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Abstract The Pax6 transcription factor is a key element

along brain development in both the visual and olfactory

systems. The involvement of Pax6 in neural fate is well

documented in the visual system, whereas in the olfactory

system, and in particular in the olfactory bulb (OB), its

expression during adulthood has only begun to be eluci-

dated. In the OB, the modulation of primary sensory

information is first performed by periglomerular cells (PG).

A considerable body of information has unveiled the neu-

rochemical heterogeneity of these neurons. Thus it is well

known that Pax6 coexists with dopaminergic/GABAergic

mouse PG. However, the presence of this transcription

factor in other mouse PG subpopulations has not been

studied. Here, we analyzed whether Pax6 is expressed in

PG containing the calcium-binding proteins neurocalcin

and parvalbumin, and the neuropeptide cholecystokinin.

Our results show that Pax6 is not expressed by these PG

subpopulations, suggesting that it is mainly restricted to

GABAergic PG populations. These findings provide new

data in the chemical characterization of mouse Pax6-

positive PG.
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Introduction

During brain development, members of the pax gene

family play an essential role in the morphogenesis and

regulation of different encephalic areas (Stoykova and

Gruss 1994; Jiménez et al. 2000; Ziman et al. 2001). This

conserved family comprises of nine genes (Wang et al.

2008) that encode transcription factors characterized by

DNA-binding sequences (Chalepakis et al. 1992; Czerny

et al. 1993). These genes have been implicated in neuronal

proliferation, brain regionalization, cell differentiation, and

neuronal survival (Lang et al. 2007). Homozygotic Pax

mutants die during gestation or shortly after birth, pointing

the importance of these genes in organogenesis (Fujiwara

et al. 1994; Chi and Epstein 2002). Homozygote Pax6

mutants show abnormalities in forebrain patterning and in

cell differentiation, hindering successful prenatal develop-

ment (Stoykova et al. 1996; Mastick et al. 1997). Hetero-

zygous animals lacking one Pax6 allele exhibit failures in

brain morphogenesis, in neuronal proliferation, and cell

migration (Dellovade et al. 1998; Warren et al. 1999).

During development, Pax6 is expressed throughout the

brain (Osumi et al. 2008). During adulthood, it is mainly

restricted to the telencephalon, being abundant in the OB,

although it is also expressed in other brain regions

(Stoykova and Gruss 1994). The function of Pax6 in OB

has been related to the specification and differentiation of

new interneurons during adulthood (Hack et al. 2005;

Kohwi et al. 2005; Roybon et al. 2009), but few studies

addressing the neurochemical features of Pax6-positive

bulbar neurons have been performed in adult animals.

In the adult OB, Pax6 is present in different types of

interneurons (Dellovade et al. 1998) and is abundantly

expressed in PG. PG modulate olfactory transmission from

the olfactory nerve (ON) to projecting neurons (Kosaka et al.
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1998). Recent studies have demonstrated that Pax6 is

essential for the formation of granule cells and PG (Hack

et al. 2005; Kohwi et al. 2005).

PG are heterogeneous in their neurochemical composi-

tion and have been classified into two types (Kosaka and

Kosaka 2007). Type 1 comprises of GABAergic/dopami-

nergic PG, which contact ON axons, whereas type 2 are

also GABAergic and contain calbindin (CB) or calretinin

(CR), but they do not establish synapses with ON axons

(Kosaka and Kosaka 2007).

Our aim in the present work was to analyze the neuro-

chemical composition of Pax6 PG in the mouse OB in an

attempt to discern whether they belong to a specific PG

subtype. New data about the specific location of Pax6 in

the adult OB are provided.

Methods

Five adult male mice (B6EiC3Sn-a) were used. The ani-

mals were handled and sacrificed following current ani-

mal care rules of EU (86/609/EEC) and Spanish

legislation (RD 1201/2005). After anesthesia, the mice

were perfused with a fixative solution [4% paraformal-

dehyde and 0.2% saturated picric acid in 0.1 M phosphate

buffer (PB)]. The OBs were removed and postfixed in the

same solution for 2 h, rinsed in PB, and cryoprotected

with 30% sucrose.

