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Abstract
Cholinergic activities affect olfactory bulb (OB) information processing and associated learning
and memory. However, the presence of intrinsic cholinergic interneurons in the OB remains
controversial. As a result, morphological and functional properties of these cells are largely
undetermined. We characterized cholinergic interneurons using transgenic mice that selectively
mark choline acetyltransferase (ChAT)-expressing cells and immunolabeling. We found a
significant number of intrinsic cholinergic interneurons in the OB. These interneurons reside
primarily in the glomerular layer (GL) and external plexiform layer (EPL) and exhibit diverse
distribution patterns of nerve processes, indicating functional heterogeneity. Further, we found
these neurons express ChAT and vesicular acetylcholine transporter (VAChT), but do not
immunoreact to glutamatergic, GABAergic or dopaminergic markers and are distinct from
calretinin-expressing interneurons. Interestingly, the cholinergic population partially overlaps with
the calbindin D28K-expressing interneuron population, revealing the neurotransmitter identity of
this sub-population. Additionally, we quantitatively determined the density of VAChT labeled
cholinergic nerve fibers in various layers of the OB, as well as the intensity of VAChT
immunoreactivity within the GL, suggesting primary sites of cholinergic actions. Taken together,
our results provide clear evidence showing the presence of a significant number of cholinergic
interneurons and that these morphologically and distributionally diverse interneurons make up
complex local cholinergic networks in the OB. Thus, our results suggest that olfactory information
processing is modulated by dual cholinergic systems of local interneuron networks and centrifugal
projections.

The OB is the first central relay station in the vertebrate olfactory system (Mori et al., 1999,
Shepherd et al., 2004). It receives rich afferent sensory information encoding odor molecule
structure and concentration as well as spatiotemporal aspects of odor stimulation (Buck,
1996, Wachowiak and Cohen, 2001, Spors et al., 2006, Carey et al., 2009). This sensory
information is processed and refined substantially by a diverse array of local interneurons
that differ in spatial distribution, neurochemical expression and synaptic connections (Ojima
et al., 1988, Hayar et al., 2004, Shipley et al., 2004, Wachowiak and Shipley, 2006, Parrish-
Aungst et al., 2007, Cave and Baker, 2009, Shao et al., 2009, Kiyokage et al., 2010, Kosaka

© 2012 IBRO. Published by Elsevier Ltd. All rights reserved.

Corresponding author: Weihong Lin, PhD Department of Biological Sciences, University of Maryland, Baltimore County, Baltimore,
MD 21250, USA Phone: 410-455-8674 Fax: 410-455-3875 Weihong@umbc.edu.
*These three authors contribute equally.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neuroscience. Author manuscript; available in PMC 2013 June 28.

Published in final edited form as:
Neuroscience. 2012 June 28; 213: 161–178. doi:10.1016/j.neuroscience.2012.04.024.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and Kosaka, 2011, Sassoe-Pognetto, 2011). While GABAergic, dopaminergic and
glutamatergic interneurons in the OB are well established, the existence of cholinergic
interneurons in the OB is controversial. A few studies show a low number of bulbar ChAT-
expressing cells in rats (Ojima et al., 1988, Phelps et al., 1992), but most studies failed to
label cholinergic cell bodies in the OB using either immunolabeling or in situ mRNA
hybridization in rats (Godfrey et al., 1980, Le Jeune and Jourdan, 1991, Butcher et al., 1992,
Ichikawa et al., 1997) and hedgehog (Crespo et al., 1999). In addition, many studies showed
various types of bulbar neurons, including output and local interneurons that are
acetylcholinesterase (AChE)-positive in the OB. However, the results are inconclusive for
the presence of cholinergic interneurons because AChE is present on both cholinergic and
cholinoceptive neurons (Nickell and Shipley, 1988, Le Jeune and Jourdan, 1994, Kasa et al.,
1996). Without consistent results of ChAT-ir in the OB, these early studies concluded that
AChE-positive neurons are cholinoceptive and that cholinergic interneurons either do not
exist or are insignificant because of low cell counts. This is in contrast to the rest of the
central nervous system where there are a variety of cholinergic interneurons (Woolf, 1991,
Krnjevic, 1993).

In the OB, cholinergic activities modulate glomerular microcircuits, the dendrodendritic
reciprocal synapses between granule cells (GC) and mitral/tufted cells, and excitability of
GC (Elaagouby et al., 1991, Nickell and Shipley, 1993, Castillo et al., 1999, Pressler et al.,
2007, Ghatpande and Gelperin, 2009). These modulatory activities are important for odor
discrimination, odor-guided behaviors and perceptual learning (Ravel et al., 1994, Doty et
al., 1999, Fletcher and Chen, 2010). The OB receives extensive centrifugal cholinergic
projections primarily from the horizontal limb of the diagonal band of Broca (HLDB)
(Macrides et al., 1981, Carson, 1984, Zaborszky et al., 1986, El-Etri et al., 1999, Matsutani
and Yamamoto, 2008). Due to the lack of conclusive evidence of the existence of intrinsic
cholinergic interneurons in the rodent OB, the cholinergic modulation mentioned above is
generally thought to be mediated exclusively by centrifugal projections.

The evident importance and complexity of cholinergic modulation of OB functions call for
more investigation on intrinsic cholinergic interneurons. However, visualizing cell bodies of
small-size cholinergic interneurons in the brain is challenging because ChAT protein is
primarily located in presynaptic terminals, and low levels of ChAT protein in cell bodies
could lead to negative labeling results (Oda and Nakanishi, 2000). Recently, using a
transgenic approach, Shang et al. (2007) identified a significant number of local cholinergic
interneurons in the fly antennal lobe, a brain region that is equivalent to the OB in mammals.
These cholinergic interneurons form excitatory local circuits that modulate the tuning
property of output neurons. Further, synapse loss in these neurons during aging modifies fly
smell perception (Acebes et al., 2011).

We sought to identify OB intrinsic cholinergic interneurons using transgenic marking and
immunolabeling of cholinergic markers. Based on our previous studies (Ogura et al., 2007,
Ogura et al., 2010, Ogura et al., 2011), we chose to use a transgenic mouse line in which the
expression of enhanced green fluorescent protein eGFP) is driven by the endogenous ChAT
transcriptional regulatory elements within a bacterial artificial chromosome (BAC)
(ChAT(BAC)- eGFP (Tallini et al., 2006). In this mouse line, eGFP expression in cholinergic
cells has been characterized previously on both neurons and non-neuronal cells, which
provides excellent visualization of these cells (Tallini et al., 2006, Ogura et al., 2007, 2010,
Krasteva et al., 2011, Ogura et al., 2011). Because our study focused on bulbar cholinergic
interneurons, whose presence has been controversial, we first optimized our methods so that
we could efficiently detect and visualize the cell bodies and fine processes of these neurons.
We also conducted olfactory peduncle lesion to reduce cholinergic centrifugal projection to
the OB to unmask intrinsic elements. We further characterized intrinsic cholinergic
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interneurons using various antibodies known to label different populations of bulbar
interneurons. Our data provide clear evidence for the presence of a significant number of
intrinsic cholinergic interneurons in the mouse OB. In addition, our data provide a detailed
view on their diverse morphological features, distribution patterns and expression of
neurochemical markers. Our results strongly suggest that these local cholinergic neurons
play an important role in cholinergic modulation of olfactory processing.

Experimental procedures
Animals

Experiments were performed on 2.5 to 6 month old C57BL/6 background transgenic mice of
both genders. The original ChAT(BAC)-eGFP breeding pairs were kindly provided by Dr. M.
I. Kotlikoff from Cornell University (Tallini et al., 2006). The offspring were genotyped for
the presence of GFP using polymerase chain reaction (PCR). The expression of GFP in
cholinergic cells in ChAT(BAC)-eGFP mice was characterized previously (Tallini et al.,
2006, Ogura et al., 2007, Krasteva et al., 2011, Ogura et al., 2011). All animal care and
procedures were approved by the Animal Care and Use Committee of University of
Maryland, Baltimore County.

Immunohistochemistry
Tissue preparation—Adult ChAT(BAC)-eGFP transgenic mice were deeply anesthetized
with tribromoethanol (Avertin 250 μg/g body weight), perfused transcardially with 0.1M
phosphate buffer (PB), followed by a phosphate buffered fixative containing 3%
paraformaldehyde, 19 mM L-lysine monohydrochloride and 0.23% sodium m-periodate (Lin
et al., 2008). This procedure and fixative was used for all immunohistochemical experiments
except for GABA immunolabeling. The OBs were harvested along with the brain, post-fixed
for 1.5 hours and transferred to 0.1M phosphate buffered saline (PBS) with 25% sucrose
overnight. The brain was then split along the midline and the individual bulbs with half of
the brain were embedded in optimal cutting temperature (OCT) compound (Sakura finetek
USA Inc, Torrance CA). Free-floating sagittal sections (35 μm thick) were cut, unless
otherwise noted, using a cryostat (Microm international, Walldorf, Germany). For
immunolabeling with an anti-GABA antibody, mice were perfused using a phosphate
buffered fixative containing 0.25% glutaraldehyde and 4% paraformaldehyde. The OB and
brain tissues were post-fixed overnight in the same fixative with 25% sucrose and cut into
20 μm thick free-floating sections.

