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Abstract

Local circuit GABAergic interneurons comprise the most diverse cell populations of neuronal networks. Interneurons have been
characterized and categorized based on their axo-somato-dendritic morphologies, neurochemical content, intrinsic electrical
properties and their firing in relation to in-vivo population activity. Great advances in our understanding of their roles have been
facilitated by their selective identification. Recently, we have described three major subtypes of deep short-axon cells (dSACs) of the
main olfactory bulb (MOB) based on their axo-dendritic distributions and synaptic connectivity. Here, we investigated whether dSACs
also display pronounced molecular diversity and whether distinct dSAC subtypes selectively express certain molecules. Multiple
immunofluorescent labeling revealed that the most commonly used molecular markers of dSACs (e.g. vasoactive intestinal
polypeptide, calbindin and nitric oxide synthase) label only very small subpopulations (< 7%). In contrast, voltage-gated potassium
channel subunits Kv2.1, Kv3.1b, Kv4.3 and the GABAA receptor a1 subunit are present in 70–95% of dSACs without showing any
dSAC subtype-selective expression. However, metabotropic glutamate receptor type 1a mainly labels dSACs that project to the
glomerular layer (GL-dSAC subtype) and comprise �20% of the total dSAC population. Analysing these molecular markers with
stereological methods, we estimated the total number of dSACs in the entire MOB to be �13 500, which is around a quarter of the
number of mitral cells. Our results demonstrate a large molecular heterogeneity of dSACs and reveal a unique neurochemical marker
for one dSAC subtype. Based on our results, dSAC subtype-specific genetic modifications will allow us to decipher the role of
GL-dSACs in shaping the dynamic activity of the MOB network.

Introduction

Understanding the dynamic activity of neuronal circuits requires an
enormous amount of information about the intrinsic properties and
synaptic connectivity of the constituent cell types. This raises the
issue of how to define the cell types of a neuronal network (Ascoli
et al., 2008). Traditionally the location and shape of the soma in
addition to the axonal and dendritic arborizations were used to
distinguish between different cell types (Ramon y Cajal, 1911).
Following the development of novel techniques, the intrinsic
electrical properties of the cells, their firing in relation to the
ongoing population activity and the expression of molecules are
currently used to characterize and categorize nerve cells (Somogyi &
Klausberger, 2005; Ascoli et al., 2008). During the past century of
studying neuronal diversity it became apparent that GABAergic
local circuit cells or interneurons comprise the most diverse class of
nerve cells in many brain areas, including the neocortex, hippo-
campal formation, cerebellum, amygdala and main olfactory bulb
(MOB).

Mitral and tufted cells are the principal cells of the MOB, which use
glutamate as a neurotransmitter and project outside the MOB to higher
olfactory regions (Shepherd et al., 2004). However, there are many
additional cell types present in the multiple layers of the MOB. The
diversity of MOB neurons was already recognized at the turn of the
20th century by Blanes (1898) and Ramon y Cajal (1911), and was
explored further by Price & Powell (1970), Pinching & Powell,
(1971), Schneider & Macrides (1978) and Lopez-Mascaraque et al.
(1986), revealing the heterogeneity of juxtaglomerular cells (cells with
somatic locations in the glomerular layer), short-axon cells of the
external plexiform layer and deep short-axon cells (dSACs) in the
internal plexiform (IPL) and granule cell (GCL) layers. These
investigators used Golgi impregnation methods to classify the cells
based on the shape, size and location of their soma, the size,
distribution and orientation of their dendrites, and the presence or
absence of dendritic spines. As a result of their heroic efforts, four
distinct subtypes of dSACs (Blanes, Golgi, vertical Cajal and
horizontal cells) were identified in the inframitral layers. Independent
of these studies, many groups have used immunohistochemistry to
investigate the molecular diversity of MOB neurons. Again, taking
dSACs as an example, it has been demonstrated that vasoactive
intestinal polypeptide (VIP), neuropeptide Y, somatostatin (SOM),
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calbindin (CB), parvalbumin, neurocalcin, nitric oxide synthase
(NOS), NADPH-diaphorase, acetylcholinesterase and m2 acetylcho-
line receptors (m2 AChRs) label dSACs in the inframitral layers
(Nickell & Shipley, 1988; Brinon et al., 1992, 1999, 2001; Alonso
et al., 1998, 2001; Crespo et al., 1999, 2000; Gracia- Llanes et al.,
2003; Kosaka & Kosaka, 2007). A limitation of these methods is that
the axonal arbors of most cells could not be visualized and were thus
not taken into account during classification. Furthermore, the lack of
axonal labeling also precluded the detailed analysis of the post-
synaptic target cells of these dSAC subpopulations.
Recently, we turned our attention to dSACs (Eyre et al., 2008)

because of their diversity and potential role in controlling the entire
MOB network activity through inhibition of other interneurons, such
as granule cells (GCs) (Pressler & Strowbridge, 2006). Following
in-vitro functional characterization of active and passive electrical
properties and excitatory and inhibitory synaptic inputs, the recorded
cells were neurochemically characterized, visualized and three-
dimensionally reconstructed. Based on the distribution of their axonal
and dendritic trees in different layers, unsupervised cluster analysis
indicated three dSAC subtypes. The largest subpopulation (�50% of
dSACs) had a very dense, column-like axonal arbor mainly confined
to the external plexiform layer (EPL-dSACs), whereas some horizon-
tal cells projected mainly to the glomerular layer (GL-dSACs) and the
smallest subpopulation (�20%) had an axonal arbor confined to the
GCL (GCL-dSACs). We also demonstrated that some GCL-dSACs
project outside the MOB to higher olfactory areas such as the piriform
cortex, olfactory tubercle and anterior olfactory nuclei. We began the
neurochemical characterization of dSACs in our first study by
subjecting the in-vitro recorded cells to immunohistochemical labeling
for the GABAA receptor a1 subunit (GABAARa1). Our results
revealed that all (30 ⁄ 30 cells tested) EPL-dSACs were strongly
immunopositive and most (11 ⁄ 15) GL-dSACs were weakly positive,
whereas most (4 ⁄ 5) GCL-dSACs were apparently immunonegative
for GABAARa1 (Eyre et al., 2008). These initial results demonstrated
some molecular differences among dSAC subtypes but could not help
to identify molecular markers with all-or-none subtype-specific
expression patterns. Thus, in the current study, we addressed the
molecular heterogeneity of dSACs and investigated whether distinct
dSAC subtypes selectively express certain molecules.

