1 % Triton X-100, 0.5 % sodium

deoxycholate) containing proteinase inhibitor cocktail

(1 pill/10 ml RIPA buffer; Roche) and centrifuged for

10 min to remove the tissue debris. The supernatants were

diluted 3:1 with NuPage LDS Sample buffer (49; Invitro-

gen) and heated at 72 �C for 10 min. The proteins in the

homogenates were separated by NuPage 4–12 % Bis–Tris

Gel (Invitrogen) and then electroblotted onto nitrocellulose

membrane (Trans-Blot Transfer Medium; Bio-Rad). After

1 h blocking with 10 % skim milk in TBS the membranes

were incubated with rabbit anti-PLCb1 G-12 (sc2051;

1:1,000) and R-233 (sc-9,050;1:500), rabbit anti-PLCb3

C-20 (sc403; 1:500) and H-84 (sc13958; 1:500) or guinea

pig anti-PLCb3 (1 lg/ml, Frontier Institute) followed by

incubation with secondary antibodies conjugated to horse-

radish peroxidase (anti-rabbit HRP, 1:3,000; Promega; anti

guinea pig-HRP, 1:5,000, Millipore). Immunoreaction was

visualized by enhanced chemiluminescence (Yakunin and

Hallenbeck 1998).

Image acquisition

Images of cerebellar sections were acquired with a Spot RT

CCD video-camera (Diagnostic Instruments) mounted on a

Nikon Eclipse E800 microscope. Laser scanning confocal

images were obtained with a Nikon PCM 2000 Confocal

Microscope System using Simple PCI Program. Images

were analyzed individually or in z-stacks of different

depths. For co-localization experiments, type FF immer-

sion oil was used with either a 409 plan-fluor lens

(numerical aperture 1.3) or a 609 plan-apochromatic lens

(numerical aperture 1.4). To minimize channel spillover

the images were sequentially acquired. All images were

processed with Adobe Photoshop CS3. Brightness and

contrast were adjusted.

Quantitative analysis and construction of the UBC

distribution maps

The numbers CR?, mGluR1a? and Tbr2? UBCs were

counted in sagittal and coronal cerebellar sections of rat

and mice. Two to three animals were used for each

counting. Based on UBC densities the following regions

were defined: regions 1–3 in IXc; regions 1–4 in para-

flocculus (regions 1 and 2 were further assigned to ventral

paraflocculus); transition zones between lobules III to IV,

IX to X, IXa to IXb, and flocculus to paraflocculus; dorsal

and ventral leaflet of nodulus; medullary vellum border in

nodulus. In some rat specimens the last folium of the uvula

is subdivided into IXc and IXd by a shallow sulcus (Larsell

1968); therefore, we labeled regions 2 and 3 as part of IXc/

d, especially in coronal sections in which the sulcus

between IXc and IXd could not be discerned. In the coronal

sections the midline of nodulus and uvula was identified

and 7 mid-to lateral zone were established on each sides

(see Figs. 7, 9). The width of zone 1 (midline zone) was

*60 lm in mice and 100 lm in rat; zones 2–6 were

*230 lm wide in mice and *250 lm wide in rat. The

width of zone 7 was not determined as it represented the

most lateral portions of nodulus. UBC numbers were

counted for each lobule, region and zone. Tiff images of

cerebella were transferred to NIH ImageJ Program (http://

rsb.info.nih.gov/ij/), where the area of the cerebellar lob-

ules, regions and zones were outlined using the freehand

selection tool. The outlined areas were automatically cal-

culated by the ImageJ program. UBC densities were

expressed as number of UBCs/0.01 mm2. To facilitate

visualizing the distribution of the UBCs, we constructed a

gradient map illustration of the cerebellum using sagittal

and coronal section diagrams. In these maps the highest

UBC density was considered as 100 %, and it is shown in

intense red color. The black color, at the other end of the

scale was assigned to areas without UBCs (0 %).

To determine the coexpression of PLCb1 and PLCb4 in

CR? UBCs or mGluR1a? UBCs, we counted UBC in

double-labeled cerebellar sections (CR/PLCb1; CR/

PLCb4; mGluR1a/PLCb1; mGluR1a/PLCb4). Large fields

Brain Struct Funct (2014) 219:719–749 723

123

http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/


Fig. 1 PLCb1-immunoreactivity in rat and mouse cerebellum.

a Western blots of lobules V and X show PLCb1 antisera G-12

(sc205) and R-233 (sc9050) recognize a single band at

*145–150 KDa (arrowhead) matching the molecular weight of

PLCb1. b–f DAB immunoreacted cryosections of rat cerebella

labeled with G-12 (sc205). b Median parasagittal section shows

intense PLCb1 immunoreactivity in olfactory bulb, AON, cortex,

hippocampus, and striatum, while brainstem and cerebellum are

moderately stained. c Enlarged image of nodulus and uvula. Note a

graded, distal to proximal immunostaining in ml and an overall

moderate-to-low immunostaining in gcl. UBCs (arrowheads) are

distinctly stained in nodulus and IXc;r2&r3, particularly in the tz IX

to X (black dash line). Few PLCb1? UBC are present in the rest of

the uvula, including IXc;r1. Regions 1–3 of IXc are divided by white

dashed line. d Detail from nodulus shows high density of PLCb1?

UBCs (arrowheads). Purkinje cell bodies (asterisks) are unstained.

e Detail from lobule V shows moderate staining of basket/stellate cell

somata (arrowheads) and basket cell pinceaux (arrows) beneath the

Purkinje cell somata (asterisks). The Purkinje dendritic arbor shows

increasing proximo-distal gradient of labeling. f Fl, PFl, lateral CN

and adjacent brain stem in coronal section. High densities of PLCb1?

UBC (arrowheads) are detected in Fl and vPFl;r1, especially in the

transition zone between the two structures (black dashed line). The

CN shows diffuse, faint immunostaining. In the cochlear nuclear

complex, PLCb1? UBCs occur in DCN and in sgl (arrow), but not in

the VCN. In DCN the molecular layer (asterisks) shows distinct

immunolabeling. Insets f0 and f00 Enlargements of boxed areas from

panel f show PLCb1? UBCs (arrowheads). The wm is unlabeled (c,

f). Scale bars b 1 mm, c, f 200 lm, d, e 20 lm, insets f0 and f00 10 lm

724 Brain Struct Funct (2014) 219:719–749
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of granule cell layer from UBC-rich nodulus and uvula

were captured by confocal imaging using 409 plan-fluor

immersion oil lens (Nikon). The images labeled with dif-

ferent fluoroprobes were sequentially captured, saved as

tiff files and analyzed in Adobe Photoshop. We analyzed

15 randomly chosen fields (N = 3 mice or rats), each field

contained on average 47 UBCs (19–89 UBCs/field). The

immunolabeled UBCs were counted in green (first anti-

body) and red (second antibody) channels separately and

then analyzed in merged red/green channel to assess the

co-localization of the antibodies in the same UBC. CR?/

PLCb4- UBCs were counted in a 315 9 210 mm field

mounted on the ocular of a Nikon eclipse microscope. At

409 magnification we could clearly and unequivocally

identify CR? UBCs and PLCb4? UBCs in fluorescence

microscope using either TRITC HYQ or FITC HYQ sin-

gle-band filters (Nikon). The presence or absence of dou-

ble-labeling was checked with a triple band filter D-F-T

(Nikon) recognizing signals of DAPI, FITC and Texas red.

To avoid the obvious caveats of fluorescence imaging, half

of these fields were also analyzed by confocal imaging. We

did not find any differences in the numbers of single/dou-

ble-labeled UBCs when the two methods of analysis were

compared. PLCb1? UBCs were not quantified in mouse

cerebella as we could not unequivocally distinguish them

from the labeled granule cells.

The UBCs in the Tbr2/CR/mGluR1a triple-labeled

experiments were analyzed by confocal imaging. Large

field of nodular and uvular granule cells layer, typically

containing *68 UBCs (18–147 UBCs/field), were cap-

tured by confocal imaging using 409 plan-fluor immersion

oil lens (Nikon). In red channel we identified every Tbr2?

UBC nucleus in the captured field. Tbr2 has been shown as

a specific UBC marker, present in most if not all UBCs

(Englund et al. 2006; Diño and Mugnaini 2008). To

determine whether the Tbr2? nuclei can be assigned to

either CR? UBCs or mGluR1a? UBCs (see Fig. 6; Sup-

plementary Fig. 2) the confocal images were analyzed in

combined red and green channel.

Results

To evaluate the quality of immunostaining of sections of

rat and mouse cerebella were labeled with antibodies to

PLCb1, PLCb3, or PLCb4 using DAB as the chromogen

and observed by bright-field microscopy. Specificity of the

Santa Cruz G12 (sc205) and R233 (sc9050) PLCb1 anti-

bodies was assessed in immunoblots and by immunola-

beling patterns in whole brain sections. Specificity of the

guinea pig anti-PLCb3 and PLCb4 antibodies has been

validated previously (Nakamura et al. 2004; Sarna et al.

Table 2 Expression of PLCb isoforms in the cerebellar cortex

Purkinje cells UBCs Granule

cells

Stellate/

basket cells

Golgi

cells

References

Rat

PLCb1 ??a ??? type I ?? ?? – Vitale et al. (2004)

PLCb2 No data

PLCb3 ????/??/-

on–off bands

– – – – Tanaka and Kondo (1994)

PLCb4 ????/??/-

on–off bands

????

type II

? – – Tanaka and Kondo (1994), Roustan et al. (1995),

Min et al. (2000)

Mouse

PLCb1 ???/?b ??

type I

?? ?? – Watanabe et al. (1998), Hashimoto et al. (2001),

Fukaya et al. (2008), Montaña et al. (2012)

PLCb2 – – – – – Watanabe et al. (1998), Hashimoto et al. (2001)

PLCb3 ????/??/-

on–off bands

– – – – Watanabe et al. (1998), Hashimoto et al. (2001),

Sarna et al. (2006)

PLCb4 ????/??/-

on–off bands

???? type II ?? – – Watanabe et al. (1998), Hashimoto et al. (2001),

Sarna et al. (2006), Chung et al. (2009a, b)

a Only the peripheral dendrites are immunolabeled
b All Purkinje cells are PLCb1 immunolabeled, however, they show distinct compartmentalization with moderately and lightly stained bands in

the molecular layer

Brain Struct Funct (2014) 219:719–749 725

123



Fig. 2 Cryosections of the rat posterior cerebellum immunostained

with antibodies to different PLCb isozymes. a Schematic parasagittal

representation showing the approximate planes of the coronal cerebel-

lar sections in b–h. Note, sections shown in panels b, c, and d are

adjacent to the sections shown in panels f, g, and h, respectively. Dashed

line marks the cortical midline. PLCb1? UBCs (b–d) and PLCb4?