Immunohistochemistry—For our “standard” immunolabeling, sections containing OB
were rinsed in 0.1M PBS 3×10 minutes followed by 1.5 hour incubation in PBS buffered
blocking solution containing 2% normal donkey serum, 0.3% Triton X-100 and 1% bovine
serum albumin. Sections were then immunoreacted for 48 to 72 hours at 4oC with primary
antibodies against each of the following proteins: GFP (1:3000; cat# ab13970, Abcam,
Cambridge, MA), PGP 9.5 (ubiquitin carboxyl-terminal hydrolase; 1:500; cat# AB1761,
Chemicon, Temecula, CA), ChAT (1:500; cat# AB144P, Millipore, Billerica, MA), VAChT
(1:500; cat# V5387, Sigma, St Louis, MO), GABA (1:5000; code No: mAB 3D5, SWANT,
Bellinzona, Switzerland), calbindin D-28k (1:2000; code No: 300, SWANT), calretinin
(1:1000; code No: 7699/3H, SWANT), tyrosine hydroxylase (TH; 1:3000; cat# 657012,
Calbiochem, San Diego, CA), olfactory marker protein (OMP; 1:1000; cat# O7889, Sigma),
glutamate decarboxylase 65 and 67 (GAD65/67; 1:500; cat# AB1511, Millipore), glutamate
receptor type 2 and 3 (Glu2/3; 1:200; Clone ID:EP929Y, Epitomice, Inc., Burlingame, CA)
and vesicular glutamate transporter 2(VGluT2: 1:2000; cat# AB5907, Millipore). After
incubation with primary antibodies, sections were washed and reacted with secondary
antibodies conjugated with either Alexa 555 or 647 (1:400; Invitrogen, Eugene, OR) or
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DyLight 488 donkey anti-Chicken secondary antibody (1:200; Jackson ImmunoResearch,
West grove, PA) for 1 hour at room temperature. Sections were mounted on slides with
Fluoromount-G containing DAPI, which stains nuclei (SouthernBiotech, Birmingham, AL).
In control experiments, primary antibodies were omitted, which resulted in negative
labeling.

We also optimized our protocol by including the following additional treatment to our
standard method, which we refer to in the text as “improved” or “optimized” method. To
enhance the ChAT-ir, we followed an optimized method, which had enabled us to
successfully identify cholinergic microvillous cells in the olfactory epithelium (Ogura et al.,
2011). In this method, antigen retrieval was performed in which OB sections were treated
with 1M NaOH for 1 to 2 minutes, followed by three 30s rinses of 0.1M Na acetate and
three10 minutes washes with 0.1M PBS before being transferred to the blocking solution.
Additional treatments were also performed for immunolabeling of GABA in which sections
were frozen and thawed three times by dipping in liquid nitrogen to increase permeability
(Gracia-Llanes et al., 2003).

Image acquisition—Low magnification images were taken using an Olympus BX 41 epi-
fluorescence compound microscope equipped with a Retiga 4000R camera (QImaging,
British Columbia, Canada) and Image-Pro Plus 6.2 (Media cybernetics, Bethesda, MD). For
images used for quantifying cholinergic nerve fibers, we used the same parameters for
image capture, including exposure time and camera gain for the consistency of the analysis.
The image resolution was 1.86 μm/ pixel with a 4x objective lens, which yields a threshold
of 3.72 μm for distinguishing two adjacent fibers. High magnification images of
immunolabeled sections were taken using an Olympus BX 61 epifluorescence microscope
equipped with a spinning disc confocal unit and Slidebook 4.0 software (3i, Denver, CO).

Cell count and density estimation—Cholinergic (GFP-ir) and TH-expressing (TH+) or
calbindin-expressing (CB+) interneurons were counted and used to determine the cell
density of each cell type per layer and the estimated number of each cell type per OB. Cell
counts were performed manually on randomly selected bulb areas covering 1/3 to 2/3 of
every sixth OB section, cut sequentially. Epifluorescence images were taken in varying
regions using a 10X lens. To determine cell density, the number of counted cells was
divided by the total volume of each layer counted. The volume of each layer that was
counted was determined by measuring the counted areas of each bulbar layer using the NIH
imageJ program and multiplying the resulting area by the section thickness. To calculate the
estimated cell number in a bulb, the cell density of each cell type in each bulb layer was then
multiplied by the total bulb volume occupied by each layer. To estimate the total volume of
each layer, we determined a standard bulb volume for each layer by measuring the area
occupied by each layer from every 8th serial coronal section (18 μm thick), cut
perpendicular to the lateral tract (Lin et al 2007) counterstained with DAPI, and multiplying
this number by the section thickness. These section volumes were used to determine the total
layer volumes per bulb using the Cavalieri method (Rosen and Harry, 1990). The volumes
of each layer were averaged from three mice to generate a standard bulb volume.

To determine whether cholinergic interneurons are equally or unequally distributed between
typical and atypical glomeruli, which receive heavy cholinergic innervation, GFP-ir
interneurons surrounding individual atypical glomeruli were counted using every sixth
sequential OB section (35 μm thick). The number of GFP-ir per typical glomerulus was
calculated using the GFP-ir cell count obtained for the cell density estimation divided by the
number of glomeruli in the counted areas.
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Unilateral olfactory peduncle lesion
The surgical procedure was adapted from (Le Jeune and Jourdan, 1991). Adult mice were
anesthetized and the skulls were exposed. An approximately 2.5 mm long incision, starting
from the sagittal suture towards the lateral, was made on the skull 1 mm posterior to the
coronal suture using a fine, hand-held sculpture drill. A thin plastic blade was inserted into
the dorsal brain surface in parallel to the coronal suture and driven down to the bottom of the
frontal brain at the level of the olfactory nucleus, just slightly off the medial region to avoid
the major artery. The blade was then moved laterally to make a complete cut through the
lateral brain region. After the surgery, the skin was sealed with LiquiVeT tissue adhesive
(Oasis medical, Metta, Illinois). These mice were euthanized ten days after surgery for
whole brain examination and immunohistochemical experiments.

Quantification of cholinergic nerve processes using line intensity profile analysis
We measured cholinergic nerve fiber density in the OB using our newly developed method
(Sathyanesan et al., 2012) based on line intensity scan analysis using an image processing
filter and peak detection algorithm. First, immunofluorescence images of VAChT
immunoreactivity (VAChT-ir) were taken using a 4X lens from sequential OB sections (210
μm apart). The images were processed using a Hessian-based filter (Sato et al., 1998) in the
NIH ImageJ software plugin, FeatureJ [Meijering E.
(http://www.imagescience.org/meijering/software/featurej/)] to extract features of
curvilinear objects (fibers). Using the segmented line tool of Image J, segmented lines were
drawn through the glomerular layer (GL), external plexiform layer (EPL), internal plexiform
layer (IPL) and granule cell layer (GCL) individually, parallel to the outer edge of each
layer. Fluorescence intensity values along the line drawn on the image were extracted as a
line intensity profile, i.e., Line intensity scan. Background fluorescence intensity was set to
the average intensity of a line intensity scan from the olfactory nerve layer (ONL), where
there is no detectable VAChT-ir. Next, a peak-detection algorithm from the MATLAB
Bioinformatics toolbox , “mspeaks,” was used to detect fibers represented as intensity peaks
on the individual line scans, only if the peaks were higher than the mean background
intensity (from the ONL) of the unfiltered image. The total number of peaks was then
divided by the length of each individually drawn segmented line to yield the average number
of peaks per 100 μm line. For fiber density analysis, we performed an additional set of line
scans perpendicular to the curvature of the parallel line scan. This was done to account for
the fibers running parallel to the layer edges. A total of 5 scans were performed at different
points along the EPL (posterodorsal, mediodorsal, anterodorsal, anteroventral and
posteroventral) for sections in which the different layers were clearly distinguishable. The
number of peaks obtained through the parallel scans and the mean number of peaks obtained
through the perpendicular scans were multiplied to yield total number of peaks per unit area.
This was done based on the assumption that fiber density along the two sets of scans were:
1) non-repetitive and 2) uniformly distributed (as we did not observe any regions with
statistically higher intensity within a layer). To account for the thickness of sections, we
divided the resulting number by the thickness of the tissue section (35μm), resulting in a
fiber-count per μm3. Final units are however in terms of number of fibers/(100 μm)3, which
can also be seen as the number of fibers in a cubic volume of tissue with side 100 μm. Mean
number of fibers/(100 μm)3 was calculated (n=3 bulbs). For comparison of nerve fiber
density in olfactory bulbs from mice with unilateral olfactory peduncle lesion, sections from
both olfactory bulbs of individual mice were immunolabeled side by side, imaged and
processed under the same conditions.

Data analyses
Student's t-tests (unpaired, one-way) were used to compare intensity of VAChT
immunolabeled nerve fibers in glomerular neuropiles and periglomerular (PG) regions, as
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well as fiber scan densities of individual layers between right and left bulbs from mice with
unilateral olfactory peduncle lesion. Statistical analyses were performed using Origin 6.0
graphing software and p< 0.05 was considered statistically different.