Materials and methods

All surgical procedures, perfusions and in-vitro slice preparations were
carried out in accordance with the ethical guidelines of the Hungarian
Academy of Sciences, Institute of Experimental Medicine, which
fully comply with the European Union regulation of animal
experimentation requirements.

Perfusion fixation and tissue preparation

Male Wistar rats (n = 27; 30–40 days old) were deeply anesthetized
with a mixture of ketamine and xylazine (5 mL ⁄ kg) and then
transcardially perfused with 0.9% saline for 1 min followed by 4%
paraformaldehyde in 0.1 m phosphate buffer (pH 7.4) for 25 min. The
MOB was removed from the skull. Horizontal sections (60 lm thick)
were cut using a vibratome (VT1000S; Leica Microsystems, Wetzlar,
Germany). For unbiased stereological experiments, sections were cut
by first rotating each bulb at a random angle around the anterior–
posterior axis in order to comply with the methodology of these
techniques. In such cases, positioning was facilitated by embedding
the dissected MOBs in agar prior to sectioning.

Immunofluorescent reactions

After extensive washing with 0.1 m phosphate buffer and then with
Tris-buffered saline (TBS) (pH 7.4), sections were blocked in TBS
containing 10% normal goat serum (Vector Laboratories, Burlingame,
CA, USA) or 10% normal donkey serum (Aurion, Wageningen, The
Netherlands) for 1 h. Sections were then incubated in solutions of
primary antibodies (diluted in TBS with 2% normal goat serum or
normal donkey serum and 0.05% Triton X-100) overnight. The
primary antibodies used in the present study are listed in Supporting
information, Table S1. Subsequently, sections were washed with TBS
and then incubated in a mixture of secondary antibodies diluted
1 : 500 in TBS containing 2% normal goat serum or normal donkey
serum and 0.05% Triton X-100 for 2 h. The following secondary
antibodies were used: goat anti-rabbit, goat anti-mouse and goat anti-
guinea-pig IgGs conjugated to Alexa488 or Alexa594 (Invitrogen,
Carlsbad, CA, USA); donkey anti-rabbit, donkey anti-guinea-pig, goat
anti-rabbit, goat anti-mouse, goat anti-guinea-pig and goat anti-rat
IgGs conjugated to Cy3 (Jackson, West Grove, PA, USA) and goat-
anti-mouse conjugated to Cy5 (Jackson). Sections were then washed
in TBS and phosphate buffer, mounted on glass slides in Vectashield
(Vector Laboratories) and viewed using an epifluorescent (BX-52;
Olympus, Hamburg, Germany) or a confocal laser-scanning micro-
scope (FV1000; Olympus). All reagents were purchased from Sigma
unless otherwise stated. Cross-reactivity of the secondary antibodies
was controlled for by selective omission of one primary antibody for
each colocalization experiment and adding both secondary antibodies.
The specificity of immunoreactions was tested as follows. No

specific signal was detected when the primary antibodies were
omitted. For the anti-neuropeptide and anti-calcium binding protein,
anti-GABAARa1, anti-m2 AChR and anti-metabotropic glutamate
receptor type 1a (mGluR1a) immunoreactions, the immunosignal was
identical to previously published results obtained in the MOB. For the
anti-Kv2.1 immunoreaction, we obtained a similar labeling pattern of
the hippocampal formation to that published previously (Rhodes &
Trimmer, 2006). For Kv4.3, our immunolabeling was similar to that
reported by Burkhalter et al. (2006) and by our laboratory (Kollo
et al., 2008). The specificity of the immunolabeling was verified using
Kv4.3) ⁄ ) mice and three different antibodies, respectively. Our
immunolabeling for Kv3.1b in the hippocampus was identical to that
reported previously (Weiser et al., 1995).

Quantitative assessment of the colocalization between
different molecules

A random starting location was chosen and rectangular areas (quadrats;
20 · objective field of view) were scanned for the presence of dSACs
immunoreactive for one molecule (marker X). Each cell within the area
was then assessed for immunoreactivity for the other marker (marker Y)
at a higher magnification using 40 · or 60 · objectives. Once all
dSACs in the quadrat had been investigated, the field of viewwasmoved
to the next non-overlapping quadrat and the process was repeated but
using marker Y to identify the dSACs, which were assessed for
immunoreactivity for marker X. This process was repeated for quadrats
encompassing the entire anterior–posterior and medial–lateral extent of
the IPL and GCL in several sections from three different animals.

Measuring the volume of the main olfactory bulb

TheCavalierimethod of volume estimation (Howard&Reed, 2005)was
applied to the MOB of three animals. Every sixth section was collected
and immunolabeled for GABAARa1. The area of the GCL and IPL, but
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excluding the central white matter, was manually traced and measured
using correctly scaled composite fluorescent images acquired using a
4 · objective. Each region of interest encompassing the inframitral
layers in each montage image was manually traced and measured using
ITEM (Olympus Soft Imaging Solutions GmbH, Munster, Germany).
The areas of all measured regions were summed, multiplied by the
section thickness (60 lm) and then by the sectioning interval (6) to
obtain an estimate of the total volume of the inframitral layers.