UBCs (f–h) in the gcl are marked by magenta dots. b–d PLCb1 (G-12;

sc205) immunostaining of the Purkinje dendritic arbor in the ml shows

an increasing proximo-distal gradient. The nodulus and IXc/d;r3

contain the highest densities of PLCb1? UBCs (b, c), whereas the other

lobules contain few PLCb1? UBCs (b–d). The nodulus shows a nearly

even distribution of PLCb1? UBCs, albeit their density appears

somewhat higher near the midline. Arrowheads in IXc/d;r3 (b, c)

indicate high-density PLCb1? UBC bands; the midline band is

particularly rich in PLCb1? UBCs. e The guinea pig PLCb3 antibody

from Frontier Institute labels the Purkinje cell somata, but the ml shows

only faint immunostaining; UBCs are unstained. f–h PLCb4? immu-

nolabeling reveals on/off bands of stained Purkinje dendrites in the ml,

except in the nodulus, in which the Purkinje cells are either PLCb4- or

only faintly immunolabeled (f, g). PLCb4? UBCs are present at high

concentrations in nodulus, IXb, and IXc/d;r3 (f, g). The Xvent (f, g)

contains the highest density of PLCb4? UBCs, especially in a region

close to the midline. At anterior levels (f) the density of PLCb4? UBCs

decreases in the Xdors (f). The distribution of PLCb4? UBCs extends to

other lobules (f–h). Notably, the distribution of PLCb4? UBC is not in

clear register with the PC on/off bands, with exception of IXc/d;r3

where high-density UBC bands (arrowheads) are situated beneath

PLCb4- Purkinje cell bands. Scale bars e 0.5 mm (applies to b–h)
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2006; Nomura et al. 2007), and was further assessed in

brain sections. Western blot analysis performed on tissue

obtained from rat and mouse cerebellar lobules V and X

using both PLCb1 antibodies detected a single band cor-

responding to a *145–150 kDa protein (Fig. 1a) that

matched the predicted molecular weight of the PLCb1

(Fukaya et al. 2008). Each of the three PLCb isozymes

showed a distinctive subtype-specific pattern of immuno-

localization in cerebellum, as previously reported (Tanaka

and Kondo 1994; Roustan et al. 1995; Watanabe et al.

1998; Hashimoto et al. 2001; Vitale et al. 2004; Sarna

et al. 2006; Nomura et al. 2007; Fukaya et al. 2008; Chung

et al. 2009a). Moreover, we observed novel aspects of

PLCb expression in UBCs and Purkinje cells. PLCb1 and

PLCb4 antibodies labeled subclasses of both Purkinje cells

and UBCs, while PLCb3 immunoreactivity only marked a

subset of Purkinje cells, but not UBCs. Expression of PLCb
isoforms in different cerebellar neurons is summarized in

Table 2.

PLCb1 immunostaining

Overall, PLCb1 immunostaining of the brainstem and cer-

ebellum was less pronounced than in the forebrain in both

mouse and rat (rat shown in Fig. 1b). Interestingly, the two

PLCb1 antibodies (Santa Cruz sc205 and sc9050) displayed

a degree of species specificity: G-12 (sc205) provided more

distinct immunolabeling in rat tissue than in mouse tissue,

while R233 (sc9050) worked better in the mouse. The

immunoreactivity of Purkinje cell bodies and dendrites

dominated the picture throughout all cerebellar lobules in

both rat and mouse; in both species UBCs were stained,

while Golgi and Lugaro cells were PLCb1 immunonega-

tive. Species differences in immunostaining were notable as

reported below.

Rat

PLCb1 antibody distinctly labeled UBCs in the vestibulo-

cerebellum (Figs. 1c, d, f, f0, 2b–d), and specifically in

nodulus, regions 2 and 3 of IXc, flocculus, and region I of

ventral paraflocculus, as well as in the DCN and sgl of the

cochlear nuclear complex (Fig. 1f, f00). UBC somata and

dendritic brushes were intensely stained (Fig. 1d, f0, f00) and

stood out even at low magnification (Fig. 1c, f). The

transition zones between the nodulus and uvula (black

dashed line in Fig. 1c) and the flocculus and paraflocculus,

the latter including part of region 1 of ventral paraflocculus

(black dashed line in Fig. 1f), contained particularly dense

PLCb1? UBC population. In coronal sections the PLCb1?

UBCs showed a nearly uniform distribution in nodulus,

with slightly more UBCs close to midline (Fig. 2b, c). In

region 3 of IXc/d three bands of high-density PLCb1?

UBCs were seen (Fig. 2b, c), one at the midline and two

lateral bands (one on each side). In region 2 of IXc/d,

however, the bands dissipated and the UBC were mostly

concentrated in the midline zone (not shown). PLCb1?

UBCs were mostly absent from other cerebellar lobules,

including the rest of the uvula and paraflocculus. PLCb1

immunolabeled granule cells were present throughout the

granular layer (Figs. 1c, d, f, 2b–d).

The Purkinje cell bodies and their primary dendrites

were stained at background level (Figs. 1c–f, 2b–d). In the

upper two-thirds of the molecular layer, however, a prox-

imal-to-distal gradient of immunolabeling was present that

would appear consistent with increasing immunoreactivity

of the peripheral Purkinje dendritic branches (Figs. 1c, e, f,

2b–d). The somata of molecular layer interneurons and the

pinceaux surrounding the initial segment of the Purkinje

cell axons were moderately immunopositive (Fig. 1e). In

the cerebellar nuclei, the neuropil was diffusely immuno-

reactive (Fig. 1f), whereas neuronal cell bodies were

unstained, with the exception of faintly immunolabeled,

scattered small cells (not shown). In the DCN, the dendrites

of cartwheel neurons, the microcircuit equivalent of

Purkinje cells (Mugnaini et al. 1987; Berrebi et al. 1990;

Berrebi and Mugnaini 1991), were intensely stained

(asterisks in Fig. 1f).

Mouse

PLCb1? UBCs were best visualized in paraffin sections

after intense antigen retrieval (Fig. 3a). By contrast, in

standard cerebellar cryosections PLCb1? UBCs barely

stood out from the PLCb1? granule cells, especially at low

magnification (Fig. 3d, e). Both the UBC somata and their

dendrites ending in a brush-like tip were immunolabeled

(Fig. 3b). Like in rat, the distribution of PLCb1? UBCs

was restricted to the vestibulocerebellum including the

nodulus (Fig. 3a, d), region 2 of IXc in uvula (Fig. 3d),

flocculus and region 1 of ventral paraflocculus (not shown).

PLCb1? UBC were rare in other cerebellar lobules

(Fig. 3d, e). The highest PLCb1? UBC density was seen at

the transition zones nodulus to uvula (Fig. 3a) and floc-

culus to paraflocculus; the latter included parts of region 1

of ventral paraflocculus and flocculus (not shown). In

coronal sections the midline regions of the nodulus dorsal

leaflet and region 2 of IXc displayed densely packed

PLCb1? UBCs (Fig. 3d). In region 2 of IXc three bands

with densely packed PLCb1? UBCs were distinguishable

(Fig. 3d), one medial band and two lateral bands. PLCb1?

UBCs were present in the DCN (not shown), albeit they

were hard to discern from the stained neuropil.

Although all Purkinje cells were immunostained

over the entire somatodendritic compartment, there were

remarkable parasagittal stripes of Purkinje cells that stood
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out from their neighbors (Fig. 3d; Supplementary Fig. 1a, b).

The molecular layer interneurons (basket and stellate cells)

also presented a moderate cytoplasmic staining in cell

bodies and stem dendrites; furthermore, the pinceaux

were markedly immunostained throughout the cortex

(Fig. 3c). Both folial and deep white matter were unstained

(Fig. 3d, e); in the cerebellar nuclei the neuropil was dif-

fusely immunoreactive (Supplementary Fig. 1a), whereas

neuronal cell bodies were at best barely above background

(not shown). In the DCN, the somata and dendrites of

cartwheel cell showed intense PLCb1 immunostaining

(Supplementary Fig. 1a).
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PLCb3 immunostaining

We have tested three different PLCb3 antibodies; guinea

pig anti-PLCb3 from Frontier Institute and two rabbit anti-

PLCb3 (C-20 and H-84) from Santa Cruz. In mouse cere-

bella only the antibody purchased from Frontier Institute

produced reliable and specific immunostaining of the Pur-

kinje cells (Fig. 3f, g; Supplementary Fig. 1c, d). In rat all

three antibodies showed insufficient/faint immunolabeling

of the Purkinje cells (Fig. 2e), and therefore are considered

but briefly. In both species however, all other neuron types,

including the UBCs, were immunonegative, as previously

described (Sarna et al. 2006; Nomura et al. 2007).

Rat

PLCb3 immunostaining with antibody raised against mouse

PLCb3 (Frontier Institute) even though faint, was restricted

to Purkinje cell bodies distributed in bands of predominantly

parasagittal distribution; the Purkinje cell dendritic arbors

were unstained (Fig. 2e). The PLCb3 C-20 antibody raised

against rat PLCb3 also showed inadequate Purkinje cell

labeling, but on the other hand intensely labeled the climbing

fibers and the mossy fibers; the latter especially in nodulus

and flocculus (not shown). Further studies are needed to

determine the specificity of this peculiar immunolabeling.