Results
GFP expression and immunoreactivity of cholinergic markers in brain cholinergic
interneurons

For quantitative and morphological characterization of cholinergic interneurons in the
mouse OB, it is important that our methods are optimized so that local cholinergic
interneurons and their fine processes in the OB can be efficiently visualized. We chose
sagittal brain sections for this purpose because there are a variety of well characterized
cholinergic neurons in various brain regions (Woolf, 1991) and we could monitor both brain
and bulbar neurons in the same sections. In addition, a close examination of GFP signal and
immunoreactivity for ChAT and VAChT in the same neurons also allowed us to further
evaluate the ChAT(BAC)-eGFP mice. Further, the difference between results obtained from
the standard and improved methods might provide an explanation for the previous
inconsistent findings about bulbar cholinergic interneurons (Phelps et al., 1992, Ichikawa et
al., 1997). A collection of representative GFP-expressing and ChAT- or VAChT-
immunolabeled brain cholinergic neurons from sections of ChAT(BAC)-eGFP mice is shown
in Fig. 1. Consistent with the results from Tallini et al (2006), we found GFP fluorescence
signal in cell bodies and nerve processes of numerous neurons in various brain regions. The
intensity levels of GFP fluorescence varied considerably among these cell bodies and
processes. Whereas cell bodies of large-diameter (usually larger than 15 μm), multi-polar
ChAT immunoreactive neurons in the ventral brain and striatum exhibited very bright GFP
fluorescence, the GFP signal in fine nerve processes was modest or weak (pointed by arrows
in Fig. 1A). We amplified the GFP signal using an anti-GFP antibody in immunolabeling
experiments, which resulted in better visualization of the distal fine processes, as well as
small-diameter neurons throughout brain sections (Fig. 1B). Thus, for all other GFP-related
results presented in this paper, we used the anti-GFP antibody, along with other antibodies
of interest. The intensity of ChAT-ir also varied among neuronal cell bodies and processes.
Using our standard labeling method, we found that the ChAT antibody strongly
immunolabeled large-diameter, multi-polar cholinergic neurons and their proximal
processes, but failed to label many fine nerve processes that are positive for GFP (pointed by
arrows in Fig. 1A). From our previous studies, we knew the intensity of ChAT-ir depends
heavily on the labeling method (Ogura et al., 2007, 2011). Therefore, we tried various
approaches and found that adding the treatment of antigen retrieval to our standard method
enhanced the ChAT-ir in all cellular regions, including fine distal processes (Fig. 1B). Using
this optimized method, we were able to observe ChAT-ir in local GFP-ir interneurons in the
hippocampus and cortex (Fig. 1C and D, respectively, inset: a ChAT immunoreactive cell).
In the cortex and hippocampus, almost all the GFP-ir cells examined were positive for
ChAT-ir, while approximately 13% ChAT-immunoreactive cortical neurons did not show
detectable GFP-ir (pointed by arrows in Fig. 1D; calculated from a total 136 cells from
random images from 3 mice). The ChAT–ir in hippocampal and cortical interneurons were
relatively weak as compared to those large-diameter cholinergic neurons shown in Fig. 1A
and B. We closely monitored these small-diameter (usually less than 13μm) cholinergic
neurons for our method optimization. This is because, similar to the bulbar cholinergic
interneurons, these interneurons are not easily labeled by anti-ChAT antibodies as compared
to large-diameter cholinergic neurons and some studies failed to show their presence (for
review, see Oda and Nakanishi, 2000). These results provide direct co-localization of GFP
signal and ChAT-ir in cell bodies and fine processes of these brain cholinergic interneurons,
as well as a view of amazingly complex cholinergic networks in these regions. Also our data
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show that both GFP expression and the intensity of ChAT-ir could vary among cholinergic
cells, which likely reflects the different levels of ChAT proteins expressed. Thus, an anti-
ChAT antibody that can successfully label the large-diameter cholinergic neurons, may not
produce detectable labeling in the small-diameter neurons if the methods are not sufficiently
sensitive.

We next examined the immunolabeling for the other cholinergic marker VAChT, which is
responsible for transporting cytosolic ACh into synaptic vesicles (Arvidsson et al., 1997). As
shown in Fig. 1E, the anti-VAChT antibody intensely labeled numerous fine nerve processes
that are positive for GFP-ir. The VAChT-ir was also strong in the cell bodies and proximal
region of these large-diameter neurons (Fig. 1 E”; GFP-ir of these cells in E’), although in
the distal regions of these processes, the labeling was only modest or sometimes
undetectable (Fig. 1E and E”). Fig. 1F shows a representative image of large-diameter
cholinergic interneurons in the striatum. The immunoreactivity of ChAT, VAChT and GFP
are co-localized in these neurons. In the hippocampus, strong VAChT-ir was seen in
numerous GFP-ir processes (Fig. 1G), which is similar to the ChAT-ir shown in Fig. 1C. But
in the cell bodies of the GFP-ir small-diameter local interneurons, the VAChT-ir was
generally weak or undetectable by our current methods (Fig. 1G), which is in contrast to the
bright VAChT-ir in the cell bodies of large-diameter neurons in Fig. 1E and E”. A magnified
image of VAChT-ir in bouton-like or varicose structures of GFP-ir nerve fibers is shown in
Fig. 1G, inset. These results are consistent with the notion that ChAT and VAChT proteins
are located primarily at presynaptic terminals where ACh synthesis, storage and release take
place (Weihe et al., 1996). Thus, in our study, the combination of GFP-ir, ChAT-ir and
VAChT-ir provided a better visualization of cholinergic cell bodies and fine processes as
well as regions where cholinergic activities likely take place.

Cholinergic nerve fibers in the OB of ChAT(BAC)-eGFP mice visualized by GFP, ChAT and
VAChT immunoreactivity

In sagittal OB sections of ChAT(BAC)-eGFP mice, we observed numerous GFP-ir nerve
fibers as well as local interneuron cell bodies, which we will describe in detail in later
paragraphs. In the main olfactory bulb (MOB), the GFP-ir nerve fibers were abundantly
present in the GL, EPL, IPL and GCL (Fig. 2A). Occasionally, few GFP-ir nerve processes
were found in the ONL (data not shown). The origin of these GFP-ir nerve fibers in the
ONL is not known. But they are not axons from olfactory sensory neurons (OSNs) since we
did not observe any OSNs expressing ChAT (Ogura et al., 2011). We immunolabeled OB
sections with the anti-ChAT antibody, which labeled the GFP-ir nerve fibers confirming that
they are cholinergic (Fig. 2A; A’: ChAT-ir alone). In the EPL, GFP-ir fibers run either in
parallel to the MCL, especially in the deep region of the EPL, or towards the GL. Further,
the GFP-ir fibers were also immunoreactive to the antibody against VAChT. Fig. 2B shows
co-localization of the immunoreactivity of GFP, ChAT and VAChT, which is especially
obvious in some glomeruli that receive dense cholinergic innervation in the GL of the caudal
bulb (pointed by arrows in Fig. 2B). These glomeruli resemble the appearance of atypical
glomeruli (Le Jeune and Jourdan, 1991, Shinoda et al., 1993). Further, when closely
examined, we found the GFP-ir fibers were not restricted in their own layers. As shown in
Fig. 2C and D, respectively, some GFP-ir fibers exited the IPL and passed the MCL to enter
the EPL and many GFP-ir fibers were found traveling between the EPL and GL. In sections
cut through the GL and immunolabeled with antibodies against GFP, VAChT and ChAT, we
found GFP-ir fibers present in periglomerular (PG) areas as well as within glomerular
neuropiles (Fig. 2E). The intensity of VAChT-ir was stronger in the neuropiles, as compared
to the surrounding PG areas, suggesting that neuropiles are primary sites for ACh release
within the GL. To further characterize cholinergic fibers within individual glomeruli, we
labeled axon terminals of OSNs in OB sections with antibodies against either olfactory
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marker protein (OMP) (Fig. 2F) or vesicular glutamate transporter 2 (VGluT2) (Fig. 2G). It
is known that a glomerulus can be compartmentalized into olfactory nerve (ON) zones and
non-ON zones (Kosaka and Kosaka, 2005). Both anti-OMP and VGluT2 labeled ON zones.
We found that GFP-ir fibers were more apparent in the non-ON zones lacking OMP and
VGluT2 immunoreactivity. Taken together, our combined approaches of transgenic marking
and ChAT and VAChT immunolabeling provided a detailed view of the extensiveness of
cholinergic fiber networks in the OB and differences within individual layers.

Quantitative analysis of cholinergic fiber density
We next quantitatively determined the density of cholinergic fibers in individual bulbar
layers of the entire OB section using our newly developed method for direct fiber counting
(Sathyanesan et al., 2012). This method, which primarily makes use of Hessian-based
feature extraction (Sato et al., 1998) and line intensity profiling, allows us to sample nerve
fiber intensity across large brain regions, ensuring thorough sampling (Sathyanesan et al.,
2012). For this measurement, we did not rely on GFP signal because there were many GFP-
expressing interneuron cell bodies in the bulb. Instead, we conducted our density
measurements on VAChT immunolabeled cholinergic fibers because the antibody strongly
labeled GFP-ir fibers and the labeling in cell bodies was generally weak or absent except in
focal spots where nerve processes protrude. Fig. 3A shows VAChT-ir in a representative
sagittal OB section where the actual line intensity scans were conducted. An enlarged image
of VAChT-ir, with dashed lines drawn in each bulbar layer representing individual parallel
line intensity scans, is shown in Fig. 3B (The perpendicular scan lines are not shown). Both
these images were processed using Hessian-based feature extraction in NIH ImageJ, which
enhanced the curvilinear features, i.e. nerve fibers in the images (Sathyanesan et al., 2012).
A raw image from an EPL region before Hessian feature extraction is provided in Fig. 3A,
inset for comparison. Fig. 3C shows sample line intensity profiles of VAChT-
immunolabeled nerve fibers, which correspond to the intensity along the dashed lines in Fig.
3B. Each intensity peak in the profiles represents a hit of a single VAChT-labeled nerve
fiber. The number of fibers was determined by counting all the peaks that show intensity
values higher than the extracted background intensity threshold from a scan in the ONL
where there is no VAChT label. We verified the method with randomized manual counting,
which yielded very similar results. Because of the dense fiber clusters in a few atypical
glomeruli in the caudal OB, we avoided these glomeruli when scanning the GL. For the
actual scans that were conducted in the entire bulb sections, the average lengths of the
parallel scans per bulb were 26.3 mm (GL), 23.9 mm (EPL), 20.5 mm (IPL) and 18.3 mm
(GCL) (n = 3 bulbs from three mice). The fiber densities of these layers are listed in Table 1.
Fig. 3D shows the histogram of intensity distribution for VAChT-immunolabeled nerve
fibers in various layers from parallel scans conducted on sagittal OB sections. More
VAChT-labeled nerve fibers in the IPL and GL show relatively higher intensity values,
whereas a higher fraction (~80%) of the nerve fibers counted in EPL show lower intensity
values, suggesting layer differences in cholinergic activities. Further, we calculated fiber
density per volume based on the parallel scans and 5 additional line scans perpendicular to
the parallel scans conducted in each layer, as well as the section thickness. The average
density values of VAChT-immunolabeled nerve fibers for individual layers are plotted in
Fig. 3E. The density values of cholinergic nerve fibers in the IPL and GL were higher than
those in the EPL and GCL, further suggesting the IPL and GL are major sites for cholinergic
modulation. Our results are comparable to published cholinergic fiber densities in the brain
(Mechawar and Descarries, 2001). These data provide the first thorough and quantitative
measurement of the elaborate cholinergic fiber network in the OB.