Numerical density measurements of deep short-axon cells

The same sections were also used to estimate the density (number per
unit volume) of dSACs immunoreactive for GABAARa1 using the
disector method as applied to confocal microscope virtual sections
(Howard & Reed, 2005). Volumes of interest from the IPL and GCL

were imaged in a systematic manner with equal spacing between
regions and a random start-point. Images from the entire anterior–
posterior and medial–lateral aspect of sections were acquired as
z-stack images with 1 lm vertical separation using an Olympus
FV1000 confocal microscope with a 20 · objective. Using the confo-
cal microscope software, overlay lines defining rectangular areas were
manually drawn within each z-stack image, leaving a ‘guard region’
on the periphery of each image to facilitate identification of objects
intersecting the box boundaries, and the area of the rectangular box
was calculated. The disector technique was implemented by defining
the top and right side of each rectangle as inclusion lines, and the
bottom and left edges as exclusion lines. Also, the second uppermost
z-stack section was defined as the inclusion plane, and the exclusion
plane was selected a few sections above the lowest z-stack section in
order to leave several ‘guard sections’ to facilitate clear identification
of objects intersecting the exclusion plane. The area of the boxed

Fig. 1. Known neurochemical markers label very small subpopulations of dSACs. Most GABAARa1-immunopositive dSACs are immunonegative for VIP (e.g.
arrows in A), whereas VIP-immunopositive dSACs are either immunopositive (B1 and B2) or immunonegative (arrowhead in A) for GABAARa1. Note the
characteristic round somata, long smooth multipolar dendrites and extensive axons of VIP-immunoreactive cells. Most GABAARa1-positive dSACs do not express
CB (e.g. arrows in C). Approximately two-thirds of the CB-immunopositive dSACs are immunonegative (arrowhead) or are weakly immunopositive (double-headed
arrow in C; D1 and D2) for GABAARa1. Note that most of the CB-immunoreactive dSACs are located close to or within the white matter (C) and have characteristic
horizontal elongated somato-dendritic morphology. Strong immunoreactivity for m2 AChR (m2) was observed in dSACs located predominantly in the IPL and
superficial GCL, and almost all were weakly immunoreactive for GABAARa1 (*in F1 and F2). Conversely, most GABAARa1-immunoreactive dSACs were m2
immunonegative (e.g. arrows in E; # in F1 and F2). NOS labels a very sparse subpopulation of dSACs in the GCL that either does not express (arrowhead in G) or
weakly expresses GABAARa1 (*in H1 and H2). Most GABAARa1-immunoreactive dSACs do not express NOS (arrows in G). SOM labels only a few horizontal
fusiform dSACs close to the white matter that do not express GABAARa1 (arrowheads in I and J). Similarly, the strongly GABAARa1-immunoreactive dSACs do
not express SOM (arrows in I and J). All images are maximum intensity Z-axis projections of confocal stacks, except C, which is a single confocal section. (A) 7
images at 6 lm separation; (B) 26 images at 1 lm separation; (D) 28 images at 1 lm separation; (E) 7 images at 2 lm separation; (F) 11 images at 1 lm separation;
(G) 21 images at 1.5 lm separation; (H) 24 images at 2 lm separation; (I) 11 images at 1 lm separation; (J) 5 images at 2 lm separation. Scale bars: A, C, E, G and
I, 100 lm; B, 10 lm; D, F, H and J, 20 lm. EPL, external plexiform layer; WM, white matter.

Table 1. Colocalization of different neurochemical markers for dSACs

Also expressing
GABAARa1 (%)

Also expressing
cKv2.1 (%)

Also expressing
Kv3.1b (%)

Also expressing
Kv4.3 (%)

GABAARa1 – 98.1 ± 1.9 (144) 75.5 ± 3.3 (140) 93.8 ± 1.1 (108)
Kv2.1 85.5 ± 3.9 (145) – 69.8 ± 5.8 (197) –
Kv3.1b 89.6 ± 2.9 (86) 91.5 ± 3.7 (145) – 85.7 ± 5.0 (127)
Kv4.3 88.6 ± 6.2 (88) – 65.5 ± 13.2 (121) –
VIP 34.4 ± 6.2 (191) 66.1 ± 2.1 (137) 0 ± 0 (12) 31.4 ± 1.9 (49)
CB 66.2 ± 13.1 (102) 95.2 ± 8.2 (26) 39.2 ± 2.9 (64) 31.0 ± 8.9 (41)

All values are mean ± SD. The number of cells counted in three animals for each condition is indicated in parentheses. Both the anti-Kv2.1 and anti-Kv4.3
antibodies were raised in mice, preventing their colocalization.
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Fig. 2. The GABAARa1 subunit colocalizes with several voltage-gated potassium channel subunits. Immunofluorescent labeling demonstrating the abundance of
dSACs expressing GABAARa1 (green) in the inframitral layers, which are often immunopositive for the Kv2.1 (A and B), Kv3.1b (C and D) and Kv4.3 (E and F)
subunits (red). Double-labeled dSACs are indicated by double-headed arrows (A, C and E) or asterisks (*; B, D and F). Single-labeled populations of dSACs were
also observed: Kv2.1 but not GABAARa1 (single-headed arrows in A; # in B), GABAARa1 but not Kv3.1b (# in D) and GABAARa1 but not Kv4.3 (# in F). In the
inframitral layers, GABAARa1 and Kv3.1b subunits are expressed at a detectable level only by dSACs, whereas Kv4.3 and Kv2.1 subunits are also expressed by
GCs. All images are single confocal sections. Scale bars: A, C and E, 50 lm; B, D and F, 10 lm.
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region was multiplied by the number of z-stack sections between the
inclusion and exclusion planes in order to calculate the total volume of
neuropil examined in each z-stack. All immunoreactive cell bodies
lying within this three-dimensional boxed area, but not touching the
exclusion edges of the box or the exclusion plane, were counted.
Results from all images were summed and the total number of cells
counted was divided by the total measured volume of neuropil
examined, resulting in a cell density estimate for each animal.
Between 99 and 185 cells were counted in each of three animals.

Calculating the number of deep short-axon cells in each
neurochemically defined subpopulation

In each animal, the total volume of the MOB inframitral layers was
multiplied by the cell density estimate in order to calculate the total
number of dSACs immunoreactive for GABAARa1 in one olfactory
bulb. The total number of dSACs labeled by each of the other markers
was calculated by combining this estimate with the percentage overlap
between each marker and GABAARa1 derived from colocalization
experiments as follows. The total estimated number of dSACs labeled
by GABAARa1 (11 100) was multiplied by the percentage of
GABAARa1-immunopositive dSACs that also express marker X,
resulting in the total number of cells expressing both markers. This
was then divided by the percentage of X-immunopositive dSACs that
also express GABAARa1 (e.g. 11100*75.5 ⁄ 89.6 = 9353 dSACs per
MOB for Kv3.1b).