Mouse

Overall, Purkinje cell immunoreactivity was higher in the pos-

terior lobe, including the flocculus, paraflocculus, nodulus and

uvula, than in the anterior lobe (not shown). PLCb3? Purkinje

cells were distributed in parasagittally orientated stripes

(Fig. 3f, g; Supplementary Fig. 1c, d). Notably, the intensity of

immunostaining varied in PLCb3? stripes from intense, to

moderate, to faint; the faint degree of staining was barely above

background, and therefore might be regarded as characterizing

PLCb3- Purkinje cell off-bands. In the folial white matter

immunostaining was restricted to bands of Purkinje cell axons,

which extended into the cerebellar nuclei (Supplementary

Fig. 1c). In the latter, neurons were immunonegative and the

neuropil showed immunostained patches, presumably con-

taining the terminals of PLCb3? axons. The cartwheel neurons

in the DCN were PLCb3- (Supplementary Fig. 1c).

PLCb4 immunostaining

The patterns of PLCb4-immunoreactivity appeared similar

in mouse and rat with respect to two most notable aspects: (1)

the well-known parasagittal stripes of PLCb4? and PLCb4-

Purkinje cell somatodendritic compartments (Figs. 2f–h,

3h–j, 4a–c, e, f, 5a–d, f; Supplementary Fig. 1e, f); and (2)

the distinct immunostaining of UBCs in the granular layer

(Figs. 2f–h, 3h–j, 4a–d, f, 5a–e, g). Granule cells were

PLCb4?, but showed only faint to moderate immunolabeling

(Figs. 4, 5). Stellate, basket, and Golgi cells were unstained

or at background level (Figs. 4b, d–f, 5b, d–f). In the cere-

bellar nuclei the neuropil was diffusely immunoreactive and

the cell bodies and dendrites of small neurons were distinctly

stained (Figs. 4f, 5d); the large neurons were at background

level. PLCb4-immunoreactivity was generally cytoplasmic,

whereas cell nuclei were unstained. Comparison of rat and

mouse sections showed that in every cortical folium in which

UBCs occurred, all PLCb4? UBCs showed distinct immu-

noreaction signal, thus establishing the PLCb4 as an excel-

lent UBC subtype-specific marker.

Rat

PLCb4? UBCs (Fig. 4d, g) were enriched in the vestibu-

locerebellum, throughout which they showed a much more

Fig. 3 Cryosections of the mouse cerebellum immunostained with

antibodies to PLCb1 R-233 (sc9005) (a–e), PLCb3 (Frontier Institute)

(f, g), and PLCb4 (h–j). a Parasagittal paraffin section of nodulus

shows moderate PLCb1 staining throughout the gcl. The somata and

brushes of UBCs (arrowheads) are noticeably PLCb1?. Note the

moderately immunopositive Purkinje cell bodies with unstained

nuclei and the homogeneous immunolabeling of the ml. Dashed line

delineate the tz between IX and X. b Representative PLCb1? UBCs

(arrowheads) from the nodulus; cryosection. c Detail from lobule V

shows moderately stained cell bodies of basket/stellate cells (arrow-

heads) and intensely PLCb1? pinceaux (arrows) below the Purkinje

cell somata (asterisks); paraffin section. d, e Purkinje arbors in the ml

display moderate-to-intense PLCb1 immunostaining. Few lighter

stained bands (arrows) are noticeable, especially in IXc;r1&r2. The

nodulus and IXc;r2 contain the highest densities of PLCb1? UBCs

(d), especially the midline portion of IXc;r2. Few PLCb1? UBCs are

present in IXc;r1 (e), while PLCb1? UBCs are absent in other lobules

included in sections (d, e). Bands with high densities of PLCb1?

UBCs (arrowheads) are present in IXc;r2. Crossed arrow point to

intensely labeled lateral stripe in Xdors. f, g PLCb3-immunostaining

shows on/off Purkinje cell band in the ml. The PLCb3 and PLCb4

show reciprocal immunostaining in the Purkinje cells bands, with

exception in nodulus and IXc;r2. UBCs are PLCb3-. In nodulus three

PLCb3- Purkinje cell stripes are present, in both Xdors and Xvent

(arrows); one wide stripe at midline and 2 lateral stripes (one on each

side). h–j The ml shows on/off bands of PLCb4-immunoreactivity in

Purkinje arbors. In the nodulus many Purkinje cells are PLCb4-,

especially in the Xvent (h, j). PLCb4? UBCs are present at high

concentration in nodulus and IXc;r1&r2 (h–j), and especially in

median portions of the Xvent and IXc;r2 (h, j). PLCb4? UBCs are

also present in other lobules (h–j). The distribution of PLCb4? UBCs

does not seem in register with Purkinje cell on/off bands, with the

exception of IXc;r2 (h, j), in which high-density UBC bands are

situated approximately beneath PLCb4- Purkinje cell bands (arrow-

heads). In IXc;r1&r2 the PLCb4- bands (arrows) are situated at the

same position as are the moderately stained PLCb1? bands in the

adjacent sections (arrows in d, e). k Schematic drawing showing

the approximate planes of the coronal cerebellar sections in d–j.
Panels e, f, and h show adjacent sections, as do panels e, g, and

i. Dashed line in panels d–j indicates the cortical midline. PLCb1?

UBCs (d, e) and PLCb4? UBCs (h–j) in the gcl are marked by magenta

dots. Scale bars a 200 lm, b, c 20 lm, d, j 0.5 mm (d applies to d–i)

b
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Fig. 4 PLCb4-immunoreactivity in rat cerebellum using DAB chro-

mogen. a Distributions of PLCb4-immunostained Purkinje cells and

UBCs in a sagittal midvermal section. At this particular level the

Purkinje cells are most intensely stained in anterior lobules I–V and

around the primary fissure (arrowhead), while many of them are

unstained in posterior lobules VIb, VIc and VII–X. The UBC-rich

nodulus, uvula, and lingula show distinct PLCb4 immunolabeling in

the gcl. b PLCb4? UBC (arrowheads) are widespread throughout the

nodulus and uvula and also occur in VIII. Asterisk marks an area

(between black solid lines) with low density of PLCb4? UBCs at the

IXa–IXb transition. The Xvent contains the highest density of PLCb4?

UBCs; the nodular ml is immunonegative. Region 1–3 of IXc are

divided by white dashed line. c Coronal section of the posterior

cerebellum illustrates PLCb4 immunostaining in parasagittally

oriented Purkinje cell stripes, and shows the distribution of PLCb4?

UBCs (arrowheads). The nodulus displays the highest density of

PLCb4? UBCs, but other vermal and hemispheral lobules also

contain several PLCb4? UBCs. d Enlargement of boxed area from

panel c shows a dense PLCb4? UBC population (arrowheads) in

nodulus. Asterisks indicate PLCb4- Purkinje cell bodies. e Enlarge-

ment of boxed area from panel c shows adjacent, intensely and

moderately immunopositive Purkinje cell dendrites, arising from their

less intensely labeled parent cell bodies (asterisks). f Fl, PFl, lateral

CN and adjacent brain stem from a coronal section. PLCb4? UBC

(arrowheads) are present in both Fl and PFl, with a notable high

density in vPFl;r1 (black dashed line). In CN small neurons are

distinctly immunolabeled, while the neuropil shows moderate stain-

ing. PLCb4? UBC are also present in the DCN (h) and sgl (arrow),

but not in the VCN. g, h Enlargement of boxed areas in panel f show

PLCb4? UBCs (arrowheads) in PFl (g) and in DCN (h). The

cerebellar wm is unstained (a, b, f). Scale bars a, c 0.5 mm, b,

f 200 lm, d, e, 25 lm, g, h 20 lm
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widespread distribution than the PLCb1? UBCs (compare

Figs. 1c and 2b–d with Figs. 4b and 2f–h, respectively).

High densities of PLCb4? UBCs were found not only in

nodulus, regions 2 and 3 of IXc, flocculus, and region 1 of

ventral paraflocculus but also in IXb, region 1 of IXc, and

region 2 of ventral paraflocculus (Figs. 2f–h, 4a–d, f, g).

Fig. 5 PLCb4-immunoreactivity in mouse cerebellum visualized by

DAB chromogen. a Sagittal midvermal section illustrates the

distributions of PLCb4-immunostained Purkinje cells and UBCs. At

this particular vermal level the Purkinje cells in anterior lobules

I–V and around the primary fissure (arrowhead) show the most

immunolabeling, while they are either moderately labeled or

unstained in the posterior lobules VIb and VII–X. The UBC-rich

nodulus, uvula and lingula show distinct PLCb4 immunoreactivity in

the gcl. b Enlargement of the caudal cerebellum illustrates the

distribution of PLCb4? UBC (arrowheads) in the gcl. Nodulus,

IXc;r1&2 (delineated by white dashed line), and IXb contain the

highest densities of PLCb4? UBCs. Tz IX to X is indicated by black

dashed line. Few PLCb4? UBCs are present in IXa and VIII. Asterisk

marks a distinct field of uvula (between IXa and IXb, delineated with

solid lines) that is devoid of UBCs. Most of the Purkinje cells in

nodulus are PLCb4-. c Coronal section of the posterior cerebellum

displays the parasagittal stripes of the PLCb4? Purkinje cells and the

distribution of PLCb4? UBC (arrowheads). The nodulus and uvula

show the highest density of PLCb4? UBCs, additionally, scattered

PLCb4? UBCs are distributed in other vermal and hemispheral

lobules. d Fl, PFl, lateral CN, and adjacent brain stem in coronal

section. High densities of PLCb4? UBCs (arrowheads) occur in Fl

and vPFl;r1&2, especially at the transition zone between the two

structures (black dashed line). In CN small neurons are distinctly

immunolabeled, while the neuropil shows moderate staining. Within

the cochlear nuclear complex, PLCb4? UBCs occur in the DCN and

the sgl (arrow), but not in the VCN. e Enlarged boxed area from

panel c shows a dense PLCb4? UBC population (arrowheads) in

nodulus. Asterisks mark PLCb4- Purkinje cell bodies. f Enlarged

boxed area from panel c shows adjacent, intensely and moderately

immunolabeled Purkinje cell dendrites. Asterisks indicate Purkinje

cell bodies. g, h Enlarged boxed areas from panel d show PLCb4?

