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Abstract
Sensory experience influences brain organization and function. A particularly striking example is
in the olfactory bulb where reduction of odorant sensory signals profoundly down-regulates
dopamine in glomerular neurons. There are two large populations of glomerular inhibitory
interneurons: (1) GABAergic periglomerular (PG) cells, whose processes are limited to a single
glomerulus, regulate intraglomerular processing and (2) DAergic-GABAergic short axon (SA)
cells, whose processes contact multiple glomeruli, regulate interglomerular processing. The
inhibitory neurotransmitter GABA is synthesized from L-glutamic acid by the enzyme glutamic
acid decarboxylase (GAD) of which there are two major isoforms: GAD65 and GAD67. GAD65
is expressed in uniglomerular PG cells. GAD67 is expressed by SA cells, which also co-express
the rate-limiting enzyme for dopamine synthesis, tyrosine hydroxylase (TH). Deafferentation or
sensory deprivation decreases TH expression but it is not known if sensory input alters GAD
isoforms. Here we report that either deafferentation or reduction of sensory input by nares
occlusion significantly reduced GAD67 protein and the number of SA cells expressing GAD67.
However, neither manipulation altered GAD65 protein or the number of GAD65 PG cells. These
findings show that sensory experience strongly impacts transmitter regulation in the circuit that
controls neural processing across glomeruli but not in the circuit that regulates intraglomerular
processing.
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1. Introduction
Neural activity regulates expression of neurotransmitter synthesis enzymes in many brain
regions. The inhibitory neurotransmitter GABA is synthesized from L-glutamic acid by the
enzyme glutamic acid decarboxylase (GAD), for which there are two major isoforms: 65kDa
and 67kDa. These isoforms are differentially expressed by various neuron subpopulations
and differentially distributed within cells (Erlander et al., 1991). The two GAD isoforms
differ in activity-dependent expression in different brain structures (Rimvall and Martin,
1994). Differential regulation of these two GAD isoforms by experience may lead to
plasticity of inhibitory neural circuits. We investigated this possibility in glomerular
inhibitory circuits of the olfactory bulb.

Olfactory sensory neurons (OSNs) in the nasal epithelium project axons that terminate on
the dendrites of second-order interneurons and output neurons (mitral/tufted cells (M/T)) in
glomeruli of the main olfactory bulb. Three principle types of juxtaglomerular (JG)
interneurons - external tufted (ET) cells, periglomerular (PG) cells and short axon (SA) cells
(Golgi, 1875;Cajal, 1911;Pinching and Powell, 1971;Shao et al., 2009;Kiyokage et al.,
2010) - form several distinct glomerular circuits that regulate the glomerular input-output
function (Shao et al., 2009;Kiyokage et al., 2010). These interneurons differ in morphotype:
ET cells and PG cells processes are predominantly confined to a single parent glomerulus
(uniglomerular) while SA cells connect with multiple glomeruli. They also differ in
chemotype: PG cells are GABAergic; SA cells use both GABA and dopamine (DA) as
transmitters (Kosaka and Kosaka, 2008;Shao et al., 2009;Kiyokage et al., 2010). SA cells
express GAD67 whereas PG cells predominantly express GAD65 (Kiyokage et al., 2010).
These three JG neurons form two basic glomerular inhibitory circuits: (1) GAD65
GABAergic PG cells mediate intraglomerular inhibition and (2) GAD67 GABAergic-
DAergic SA cells mediate interglomerular inhibition.