Calculating the total deep short-axon cell population

The total number of dSACs in the MOB was estimated in the
following way. Our data indicated several markers that label large
populations of dSACs. Thus, if we add the number of dSACs labeled
by marker X to the number of cells immunopositive for marker Y
only, we obtain a lower limit estimate of the total number of dSACs.
This is an underestimate of the total population because there might be
some cells that are immunonegative for both of these markers. The
estimation error depends on how large a proportion of the total
population is labeled by each marker. From the colocalization of
GABAARa1 and Kv3.1b, the total number of dSACs was estimated to
be 12 072 (= 11 100 + 0.104*9350); from GABAARa1 and Kv2.1 it
was 12 950; from GABAARa1 and Kv4.3 it was 12 450; from Kv4.3
and Kv3.1b it was 13 075; and from Kv2.1 and Kv3.1b it was 13 525.
Thus, we considered the largest of these as the closest estimate of the
total dSAC population.

Fluorescence intensity measurements

For initial experiments, confocal images were acquired from sections
immunoreacted for the GABAARa1 and Kv2.1 subunits. Single
confocal images of dSACs, mitral cells and GCs from several slices
were then acquired from three different animals using the same
settings (laser power, photomultiplier tube voltage, objective lens,
digital zoom factor and image resolution) and the depth below the
section surface was manually recorded. These images were analysed
with the ‘Cell’ software package (Olympus) by manually tracing
regions of interest that encompassed the somatic plasma membranes
and somatic cytoplasm. The average pixel intensity values within
these regions were calculated for each channel. Data were analysed
with and without normalization to the highest observed intensity
values. Two-way anova was used to compare between each marker
and between different cell types (see supporting Fig. S1).

In subsequent experiments, fluorescent intensities were measured
from sections immunoreacted for Kv2.1, GABAARa1 and mGluR1a
as follows. First, dSACs were identified based on their immuno-
reactivity for Kv2.1 and images were acquired using an Olympus
FV1000 confocal microscope and a 60 · objective (NA 1.35) for all
channels at a Z plane where the somatic plasma membrane was clearly
discernable. Only the top 15 lm of the 60-lm-thick sections was
analysed. Next, the somatic plasma membranes and nuclei were
manually outlined as separate regions of interest using the FV1000
software. The regions of interest were traced with only the Kv2.1
channel visible but the mean fluorescent intensities were measured for
all channels. By applying this method, mGluR1a and GABAARa1
immunoreactivity could be measured independently of their reaction
strength. Fluorescent intensity values over the nuclei were considered
as background, non-specific labeling.

In-vivo injection of fluorescent microspheres

Male Wistar rats (n = 19; 29–60 days old) were anesthetized with
2 mL ⁄ kg of a 1 : 1 mixture of ketamine (25 mg/mL), xylazine (5 mg/
mL) and pipolphen (2.5 mg/mL), and mounted in a stereotaxic
apparatus. Solutions of fluorescent latex microspheres (40 nm diam-
eter) (yellow–green; Invitrogen) were pressure injected (100–300 nL)
into the anterior olfactory nucleus, olfactory tubercle and piriform
cortex as described previously (Eyre et al., 2008). At 3–15 days after
the surgery, animals were anesthetized and transcardially perfused as
described earlier; 60-lm-thick sections were cut with a Vibratome and
then immunoreacted as described above.
Recording of dSACs in in-vitro slices and subsequent immunoflu-

orescent labeling and processing for light microscopy were performed
as described previously (Eyre et al., 2008).

Statistical procedures

All data are expressed as mean ± SD throughout. All differences were
considered significant if P < 0.05. anova and post-hoc tests were
performed using the statistica software (version 6, StatSoft, Inc.).

Results

Known neurochemical markers of deep short-axon cells label
small subpopulations

The expression of several neuropeptides, calcium binding proteins,
enzymes and receptors has been demonstrated in large, non-GCs of
the inframitral layers. In our first series of experiments, we aimed
to assess the relative abundance of dSACs labeled by these
neurochemical markers using double immunofluorescent labeling
with specific antibodies (see Materials and methods and supporting
Table S1). We have previously demonstrated that GABAARa1 is
exclusively expressed by dSACs in the inframitral layers and labels
a large proportion of dSACs (Eyre et al., 2008). In the light of this,
we quantitatively assessed the colocalization of several known
neurochemical markers with GABAARa1. Antiserum to VIP
(Fig. 1A and B) labels only 2.7 ± 1.6% (n = 305 cells in three
rats) of GABAARa1-positive dSACs, whereas conversely,
34.4 ± 6.2% (n = 191 cells) of VIP-positive dSACs are immuno-
positive for GABAARa1 (Table 1). CB-immunopositive dSACs
have a relatively large cell body and are often located deep in the
GCL close to the white matter (Fig. 1C and D). Of the CB-positive
dSACs, 66.2 ± 13.1% (n = 102 cells in three animals) also express
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Fig. 4. Quantitative assessment of the immunoreactivity for mGluR1a, GABAARa1 and Kv2.1 subunits in dSACs. Immunolabeling for mGluR1a is mainly
confined to the IPL and superficial GCL (A), where it labels dSACs that are usually weakly GABAARa1 immunoreactive (*in B). The majority of GABAARa1-
immunoreactive dSACs are not mGluR1a immunoreactive (arrows in A and # in B). Triple immunolabeling experiments for Kv2.1, mGluR1a and GABAARa1
reveal that virtually all dSACs are Kv2.1 subunit immunopositive and the strongly mGluR1a-positive cells are weakly immunopositive for the GABAARa1 (C and
D; $ indicates a dSAC strongly immunopositive for GABAARa1). Quantification of somatic membrane fluorescence intensity for each dSAC reveals a multimodal
distribution for mGluR1a (E, fitted with two Gaussians), unimodal for Kv2.1 subunit (F) and again multimodal for GABAARa1 (G). The distribution of GABAARa1
immunoreactivity is well fitted by three Gaussian distributions (red in G), indicating immunonegative, weakly and strongly immunopositive subpopulations. The
mGluR1a-positive subpopulation of dSACs belongs to the negative and weakly GABAARa1-positive dSAC population (dark green in G). Immunofluorescent
intensity for mGluR1a vs. GABAARa1 is plotted for each dSAC (H; n = 132 cells). Strongly mGluR1a-immunoreactive dSACs, indicated by red circles, are
immunonegative or very weakly positive for GABAARa1. (A and B) Maximum intensity Z-axis projections of confocal stacks. (A) 24 images at 2 lm separation;
(B) 21 images at 1.5 lm; (C and D) single confocal sections. Scale bars: A, 100 lm; B, 20 lm: C and D, 10 lm. WM, white matter; AU, arbitrary units.