Thirty-lm-thick coronal sections were obtained using a

freezing-sliding microtome. They were collected in phos-

phate-buffered saline (PBS), pH 7.4. The sections were then

washed in PBS and processed using a double immunoflu-

orescence protocol to analyze the possible coexistence of

Pax6 expression with neurocalcin (NC), parvalbumin (PV)

and cholecystokinin (CCK), and treated with 1% NaBH4 in

0.1 M PB for 20 min (Weruaga-Prieto et al. 1996) and

rinsed in PB (3 9 10 min). They were then incubated for

1 h in blocking serum (5% goat serum, 1% DMSO, and

0.2% Triton X-100). Primary antibodies (Table 1) were

incubated in the same solution for 72 h at 4�C. Then sec-

ondary antibodies were applied together for 2 h. Cy3-con-

jugated secondary antibody (Jackson laboratories, USA)

was used to detect Pax6, and the other one was biotinylated

(Vector, USA); both diluted 1:500 and 1:250 in PBS,

respectively. To detect biotinylated antibody, sections were

incubated with Cy2-conjugated streptavidin diluted 1:200

in PBS for 2 h, mounted, and coverslipped with antifading

solution. The resulting material was examined with a con-

focal microscope (Leica TCS SP2. Germany).

To perform quantitative analyses, five equidistant levels

throughout the rostrocaudal OB axis were established, as

described (Weruaga et al. 2000). Each level was subse-

quently divided into four quadrants-dorsal, ventral, medial

Table 1 Primary antibodies

Primary antibody Reference and catalog number Primary antibody dilution

Rabbit anti-Pax6 Covance, Berkeley, USA (PRB-278P) 1:1.000

Mouse anti-Pax6 University of Nagoya, Japan 1:1.000

Rabbit-neurocalcin Nakano et al. (1992) 1:3.000

Rabbit anti-parvalbumin (PV-28) Swant, Bellinzona, Switzerland (PV-28) 1:2.000

Mouse anti-cholecystokinin Gift of Cure Digestive Diseases Research Center 1:1.000

Fig. 1 Distribution pattern of Pax-6 positive neurons in the mouse

OB. a shows the distribution pattern of Pax6 positive neurons in the

mouse GL. They mainly surround the glomeruli. Pax6 staining only

reveals cell nuclei, appearing both vividly (b) and faintly immuno-

labeled (c). Scale bars (A = 40 lm, B, C = 20 lm)
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and lateral- and focal planes of double-labeled sections

were obtained in each quadrant using confocal microscopy.

Positive neurons included in these divisions were counted

for each combination using the ImageJ software (Scion

Corporation, USA). The results are expressed as the per-

centage of Pax6-positive PG expressing the other markers.

Results

Immunohistochemistry for Pax6 revealed numerous posi-

tive neurons in the GL of mouse OB, mainly surrounding

the glomeruli (Fig. 1). Previous studies have analyzed

whether Pax6 was present in dopaminergic-, GABAergic-

calretinin-, or calbindin-positive PG (Hack et al. 2005;

Kohwi et al. 2005; Allen et al. 2007). Here, we built upon

this using double immunolabeling analysis for Pax6 ele-

ments. We employed the markers (NC, PV and CCK)

widely used for PG characterization in the rat (Brinón et al.

1999; Gutièrrez-Mecinas et al. 2005) but little used in the

mouse.

We observed that only about one percent of the Pax6-

positive PG also expressed NC (Fig. 2; 1.3 ± 0.63%),

whereas two percent of NC-reactive PG contained NC

(2.05 ± 0.93%). PV-immunopositive interneurons were

mainly confined to the EPL of the mouse OB, although a

Fig. 2 Pax6 is not expressed by NC-, PV- and CCK-containing

mouse PG. a, b, c Co-staining for Pax6 and NC. Mouse Pax6-positive

PG (a) do not express NC (b, c). d, e, f Double immunofluorescence

for Pax6 and PV shows that the few PV-positive PG do not contain

Pax6 (arrow in e, f). By contrast, double-stained neurons can be seen

in the EPL (arrowheads). g, h, i Colocalization analysis for Pax6 and

CCK. None of the CCK-immunostained populations located in the

GL (h), nor PG (arrow) nor external tufted cells (arrowhead) contains

Pax6 (i). Scale bars = 40 lm
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few PV-labeled PG were seen in the GL. Analysis of this

small PG subpopulation revealed that no PV-positive PG

expressed Pax6, and hence that most belonged to separate

classes of PG (Fig. 2). In the GL, CCK-immunostaining

revealed both external tufted cells and PG. The combina-

tion of CCK and Pax6 revealed that very few CCK-im-

munopositive PG contained Pax6 (1.37 ± 0.62%; Fig. 2).