Afferent sensory input is necessary for maintenance of tyrosine hydroxylase (TH), the rate -
limiting enzyme for DA biosynthesis in SA neurons (Kawano and Margolis, 1982;Baker et
al., 1983;Kosaka et al., 1987;Baker et al., 1988;Baker et al., 1993;Brunjes, 1994;Cho et al.,
1996;Philpot et al., 1998;Saino-Saito et al., 2004). Blocking afferent activity by means of
deafferentation or sensory deprivation reduces TH expression (Baker et al., 1983;Baker et
al., 1993;Brunjes, 1994;Cho et al., 1996;Philpot et al., 1998). DAergic SA cells
predominantly contain GAD67 (Kiyokage et al., 2010) and PG cells predominantly express
GAD65 (Parrish-Aungst et al., 2007). Since afferent activity regulates TH we asked if
sensory activity alters the expression of GAD67 in SA cells and/or GAD65 expression in PG
cells, i.e., are interglomerular and intraglomerular inhibitory circuits differentially impacted
by sensory experience?

2. Results
First, bilateral ZnSO4 irrigation of the nasal cavities was used to lesion the olfactory
epithelium. This causes rapid degeneration of the olfactory nerve and loss of sensory input
to the bulb. Indeed, anosmia occurs as soon as 1hr following ZnSO4 irrigation of the nasal
cavities (McBride et al., 2003) and persists for 14–60 days (Harding et al., 1978;Burd,
1993). Tyrosine hydroxylase (TH) exhibits a well characterized downregulation following.
At 14 days post lesion TH enzyme activity levels were reduced by 85% (Nadi et al.,
1981;Baker et al., 1993); protein levels were not reported. Here, GAD67 and GAD65
protein levels were measured in olfactory bulb from animals 14 days following zinc sulphate
lesion; GAD67 protein levels dropped significantly (61 ± 6% reduction; n=4 lesion, 7
control; p<0.01; Fig. 1). By contrast, GAD65 protein expression was unaltered (Fig. 1). This
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indicates that expression of GAD67, but not GAD65, is dependent on an intact olfactory
nerve.

Zinc sulfate irrigation kills olfactory neurons causing degeneration of their axonal
projections to the glomeruli. This could entail more than loss of sensory input, e.g., loss of
trophic support of glomerular target neurons, reactive gliosis in the glomeruli, etc. To
determine if the reduction in GAD67 protein is due to a loss of sensory input per se, as
opposed to degenerative factors, we also performed unilateral occlusion of the nasal
opening. This reduces odor access to the epithelium of the occluded nasal cavity and reduces
sensory-evoked olfactory input to the olfactory bulb ipsilateral to the occlusion without
destroying the epithelium. Consistent with previously reported reductions in TH following
unilateral nares closure (Cho et al., 1996), occlusion reduced TH protein levels at 7 days (28
± 8% reduction; n=5; p<0.05; Fig. 2A–B) and 14 days (56 ± 11% reduction; n=9; p<0.001;
Fig. 2A–B). GAD67 protein levels decreased by 21 ± 5% at 7 days (n=5; p<0.05; Fig. 2A–
B) and 34 ± 11% at 14 days (n=9; p<0.01; Fig. 2A–B) ipsilateral to the occlusion. The
relative decrease in GAD67 protein was less than TH, however, decreases in TH and
GAD67 within the same animals were positively correlated (coefficient 0.7, p<0.01; Fig.
2C). This suggests that TH and GAD67 expression are co-regulated. Taken together, these
data show that the expression of TH and GAD67 are activity-dependent relying on afferent
input for production and/or maintenance of the synthetic neurotransmitter enzymes.

Reduced TH expression in the olfactory bulb following zinc lesion or nares occlusion is not
due to the loss of neurons (Baker et al., 1993) but rather to reduced enzyme expression.
Thus, we hypothesized decreased GAD67 protein was also due to reduced enzyme rather
than cell loss. Using unbiased optical dissector methodology (Russ and Dehoff,
1998;Parrish-Aungst et al., 2007) we counted total cells and the number of cells expressing
GAD65-GFP, GAD67 protein, GAD67-GFP, or TH protein 14 days following ZnSO4 lesion
of the olfactory epithelium (Fig. 3A–H). The total number of cells in the glomerular layer
was unchanged 14 days post lesion compared to control animals (1.0 ± 0.1 and 1.2 ± 0.1
×106 cells respectively; P=0.1; Fig. 3I). Thus, the ZnSO4 lesions did not cause a loss of cells
in the glomeruli. As previously reported (Baker et al., 1983), immunostained TH+ cells were
almost completely absent in zinc-lesioned animals (P<0.0001; Fig. 3I). Using antibodies
specific to GAD67, we observed a 70 ± 12% decrease in the number of GAD67 stained cells
14 days post lesion compared to control (p<0.01; n=4; Fig. 3I). At the same post lesion time,
the number of cells expressing GFP in a GAD67-GFP mouse line was reduced by only
24±9%% (p<0.05 n=5; Fig. 3I). This indicates that sensory deafferentation does not lead to
loss of glomerular neurons but does significantly reduce the expression of TH and GAD67
protein.