Fig. 3. Multiple voltage-gated potassium channel subunits are expressed by dSACs. Different Kv subunits colocalize to different extents in dSACs. Many dSACs
coexpress the Kv2.1 and Kv3.1b subunits (double-headed arrow in A; *in B) but a substantial population is labeled by just the Kv2.1 subunit (arrows in A; # in B).
Coexpression of the Kv3.1b and Kv4.3 subunits is less common (double-headed arrows in C; *in D), with larger dSAC populations labeled for just the Kv3.1b
(arrowheads in C; # in D) or just the Kv4.3 (arrows in C) subunit. (A–C) Maximum intensity Z-axis projections of confocal stacks (1 lm separation for all). (A) 22
images; (B) 17 images; (C) 7 images; (D) single confocal section. Scale bars: A and C, 25 lm; B and D, 10 lm.
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GABAARa1 but only 3.3 ± 2.4% (n = 455 cells) of the
GABAARa1-immunopositive dSACs contain CB (Table 1). Cells
that are immunopositive for neuropeptide Y form a subpopulation
of the CB-immunopositive dSACs (Gracia- Llanes et al., 2003) and
therefore their proportion is even smaller than that of the
CB-positive dSACs. Next, we performed double-labeling experi-
ments for m2 AChR and GABAARa1 (Fig. 1E and F) and found
that 90.2 ± 10.0% (n = 58 cells in three rats) of m2 AChR-positive
dSACs are immunopositive for GABAARa1, whereas m2 AChR is
expressed in only 6.3 ± 4.3% (n = 275 cells) of GABAARa1-
immunoreactive dSACs. Notably, most m2 AChR-immunopositive
dSACs were found in the IPL or close to the border with the GCL.
Cells immunopositive for NOS (Fig. 1G and H) and SOM (Fig. 1I
and J) are so infrequent even compared with VIP-, CB- and m2
AChR-positive dSACs that their proportion is estimated to be less
than 1% of the GABAARa1-immunopositive dSAC population.
Such a low frequency severely impairs the precision with which the
quantitative assessment of their colocalization can be performed;
therefore we decided not to study their abundance quantitatively.
Parvalbumin immunoreactivity in the rat MOB is restricted to the
external plexiform layer and therefore, in contrast to the mouse,
hedgehog and monkey, parvalbumin is not a marker of rat dSACs.
Finally, we could not obtain specific immunosignal for NADPH-
diaphorase or acetylcholinesterase, precluding their quantitative
analysis. In summary, most neurochemical markers used previously
to identify dSACs only label small subpopulations, indicating that
they are not good candidates as neurochemical markers of the three
morphologically defined dSAC subtypes.

Large populations of deep short-axon cells express
voltage-gated potassium channel subunits

In order to identify potential molecular markers for the distinct
dSAC subtypes, we screened several dozens of antibodies against
voltage-gated ion channels and found three voltage-gated potassium
channel subunits (Kv2.1, Kv3.1b and Kv4.3), which are expressed
by large cells of the inframitral layers. Because Kv2.1 is not
exclusively expressed by dSACs, but is also expressed by mitral
cells and GCs, we measured fluorescent intensities along the somatic
plasma membranes of GCs, mitral cells and dSACs for statistical
comparisons (supporting Fig. S1). Immunoreactivity for Kv2.1 was
strongest in dSACs, followed by GCs, whereas mitral cells were
only very weakly immunopositive. The difference in the immuno-
reactivity of GCs and dSACs was significant and sufficiently large
to distinguish between these two cell types (Fig. 2A and B,
supporting Fig. S1). Double-labeling experiments for GABAARa1
and Kv2.1 revealed that virtually all (98.1 ± 1.9%) GABAARa1-
positive cells express Kv2.1, whereas 85.5 ± 3.9% of Kv2.1-positive
cells are immunoreactive for GABAARa1 (Fig. 2A and B, Table 1).
Further colocalization experiments for Kv4.3 and GABAARa1
demonstrated a large overlap between these two markers (Fig. 2E
and F). Almost all (93.8 ± 1.1%) GABAARa1-positive cells are
immunoreactive for Kv4.3, whereas 88.6 ± 6.2% of Kv4.3 subunit-
positive cells express a detectable level of GABAARa1 (Table 1).
The expression of Kv3.1b is very weak in GCs; therefore the
strongly positive dSACs stand out from the neuropil in the
inframitral layers (Fig. 2C and D). Quantitative analysis revealed
that a large population (75.5 ± 3.3%) of GABAARa1-immunopos-
itive cells expresses Kv3.1b and around 90% (89.6 ± 2.9%) of
Kv3.1b-positive dSACs also express GABAARa1 (Table 1). These
results taken together indicate that all of these Kv subunits label a
large proportion of dSACs.