Because the VAChT-ir in the GL was apparently stronger within the glomerular neuropiles
than in the surrounding PG regions (Fig. 3F, see also Fig. 2E), we conducted intensity
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measurements in randomly selected glomeruli and their PG regions to quantitatively
evaluate the cholinergic action sites in the GL. The average intensity values of VAChT-ir in
neuropiles and PG regions are plotted in Fig. 3G, showing that within the GL, the VAChT-ir
intensity is significantly higher in neuropiles than in surrounding PG regions (20 neuropiles
and 10 PG regions measured). Because the higher area intensity in the neuropiles could
potentially result from more VAChT-labeled nerve fibers, we conducted line intensity scans
through randomly selected glomeruli and their PG regions (10 glomeruli, 6 PG regions). The
result shows that the average intensity value of VAChT-labeled nerve fibers was
significantly higher in neuropiles than in PG regions (Student's T-test, p< 0.05, Fig. 3H).
These results strongly suggest that glomerular neuropiles are the primary sites in the GL for
cholinergic actions.

Intrinsic cholinergic interneurons in the olfactory bulb
Noticeably, from images in Fig. 2, there are many GFP-ir interneurons in various regions of
the MOB. The GFP-ir in the cell bodies varied significantly, from very bright to faint. The
largest group of these neurons was found in the GL surrounding individual glomeruli. The
second largest group was found in the deep region of the EPL, close to the MCL. The cell
bodies of these neurons were either scattered or grouped in small patches. In addition, there
were some GFP-ir interneurons scattered in other regions of the EPL, MCL and IPL, and
few in the GCL. We counted the number of GFP-ir positive cells in various layers and
determined the cell density. Cell counts from the EPL, MCL and IPL were pooled because
some of these GFP-ir cells were located in the border regions between these layers. Also, we
calculated the total volume of the GL, EPL/MCL/IPL and GCL per bulb to estimate the total
cell counts and density for these layers and a whole bulb. Table 2 lists the averaged GFP-ir
cell count, cell densities and the extrapolated total numbers of these GFP-ir interneurons in
various layers per OB. Based on the calculated volumes, there are an average of 30,440 +/-
3775 and 37,108 +/- 3706 cholinergic interneurons in the GL and whole bulb respectively
(n= 8 bulbs from 8 mice). These quantitative results clearly show a significant number of
cholinergic interneurons in the MOB.

In addition, we also conducted a cell count to determine whether there is differential
distribution of the cholinergic PG cells between typical and atypical glomeruli since Crespo
et al. (1996, 1997) reported that some juxtaglomerular (JG) interneurons are distributed
statistically higher surrounding typical glomeruli than atypical glomeruli. From a total of
124 atypical glomeruli examined (n=4 mice), the average GFP-ir interneurons per atypical
glomerulus was 2.3 and GFP-ir interneurons per typical glomerulus was 6.3 averaging from
854 glomeruli per 35 μm thick OB sections (n=4 mice). Thus, in general there are about 2.7
times more GFP-ir interneurons surrounding typical glomeruli.

Morphological features of the intrinsic cholinergic interneurons
The above results reveal the co-existence of both intrinsic and centrifugal cholinergic
systems. However, the extensive centrifugal nerve processes make detailed characterization
of the intrinsic nerve processes and their distribution patterns difficult, especially in the GL.
Thus, we conducted olfactory peduncle lesioning, which is known to reduce centrifugal
projections to the OB (Wenk et al., 1977, Zheng et al., 1987). In most of our mice, the
surgical disruption was slightly incomplete to avoid damage of the major blood vessel in the
medial-ventral floor of the brain. The density values of VAChT-ir fibers measured in the
MOB, both ipsilateral and contralateral to the surgery site, are listed in Table 1 (n=3 mice).
Fig. 4A shows a representative image of GFP-ir and ChAT-ir from an OB section ipsilateral
to the lesion. In comparison to the contralateral OB, the reduction of the fiber density in all
layers of the ipsilateral OB, except the ONL, was significant. Also in these ipsilateral OBs,
the dense cholinergic innervation in the atypical glomeruli was lost (Fig. 4B: contralateral,
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Fig. 4C: ipsilateral). Interestingly, when compared to the GL of control OBs (Fig. 4D), the
nerve fibers in PG regions were greatly diminished in OB sections ipsilateral to the surgery,
whereas within the glomeruli, considerable numbers of GFP-ir nerve processes remained
and were from local interneurons (Fig. 4E).

Importantly, the olfactory peduncle lesion allowed us to clearly observe the morphology of
intrinsic GFP-ir interneurons in various OB layers. We found that in the GL, most of the
GFP-ir interneurons are PG cells with apical processes ramifying in single glomeruli (Fig.
4E and Fig. 5A, higher magnification representative images in Fig. 5B and C). Interestingly,
a single branch from a GFP-ir PG cell could arborize extensively to form a small plexus
(pointed by an arrow in Fig. 5C) in a region corresponding to the non-ON zone within a
glomerulus (see also Fig. 2F and G). A few GFP-ir interneurons in the GL apparently sent
their processes to more than one glomerulus (Fig. 5A pointed by an arrow and Fig. 5D, high
magnification). This type of interneuron can be considered juxtaglomerular (JG) cells, since
their processes are not limited to a single glomerulus (Kiyokage et al., 2010, Kosaka and
Kosaka, 2011). In the EPL, MCL and IPL, the GFP-ir neurons can be sub-divided into three
groups based on the morphology and distribution of their nerve processes. The first group of
GFP-ir neurons resided primarily in the deep EPL with some in the MCL. These cells
emanated two to three processes from their cell bodies, and their primary processes ran
across the EPL and towards the GL, some of which apparently innervated glomeruli (Fig. 5E
and F). The second group of GFP-ir neurons also resided in the deep EPL and in the MCL.
Unlike the first group, they were bipolar, with two processes protruding from opposite ends
of the cell bodies. Their primary processes were usually long and thick and ran in parallel to
the MCL. Some of these processes could be traced as long as half the bulb in sagittal
sections (Fig. 5 G and H). This subtype of cholinergic interneurons had been briefly
described by Phelps et al (1992). In general, the primary nerve processes of these two groups
of GFP-ir interneurons were relatively thick and easy to distinguish. In contrast, the third
group of GFP-ir neurons usually had many intricate local processes. Most of these cells
resided in regions of the deep EPL, MCL and IPL. A few of them resided in the mid EPL.
Representative images of these neurons from the deep and middle regions of the EPL are
shown in Fig. 5I, J and K, respectively. Fig. 5L and M show two GFP-ir interneurons in the
IPL with distinct morphology. Few GFP-ir cells also were seen in the GCL. Fig. 5N shows
such a neuron with many synaptic spine-like structures in its nerve processes, which
resembles a ChAT-ir interneuron described in Phelps et al (1992). These results provide a
detailed view on the diverse morphological features of cholinergic interneurons within the
MOB, suggesting distinct functions of these interneurons.