UBCs (arrowheads) in Fl (g) and in sgl (h). The cerebellar wm is

unstained (a, b, d). Scale bars a–d 200 lm, e, f 25 lm, g, h 20 lm
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The ventral leaflet of nodulus (Figs. 2f, g, 4b) and the

region 1 of ventral paraflocculus contained the highest

density of PLCb4? UBCs. Intriguingly, the dorsal leaflet of

nodulus showed much lower UBC density than the ventral

leaflet, especially in anterior coronal sections (see Fig. 2f,

but also Fig. 4b). Three high-density bands of PLCb4?

UBCs in region 3 of IXc/d were discernible at the same

location where the high-density PLCb1? UBC bands were

found (in Fig. 2 compare panels f, g to b, c, respectively).

Notably, a distinct area between folia IXa and IXb showed

marked decline in UBC density, especially when compared

to the surrounding areas (asterisks in Fig. 4b). PLCb4?

UBCs were scattered in other vermal lobules, specifically

in I, VI–IXa (Figs. 2f–h, 4a–c), and were also found in the

hemispheral lobules (Fig. 4c) and in the rest of parafloc-

culus (Fig. 4f). The DCN and sgl also contained PLCb4

Fig. 6 Two-color confocal immunofluorescence images of the rat

nodulus; cryosections were labeled with cocktails of antibodies to

Tbr2, CR and mGluR1a. The cocktail compositions were designed to

ascertain whether the sum of the CR? and mGluR1a? UBC

subclasses accounts for the entire UBC population. Tbr2 is a marker

for all UBC nuclei; CR and mGluR1a are UBC subclass-specific.

a The section was immunoreacted with a mixture of all three primary

antibodies. The Tbr2 binding sites were revealed with Alexa

594-labeled secondary antibody (red), while binding sites of both

CR and mGluR1a were revealed with Alexa 488-labeled secondary

antibody (green). All UBCs, whether CR? or mGluR1a? possess

Tbr2? nuclei. a0 Distribution of the CR? (c) and mGluR1a?

(m) UBCs associated with Tbr2-labeled nuclei. b, b0, b00 Enlarged

boxed area from panel a illustrates a typical mGluR1a?/Tbr2? UBC;

intense staining in the brush (arrow) and subtle immunopositivity in

soma (arrowhead). c, c0, c00 Enlarged boxed area from panel

a illustrates a typical CR?/Tbr2? UBC; intense staining in the brush

(arrow) and cell body (arrowhead). Asterisk indicates Tbr2? UBC

nuclei (b0, b00, c0, c00). Scale bars a, a0 20 lm, b–b00 and c–c00 10 lm
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immunostained UBC (Fig. 4f, h), albeit the immunostain-

ing was tenuous; the dendrites of cartwheel neurons were

faintly immunolabeled.

Mouse

PLCb4? UBCs were clearly recognizable by their dis-

tinctively stained somata and brushes (Fig. 5e, g). The

density of PLCb4? UBCs was particularly high in nodulus,

IXb, regions 1 and 2 of IXc (Figs. 3h–j, 5a–c, e), flocculus

and region 1 of ventral paraflocculus (Fig. 5d, g; Supple-

mentary Fig. 1e, f). Other vermal lobules (I–III, VIb–IXa),

the hemispheral lobules and the rest of the paraflocculus

also contained scattered PLCb4? UBCs (Figs. 3h–j, 5a–d).

The highest densities of the PLCb4? UBCS were observed

in the transition zone nodulus to uvula (Fig. 5b), in the

ventral leaflet of the nodulus (Fig. 3j), and in the transition

zone flocculus to paraflocculus; the latter included the

region 1 of ventral paraflocculus and a portion of the

flocculus (Fig. 5d). In coronal sections the midline region

of nodulus appeared to contain dense clusters of PLCb4?

UBCs, while in region 2 of IXc three high-density bands of

PLCb4? UBCs were observed (Fig. 3h, j); one particularly

dense band at the midline and two lateral ones. Like in rat,

we observed a special UBC-poor area between IXa and

IXb (asterisks in Fig. 5b); in mouse, however, this region

was completely devoid of UBCs. Numerous PLCb4?

UBCs were seen in DCN and sgl (Fig. 5d, h; Supplemen-

tary Fig. 1e) and the dendrites of the cartwheel neurons

showed moderate immunoreactivity.

Cell subclass specificity of PLCb1 and PLCb4

immunostaining

While several cell markers reveal the UBC population in its

entirety, other proteins clearly indicate the existence of a

distinct phenotypic heterogeneity. Tbr2 is a specific UBC

population-marker in developing and adult animals (Englund

et al. 2006; Diño and Mugnaini 2008), whereas distinct UBC

subpopulations were classified based on CR and mGluR1a
expression (Nunzi et al. 2002). A recent study classified UBCs

into three major subclasses: CR?/mGluR1a-/PLCb4-,

mGluR1a?/PLCb4?/CR-, and PLCb4?/mGluR1a-/CR-

(Chung et al. 2009a, b).

To validate this tripartite subdivision, at first we labeled

mouse and rat cerebellar tissues with a cocktail of Tbr2,

mGluR1a, and CR antisera (Fig. 6; Supplementary Fig. 2).

All three antibodies were previously tested by immuno-

staining and were proven to be excellent UBC markers. We

used Alexa 594-labeled secondary antibody for Tbr2

detection, and Alexa 488-labeled secondaries for the com-

bined visualization of mGluR1a and CR (Fig. 6; Supple-

mentary Fig. 2). We captured confocal images (409) of

large fields containing numerous UBCs (Fig. 6; Supple-

mentary Fig. 2) and analyzed each Tbr2? UBC for double

immunolabeling (Fig. 6b–b00, c–c00; Supplementary Fig. 2b–

b00, c–c00). We counted 892 (N = 2 rats)/1,206 (N = 3 mice)

of Tbr2? UBCs from nodulus and uvula and found that all

Tbr2? UBCs were associated with either mGluR1a or CR.

In rat 64 % and in the mouse 63 % of the Tbr2? UBCs were

immunolabeled with mGluR1a while the remaining Tbr2?

UBCs expressed CR. As expected, both the CR? UBCs and

the mGluR1a? UBCs were Tbr2?.

As a further control, we also analyzed the UBC density

in neighboring 25-lm-thick DAB-stained sections indi-

vidually immunoreacted with Tbr2, CR, or mGluR1a
(Table 3). In both rat and mouse the nodulus contained the

highest UBC densities irrespective of UBC subtype. The

sum of CR? UBC and mGluR1a? UBCs turned out to be

roughly equal to the number of Tbr2? UBCs.

Next, we revisited the distributions of the CR? UBCs

and mGluR1a? UBC subsets in rat and mouse and com-

pared them with the distributions of PLCb1? UBCs and

PLCb4? UBCs. We constructed quantitative maps of the

densities of CR? UBCs and mGluR1a? UBCs in the cer-

ebellum of rat and mouse and projected these as color

gradient maps on sagittal and coronal diagrams of the

mouse cerebellum to facilitate reference (Figs. 7, 8, 9, 10;

numerical data with standard derivation are shown in

Supplementary Tables 1–3). The quantitative, topographic

analysis underlying these maps is presented in detail as

Supplementary Text 1. Briefly, in both rodents the two

UBC subsets showed partly overlapping distribution pat-

terns in vestibulocerebellum, but the CR? UBC subset was

mostly restricted to nodulus and ventral uvula (regions 2

and 3 of IXc/d in rat and region 2 of IXc in mouse). When

the gradient maps of CR? UBCs and mGluR1a? UBCs

were compared with the distributions of UBCs expressing

either PLCb1 or PLCb4, it become evident that the two

PLCb antibodies recognized two different UBC subsets.

The distribution of PLCb1? UBCs was in register with that

of the CR? UBCs in both rat (compare Figs. 1c, f, 2b with

Figs. 8b, f, 7d, right side, respectively) and mouse

Table 3 Densities (N/0.01 mm2) of Tbr2?, mGluR1a? and calreti-

nin? UBC in 25 lm-thick sagittal cerebellar sections

Cerebellar

lobules

Calretinin?

(type I)

mGluR1a?

(type II)

Tbr2? (all

UBCs)

Mouse

(N = 2)

I–VIII 0.1 ± 0.1 1.4 ± 0.2 1.5 ± 0.1

IX 2.2 ± 1.6 5.5 ± 0.7 6.4 ± 1.8

X 6.3 ± 2.1 17.3 ± 2.8 24.6 ± 3.1

Rat

(N = 2)

I–VIII 0.3 ± 0.1 0.8 ± 0.05 1.1 ± 0.3

IX 2.1 ± 0.5 6.0 ± 0.5 8.3 ± 1.6

X 5.9 ± 0.6 16.4 ± 0.6 20.5 ± 2.2
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(compare Fig. 3a, d with Figs. 10b, 9d, right side, respec-

tively). On the other hand the distribution of PLCb4?

UBCs mirrored the distribution of the mGluR1a? UBCs in

both species (for rat compare Figs. 4b, f, 2f with Figs. 8a,

e, 7d, left side; for mouse compare Figs. 5b, d, 3j with

Figs. 10a, e, 9d, left side).
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We then used confocal imaging to ascertain that the two

PLCb isoforms were indeed expressed in two different UBC

subsets. In both mouse and rat the PLCb1? UBCs were

associated with CR immunostaining (Fig. 11a–f). We ana-

lyzed 361 (N = 3 rats)/272 (N = 3 mice) CR? UBCs and

274 (N = 3 rats) PLCb1? UBCs and found that all CR?

UBC were also PLCb1?; in reverse all PLCb1? UBCs were

CR?. The mGluR1a? UBCs were PLCb1- (Fig. 11g–i).

The PLCb4? UBC were immunostained with mGluR1a
(Fig. 12a–f). We analyzed 662 (N = 3 rats)/835 (N = 3

mice) mGluR1a? UBCs and 496 (N = 3 rats)/632 (N = 3

mice) PLCb4? UBCs and found that all PLCb4? UBCs

were immunolabeled with mGluR1a antibody. In reverse

95 % (rat)/97 % (mice) of the mGluR1a? UBCs were

colabeled with PLCb4 antibody, albeit a subset of these

double-labeled UBCs (20 % in rat and 21 % in mice)

showed only a faint PLCb4 immunostaining, barely above

the background level. On the contrary, CR? UBCs were

PLCb4- (Fig. 12g–i). We analyzed 222 (N = 3 rats)/220

(N = 3 mice) CR? UBCs and 413 (N = 3 rats)/472 (N = 3

mice) PLCb4? UBCs, but none of these cells were double

labeled with PLCb4 or CR, respectively.