The difference between GAD67 immunohistochemistry and GAD67-GFP cell numbers
could be due to differences in sensitivity between detection of GAD67
immunohistochemically and the expression of the transgene containing GFP. A second
possibility could be due to GFP protein stability resulting in persistent GFP protein even
though GAD67 protein is reduced. Alternatively, this difference could be due to regulation
at a translational level, i.e. GAD67 mRNA is transcribed but protein translation is reduced.
Control at a translational level would be consistent with previous reports indicating GAD
mRNA in the glomerular layer is unaltered by Zn lesion (Stone et al., 1991), although these
earlier studies used sequences that likely cross-reacted with both GAD65 and GAD67. As
neither deafferentation nor occlusion had any effect on GAD65 protein levels, we
anticipated that deafferentation would not alter GAD65-positive cells. Indeed, the number of
positive cells in the GAD65-GFP mice was unaltered following lesion (0.29±0.20 and
0.30±0.41 ×106 cells respectively; Fig. 3I). Taken together, these data show that expression
of both TH and GAD67, but not GAD65, is dependent on sensory activity.
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3. Discussion
The present findings show that two juxtaglomerular neuron types are differentially
influenced by sensory experience: DAergic-GABAergic SA cells are regulated by sensory
signals but GABAergic PG cells are not. Could this differential regulation by afferent
activity be due to differences in the number/density of olfactory nerve synaptic contacts?
This seems unlikely. EM studies of the glomerular neuropil indicate both GABAergic and
DAergic neurons receive ON synapses, indeed, ~80% of all anatomically identifiable
synapses on DAergic neurons derive from the ON (Kosaka et al., 1997;Toida et al.,
1998;Toida et al., 2000). However, synaptic number does not necessarily reflect synaptic
efficacy. Efficacy depends on location of the synapses, their release probability,
postsynaptic receptor types and the intrinsic properties of the postsynaptic cells.

ET cells generate spontaneous, bursts of action potentials that persist when ON inputs are
pharmacologically blocked. Despite this highly effective ET cell synaptic drive to the
majority of DAergic SA cells, they still exhibited reduced enzyme expression following
lesion of the olfactory epithelium or nares occlusion. This indicates that neither direct
olfactory nerve input, nor indirect activation via ET cells, alone, can maintain normal
expression of TH and GAD67, and suggests that additional factors including enhanced
synaptic drive by sensory input over and above spontaneous activity is required. However, it
is possible that sensory deprivation alters the ligand-gated channels that underlie ET burst
firing and thus reduces both spontaneous and sensory-evoked drive.

The interglomerular circuit formed by SA cells connects ten to several hundred glomeruli
(Shao et al., 2009;Kiyokage et al., 2010). Reductions of DA and GABA synthetic enzymes
in SA cells as a consequence of reduced sensory input might reduce the levels of the
respective transmitters. This in turn could reduce presynaptic inhibition of olfactory nerve
terminals and, via the interglomerular network, reduce postsynaptic inhibition MT cells.
Either or both of these effects would potentially result in higher sensitivity to odors.
Consistent with this possibility, olfactory deprivation increases the proportion of MT cells
that respond to a given odor (Wilson and Sullivan, 1995;Aylwin et al., 2009), and the
proportion of MT cells that respond to more than one odor (Wilson and Sullivan, 1995).
This change in MT cell responsiveness is mimicked by D2 antagonist, spiperone (Wilson
and Sullivan, 1995). Computational modeling of sensory deprivation suggests decreased
inhibitory input to MT cells will decrease MT cell threshold responding to odors (Linster
and Cleland, 2009). Thus sensory experience-dependent regulation of DA. and GABA in
interglomerular inhibitory circuits, may reduce interglomerular inhibition such as to unmask
subthreshold sensory input and increase the odorant receptive range of MT cells.