Immunoreactivity of ChAT and VAChT in cell bodies of GFP-ir interneurons
Our study using transgenic mice provides strong evidence of intrinsic cholinergic
interneurons in the MOB. To further demonstrate GFP-ir interneurons were cholinergic, we
immunolabeled OB sections with antibodies against either ChAT or VAChT. Fig. 6A and B
show typical images of GFP and ChAT immunolabeling in the GL, respectively (overlaid
image in Fig. 6C; higher magnification representative images in Fig. 6D and E). ChAT-ir
was present in numerous nerve fibers as well as GFP-ir cell bodies in the MOB. The
intensity of ChAT-ir in the cell bodies was either similar to the intensity of the surrounding
nerve fibers or weaker. We purposely present the image of Fig. 6B, in which representative
ChAT-ir cell bodies are pointed by red arrows, to demonstrate that had we not had GFP-ir to
mark these cell bodies, it would have been difficult to find them in the presence of extensive
ChAT-immunoreactive nerve fibers. Therefore, for clarity, we performed VAChT
immunolabeling on OB sections ipsilateral to the olfactory peduncle lesion site. Fig. 6F
shows a representative image of VAChT-ir in two glomeruli. Most of the VAChT-ir was
observed in the processes within the glomeruli, and there were little or no nerve fibers
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labeled with VAChT surrounding the glomeruli. Individual GFP-ir cell bodies were also
positively labeled with VAChT (Fig. 6F and G). Interestingly, the VAChT-ir was not
uniformly distributed in these cell bodies. Instead, the VAChT-ir concentrated in particular
regions, where the major processes emanate (pointed by arrows in Fig. 6F and G). A similar
pattern of VAChT-ir was observed in GFP-ir cholinergic interneuron cell bodies and nerve
processes in other bulbar layers. Fig. 6H shows a representative image of VAChT-
immunoreactive cells in the EPL (overlaid image in Fig. 6I; Arrows point strong VAChT-ir
in the particular regions in the cell bodies). Note that the distal ends of the processes in these
cells were also strongly positive for VAChT-ir. The positive immunoreactivity for both
cholinergic markers, ChAT and VAChT, in GFP-ir cell bodies provides additional strong
evidence for the presence of intrinsic cholinergic interneurons in the MOB.

The GFP-ir neurons in the MCL are not mitral cells
The MCL contains both output neurons and local interneurons (Frazier and Brunjes, 1988,
Parrish-Aungst et al., 2007). Because we found many GFP-ir cells in the deep region of the
EPL as well as in the MCL and IPL, we investigated whether these GFP-ir cells are distinct
from the glutamatergic mitral/tufted cells since previous studies show some mitral cells
express AChE (Nickell and Shipley, 1988). We immunolabeled mitral/tufted cells using
antibodies against a neuronal marker, PGP 9.5, which provides an outstanding
morphological view of these neurons (Nakajima et al., 1998), and glutamate receptor
subunits 2/3 (GluR2/3), a marker for glutamatergic neurons. In sections labeled with the
PGP 9.5 antibody, we found that GFP-ir interneurons were labeled, indicating they were
neurons (Fig. 7A; A’: GFP-ir alone). Fig. 7B showed the MCL region of Fig. 7A (the lower
middle region; 7B’: PGP9.5-ir alone). Fig. 7C and C’ show another view of the
immunolabeling in the deep EPL and the MCL. These images clearly show that GFP-ir cells
had smaller cell bodies and relatively thin nerve processes (arrows in Fig. 7B’ and C’ point
representative GFP-ir cell bodies). In contrast, mitral/tufted cells exhibited larger cell bodies
and distinct primary and secondary dendrites. In sections labeled with the GluR2/3 antibody,
we found none of the GFP-ir cells in the MOB was immunoreactive for GluR2/3 (Fig. 7D;
D’: GluR2/3-ir alone). Further, we measured the cell body diameters of GFP-ir cells and
mitral/tufted cells. The averaged diameter of GFP-ir cell bodies was about 50% smaller than
that of mitral/tufted cells (Fig. 7E). Thus, the GFP-ir cells in the MCL of the MOB clearly
were neither mitral/tufted cells nor glutamatergic.

Cholinergic interneurons in the GL and EPL do not immunoreact to dopaminergic,
GABAergic or glutamatergic markers

Previously described interneurons in the OB express various neurotransmitters, such as
dopamine, GABA and glutamate (Baker et al., 1983, Shipley et al., 2004, Bovetti et al.,
2007, Kosaka and Kosaka, 2011). The dopaminergic (DA+) interneurons in the GL are
GABAergic (Parrish-Aungst et al., 2007). We used antibodies to mark these cell types to
determine whether the cholinergic interneurons form a distinct population. In OB sections
labeled with the antibody against TH, a rate-limiting enzyme for the biosynthesis of
dopamine (Cave and Baker, 2009), we found that TH immunoreactivity (TH-ir) was present
in a subset of interneurons, which resided mostly in the GL and few in the EPL. Fig. 8A
shows TH-ir, and GFP-ir within a glomerulus and surrounding PG interneurons with DAPI
staining outlining the glomerulus (A’: TH-ir with DAPI; A”: GFP-ir; Fig. 8B: higher
magnification). None of the GFP-ir cells were labeled with the TH antibody. We conducted
cell counts for GFP-ir and TH+ cells in various layers. The averaged ratio of GFP-ir to TH+
cells in the GL and EPL/MCL/IPL are 0.64 and 3.83, respectively. The overall ratio
calculated from the total counted cells is about 0.76 (3 bulbs from three mice, averaging
2997 +/-193 cells counted per bulb; Table 3).
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To label the GABAergic interneurons, we used antibodies against either glutamic acid
decarboxylase isotypes 65 and 67 (GAD65/67) or GABA. We found that the anti-GAD
65/67 antibody did not label any GFP-ir interneurons either in the EPL (C: overlaid image of
GAD 65/67-ir, GFP-ir and DAPI; C’: GAD 65/67-ir with DAPI showing the layer
organization; C”: GFP-ir) or in the GL (D: overlaid image of GAD 65/67-ir, GFP-ir and
DAPI; D’: GAD 65/67-ir; D”: GFP-ir with DAPI outlining individual glomeruli). A similar
result was obtained with the anti-GABA antibody (data not shown). Further, we examined
the GluR2/3-expressing interneurons in the GL, since some JG cells, such as short axon cells
and external tufted cells, are excitatory and glutamatergic (Aungst et al., 2003). We found
the anti-GluR2/3 antibody labeled a subset of JG cells. None of them were GFP-ir cells (Fig.
8E; overlaid image of GluR 2/3-ir, GFP-ir and DAPI; E’: GluR 2/3-ir with DAPI; E”: GFP-
ir; Fig. 8F: higher magnification). Additionally, we examined GFP-ir cells in other layers
and none of them reacted to these antibodies (Data not shown). Thus, our results
demonstrate that cholinergic interneurons in the MOB are not dopaminergic, GABAergic or
glutamatergic.

A majority of cholinergic interneurons express a calcium-binding protein calbidin D28K
MOB interneurons are known to express various calcium binding proteins, including
parvalbumin, calretinin (CR), calbindin D28K (CB) and neurocalcin and have been
classified into distinct chemotypes based on their expression (Parrish-Aungst et al., 2007,
Kosaka and Kosaka, 2008, 2010, 2011). It has been estimated that about 13% of the total GL
neurons are calbindin positive (CB+) of which approximately 60% are GABAergic based on
GAD 67 expression (Parrish-Aungst et al., 2007). The neurotransmitter identity in the
remaining CB+ interneurons is not determined. We investigated whether the cholinergic
cells co-express CB or CR. In sections labeled with antibodies against GFP, CR and CB, we
found CB and CR were expressed in two non-overlapping populations of interneurons in
various layers of the MOB (Fig. 9A; Enlarged images showing single populations of GFP-ir,
CB-ir and CR-ir from the GL region marked in panel A are shown in Fig. 9B, C and D). We
examined on average 3559 +/- 509 GFP-ir cells per MOB from three adult ChAT(BAC)-
eGFP mice and found none were calretinin positive. Interestingly, we found that GFP-ir
neurons and CB+ neurons overlapped (Fig. 9E; and Fig. 9F from OB sections ipilateral to
the olfactory peduncle lesion). On average, 92% of GFP-ir cells in the GL express CB. On
the contrary, only 53% of CB+ cells are GFP-ir. In addition, we also determined the percent
overlap for GFP-ir cells in the EPL, MCL and IPL. Detailed information is listed in table 3.
Interestingly, there are 3.2 and 4.3 times more GFP-ir cells than the CB+ cells in the EPL/
MCL/IPL and GCL, respectively. Also the percents of GFP-ir cells expressing CB in these
layers are much lower as compared to the GL (18.2%, and 3.6, respectively) (n=5 bulbs
from 5 mice). Our data are consistent with the notion that CB expression likely depends on
cellular function and is not cell type specific (Baimbridge et al., 1992, Cote and Parent,
1992). These results provide characterization of the chemical expression in these cholinergic
interneurons in the OB and reveal the neurotransmitter identity for a subset of CB+ cells.

Discussion
Cholinergic interneurons are widely distributed in the central nervous system and play an
essential role in brain functions (Woolf, 1991, Krnjevic, 1993). Here, we provide
unambiguous and quantitative evidence showing the presence of a significant number of
intrinsic cholinergic interneurons in the MOB of mice and that these neurons are diverse in
distribution and morphological features. We also demonstrate that the cholinergic population
partially overlaps with the CB+ population but is distinct from glutamatergic,
doparminergic, GABAergic or CR+ interneuron populations. Additionally, we provide
quantitative measurements of the cholinergic fiber density throughout the MOB and
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VAChT-ir intensity in the GL. Together, our results provide the first relatively
comprehensive view of the bulbar intrinsic cholinergic interneuron network and strongly
suggest that olfactory activities in the MOB are modulated by both local and centrifugal
cholinergic systems.

Location and morphological features of intrinsic cholinergic interneurons
Spatial distribution and synaptic connections of OB interneurons are key elements
determining their physiological functions (Lledo et al., 2004; Shipley et al., 2004; Kosaka
and Kosaka, 2005; Bovetti et al., 2007; Acebes et al., 2011). In our study, the largest
population of intrinsic cholinergic interneurons is found within a the GL. Based on the
observation that most of these GFP-ir cells arborize their nerve processes in single
glomerulus, we consider they are PG cells. A few of the GFP-ir cells in the GL are
considered JG cells because their processes extend into more than one glomerulus. These
considerations are supported by our finding that 92% of these GFP-ir cells are CB-ir because
CB is a well-known marker for a subset of PG interneurons (Toida et al., 1998). In addition,
Toida et al. (1998) reported that CB+ cells form extensive dendrodendritic connections and
rarely make direct synapses with axon terminals within glomeruli. Consistently, we found
that nerve processes from GFP-ir cholinergic interneurons were more prevalent in non-ON
zones lacking OMP or VGluT2 immunoreactivity. Future experiments are needed to
determine the exact sites where these cholinergic interneurons modulate the signal
processing within glomeruli.