DGKb immunostaining and the UBCs

Immunoreactivity to rabbit anti-DGKb in the cerebellar

cortex differed in cryostat sections and paraffin sections. In

cryostat sections immunostaining was restricted to the so-

matodendritic and axonal compartments of a subpopulation

of Purkinje cells. The DGKb? Purkinje cells showed a

banded distribution that was especially evident in the pos-

terior cerebellum (not shown). The other cortical neurons,

including the UBCs, were unstained. In paraffin sections

subjected to rigorous antigen retrieval, however, the DGKb
antibody immunolabeled granular layer cells with typical

UBC morphology. UBC somata and brushes were distinctly

immunoreactive, albeit variations in the staining intensity

of the brushes were apparent (Fig. 13b, d). Notably, the

Purkinje cell labeling was attenuated (Fig. 13) compared to

cryostat sections. In both species the DGKb? UBCs mat-

ched the mGluR1a?/PLCb4? UBCs in the pattern of lob-

ular distribution (for rat compare Figs. 13a to 4b and 8a; for

mice compare Figs. 13c to 5b and 10a). Indeed, DGKb?

UBCs were present in virtually all lobules of the cerebel-

lum, but the highest densities were found in nodulus and

regions 1–3 (rat)/1–2 (mouse) of IXc (Fig. 13a, c). Floc-

culus and region 1 of ventral paraflocculus also contained

high densities of DGKb? UBCs (not shown). The peculiar

uvular area marked by extremely low density or absence of

either CR? UBCs or mGluR1a? UBCs in rat and mouse

were clearly recognizable (asterisks in Fig. 13a, c). The

DCN and the sgl also contained DGKb? UBC, while all of

the cartwheel neurons were unstained, in contrast to the

banded immunostaining of Purkinje cells.

To determine the subclass identity of DGKb? UBCs we

resorted to confocal imaging. All DGKb? UBC showed

distinctive mGluR1a immunolabeling (Fig. 14a–f) and

were CR- (Fig. 14g–i). Correspondingly, none of the CR?

UBCs were DGKb? (Fig. 14g–i). Unexpectedly, however,

not all mGluR1a? UBCs were DGKb? (Fig. 14a–f). The

intensity of the DGKb immunolabeling in the mGluR1a?

UBC brushes varied; many brushes were intensely stained,

while few showed only moderate-to-faint DGKb labeling.

Some mGluR1a? UBC brushes were devoid of any DGKb
immunoreactivity. Further experiments are needed to

determine whether the lack of DGKb staining in a small

fraction of mGluR1a? UBCs depends on the molecular

form of the enzyme recognized by the specific antibody

utilized in this study.

Expression of the PLCb isoforms in UBC

subpopulations and their relation to Purkinje

cells stripes

In addition to the patterns of terminations of primary and

secondary vestibular fibers (Mugnaini et al. 2010),

deployment of UBC subclasses in the cerebellar cortex

might be more or less strictly related to the formation of

early Purkinje cell maps (Chung et al. 2009a, b). To

investigate the possibility that UBC distribution is related

Fig. 7 Distribution of mGluR1a? and CR? UBCs in rat nodulus and

uvula as seen in coronal sections. The midline of each section is

indicated with horizontal, magenta colored line. Mid-to-lateral zones

1–7 are marked with black dashed lines. Arrowheads indicate UBC-

rich bands in IXc/d;r3. a Typical mGluR1a immunolabeling; intense

immunolabeling of Purkinje cell dendrites in ml and distinct

immunopositivity in gcl UBCs, especially in nodulus and IXc/d;r3.

The highest density of mGluR1a? UBCs is present around midline.

Xdors contain an area encompassing zone 3–5 with low UBC density

(asterisk). Inset a0 shows a representative mGluR1a? UBC; intense

staining in the brush (arrow) and subtle immunopositivity in soma

(arrowhead). b Typical CR immunolabeling in UBCs and granule

cells. The granule cells somata in gcl and their axons (parallel fibers)

in the ml show intense immunopositivity in all cerebellar lobules

(IXa, COP shown) except the nodulus and IXc;r2. These later

structures contain a dense CR? UBC population and CR? mossy

fibers. Purple dash line delineate an area (purple arrows) with

especially dense population of CR-labeled UBCs and mossy fibers.

Inset b0 shows a representative CR? UBC; intense staining in the

brush (arrow) and cell body (arrowhead). c Schematic illustration of

the mGluR1a? (left side) and CR? (right side) UBC distributions in

mid-to-later zones. Numbers indicate the density of UBCs (N/

0.01 mm2; for standard deviations see Supplementary Table 1).

Midline zones 1 of Xvent and IXc/d;r3 contain the highest densities

(red-colored zones) of CR? UBCs and mGluR1a? UBCs, respec-

tively. d A gradient map illustrates the distribution of CR? UBCs

(right side) and mGluR1a? UBC (left side). Asterisk marks a sparse

mGluR1a? UBC region in Xdors. Red color is associated with the

highest cell density (max) of either CR? UBCs or mGluR1a? UBCs.

The deep blue colored area contain hardly any UBCs. Scale bars

a 200 lm (applies to a–d), inset a0 5 lm (applies to insets a0, b0)

b
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to diversification of Purkinje cell phenotype, we analyzed

the distribution of the two major UBC subtypes—CR?/

PLCb1? UBCs and mGluR1a?/PLCb4? UBCs—in rela-

tion to Purkinje cell stripes labeled with antibodies raised

against PLCb1, PLCb3, and PLCb4. Immunolabeling with

each of the three individual PLCb antibodies revealed

distinct patterns of alternating parasagittal stripes in the

Purkinje cells. The intensity of immunolabeling varied in

the Purkinje cell stripes. For simplicity three categories of

stripes were distinguished: intense, moderate, and faint/

negative stripes. PLCb1? stripes had not been recognized

previously with a proprietary antibody (Fukaya et al.

2008), but recently they were shown with commercial

PLCb1 antibodies (Montaña et al. 2012). Stripes of

PLCb3? and PLCb4? Purkinje cells had been described in

detail in the mouse cerebellum. In general, PLCb3 and

PLCb4 antibodies showed complementary Purkinje cell

immunolabeling (see also Sarna et al. 2006; Nomura et al.

2007) in most cerebellar lobules with the notable exception

of nodulus, regions 2 and 3 of IXc, flocculus and para-

flocculus. A short description of PLCb1, PLCb3, and

PLCb4 immunolabeling in Purkinje cell stripes follows

with special emphasis on the vestibulocerebellum.

PLCb1

In the mouse, parasagittally oriented bands of PLCb1?

Purkinje cells showed either intense or moderate PLCb1

immunoreaction, which resulted in a distinct striped pattern

in the molecular layer (Supplementary Fig. 1a, b). In the

anterior cerebellum the distribution of the PLCb1? Pur-

kinje cell stripes bore similarities with the distribution of

Fig. 8 A gradient map of UBC

subclass distribution in rat

cerebellum. The red-colored

areas represent regions with the

highest density (max) of either

mGluR1a? UBCs (a, c, e) or

CR? UBCs (b, d, f). The deep

blue colored areas contain

hardly any UBCs. a–d Nodulus,

uvula and VIII in parasagittal

plane. The highest UBC

densities for mGluR1a and CR

are detected in the midline

sections (a, b). In the lateral

sections (c, d) the UBC

densities show a marked

decrease, especially in nodulus.

Differences in the distribution

between the two UBC

subclasses are apparent. While

every lobule contain mGluR1a?

UBCs (a, c), albeit with

different densities, the CR?

UBCs (b, d) are restricted to

nodulus and IXc/d;r2&3. The

areas with the highest

mGluR1a? UBC and CR? UBC

densities area the Xvent (a) and

the tz IX to X (b), respectively.

Asterisk marks a sparse

mGluR1a?/CR? UBC area

between IXa and IXb. e, f Fl and

PFL in coronal plane. Both

UBC subclasses are present in

high density in the vPFl;r1. The

mGluR1a? UBC are more

widespread in PFl than the CR?

UBCs (compare e to f). For

numerical data of UBC

densities see Supplementary

Tables 2 and 3
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the PLCb3? stripes, whereas the Purkinje dendritic staining

appeared nearly homogeneous in the posterior cerebellum.

In region 1 and 2 of IXc five moderately stained stripes

interposed between wide, intensely stained Purkinje cell

bands were identifiable: one stripe in the midline, and two

lateral ones on each side (arrowheads in Fig. 3d, e).

Remarkably these stripes were located at the same position

as were the PLCb4- Purkinje cell stripes in a neighboring

section (in Fig. 3 compare panels d, e with panels h, i,

respectively). Purkinje cells in the nodulus also showed

some degree of variation in immunolabeling (Fig. 3d), with

the clearest, intensely PLCb1? lateral stripes in the dorsal

leaflet of nodulus near the transition between X and IXc

(crossed arrow in Fig. 3d). In the flocculus and parafloc-

culus the Purkinje cells were moderately immunolabeled,

with the exception of the anterior parts of the flocculus and

region 1 of ventral paraflocculus. In these two structures

the Purkinje cells were intensely stained, especially when

compared to other Purkinje cells in the paraflocculus

(Supplementary Fig. 1a, b). This staining pattern of floc-

culus and paraflocculus was similar to the staining pattern

observed with PLCb4 antibody (see Fig. 5d; Supplemen-

tary Fig. 1a, b, d). Further detailed study is needed to

characterize the PLCb1? Purkinje cell stripes and to elu-

cidate their relation to other well-studied Purkinje cell

subtype-specific markers (e.g., zebrins). In the rat the

PLCb1 antibodies showed only partial Purkinje cell

labeling in the proximal dendrites; albeit the staining

was uniform throughout the cerebellar cortex (Figs. 1c, f,

2b–d).