Each main olfactory bulb contains at least 13 500 deep
short-axon cells

Next we aimed to estimate the absolute number of neurochemically
distinct dSAC subpopulations and the total number of dSACs in the
MOB. First, using a stereological approach, we determined the total
number of GABAARa1-positive cells in one olfactory bulb to be
11 100 (see Materials and methods). Knowing this and the
colocalization of each marker with GABAARa1 (Table 1), we
could calculate the total number of cells immunolabeled for these
markers in one MOB. The Kv2.1 subunit labeled the largest cell
population (12 750), followed by Kv4.3 (11 750), GABAARa1
(11 100), Kv3.1b (9350), VIP (875), m2 AChR (775) and CB
(550).
It is a challenging task to assess the total number of a certain cell

type (i.e. dSACs) without a-priori knowledge of a molecular marker
that labels 100% of the population. We took the following approach to
estimate the total number of dSACs in one MOB. We selected the
neurochemical markers that labeled a large fraction of dSACs (Kv2.1,
Kv4.3, GABAARa1 and Kv3.1b) and performed colocalization
experiments among them (Figs 2 and 3, Table 1). We then calculated
the total number of cells that are immunopositive for one marker and
added the number of cells that are immunopositive only for the second
marker, resulting in an estimate of the total number of dSACs. This
estimate is a lower limit because some cells may not express either of
the two markers. The error in the estimation depends on the
proportion of dSACs labeled by each marker; the larger proportions
they label, the lower the error will be. To reach the highest possible
estimate of the total dSAC number, we performed colocalizations and
calculations with all pairs of markers. The total number of dSACs
estimated from the colocalization of GABAARa1 and Kv3.1b was
12 075; from GABAARa1 and Kv4.3 it was 12 450; from
GABAARa1 and Kv2.1 it was 12 950; from Kv4.3 and Kv3.1b it
was 13 075; and from Kv2.1 and Kv3.1b it was 13 525. We thus
considered the largest of these estimates as the closest estimate of the
total dSAC population. Based on this estimate we could calculate the
total number of each neurochemically defined dSAC subpopulation
(Fig. 7).
So far we have identified neurochemical markers that labeled either

between < 1 and 6.5% (NOS, SOM, CB, m2 AChR and VIP) or
between 70 and 95% (Kv3.1b, GABAARa1, Kv4.3 and Kv2.1) of all
dSACs. In our previous study (Eyre et al., 2008), we estimated the
frequency of distinct dSAC subtypes to be between 15 and 50%,
suggesting that none of the above markers could be considered as a
potential dSAC subtype-selective marker. Therefore, we continued our
search for molecules with potential dSAC subtype-specific expression
patterns.

Metabotropic glutamate receptor type 1a is expressed
by GL-dSACs

It has been demonstrated that mGluR1a is strongly expressed by
mitral ⁄ tufted cells of the MOB (Shigemoto & Mizuno, 2000). In
addition to mitral ⁄ tufted cells, we also found many relatively large
mGluR1a-immunoreactive cells in the inframitral layers (Fig. 4A).
Most of these cells had a horizontally oriented dendritic arbor
restricted mainly to the IPL. Double-immunolabeling reactions for
mGluR1a and GABAARa1 revealed that most of the mGluR1a-
positive cells were weakly immunopositive for GABAARa1 (Fig. 4B–
D). Because most GL-dSACs are located in the IPL and they are
weakly GABAARa1 immunopositive (Eyre et al., 2008), mGluR1a
appeared to be a potential candidate for GL-dSACs.
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In order to quantitatively assess the strength of GABAARa1
immunoreactivity in mGluR1a-positive cells, and to assess their
abundance in the MOB, we carried out triple immunolabeling
experiments for mGluR1a, GABAARa1 and Kv2.1 (Fig. 4C and D).
We used the Kv2.1 immunoreaction to identify dSACs and
demarcate their somatic plasma membrane for measurements. Once
the somatic plasma membranes had been traced in 132 dSACs,
immunofluorescent intensities for all channels were measured. As
shown in Fig. 4F, the distribution of Kv2.1 intensities was normal,
with all cells having an intensity larger than the background intensity
as determined above the nuclei. When the intensity of mGluR1a was
examined (Fig. 4E), we found a bimodal distribution; the majority
(78%) of the cells were immunonegative (i.e. had similar values to
the background) but 22% (29 ⁄ 132 cells) were immunopositive,
indicating that mGluR1a labels approximately 3000 dSACs per
MOB. We also assessed the distribution of GABAARa1 in dSACs
and found a multimodal distribution, which was well fit by three
Gaussian distributions (Fig. 4G). Approximately 20% of the cells
had fluorescent intensities similar to the background values, indicat-
ing that they are apparently immunonegative for GABAARa1, �30%
of the cells were weakly positive and the remaining 50% of the cells
were strongly positive.
We next investigated the strength of the GABAARa1 immuno-

reactivity in the dSACs that express mGluR1a. The scatter plot of
mGluR1a against GABAARa1 immunoreactivity (Fig. 4H) illustrates
that mGluR1a-positive cells are mainly weakly positive (70%) or
immunonegative (�30%) for GABAARa1. The same conclusion can
also be illustrated by overlaying the distribution of mGluR1a-
immunopositive cells (green on Fig. 4G) onto the total population of
GABAARa1 cells. The findings that mGluR1a-immunopositive cells
are negative or weakly GABAARa1-immunopositive and that they
comprise �20% of all dSACs strongly argue that mGluR1a might be
a good marker of GL-dSACs. In order to provide a more direct line
of evidence, we performed in-vitro whole-cell recordings of dSACs
(for method see Eyre et al., 2008) followed by post-hoc immuno-
labeling for mGluR1a before the cells were visualized with
diaminobenzidine (DAB) and reconstructed in three-dimensions
using the Neurolucida system. Figure 5 illustrates the result of one
of these experiments. The biocytin-labeled cell was found to be
strongly immunopositive for mGluR1a (Fig. 5A) and had an axonal
arbor that heavily innervated the glomerular layer (Fig. 5C). The
dendrites of this cell ran parallel to the mitral cell layer and were
mainly confined to the IPL, consistent with our previous finding
regarding GL-dSAC dendritic morphologies (Eyre et al., 2008) and
the pronounced mGluR1a immunolabeling of this layer (Fig. 4A).
We repeated these experiments and found that the identity of eight
dSACs could be unequivocally determined following visualization
of the biocytin. Two out of two GL-dSACs but none out of four
EPL-dSACs and none out of two GCL-dSACs were immunopositive
for mGluR1a. Taken together, our results demonstrate that most of
the mGluR1a-immunopositive cells are GL-dSACs but a much larger
data set would be needed to determine whether all, and only,
GL-dSACs are mGluR1a immunoreactive.