The cholinergic neurons in the EPL, MCL, IPL and GCL are more diverse than those in the
GL layer, especially those in the deep EPL, as their nerve processes can either arborize
locally or travel for long distances in different directions. Clearly, the GFP-ir interneurons
are not mitral/tufted cells, as they do not share similar morphology or the cell marker
expression. Our study is consistent with Phelps et al (1992), which shows various local
interneurons in the OB and higher-order olfactory cortices are labeled with an anti-ChAT
antibody. Some of the interneurons reported in their study are similar to what we have seen
in this study, such as those in the EPL possessing long nerve processes (Fig. 5G and H) and
in the GCL (Fig. 5N). However, Phelps et al (1992) only showed a very limited number of
OB cholinergic interneurons and, for most of them, only cell bodies and major nerve
processes were presented. In our study, using the combination of transgenic marking and
ChAT and VAChT immunolabeling, we are able to identify a significant number of
cholinergic interneurons in the OB as well as reveal their diverse morphological features,
especially fine nerve processes. Thus, our study presents a much detailed view on the
diversity and complexity of the local cholinergic interneuron network in the mouse MOB.

Number of intrinsic cholinergic interneurons
We estimate 37,106+/-3706 cholinergic interneurons exist per MOB based on our cell
counts and volume measurements. Using the ratios of GFP-ir over TH+ and CB+ cells, and
the published estimation that about 6.35% and 5.81% of total cells per mouse bulb are TH+
and CB+, respectively (Parrish-Aungst et al., 2007), we estimate the cholinergic
interneurons are about 4.1 to 4.8% of the total cells per bulb. Thus, the number of
cholinergic interneurons is comparable with these interneurons and should be considered
significant.

The discrepancy between our study and previous studies that show either no ChAT-ir cells
(Butcher et al., 1992, Ichikawa et al., 1997) or only low and insignificant numbers (0.9
ChAT-immunoreactive cells in rat MOB/per 40μm-thick section (Ojima et al., 1988) is
likely due to the methods used for visualizing these neurons. We demonstrated in our study
that the intensity of ChAT-ir varies among brain cholinergic neurons and, in general, the
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intensity in small-diameter cholinergic interneurons is weaker than that in the large-diameter
cholinergic neurons (Fig. 1). We also demonstrated that intensity of ChAT-ir is influenced
by the immunolabeling methods used. In our study, without antigen retrieval, the ChAT-ir in
small-diameter cholinergic interneurons was often weak or even undetectable. These are
consistent with the notion that low amounts of ChAT mRNA and protein present in the cell
bodies may also contribute the difficulty in identifying local cholinergic interneurons (Wu
and Hersh, 1994). However, some of these factors can surely be solved by using more
sensitive methods as demonstrated by our study and by a previous study (Phelps et al.,
1992). In their study, Phelps et al. focused on local interneurons in the OB and higher-order
olfactory cortices and set criterion to ensure that these neurons were stained sufficiently
well. In order to achieve this, they repeated the last two steps of immunohistochemical
method (antibody-peroxidase-anti-peroxidase), which amplified the ChAT immunostaining
intensity and allowed successful labeling of some local cholinergic interneurons in the rat
OB and cortices. This approach of Phelps et al. (1992) is distinct from other studies that
failed to label these neurons, many of which do not focus on the olfactory system or local
cholinergic interneurons (Butcher et al., 1992, Ichikawa et al., 1997). Furthermore, we
demonstrated the difficulty in identifying cholinergic cell bodies in the presence of extensive
immunoreactive nerve fibers using either ChAT (Fig. 6B) or VAChT immunolabeling alone
(Fig. 6G and I). Our results are also different from a recent study by (Salcedo et al., 2011),
in which the authors mentioned very briefly that they found little evidence of local
cholinergic interneurons in the mouse OB. However, they used a different transgenic mouse
line. As described in the original paper characterizing the transgenic mice (Grybko et al.,
2011), the tau-GFP is preferentially expressed in axons and only weak fluorescence was
observed in cholinergic motor neurons. This is in distinct contrast to ChAT(BAC)-eGFP mice
that we used in our study where GFP fluorescence in cholinergic motor neurons is very
bright (Tallini et al., 2006). Finally, differences in animal species or strains may also
contribute to the discrepancy between studies. However, it is highly unlikely this is the main
reason for the lack of local cholinergic interneurons in the OB since Phelps et al. (1992)
successfully showed local cholinergic interneurons in the OB and olfactory cortices. More
recent discoveries of local cholinergic interneurons in the fly antennal lobe further suggest
that cholinergic interneurons may be a common and important subtype for olfactory
information processing (Shang et al., 2007, Acebes et al., 2011).

Expression of chemospecific markers
Bulbar interneurons express various chemospecific markers and can be divided into many
chemotypes accordingly (Shipley et al., 2004, Parrish-Aungst et al., 2007, Kosaka and
Kosaka, 2011). We found that cholinergic cells did not immunoreact to antibodies specific
for GABAergic, glutamatergic, dopaminergic or CR+ interneurons. Interestingly, the
cholinergic population overlapped with the CB+ population, especially in the GL.
Previously, Parrish-Aungest et al (2007) estimated about 65% of CB+ cells are GABAergic,
and the remaining 35% had an unknown identity of neurotransmitter. Since we did not
observe any cholinergic cells labeled with antibodies against either GABA or GAD65/67,
the higher percentage of CB+ cholinergic (59% in our study vs 35%) is likely due to
differences in tissue preparation and counting methods. CB is known to be expressed in
distinct populations of brain neurons including those using GABA or ACh as
neurotransmitters (Cote and Parent, 1992). Our identification that a subset of bulbar CB+
cells is cholinergic provides insight into the cholinergic activity and function of this subset
of PG cells. Further studies are needed to elucidate the synaptic connection and
physiological function of these cholinergic PG cells. Similar to those in the GL, cholinergic
cells in the EPL, MCL and IPL did not express markers for dopaminergic, GABAergic,
glutamatergic or CR+ cells. Also, only about 18% of them are CB+. Thus, the cholinergic
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interneurons in the EPL/MCL/IPL form a distinct chemotype and may have different roles
and postsynaptic partners.

Similarity and differences between intrinsic and centrifugal cholinergic systems
From our line intensity scan data, the intensity of VAChT-ir is significantly higher in
glomerular neuropiles as compared to PG regions, suggesting that the neuropiles are the
primary sites for cholinergic modulation from both cholinergic intrinsic interneurons and
centrifugal nerve fibers. It has been reported that the cholinergic agonist, carbachol, when
applied to glomeruli, changes the level of tonic presynaptic inhibition (Wachowiak et al.,
2009). Also in the fly, local cholinergic neurons in the GL form excitatory local circuits and
modulate the tuning property of output neurons (Shang et al., 2007). Interestingly, we also
found that cholinergic nerve fibers are distributed primarily in non-ON zones (Fig. 2F and
G, Fig. 4C). However, there are clear differences between the local interneuron network and
centrifugal projection systems. Most of the intrinsic cholinergic interneurons are PG cells
and exert local effects within single glomeruli in the GL, whereas centrifugal fibers are seen
passing through many glomeruli. Whether these fibers modulate activity of multiple
glomeruli has not been determined.

Based on our observation of their diverse distribution and arborization patterns, the local
cholinergic interneurons, with their cell bodies primarily located in the deep EPL, MCL and
IPL, can act either locally or across long distances. It is known that the secondary dendrites
of mitral cells form dendrodendritic reciprocal synapses with dendrites of granule cells in
the deep EPL. These synapses are essential for processing olfactory information and
modulating mitral and tufted cell output (Mori et al., 1983, Greer, 1987, Isaacson and
Strowbridge, 1998, Egger and Urban, 2006). The dendrodendritic synapses are subject to
cholinergic modulation, which enhances neural and perceptual odor discrimination
(Elaagouby et al., 1991, Tsuno et al., 2008, Ghatpande and Gelperin, 2009). Most likely,
both centrifugal and local cholinergic interneurons contribute to this important modulation.
Interestingly, we found that the number of cholinergic interneurons is 3.8 and 3.2 times
more than the number of DA and CB interneurons, respectively in the deep EPL, MCL and
IPL regions, which may reflect the importance of local cholinergic activity.

In our study, we find centrifugal projection nerve fibers in the IPL are strongly labeled with
the VAChT antibody. We speculate that these fibers modulate OB activity on a large scale.
It is known that cholinergic modulation enhances olfactory signals and filters trivial
information based on memory, attention and expectation (Nickell and Shipley, 1993, Wilson
et al., 2004, Fletcher and Chen, 2010). Future experiments using electron microscopy will be
needed to determine whether individual centrifugal fibers make multiple synaptic contacts
with many nerve processes.