In contrast to DAergic-GABAergic SA cells that form interglomerular circuits, GAD65+
GABAergic PG cells mediate intraglomerular inhibition and thus, regulate the cohort of MT
cells specific to each glomerulus. Neither destruction of the olfactory epithelium nor sensory
deprivation (nares occlusion) altered GABA synthesis in these uniglomerular PG inhibitory
neurons. This suggests that the main circuits that regulate intraglomerular processing are not
influenced by long-term sensory activity and are perhaps less experience-dependent than
interglomerular circuits. Long-term sensory experience also modulates the intrabulbar
associational projections of CCK positive superficial tufted cells (Liu and Shipley, 1994),
which link the pairs of glomeruli expressing the same odorant receptor gene (Belluscio et
al., 2002;Lodovichi et al., 2003). Nares occlusion disrupts this precise point-to-point
projection between the glomerular pair (Marks et al., 2006), a precision that can be restored
following re-opening of the occluded nares (Cummings and Belluscio, 2008). Together these
reports taken with the present findings suggest that sensory experience is crucial for
intrabulbar links among glomeruli and less so for intraglomerular processing.
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The initial glomerular map appears to be ‘hard-wired’ by axon targeting such that individual
glomeruli are innervated by OSNs that express the same odorant receptor gene (Ressler et
al., 1993;Vassar et al., 1994;Mombaerts et al., 1996;Wang et al., 1998). Activity-mapping
studies have identified clusters of glomeruli that respond to structurally similar odorants,
termed molecular-feature clusters (Uchida et al., 2000;Johnson and Leon, 2000a;Johnson
and Leon, 2000b;Matsumoto et al., 2010). Other clusters may reflect environmentally
significant cues. Interglomerular circuits may play a critical role in forming clusters by
linking glomeruli that respond to similar classes of environmentally significant odors. The
present findings show that neurotransmitter synthetic enzymes in SA cells that form the
interglomerular circuit are dependent on olfactory experience. The sensitivity of
intraglomerular circuits to afferent input may allow them to encode learned salient odors as
patterns of activity across combinations of more hard-wired individual glomeruli.

4. Experimental Procedure
GFP transgenic mice

Generation of GAD65-GFP and GAD67-GFP transgenic mice has been described in detail
elsewhere(Tamamaki et al., 2003;Lopez-Bendito et al., 2004). Briefly, GAD65-GFP
transgenic mice contain a random insertion of a 6.5 kb segment of the GAD65 gene
(including 5.5 kb of 5’-upstream sequence, the first two exons, and a portion of the third
exon with corresponding introns) driving GFP expression in GABAergic neurons in most
brain regions (GAD65-GFP from the line GAD65_3e/gfp5.5 #30 on a genetic background of
C57BL6 with an F1 backcross to B6CBAF1/J wild-type mice yielding mice heterozygous
for the transgene). When staining with GAD65 antibody from Chemicon (Temecula, CA
Cat. No. AB5082), we observed a more than 90% overlap with the transgene in the mouse
MOB (Parrish-Aungst et al., 2007). GAD67-GFP transgenic mice were generated by
homologous recombination of green fluorescent protein and a loxP-flanked neomycin-
resistance cassette into the GAD67 loci. The line of mice used in this study had the
neomycin cassette recombined out (GAD67-GFP Δneo on a 129/C57BL/6J genetic
background backcrossed to C57BL/6J wild type yielding mice heterozygous for the
transgene and heterozygous for the endogenous GAD67 gene). All experimental procedures
were carried out in accordance with the University of Maryland Institutional Animal Care
and Use Committee and National Institute of Health guidelines.