PLCb3

The stripes the PLCb3? Purkinje cells in the mouse

nodulus, region 2 of IXc, flocculus, and paraflocculus

(Fig. 3f; Supplementary Fig. 1c, d) differed from PLCb1

(Fig. 3d; Supplementary Fig. 1a, b) and PLCb4 (Figs. 3h,

5d; Supplementary Fig. 1e, f) with respect to their width

and distribution. In nodulus and region 1 of IXc, most of

the Purkinje cells were only moderately stained, while

other showed faint/negative immunolabeling (Fig. 3f).

Three faint/negative PLCb3 stripes were present in the

nodulus; one wide stripe at the midline and two lateral

stripes one on each side. Notably, these stripes appeared to

continue from the ventral to the dorsal leaflets (arrows in

Fig. 3f). In region 2 of IXc the striped pattern was not

clear, although some of the Purkinje cells showed very

little or no labeling. The staining intensity of the Purkinje

cells increased in region 1 of IXc, and in the rest of uvula.

In these regions the Purkinje cell PLCb3? stripes corre-

sponded in their distribution pattern to the PLCb4- Pur-

kinje cell stripes (in Fig. 3 compare panels f, g to h, i,

respectively), although in reverse (PLCb3- stripes were

PLCb4? and vice versa). In flocculus and paraflocculus the

Purkinje cells were intensely stained, with the exception of

three moderate-to-faint/negative patches; one roughly in

the area of region 1 and 2 of ventral paraflocculus, the

second patch in the ventral portion of paraflocculus, and

third in dorsal paraflocculus, near the parafloccular fissure

(Supplementary Fig. 1c). In rat sections PLCb3 immuno-

staining was inadequate, and therefore we could not cred-

ibly evaluate the on/off Purkinje cell stripe pattern.

PLCb4

In mouse PLCb4 immunostaining produced a distinct,

predominantly parasagittal pattern of alternating Purkinje

cell bands in all cerebellar lobules, but not in nodulus and

flocculus/paraflocculus. In these regions the Purkinje cells

were mainly PLCb4- (Figs. 3h, j, 5c, d; Supplementary

Fig. 1e, f), although some moderately immunolabeled

Purkinje cell bands were discernible in the dorsal leaflet of

the nodulus (Fig. 3h, j) and in the anterior portion of the

flocculus and region 1 of paraflocculus (Supplementary

Fig. 1f). Alternating stripes with intense, moderate and

faint/negative PLCb4 immunostaining were easily distin-

guishable in the rest of the uvula, including the regions 1

and 2 of IXc (Fig. 3h–j).

In rat the pattern of the Purkinje cell stripes was similar

to those observed in mouse, with minor differences. Like in

mouse, the molecular layer of the ventral leaflet of the

nodulus was immunonegative (Figs. 2f, g, 4a–c), while few

moderate-to-faint patches of Purkinje cell were seen in the

dorsal leaflet. In region 3 of IXc/d and the rest of the uvula

on/off stripes were easily distinguishable; these stripes

were comparable to the stripes observed in mouse. The

main difference between the two species was found in

paraflocculus, where several patches of moderately labeled

Purkinje cells were found interspersed between faint/neg-

ative stripes (Fig. 4f), especially in the dorsal paraflocculus

(Fig. 4f). The flocculus, however, showed similar distri-

bution of the PLCb4 immunoreactivity in rat and mouse,

i.e., moderately stained anterior portion and negative

Purkinje cells in posterior regions.

PLCb isoform-specific immunostaining and UBCs

As described above the distribution of the three different

PLCb isoforms varied greatly in the vestibulocerebellum.

Although some regions showed similarities with respect to

the location of the on/off Purkinje cell stripes, the overall

immunostaining pattern could be conceived as unique for

each of the PLCb isoforms. In general, we found only scarce

correlation between the pattern of PLCb1, PLCb3, and

PLCb4 immunostaining in Purkinje cells and UBC distri-

bution (see Figs. 2, 3). In general, rather than being
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distributed in stripes like Purkinje cells, the UBCs were

distributed in zonal fashion, with dense UBC patches/zones

near the vermal midline and at the flocculus/paraflocculus

transition that includes the region 1 of ventral paraflocculus

(see also Figs. 7, 8, 9, 10). An exception seems to be region 2

of lobule IXc/d(rat)/IXc(mouse), in which clear PLCb1 and

PLCb4 Purkinje cell stripes and high-density UBC bands

were observed (Figs. 2b, c, f, g, 3d, h but also see Figs. 7, 9).

Remarkably, both UBC subclasses—CR?/PLCb1? UBCs

and mGluR1a?/PLCb4? UBCs—aggregated in these high-
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density patches, especially in the band at the midline

(Figs. 7, 9). The two lateral UBC bands (one on each

side) were roughly positioned below PLCb4- Purkinje

cell stripes (these stripes were also moderately immuno-

labeled with PLCb1), while the midline UBC band was

positioned below both PLCb4- and PLCb4? stripes, the

latter perhaps as a result of the narrowness of the midline

PLCb4- stripe.

Discussion

This immunocytochemical study indicates that cerebellar

UBCs of adult rat and mouse express PLCb1 and PLCb4,

but lack PLCb3. It appears that PLCb1 and PLCb4 are

expressed differentially in subclasses of UBCs; whereas the

former is co-localized with CR in a smaller subset of

UBCs, the latter is co-localized in all the mGluR1a-

expressing UBCs, which make up approximately 2/3 of the

entire UBC class. Our data also show that most if not all

mGluR1a? UBCs are endowed with the PLCb4 isozyme

and in reverse all PLCb4? UBCs express mGluR1a. Thus,

our data supports the originally proposed separation of the

UBCs into two chemically distinct subclasses (Nunzi et al.

2002); type I UBCs expressing CR and PLCb1 and type II

UBCs expressing mGluR1a and PLCb4.

The differential expression of PLCb1 and PLCb4 in

type I and type II UBCs likely correlates with their

expression of group I and group II mGluR subtypes, which

couple to PLC activation primarily via Gq/11 and Gi/o-GS,

respectively (Pin and Duvoisin 1995; Nakamura et al.

2004; Tateyama and Kubo 2011). In this study, we also

detected the presence of DGKb in UBCs, but only in the

type II UBC that express mGluR1a and PLCb4. DGKb is

suggested to be involved in mGluR5-PLCb1-DGKb sig-

naling cascade in the striatal projection neurons (Hozumi

and Goto 2012); however, in type II UBCs it appears to be

associated with mGluR1a-PLCb4 transduction pathway.

The results of the present study reinforce the notion that

intrinsic membrane properties, responses to neurotrans-

mitters, and signal transduction pathways linked to plasma

membrane are all consistent with the classification of

UBCs in two major subclasses, probably performing dif-

ferent tasks (Mugnaini et al. 2010; Kim et al. 2012;

Rousseau et al. 2012).

PLCb isoforms are expressed in the cerebellum in a cell

subtype-specific manner

While PLCb4 immunoreactivity in cerebellar UBCs had

been shown previously, the demonstration of PLCb1

immunoreactivity in UBCs represents a novel finding.

Previous reports indicated that mRNA signal for PLCb1 is

low in the mouse cerebellum, and protein is associated

primarily with molecular layer inhibitory interneurons and

to a lesser extent with Purkinje cells and granule cells

(Sugiyama et al. 1999; Fukaya et al. 2008).

Nakamura et al. (2004) reported intense PLCb4 immu-

noreactivity in mGluR1a? UBCs, which supports our data.

The finding that all mGluR1a? UBCs express the PLCb4

isoform in mature rodents is, however, in contrast with a

recent study suggesting the presence of equal percentages

of PLCb4? UBCs that are either mGluR1a? or mGluR1a-

(Chung et al. 2009a, b). As UBCs chemical phenotypes

may parallel diverse information transfer from their inputs

(Kim et al. 2012), the repartition of UBCs into two, three or

more subsets is meaningful for future studies directed to

establish whether UBC subclasses are differentially inner-

vated by primary or secondary vestibular fibers and pos-

sibly other cerebellar afferents (Mugnaini et al. 2010). The

study of Chung et al. (2009a) and the present report,

however, are in agreement concerning the density of

PLCb4? UBCs, which is roughly twice that of the CR?

UBCs. The discordance between the two papers, therefore,

rests primarily on the actual density of mGluR1a? UBCs,

which with our protocol is approximately equal to the sum

of PLCb4?/mGluR1a?/CR- and PLCb4?/mGluR1a-/

CR- UBCs reported by Chung et al. (2009a). This dis-

crepancy may arise from using different lots of mGluR1a

Fig. 9 Distribution of mGluR1a? UBCs and CR? UBCs in mouse

nodulus and uvula as seen in coronal sections. The midline of each

section is indicated with horizontal magenta colored line. Mid-to

lateral zones 1–7 are marked with black dashed lines. Arrowheads

indicate UBC-rich bands in IXc/d;r2. a Typical mGluR1a immu-

nolabeling; intense immunolabeling of Purkinje cell dendrites in ml

and distinct immunopositivity in UBCs scattered throughout the gcl,

especially in nodulus and IXc/d;r2. The midline zone 1 of IXc/d;r2

shows the highest UBC density, while the midline zones 1, 2 of Xvent

and the lateral zones 6, 7 of vermis also contains dense mGluR1a?

UBC population. Inset a0 shows a representative mGluR1a? UBC;

intense staining in the brush (arrow) and subtle immunopositivity in

soma (arrowhead). b Typical CR immunolabeling in UBCs and

granule cells. The granule cells somata in gcl and their axons (parallel

fibers) in the ml show intense immunopositivity in all cerebellar

lobules (VIII/IXa and COP shown) except the nodulus and IXc;r2.

These latter structures contain a dense CR? UBC population and CR?

mossy fibers. Purple dash line delineate an area (purple arrows) with

notably dense population of CR-labeled UBCs and mossy fibers. Inset

b0 shows a representative CR? UBC; intense staining in the brush

(arrow) and cell body (arrowhead). c Schematic illustration of the

CR? UBC (right side) and mGluR1a? UBC (left side) distributions in

mid-to-later zones. Numbers indicate the density of UBCs (N/

0.01 mm2; for standard deviations see Supplementary Table 1).