One-seventh of projection deep short-axon cells express m2
acetylcholine receptor

In the final series of experiments, we investigated the neurochemical
content of dSACs that project outside the MOB. Fluorescent
microspheres were injected into the piriform cortex, olfactory tubercle
and anterior olfactory nucleus, and at 3–15 days after surgery the
animals were transcardially perfused and MOB sections were
immunoreacted for the neurochemical markers mentioned above. All
projection dSACs were immunopositive for Kv2.1 but were either
immunonegative or only very weakly positive for GABAARa1
(Fig. 6A). Not a single microsphere-labeled cell was found to be
immunoreactive for VIP (Fig. 6B), CB (Fig. 6C) or SOM. However,
7.3 ± 3.4% (n = 136 cells in three rats) of projection dSACs were
immunoreactive for mGluR1a (Fig. 6D) and 13.4 ± 3.1% (n = 265
cells in four rats) of projection dSACs expressed m2 AChR (Fig. 6E).

Discussion

In the present study, we have revealed a large molecular heterogeneity
of dSACs in the rat MOB. Our quantitative analyses have identified
that most previously published neurochemical markers of dSACs (e.g.
VIP, CB, neuropeptide Y, NOS and SOM) label only small subpop-
ulations (< 7%), whereas the GABAARa1, Kv2.1, Kv3.1b and Kv4.3
subunits are expressed by most dSACs (70–95%) (see Fig. 7). These
data, taken together with the estimated frequency of morphologically
defined dSAC subtypes (15–50%), indicate that none of these markers
has a subtype-specific expression pattern. Quantitative assessment of
the colocalization of GABAARa1 and mGluR1a, the somatic location
and dendritic morphology of mGluR1a-positive cells, together with
the mGluR1a immunopositivity of intracellularly recorded GL-dSACs
indicate that mGluR1a seems to be a selective neurochemical marker
for GL-dSACs. Although we could not find any all-or-none molecular
marker for projection dSACs, m2 AChR labels around one-seventh of
this subtype. Finally, we have determined the number of cells in
neurochemically distinct dSAC subpopulations and provided a lower
limit estimate of the total number of dSACs in each MOB.

Determining the total number of deep short-axon cells
and the number of neurochemically distinct deep short-axon
cells

Our finding that several voltage-gated potassium channel subunits
label a large proportion of dSACs allowed us to estimate the total
number of dSACs in one MOB. As discussed above, without having
a-priori knowledge of a molecular marker that labels every member of
a cell type, the total number of that cell type cannot be determined,
only a lower limit estimate can be provided. As the Kv2.1, Kv3.1b,
Kv4.3 and GABAARa1 subunits are expressed by a very large
proportion of dSACs, double-labeling experiments could be used to
provide a reasonably good estimate of the total number of dSACs
(�13 500). Although the Kv2.1 subunit labels the largest subpopu-
lation of dSACs, it is also expressed by mitral cells and GCs, and is
therefore not the ideal pan-dSAC marker. So far, either the

Fig. 6. Neurochemical characterization of dSACs that project outside the olfactory bulb. dSACs retrogradely labeled from the olfactory tubercle, piriform cortex or
anterior olfactory nucleus are infrequent compared with retrogradely labeled mitral cells (arrowheads in all panels: A1–A4 and B–E). A large proportion of projecting
dSACs were either very weakly immunoreactive (arrow in A2) or immunonegative for GABAARa1 and are infrequent compared with all GABAARa1-positive
dSACs. All projection dSACs are immunopositive for the Kv2.1 subunit (arrow in A3). Projection dSACs are immunonegative for VIP (arrow in B) and CB (arrow
in C) but a few cells were found to be mGluR1a immunoreactive (arrow in D) and some were also found to be m2 AChR (m2) immunoreactive (arrows in E). All
images are maximum intensity Z-axis projections of confocal stacks (1 lm separation) except D, which is a single confocal section. (A) 12 images; (B) 17 images;
(C) 8 images; (E) 3 images. Scale bars: A and C, 100 lm; B, D and E, 25 lm. WM, white matter.
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GABAARa1 alone or in combination with the Kv3.1b subunit can be
considered as the best marker for all dSACs. To our knowledge, the
total number of dSACs has not been calculated previously, precluding
the comparison of our data to the literature. The estimated number of
mitral cells in the rat MOB is around 50 000, which is only 3.7 times
the number of dSACs, demonstrating that dSACs cannot be consid-
ered as a minor cell population of the MOB. There are approximately
2–5 million GCs in each MOB (Shepherd et al., 2004), which form
the major post-synaptic targets of EPL-dSACs and GCL-dSACs. In
our previous study (Eyre et al., 2008) we reconstructed and counted
the total number of boutons for three EPL-dSACs (4920 ± 1460) and
four GCL-dSACs (1870 ± 2600). The large variability in these
numbers might be the consequence of in-vitro slicing artifacts and
therefore here we used the largest numbers for our calculations (6300
for EPL-dSACs and 5700 for GCL-dSACs). From this, we can
approximate the total number of dSAC axon terminals with GCs as
post-synaptic targets to be �60 million. These numbers predict that
between 12 and 30 GABAergic synapses on each GC originate from
local dSACs. We have previously demonstrated that dSAC-GC
connections are mediated by very few (one to four) synapses (Eyre
et al., 2008), indicating that between three and 30 dSACs converge
onto each GC.