Conclusions
We have found and characterized a significant number of intrinsic cholinergic interneurons
in the mouse OB. Their diverse distribution and morphological features indicate the
complexity of the local cholinergic network and its role in modulating olfactory activities.
Likely, these cholinergic interneurons connect to different microcircuits and exert
cholinergic influence on different postsynaptic partners. Thus, in our opinion, olfactory
activities in the MOB are modulated by dual cholinergic systems made up by the local
interneuron network and the centrifugal projection fibers. In future studies, it will be
interesting to determine the differential and/or synergistic effects of centrifugal and intrinsic
cholinergic regulation in the OB.
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Highlights

We found a large number of cholinergic interneurons in the mouse olfactory bulb.

These interneurons express cholinergic marker ChAT and VAChT.

They exhibit diverse morphological features and distribution patterns.

They are distinct from glutamatergic, GABAergic or dopaminergic interneurons.

Intrinsic cholinergic interneurons likely play diverse roles in olfactory processing.
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Figure 1. Immunoreactivity of ChAT and VAChT in brain GFP-expressing neurons of
ChAT(BAC)-GFP mice
A: A representative confocal image showing GFP-fluoresecence and ChAT-ir (red) in large-
diameter neurons of the horizontal limb of the diagonal band of Broca (HLDB). Both GFP
flourescence and ChAT-ir are intense in cell bodies and proximal regions of their processes.
In the distal regions, the signals are relatively weak and ChAT-ir is sometimes undetectable
(pointed by arrows). B: A representative confocal image of a population of neurons taken
from a similar region of A, showing that both GFP signal and ChAT-ir are enhanced by an
anti-GFP antibody and antigen retrieval treatment, respectively. Arrow points a small-
diameter neuron with relatively weak GFP-ir. C: A representative confocal image of GFP-ir
and ChAT-ir in the hippocampus (hippo) showing both cholinergic network and
interneurons. Inset shows ChAT-ir in the soma of a GFP-ir interneurons (arrows). D: GFP-ir
and ChAT-ir in the cortex showing local cholinergic interneurons, the nerve processes and
the vast cholinergic network. ChAT-ir is present in cell bodies of the GFP-ir interneurons
although ChAT-ir is generally weak or undetectable in their nerve processes, , in contrast to
the vast cholinergic network where ChAT-ir is strong and highly colocalized with GFP-ir.
Arrow points few cells that exhibit strong ChAT-ir with weak or undetectable GFP-ir. E: A
typical image of VAChT-ir (red) in GFP-ir neurons and processes. Strong VAChT-ir is co-
localized in cell bodies of large-diameter neurons and numerous fine nerve processes in the
network but less intense or absent in some thick GFP-ir fibers. This image was taken from a
region immediately posterior to the anterior commissure. Arrows point to two cells that are
presented in E’ and E” showing individual images of GFP-ir and VAChT-ir, respectively. F:
Colocalization of GFP, VAChT-ir (red) and ChAT-ir (blue) in large-diameter neurons. G:
VAChT-ir is present in hippocampal GFP+ nerve fibers but is absent in the cell bodies.
Inset: Enlarged image from G showing VAChT-ir in varicose structures of GFP-ir nerve
fibers. Scale: 20 μm.
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Figure 2. Cholinergic nerve processes in the OB visualized by GFP, ChAT and VAChT
immunoreactivity
A: A low magnification confocal image of typical GFP-ir and ChAT-ir (red) in various
layers of the OB. GCL: granule cell layer. IPL: internal plexiform layer. MCL: mitral cell
layer. EPL: external plexiform layer. GL: glomerular layer. ONL: olfactory nerve layer.
Numerous nerve fibers in the GL, EPL, IPL and GCL are positive for GFP-ir and ChAT-ir.
Note the labeled interneuron cell bodies in the GL and EPL. A’: Image of ChAT-ir alone
from the left region of panel A. B: A confocal image of a caudal region of the MOB
showing colocalization of GFP-ir, ChAT-ir and VAChT-ir in nerve fibers (green, blue and
red, respectively). Three atypical glomeruli receive dense cholinergic innervation (pointed
by arrows). VN: vomeronasal nerve. C: A representative confocal image showing some
GFP-ir fibers exit the IPL and travel through the MCL to the EPL. Note a GFP-ir
interneuron in the mid-EPL. D: A typical image of the superficial EPL and GL showing
GFP-ir nerve fibers in these layers. GFP-ir fibers are present within and surrounding
glomeruli and travel between the EPL and GL in their border region. Images of C and D
were taken from 25 μm-thick OB sections. E: A patch of glomeruli from a medial sagittal
section labeled with both ChAT and VAChT antibodies. VAChT-ir (red) and ChAT-ir (blue)
are intense in the glomerular neuropiles as compared to the surrounding PG regions. A
representative glomerulus is circled. F and G: Glomeruli labeled with antibodies against
OMP or VGluT2, respectively (red). Within the glomeruli GFP-ir fibers are primarily
located in sub-compartments lacking OMP-ir and VGluT2-ir. Arrows point to a small GFP-
ir fiber plexus. Note the presence of many GFP-ir PG interneurons, which we quantify in
Table 2. Scale: A, 50μm. B through G, 25 μm.
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Figure 3. Quantitative measurement of cholinergic fiber density in olfactory bulb layers
A: A representative epifluorescence image of VAChT-ir in a sagittal OB section used for
fiber density measurement. The image was taken using a 4X objective lens and processed
using Hessian based feature extraction in ImageJ (Sathyanesan et al 2012). Inset shows a
raw image (Raw) from an EPL region before Hessian feature extraction. Line-intensity scans
were conducted in all layers. The orange rectangle indicates the relative size of the image in
panel B. B: An enlarged Hessian extracted image showing VAChT-ir in different layers.
Individual dashed lines denote parallel line intensity scans in these layers. Perpendicular line
scans are not indicated in this image. C: Line intensity profiles of VAChT-immunolabeled
nerve fibers corresponding to fluorescence intensity along the dashed lines in B. Each scan
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starts from left to right. Each hit of these nerve fibers is shown as an intensity peak in the
scan. a.u.: arbitrary unit of fluorescence intensity. All line scan profiles were baseline
corrected (Sathyanesan et al., 2012). D: Histogram of intensity distribution for VAChT-
immunolabeled nerve fibers in various layers from parallel scans conducted on images of
entire sagittal OB sections similar to panel A. Average parallel scan lengths per bulb were
26.3 mm (GL), 23.9 mm (EPL), 20.5 mm (IPL), 18.3 mm (GCL) (n = three bulbs from three
mice). More VAChT labeled nerve fibers in the IPL and GL show relatively higher intensity
values, whereas a higher fraction (~80%) of the nerve fibers counted in the EPL show
relatively low intensity value. Inset: Enlarged line intensity profile from the underlined
portion of the IPL scan profile. Each peak indicates a nerve fiber detected by the line scan
(marked by asterisks). E: Average density plot of VAChT-immunolabeled nerve fibers for
individual layers on the entire OB sections. Fiber density was calculated per volume based
on (1) parallel line scans and 5 additional line scans perpendicular to the parallel scans
conducted in each layer and (2) the thickness of the sections. F: A glomerulus from a medial
sagittal section labeled with the VAChT antibody (circled by the orange line). The
segmented line through both the glomerular neuropile and the periglomerular region denotes
the line intensity scan used to measure the VAChT-ir intensity of individual nerve fibers. G:
Average VAChT-ir intensity in glomerular neuropiles and PG regions (n=10 and 6,
respectively). H: Average VAChT-ir intensity in individual nerve fibers within glomeruli or
PG regions from line intensity scan through 20 glomeruli and 10 PG regions, respectively.
VAChT-ir is significantly higher in the neuropiles than in PG regions (p <0.01). Scale: A,
1mm. Inset in A, 25 μm. B, 50μm. G, 20 μm.
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Figure 4. Ipsilateral olfactory peduncle lesion diminishes centrifugal cholinergic projections,
allowing a better view of the intrinsic cholinergic system
A: A representative confocal image of local cholinergic cells and nerve processes in the
MCL, EPL and GL after surgery. The OB section was immunolabeled with the anti-OMP
(red) and anti-GFP (green) antibodies and counterstained with DAPI (blue). GFP-ir
centrifugal fibers in these layers are diminished, but there are many GFP-ir interneurons in
the GL and some in the EPL and MCL. B: A confocal image of GFP-ir and VAChT-ir from
a caudal-ventral OB region contralateral to the lesion, showing both several typical
glomeruli and an atypical glomerulus, which receives dense cholinergic innervation (pointed
by an arrow). C: Ipsilateral bulb section showing similar area of B. The dense cholinergic
innervation in the atypical glomerulus was lost (pointed by an arrow). D: An representative
image taken from a medial sagittal OB section contralateral to the lesion site, showing a
patch of glomeruli. Individual glomeruli are outlined by DAPI staining (blue). There are
numerous GFP-ir fibers within glomeruli and in surrounding regions. E: A representative
image taken from an OB section ispilateral to the lesion site. DAPI nuclear staining (blue)
outlines individual glomeruli. Note that GFP-ir fibers surrounding individual glomeruli are
diminished. However, within the glomeruli there are many nerve processes that clearly
emanate from local GFP-ir interneurons in the GL. Scale: 25 μm.
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Figure 5. Intrinsic cholinergic interneurons in the OB are diverse in morphology and
distribution
All images are from OB sections ipsilateral to olfactory peduncle lesion, representing the
major morpholigical subtypes in various layers. A to D: GFP-ir cholinergic interneurons in
the GL. A: A patch of glomeruli showing that most of the GFP-ir cells are PG cells with
primary processes arborizing in a single glomerulus. Few of the GFP-ir interneurons are
considered as JG cells, which send processes to more than one glomerulus. An arrow points
to a JG cell. B and C: Examples of individual GFP-ir PG cells. An arrowhead points to a
small region where a fiber arborizes extensively. D: A JG cell with two major processes that
branch and innervate three individual glomeruli outlined by thin lines. E to K: GFP-ir
cholinergic interneurons in the EPL. The anatomical locations of various layers are
indicated. E and F: Two interneurons, whose cell bodies reside in the deep EPL, project their
primary processes to the GL. G and H: GFP-ir interneurons (pointed by arrows) in the deep
EPL with two main processes protruding often from opposite ends of the cell bodies. Their
primary processes travel for long distances usually in the deep EPL and in parallel to the
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MCL. I and J: GFP-ir interneurons in the MCL and deep EPL with multiple short and fine
processes. K: A GFP-ir cell in the middle EPL. L and M: Two GFP-ir cells in the IPL. The
cell in panel M apparently does not have a primary process. N: A GFP-ir cell in the GCL
showing many spine-like structures. Scale: 20 μm.
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Figure 6. ChAT and VAChT immunoreactivity in bulbar interneurons
A: A typical confocal image showing substantial GFP-ir fibers and many cell bodies of
interneurons in the GL. B: Image of ChAT-ir in the same region of A showing asimilar
labeling pattern to GFP-ir. Both cholinergic nerve fibers and cell bodies are positive for
ChAT-ir. Representative cell bodies are pointed by arrows. These cell bodies are difficult to
recognize in the presence of the extensive ChAT-ir fiber network. C: Image of A overlaid
onto B, showing that the GFP-ir is colocalized with ChAT-ir in both nerve fibers and
interneuron cell bodies. D: A high magnification confocal image, showing ChAT-ir in two
cell bodies as well as nerve processes. E: The GFP-ir image overlaid onto D, showing
colocalization of GFP-ir and ChAT-ir. F to I contains images from OB sections ipsilateral to
the olfactory peduncle lesion. F: A representative VAChT-ir image taken from the GL.
Strong VAChT-ir is observed in nerve processes within the glomeruli. The cell bodies
emanating these nerve processes are also labeled. Note that VAChT-ir in the cell bodies is
primarily located only in small regions from which the primary processes protrude. A few
representative cell bodies are pointed by arrows. G: The GFP-ir image overlaid onto F,
showing colocalization of these two signals. DAPI counterstain: blue. H: A representative
image showing four VAChT-immunolabeled local cholinergic interneurons with cell bodies
residing in the EPL (bottom, middle right), MCL (middle, left) and IPL (top). I: The GFP
image overlaid onto H. DAPI counterstain: blue. Scale: A to C, F and G, 25μm. D, E, H and
I, 10 μm.
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Figure 7. The cholinergic (GFP-ir) interneurons in the mitral cell layer are not mitral/tufted cells
A: A representative image of GFP-ir and PGP 9.5 immunoreactivity (PGP9.5-ir) in the EPL
and MCL. The PGP 9.5 antibody strongly labeled mitral/tufted cells and their nerve
processes (red), as well as GFP-ir cell bodies. A’: Image of GFP-ir alone. B and B’: An
enlarged image showing the MCL region in panel A (lower middle portion) and PGP9.5-ir
alone, respectively. The GFP-ir signal (green) in panel B is reduced using Adobe Photoshop
for better visualization of the cell bodies. The GFP-ir cells exhibit smaller cell bodies and
thin nerve processes, whereas mitral cells are multi-polar with large cell bodies and thick
nerve processes. None of the mitral cells are positive for GFP-ir. C and C’: Cholinergic
interneurons (GFP-ir) and PGP9.5-labeled mitral/tufted cells viewed from a different angle.
GFP-ir cell bodies in the deep EPL and the MCL intermingle with mitral/tufted cell bodies
and processes. Some GFP-ir cells show long nerve processes. Representative GFP-ir cell
bodies are pointed by arrows in B’ and C’. D: A representative confocal image of GluR2/3
immunoreactivity (GluR2/3-ir) in mitral/tufted cells and GFP-ir. D’: GluR2/3-ir alone.
Stronger GluR2/3-ir is seen in cell bodies as compared to the surrounding nerve processes.
There is no colocalization between GFP-ir and GluR2/3-ir. DAPI (blue) in A, B, C and D. E:
Average cell diameters measured from GFP-ir cells and cells labeled with PGP 9.5-ir or
GluR2/3-ir. For mitral/tufted cells, only those with recognizable morphological features
were measured (22 cells for each group, respectively). Scale: A, 50μm. B to E, 20μm.
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Figure 8. The GFP-expressing cholinergic interneurons are distinct from dopaminergic,
GABAergic or glutamatergic interneurons
A: A representative confocal image showing TH immunoreactivity (TH-ir, red), GFP-ir
(green) and DAPI (blue) within a glomerulus and surrounding PG interneurons. A’: Image
of TH-ir with DAPI outlining the glomerulus. A”: Image of GFP-ir. B: TH-ir and GFP-ir
shown at a higher magnification. TH-ir is present in many interneurons and nerve processes,
none of which are GFP-ir positive. C and D: Representative images showing GAD65/67
immunoreactivity (GAD65/67-ir, red), GFP-ir and DAPI in the EPL and the GL,
respectively. C’: Image of GAD65/67-ir with packed DAPI-stained nuclei marking the
MCL. C”: Image of GFP-ir in the EPL. D’: Image of GAD65/67-ir PG interneurons and
their processes in the GL. D”: Image of GFP-ir and DAPI staining, which outlines the
glomeruli. Note GFP-ir and GAD65/67-ir are present in two distinct populations of
interneurons. E: A representative image of GluR 2/3-ir (red), GFP-ir and DAPI. E’: GluR
2/3-ir with DAPI. E”: image of GFP-ir alone. A subset of interneurons in the GL positively
reacted to the antibody against the glutamatergic marker GluR 2/3 (red). None of the GFP-ir
cells and processes are labeled. F: A higher magnification image of GAD65/67-ir (red) and
GFP-ir. Scale: 20 μm.
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Figure 9. Expression of calcium binding proteins in bulbar cholinergic cells
A: Low magnification image showing GFP-ir (green), CB and CR immunoreactivity (CB-ir
and CR-ir, red and blue, respectively) in various layers of the OB. Most of the CB or CR
immuoreactive interneurons are located in the GL. Some are found in the EPL. B, C and D:
Enlarged images showing single labeling of GFP-ir, CB-ir and CR-ir, respectively, from the
box region in the GL in panel A. E and F: High magnification images from the GL showing
GFP-ir, CB-ir and CR-ir cells in OB sections either countralateral (B) or ipsilateral (C) to
the olfactory peduncle lesion. CR and CB are expressed in two separate populations of
interneurons. None of the GFP-ir interneurons are immunoreactive for CR. Most GFP-ir
cells in the GL also express CB, while a few did not label with the CB antibody (pointed by
arrows in B and C). PG cells that are positive for CB only are pointed by arrowheads. Scale:
A, E and F, 20μm. B, C and D, 10μm.
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Table 1