Midline zone 1 in IXc;r2 contains the highest density of both CR?

UBCs and mGluR1a? UBCs (red-colored zone). d A gradient map

illustrates the distribution of UBC subclasses; CR? (right side) and

mGluR1a? (left side). Red color is assigned to the highest cell density

(max) of either CR? UBCs or mGluR1a? UBCs. The deep blue

colored area contain hardly any UBCs. Scale bars a 200 lm (applies

to a–d), inset a0 10 lm (applies to insets a0, b0)

b
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antibodies, but also from the efficiency of the membrane

permeabilization. We used three different mGluR1a anti-

bodies with the same outcome, that is co-localization of

mGluR1a in every PLCb4? type II UBC. Our sections

were incubated with the primary antibodies diluted in 1 %

NGS/1 % BSA/TBS solution containing 0.2 % Triton

X-100 for at least 2–3 days. However, in the previous study

only 0.1 % Triton X-100 was used for 16–18 h (Chung

et al. 2009a). Therefore, it is conceivable that the mGluR1a
antibodies in our study penetrate into the sections well

enough to label the entire subclass of PLCb4 expressing

UBCs. Concerning the small percentage of UBCs

expressing a mixed phenotype PLCb4?/mGluR1a?/CR?

(Chung et al. 2009a) or CR?/mGluR1a? (Diño and Mu-

gnaini 2008), closer evaluation may require additional

information on their specific inputs. Notably, UBCs co-

expressing CR and mGluR1a are more frequent in the

cerebella of young animals (P22–P24), although they rep-

resent only *3–5 % of all UBCs (Kim et al. 2012). Taken

together, our results indicate that two major subclasses of

Fig. 10 A gradient map of UBC subclass distribution in mouse

cerebellum. The red-colored areas represent regions with the highest

density (max) of either mGluR1a? UBCs (a, c, e) or CR? UBCs

(b, d, f). The deep blue colored area contain hardly any UBCs.

a–d Nodulus, uvula and VIII in parasagittal plane. The highest UBC

densities for mGluR1a and CR are detected in the midline sections

(a, b). In the lateral sections (c, d) the UBC densities are decreased.

The tz IX to X contain the highest density of both UBC subtypes

(a, b). Differences in the distribution between the two UBC

subclasses are apparent, especially in ventral leaflet of nodulus. In

Xvent dense mGluR1a? UBC population is contrasted with low

density of CR? UBCs. While every lobule contain mGluR1a? UBCs

(a, c), albeit with different density, the CR? UBCs (b, d) are present

mostly in nodulus and IXc;r2. Asterisk marks a distinct field of uvula

(between IXa and IXb) that is devoid of mGluR1a? UBCs and CR?

UBCs. e, f Fl and PFL in coronal plane. mGluR1a? UBCs and CR?

UBCs are present in high density in the tz Fl to PFl that also includes

vPFl;r1. Notably, mGluR1a? UBC are widespread in PFl but not the

CR? UBCs (compare e to f). For numerical data of UBC densities see

Supplementary Tables 2 and 3
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UBCs, one of which is CR?/mGluR1a- (type I UBCs) and

the other mGluR1a?/CR- (type II UBCs), express two

distinct isoforms of the PLCb family of enzymes, PLCb1

and PLCb4, respectively.

A differential expression of PLCb isoforms in distinct

neuronal subsets is not unprecedented, as differences in the

distribution of PLCb isozymes in the Purkinje cells have

been previously reported (Sarna et al. 2006; Nomura et al.

2007). The data presented in this study complement the

earlier immunocytochemical studies by demonstrating

varying degrees of immunoreactivities for PLCb3 and

PLCb4 in Purkinje cell and granule cells (Sugiyama et al.

1999; Nakamura et al. 2004), as well as reciprocal

expression of PLCb3 and PLCb4 in distinct, parasagittaly

organized Purkinje cell subsets (Watanabe et al. 1998;

Sarna et al. 2006; Nomura et al. 2007). The chemically

distinct Purkinje cells form complementary stripes in the

cerebellum characterized by low levels of PLCb3 in

PLCb4-dominant Purkinje cells, and vice versa. The

presence of PLCb1 in Purkinje cell was only recently

described in a study detailing the localization of PLCb1 in

rat brain (Montaña et al. 2012). We observed, in both

mouse and rat, that the pattern of PLCb1 immunolabeled

Purkinje cells tends to parallel the pattern of PLCb3, but

only in the anterior cerebellum; in the posterior cerebellum,

the Purkinje cells show a more uniform immunolabeling.

Remarkably, the immunolabeling pattern of the flocculo-

nodular lobe and the paraflocculus is unique for each of the

Fig. 11 Confocal

immunofluorescence images of

rat (a–c) and mouse

(d–i) cerebellar cryosections

from nodulus double-labeled

with antisera to PLCb1 and

UBC subclass-specific markers.

In both species, PLCb1? UBCs

are CR? (a–f), but mGluR1a-

(g–i). White arrows and

arrowheads indicate brushes

and somata of PLCb1?/CR?

UBCs (a–g, i). Blue arrows and

arrowheads indicate brushes

and somata of PLCb1-/

mGluR1a? UBCs (h, i). Scale

bars a–c 20 lm, d–f 5 lm,

g–l 10 lm
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three Purkinje cell-specific PLCb isozyme. The diversity of

the PLCb isoforms in the Purkinje cells is intriguing and

suggests that different PLCb isoforms are either involved in

distinct signaling pathways or alternatively, they may reg-

ulate the same pathways albeit with different potency (Kim

et al. 1997; Rhee 2001; Sarna et al. 2006; Nomura et al.

2007; Harden et al. 2009; Adjobo-Hermans et al. 2013).

Type I and type II UBCs exhibit subtype-specific

distribution

Several studies described diverse subtype-specific distri-

bution of UBCs in nodulus and uvula (Diño et al. 1999;

Takács et al. 1999; Nunzi et al. 2002; Chung et al. 2009b);

some of these studies even noted that UBCs residing in

Fig. 12 Confocal

immunofluorescence images

of rat (a–c) and mouse

(d–i) cerebellar cryosections

from nodulus double-labeled

with antibodies to PLCb4 and

UBC subclass-specific markers.

In both species PLCb4? UBCs

are mGluR1a? (a–f) but CR-

(g–i). White arrows and

arrowheads indicate brushes

and somata of PLCb1?/

mGluR1a? UBCs (a–g, i).
Blue arrows and arrowheads

indicate brushes and somata of

PLCb1-/CR? UBCs (h, i).
Panels d–f are from Tg(Grp-

EGFP)DV197Gsat mice; UBC

somata show an enhanced signal

due to the presence of EGF (e).

Scale bars a 10 lm (applies to

a–c), d 20 lm (applies to d–f),
g 20 lm (applies to g–i)
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individual folia are not homogenously distributed (Diño

et al. 1999; Chung et al. 2009b). The advancing research on

UBCs, especially the emergence of two chemically distinct

UBC subtypes, however, created a need for a comprehen-

sive, subtype-specific analysis encompassing not only the

cerebellar vermis but also the cerebellar hemispheres and

flocculus/paraflocculus. In this study, we constructed sev-

eral cerebellar maps that show in detail the spatial distri-

bution of type I and type II UBC in two different species,

rat and mouse. Analysis of these maps not only confirmed

some of the earlier published data (Jaarsma et al. 1998;

Diño et al. 1999; Takács et al. 1999; Nunzi et al. 2002;

Chung et al. 2009b), but also yielded several new inter-

esting details. Although both UBC subtypes are enriched in

the rodent vestibulocerebellum, the localization of type I

UBCs is essentially restricted to the flocculonodular lobe,

anterior part of ventral uvula and region 1 of the ventral

paraflocculus. On the other hand, type II UBCs show a

widespread localization throughout the cerebellar cortex;

they are present in all vermal and hemispheral lobules with

exception of vermal lobules V and VIa where type II UBCs

are extremely rare. Intriguingly, we observed a peculiar

area in posterior uvula, between IXa and IXb (see also

Figs. 8, 10, 15), which contained no UBCs in mouse and

rare UBCs in rat, even though it is surrounded by areas

containing a fair number of UBCs. We suggest, that this

UBC-void area, wedged into vestibulocerebellum receives

a specific set of intrinsic mossy fibers, which repel UBC

Fig. 13 DGKb-immunostaining of paraffin sections of rat (a, b) and

mouse (c, d) cerebella subjected to antigen retrieval; DAB chromo-

gen. a Rat parasagittal section illustrates the distribution DGKb?

UBCs in nodulus and uvula. The Xvent contains the highest density of

DGKb? UBCs, but IXc;r1-3 and IXb also contain large DGKb? UBC

clusters. Fewer DGKb? UBCs occur in IXa and VIII. Asterisk marks

an area (delineated by black lines) with low DGKb? UBC density

between IXa and IXb. b Detail shows groups of DGKb? UBC

population in rat nodulus with intensely (arrowheads) and moderately

(arrows) stained brushes. Asterisks indicate Purkinje cell somata.

c Parasagittal section illustrates the distribution DGKb? UBCs in

nodulus and uvula. Nodulus, IXc;r1&2 and IXb contain the highest

densities of DGKb? UBCs. Fewer DGKb? UBCs are present in IXa

and VIII. Asterisk marks a distinct field, bordered by lines in uvula,

between IXa and IXb, that is devoid of UBCs. d Detail of nodulus

shows DGKb? UBC with intensely (arrowheads) and moderately

(arrows) stained brushes (arrowheads). Asterisks in b and d indicate

Purkinje cell somata (b, d). Scale bars a, c 200 lm, b, d 25 lm
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and therefore further investigation of this area and the

source of its afferents may elucidate environmental clues

that determine the spatial distributions of UBC and affect

their interactions with local circuits.

It has been reported that the general UBC distribution

pattern in the vestibulocerebellum is comparable amongst

several different species (Diño et al. 1999; Takács et al.