Molecular diversity of deep short-axon cells

The diversity of dSACs of the MOB has long been recognized. Based
on the shape, location and size of the soma, orientation of the dendritic
tree and the presence or absence of dendritic spines, Blanes, Golgi,
vertical Cajal and horizontal cells have been identified. Smaller
subpopulations have also been revealed, such as deep stellate cells in
the monkey (Alonso et al., 1998), pyriform and fusiform cells in the

Fig. 5. mGluR1a-immunopositive dSACs project to the glomerular layer. An
intracellularly recorded and biocytin-filled (A1) dSAC is immunopositive for
mGluR1a (A2). The cell was subsequently developed by the DAB method (B)
and reconstructed using Neurolucida (C). The axon arborizes in the juxta-
glomerular space of the glomerular layer with some collaterals in the external
plexiform layer and IPL, categorizing the cell as a GL-dSAC. The dendrites of
the biocytin-filled cell are almost exclusively confined to the IPL. A1 and A2 are
single confocal sections. All scale bars: 50 lm. DAB, diaminobenzidine; EPL,
external plexiform layer; GL, glomerular layer; MCL, mitral cell layer.
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hedgehog (Brinon et al., 2001) and giant cells in the rat (Brinon et al.,
1992). Most earlier studies had the common problem that neither
Golgi impregnation nor the immunolabeling techniques visualized a
sufficiently large axonal arbor of the cells, precluding full reconstruc-
tions and the identification of their post-synaptic target cells. The
noticeable exception was the work of Gracia- Llanes et al. (2003),
who used VIP immunoreactions to reveal a subset of dSACs. They
reconstructed a relatively large portion of the axonal tree of the
immunolabeled cells and found that these interneurons selectively
innervate other VIP- and CB-immunopositive dSACs. The relative
scarcity of VIP-immunopositive dSACs indicates that we might not
have recorded from this cell population during the random sampling in
our previous study (Eyre et al., 2008). This is probably also true for
the CB-, NOS- and SOM-immunopositive subpopulations, which
might form completely novel dSAC subtypes based on their axo-
dendritic arborizations and synaptic connectivity.
In the present work, we have revealed that dSACs express a

complex mosaic of voltage-gated potassium channel subunits, which
do not seem to label any of the morphologically defined dSAC
subtypes in an all-or-none fashion. Our multiple immunofluorescent
experiments indicate that dSACs of a given subtype show variable
membrane fluorescence intensity for Kv2.1 (and probably other Kv

subunits as well). Nevertheless, these results provide compelling
evidence for the previously unrecognized molecular diversity of these
cells and predict within-cell-type differences in action potential firing
properties and the temporal summation of subthreshold synaptic
signals (Rudy & McBain, 2001; Migliore & Shepherd, 2002; Johnston
et al., 2003).
Our data indicate that the expression level of GABAARa1 shows a

clear multimodal distribution in dSACs. There are apparently immuno-
negative, weakly and strongly positive cells. Previous studies on
GABAA receptors (GABAARs) suggest that the intensity of immuno-
signal using conventional pre-embedding immunohistochemistry is the
consequence of the labeling of extrasynaptic GABAARs (Nusser et al.,
1995, 1996). The visualization of synaptic receptors requires either
post-embedding immunogold localization, freeze-fracture replica
labeling or special tissue treatment prior to light microscopic (LM)
immunofluorescent labeling (e.g. antigen retrieval or using mild or no
fixation) (Fritschy et al., 1998; Watanabe et al., 1998). Thus, the lack of
LM immunofluorescence in�20% of dSACs does not indicate the lack
of expression of GABAARa1 or the lack of GABAARa1 in synapses.
Indeed, the fact that all dSAC subtypes receive spontaneous inhibitory
post-synaptic currents with identical kinetic properties and sensitivity
to benzodiazepine agonists (Eyre et al., 2008) is consistent with the
presence of synaptic GABAARs containing the a1, b2 and c2 subunits
in all dSAC subtypes. It remains to be seen whether the distinct
extrasynaptic GABAAR densities reflect differences in the amount of
tonic inhibition that they receive or alternatively whether such varying
densities could underlie subtype-specific differences in the plasticity of
synaptic receptors.

Supporting information

Additional supporting information may be found in the online version
of this article:
Fig. S1. Intensities of the fluorescent signal over the somatic plasma
membranes for the GABAAR a1 and Kv2.1 subunits significantly
differ between cell types.
Table S1. Primary antibodies used.
Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors. Any
queries (other than missing material) should be directed to the
corresponding author for the article.

Acknowledgements

Z.N. is the recipient of a European Commission Integrated Project grant
(EUSynapse project; LSHM-CT-2005-019055) and a European Young Inves-
tigator Award (http://www.esf.org/euryi). The financial support from these
foundations is gratefully acknowledged. We would like to thank Profs Tamas
Freund, Jean-Marc Fritschy, Ryuichi Shigemoto, Werner Sieghart and Masa-
hiko Watanabe for kindly providing VIP, mGluR1a and GABAARa1 subunit
antibodies. We are grateful to Dr Miklos Antal for filling some of the dSACs
and the members of our laboratory for helpful discussions.

Abbreviations
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short-axon cells with main axonal projection in the external plexiform layer;
GABAAR, GABAA receptor; GABAARa1, GABAA receptor a1 subunit; GC,
granule cell; GCL, granule cell layer; GCL-dSAC, a subtype of deep short-axon
cells with main axonal projection in the granule cell layer; GL-dSAC, a subtype
of deep short-axon cells with main axonal projection in the glomerular layer;
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receptor; mGluR1a, metabotropic glutamate receptor 1a subtype; MOB, main
olfactory bulb; NOS, nitric oxide synthase; SOM, somatostatin; TBS, Tris-
buffered saline; VIP, vasoactive intestinal polypeptide.

Fig. 7. Schematic representation of the colocalization among neurochemically
defined dSAC subpopulations. Each subpopulation is shown as color-coded
boxes that are proportional in size to the total numbers of dSACs. The degree of
overlap between two boxes in each panel indicates the extent of overlap
between the two subpopulations and the numerical values are color-coded to
indicate the percentage of all dSACs in each category (rounded to the nearest
5% in those cases where the total population is larger than 25%). Numerical
values of the number and percentage of all dSACs labeled by each marker are
shown at the bottom of the figure. m2, m2 AChR.
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