Discussion

Neurochemical studies addressing PG have classically been

performed in the rat OB (Kosaka et al. 1998; Crespo et al.

2003; Gutièrrez-Mecinas et al. 2005; Baltanás et al. 2007).

Nevertheless, recent studies have begun to elucidate the

chemical properties of mouse PG (Kosaka and Kosaka

2007; Parrish-Aungst et al. 2007).

This is the first work in which the coexistence of PV/

NC/CCK and Pax6 has been investigated. Our results show

that neither of these PG subpopulations contains Pax6.

Previous studies have reported that neither NC- nor PV-

positive mouse PG are GABAergic (Kosaka and Kosaka

2008). In the rat, CCK-reactive PG are also non-GAB-

Aergic (Gutièrrez-Mecinas et al. 2005). Assuming that this

feature is preserved in mice, Pax6 is therefore not

expressed by at least three non-GABAergic mouse PG

subpopulations.

Pax6 is expressed by dopaminergic mouse PG and is

therefore present in type 1 PG (Hack et al. 2005; Kohwi

et al. 2005; Allen et al. 2007). Moreover, it has been

demonstrated that other TH-immunoreactive juxtaglomer-

ular neurons also express Pax6 (Hack et al. 2005). These

observations agree with the notion that Pax6 is required for

the proliferation, specification, and/or maintenance of most

dopaminergic/GABAergic populations (Vitalis et al. 2000;

Kroll and O’Leary 2005). Indeed, Pax6 mutants exhibit a

decrease in dopaminergic PG (Dellovade et al. 1998).

Very few Pax6-positive PG express CB (Dellovade et al.

1998). Interestingly, Pax6 is necessary for CB-positive PG

to differentiate (Hack et al. 2005), although this feature is

not preserved during adulthood. In fact, CB-positive PG are

not affected in Pax6-mutants (Dellovade et al. 1998).

Therefore, Pax6 seems to be necessary during the devel-

opment of CB-positive PG, but not for their functional

activity or survival during adulthood (Allen et al. 2007). In

contrast to previous reports (Dellovade et al. 1998), one

subpopulation of CR-positive PG coexpresses Pax6 (Allen

et al. 2007), and these should therefore be included in type

2 PG. However, it has also been demonstrated that the

development and acquisition of the CR-phenotype depends

on the Sp8 transcription factor (Waclaw et al. 2006).

Accordingly, the presence of Pax6 during adulthood in a

CR-reactive subpopulation of PG does not seem to be

crucial for either the acquisition of their phenotype or their

survival. Moreover, this population is not affected in Pax6

mutant mice (Dellovade et al. 1998).

Our study shows that in the adult OB Pax6 is specifically

expressed in specific PG subpopulations, complementing

previous data regarding the chemical features of Pax6-

positive mouse PG (Fig. 3). The Pax6 expression observed

suggests that it is restricted to GABAergic PG and seems to

regulate the survival of the dopaminergic/GABAergic

subpopulation.

Acknowledgments The authors would like to thank Dr. Nakano for

kindly providing the NC antiserum. The mouse antibody raised against

CCK was provided by CURE Digestive Diseases Research Center,

Antibody/RIA Core, under NIH grant DK41301. The authors express

their gratitude to N. Skinner for revising the English version of the

manuscript. This work was supported by the Ministerio de Educación y

Ciencia (SAF2006-05705), the Ministerio de Sanidad y Consumo

(PNSD 2008/1/013), the Junta de Castilla y León and the Center for

Regenerative Medicine and Cell Therapy of Castilla y León.

References

Allen ZJII, Waclaw RR, Colbert MC, Campbell K (2007) Molecular

identity of olfactory bulb interneurons: transcriptional codes of

periglomerular neuron subtypes. J Mol Histol 38:517–525. doi:

10.1007/s10735-007-9115-4

Baltanás FC, Weruaga E, Airado C, Valero J, Recio JS, Dı́az D,

Alonso JR (2007) Chemical heterogeneity of the periglomerular

neurons in the olfactory bulb. A review. Eur J Anat 11:123–147
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R, Lledó PM, Götz M (2005) Neuronal fate determinants of adult

olfactory bulb neurogenesis. Nat Neurosci 8:865–872
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