1999; Mugnaini et al. 2010), although fine details on zonal

subtype-specific UBC distribution are missing. Here we

report for first time that the two UBC subclasses show

similar general and zonal distribution in two species, rat

and mouse, with one obvious exception; in mouse the

lateral nodular zones contain high UBC densities but not in

rat (see also Figs. 7d, 9d). In both species the topographic

distribution of UBCs, irrespective of subtypes, is not

homogenous, especially along the medio-lateral axis; the

highest UBC density patches/zones are near the vermal

midline and at the flocculus to paraflocculus transition zone

that also includes the region1 of ventral paraflocculus. Not

surprisingly, the zonal distribution of type I and type II

UBC reveals somehow overlapping but at the same time

very diverse subtype-specific pattern suggesting that the

Fig. 14 Confocal

immunofluorescence images of

rat (a–c) and mouse

(d–i) cerebellar cryosections

double-labeled with antibodies

to DGKb and UBC subclass-

specific markers. In both

species, DGKb? UBCs are

mGluR1a? (a–f), but CR-

(g–i). White arrows and

arrowheads indicate brushes

and somata of PLCb1?/

mGluR1a? UBCs (a–g, i). Blue

arrows and arrowheads indicate

brushes and somata of PLCb1-/

CR? UBCs (h, i). Scale bars

a 20 lm (applies to a–c),

d 10 lm (applies to d–f),
g 10 lm (applies to g–i)

744 Brain Struct Funct (2014) 219:719–749

123



UBC subtypes differ not only chemically and by their

distinct electrophysiological properties (Mugnaini et al.

2010; Kim et al. 2012), but also by the input they receive.

A clear example of this subtype-specific pattern would be a

narrow midline zone in ventral nodulus where the con-

spicuously low concentration of CR?/PLCb1? type I

UBCs is paired with very high density of mGluR1a?/

PLCb4? type II UBCs. This region may require a closer

Fig. 15 A gradient map of UBC distribution in rat (a, c, e) and mouse

(b, d, f) cerebella. A parasagittal section from midline is illustrated.

The red-colored areas represent regions with the highest density

(max) of UBCs. The deep blue colored area contains hardly any

UBCs. a, b Distribution of all UBCs based on Tbr2 immunolabeling.

In both species dense UBC population is associated with the

vestibulocerebellum; the Xvent contained the highest UBC density.

c, d Distribution of type I UBCs based on CR immunostaining. The

distribution is shown in proportion to the total Tbr2? UBC number.

Type I UBCs are constrained to nodulus and ventral uvula

(IXc/d;r2&3 in rat and IXc;r2 in mouse). In both species few type I

UBC are present in the lingula; in rat also in the rest of the uvula.

Arrows point to areas with moderate type I UBCs density in VI.

e, f Distribution of type II UBCs based on mGluR1a? immunostain-

ing. The distribution is shown in proportion to the total Tbr2? UBC

number. The type II UBCs are more widespread then the type I UBCs

(compare panel e and f to panel c and d, respectively). They are

present not only in nodulus and ventral uvula (IXc/d;r2&3 in rat and

IXc;r2 in mouse) but in many other lobules, including the lingula and

the rest of the uvula. In both species type II UBCs are rare in IV,

V and VIa. Asterisk marks a distinct area in uvula between IXa and

IXb. In rat the number of UBC is significantly decreased in this area,

especially when compared to the surrounding areas (a, c, e). In mouse

this area is completely void of UBCs (b, d, f). Arrowheads (a, b, e, f)
point to the tz III to IV that usually contains several type II, but not

type I UBCs
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attention in the future, as it might be supplied with a spe-

cific intrinsic mossy fiber set favored by type II UBCs but

avoided by type I UBCs.

Recently it was suggested, based on Ebf2 null and

scrambler mutant mice studies, that the Purkinje cell phe-

notypes restrict the topographical distribution of the UBCs

(Chung et al. 2009b) and that the CR? and mGluR1a?

UBCs are loosely aligned with zebrin II P1?, P2? and P3?

in dorsal lobule IX. To substantiate these finding we ana-

lyzed the topographical distribution of UBCs in relation to

PLCb-labeled Purkinje cell stripes and found that both

UBC subtypes, CR?/PLCb1? and mGluR1a?/PLCb4?

alike, are distributed in zonal fashion in high, medium and

low-density patches/zones which show scarce if any cor-

relation with Purkinje cell stripes. The exception is the

region 2 of lobule IXc/d(rat)/IXc(mouse) where high-den-

sity patches of both UBC subtypes are loosely associated

with PLCb4- Purkinje cell stripes (equivalent to zebrin II

P1? and P2?), just as described by Chung et al. (2009b).

Taken together our observations suggest that albeit the

disposition of the UBCs within the cerebellar cortex might

be influenced by clustering of early PC cells (Chung et al.

2009b), it is much more likely that the deployment of these

interneurons within individual lobules is governed by other

factors related to specific afferents, such as primary and

secondary vestibular afferents (Jaarsma et al. 1996; Diño

et al. 2001). Our data represent a promising first step in

expanding the scanty knowledge on afferent fibers that

target specific UBC subtypes (Mugnaini et al. 2010) and

may define new local microcircuits.

mGluRs and PLCb activation in UBC

mGluRs and PLCb isoforms are highly concentrated in the

cell’s dendritic brush, which comes in intimate contact with

mossy fiber terminals in the UBC glomerulus (Mugnaini

and Floris 1994; Rossi et al. 1995) and are also highly

enriched in the perisynaptic filopodia of the UBCs dendri-

oles (Jaarsma et al. 1998). It may be suggested that CR play

a role in the fast Ca2? signaling following action of voltage-

gated Ca2? channels, mGluRs and PLCb4 may be part of a

synaptically activated slower signaling cascade initiated by

glutamate molecules that diffuse from synaptic release sites

in the intercellular space of the glomerulus, bind to peri-

synaptic mGluRs, and regulate enzyme activation by sec-

ond messengers (Ross et al. 2005). This process would lead

to dissociation of heterodimeric G proteins and recruitment

of PLCb to the plasma membrane and its activation.

Through hydrolyzation of phosphatidylinositol 4,5-biphos-

phate (PtdInsP2, PIP2) PLCb activation generates IP3 and

1,2-diacylglycerol (DAG), which may trigger calcium

mobilization, vesicle mobilization and activation of various

types of effector proteins affecting diverse intracellular and

plasma membrane functions and gene expression (Rhee

2001). PIP2 and DAG are also known to directly control

different forms of ion channels (Woo et al. 2008; Fukami

et al. 2010). Notably, the specific activity of PLCb4 toward

PIP2 is about four times that of PLCb1 (Lee et al. 1994);

however, it is not known whether type I and type II UBC

differ in their content of potential Ca2? stores in the form of

tubules and vesicles of endoplasmic reticulum harboring

calcium-permeable channels or in PIP2-DAG signaling

activated channels such as TRPC3. In Purkinje cell den-

drites, mGluR1a can couple P/Q type CaV2.1 channels;

whether this may also apply to UBCs, however, remains to

be ascertained (Kitano et al. 2003; Ferraguti et al. 2008).

Membrane phospholipids may also regulate transient

receptor potential (TRP) channels, which function as part of

large macromolecular assemblies (Wang et al. 2007;

Montell 2011). Indeed, mRNAs coding for the members of

the canonic TRPC3,6,7 channel group are present in UBCs

(Schilling and Oberdick 2009). In view of our sparse

knowledge on the UBC proteome, the significance of the

differential expression of two different PLCb isoforms in

the type I and type II UBC is a matter of speculation.

The core structure of PLCb consists of multiple

domains—an N-terminal pleckstrin homology (PH)

domain, followed by a series of EF-hands motifs, a catalytic

TIM barrel incorporating X- and Y-box regions, a C2

domain and a c-terminal tail of *400 amino acid residues

(CT domain)—that can bind multiple ligands (Williams and

Katan 1996; Williams 1999; Rebecchi and Pentyala 2000;

Rhee 2001; Bunney and Katan 2011). C2 domain is known

to bind Ca2? and mediate Ca2?-dependent interaction of

target proteins with lipid membranes (Rebecchi and

Pentyala 2000; Rhee 2001; Lemmon 2008). In PLCb sub-

family, however, the key residues essential for calcium

ligation are not conserved (Williams and Katan 1996; Re-

becchi and Pentyala 2000) and rather than binding Ca2? this

domain interacts with GTP-bound Gaq subunit (Wang et al.

1999). PLCb isoforms share conserved core elements with

the PLC family with exception of CT domain (Williams

1999; Rebecchi and Pentyala 2000; Rhee 2001; Bunney and

Katan 2011), which not only shows low, *30 % amino

acid identity between the PLCb isoforms but is also the

principal domain changed upon alternate splicing (Kim

et al. 1998; Rhee 2001; Adjobo-Hermans et al. 2013).

Changes in CT domain affect the subcellular localization of

PLCb isoforms and the potency of Gq-mediated Ca2? influx

inhibition (Adjobo-Hermans et al. 2013), thus different

PLCb isoforms may play role in distinct PLC-mediated

signaling transduction. Identification of effector proteins

that may relate to either PLCb1 and/or PLCb4 in UBCs

would therefore represent a worthy enterprise. Indeed,

structural and mechanistic studies suggest that PLC activity

is stringently regulated by experimentally approachable
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molecular mechanisms (Bunney and Katan 2011; Adjobo-

Hermans et al. 2013), and the UBC might provide a model

of a well-defined neuron in which specific mechanisms can

be tested. Interestingly, whereas the group 1 metabotropic

mGluR1a primarily couple to PLCb via the Gq/11, the

group II metabotropic mGluR2 activates GIRKs through the

Gs and Gi/o pathways (Lennon et al. 2010; Bunney and

Katan 2011). Notably, GIRK1, GIRK2 and GIRK3 are

differentially expressed in type I and type II UBCs (Aguado

et al. 2008; Kim et al. 2012).

The present study, thus, provides a new angle to the

understanding of diverse signaling pathways in the two

main UBC subclasses (Diana et al. 2007; Birnstiel et al.

2009) and complements previous knowledge on the

diversity of the chemical phenotypes between the subsets

of CR-expressing type I UBCs and mGluR1a-expressing

type II UBCs.
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