VAChT fiber density in bulbar layers (fibers/(100 μm)3)

OB layer Contr. OB Ipsi. OB

GL 888 ± 51 216 ± 61

EPL 333 ± 51 26 ± 7

IPL 1054 ± 25 209 ± 37

GCL 613 ± 98 237 ± 84

Density ± SEM, n = 3 olfactory bulbs

Contr: contralateral. Ipsi: ipsilateral
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Table 2

ChAT(GFP)-expressing interneurons in bulbar layers

OB Layer

ChAT-GFP Expressing Cells GL EPL/MCL/IPL GCL Whole bulb

Counted Cells
*Mean 2490 529 76 3095

        Range 1623 - 3724 375 - 735 14 - 156 2437 - 4387

Cell Density ( cells / mm3)
** 20992 ± 2630 2249 ± 262 685 ± 160

Estimated Cells in a bulb 30440 ± 3775 5557 ± 648 1110 ± 260 37106 ± 3706

n = 8 OBs from 8 mice.

*
Count from random regions in images from 1/6 of whole OB sections.

**
Mean ± SEM
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Table 3

TH and CB immunoreactive cells and colocalization with ChAT(GFP)-expressing cells in bulbar layers

OB Layer

GL EPL/MCL/IPL GCL Whole bulb

TH+ cells n = 3 OBs from 3 mice

    Cell Density (Cells / mm3) 29278 ± 380 573 ± 49 19.4 ± 5.2

    ChAT-GFP+ cells / TH+ cells 0.64 ± 0.06 3.83 ± 0.83 28.1 ± 12.1 0.76 ± 0.04

    Colocarized with ChAT-GFP (cells / mm3) 0 0 0 0

CB+ cells n = OBs from 5 mice

    Cell Density (Cells / mm3) 37556 ± 2201 807 ± 144 202 ± 38

    ChAT-GFP+ cells / CB+ cells 0.59 ± 0.09 3.18 ± 0.62 4.31 ± 1.54 0.63 ± 0.03

    % of CB+ cells expressing ChAT-GFP 52.7 ± 6.3 53.7 ± 6.0 19.1 ± 12 52.4 ± 6.2

    % of ChAT-GFP+ cells expressing CB 91.7 ± 3.4 18.2 ± 5.3 3.6 ± 1.4 76.6 ± 2.0

Mean ± SEM

Neuroscience. Author manuscript; available in PMC 2013 June 28.


	ScholarWorksCoverSheetCC
	nihms-372045