Bilateral zinc sulfate lesion
Adult GAD65-GFP male mice (8 weeks old) were administered bilateral intranasal irrigation
with 100 µl of 5% (0.17M) zinc sulfate in dH2O, (Margolis et al., 1974; McBride et al.,
2003) . Littermates served as sham controls and were irrigated with 0.01M phosphate
buffered saline (PBS), pH 7.4. Mice were allowed to live for 14 days, then deeply
anesthetized with Nembutal (50mg/kg body weight) and tissue was processed for
immunohistochemistry (IHC) or protein analysis.

Nares occlusion
GAD65-GFP male mice (8 weeks old) were anesthetized by intraperitoneal injection of
Nembutal (50 mg/kg body weight), and unilateral nares occlusion of each mouse was done
by thermocautery or permanent plug of the nasal opening. After cauterization/plug the
animals were monitored and kept warm until full recovery. The contralateral bulb was used
as a control for each mouse. Mice were euthanized 7 or 14 days post lesion and tissue was
processed for immunohistochemistry (IHC) or protein analysis.
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Immunohistochemistry
Mice were deeply anesthetized by intraperitoneal injections of sodium pentobarbital
(Nembutal 50 mg/kg body weight in 0.9% saline solution) and transcardially perfused with
0.1M PBS followed by 4% paraformaldehyde (PFA) in PBS for 15 min. Brains were post
fixed in 4% PFA for 2 hours at 4°C, embedded in 10% gelatin, and incubated in 30%
sucrose for 48 hours. Tissue was then embedded in optimal cutting temperature compound
(OCT; Sakura Finetek, Torrance, CA) and frozen. Serial coronal 25 µm sections were cut on
a Leica CM3050 cryostat. Immunohistochemistry was performed at room temperature on
free-floating sections sequentially incubated in 1% bovine serum albumin (BSA) in TBST
(0.1M Tris, pH 7.4, 0.9% saline, 0.3% Triton X-100) for 30 minutes, primary antibodies for
GAD67 (mouse; Chemicon-MAB5406; 1:1000) or TH (rabbit; Pel-Freez-P40101; 1:5000)
diluted in BSA-TBST for 24 hours, washed (3×5min) in TBST, incubated in Cy3 conjugated
secondary antibodies (Jackson Immuno; 1:500)for 1hour at room temperature, washed
(3×5min) in TBST and counterstained with the nuclear stain DAPI (5nM) (Molecular
Probes, Eugene, OR) in TBST for 30 minutes. Sections were mounted on gelatin coated
slides and coverslipped with a DABCO-based anti-fade mounting media.

Photography
Digital microscopy images were captured with a FluoView500 confocal microscope
(Olympus Instruments, Center Valley, PA) fitted with standard filters for visualization of
GFP, Cy3, Cy5, and DAPI. Images were collected through the full 25 µm thickness of the
section at 1 µm optical steps. These images resulted in stacks of ~25 images and were used
for cell counting or collapsed into extended focus photographs. Photographs were assembled
in to panels using CorelDraw14 (Corel, Ottawa, Ontario) and brightness, color, and contrast
were balanced.

Cell Counts
Sections were randomly selected from the middle of the olfactory bulb and analyzed only on
the medial wall. Detailed descriptions of cell counting methodology are described in
previous work (Parrish-Aungst et al., 2007). In order to ensure consistency with our
previous study counts were taken from the medial wall. Image stacks were analyzed using
an optical dissector counting methodology (Russ and Dehoff, 1998). The number and
position of each cell in the section of the confocal image stack was marked using
neurolucida software (MicroBrightField, Colchester, VT). Total cell numbers in the
glomerular layer were estimated by counting nuclei stained with DAPI, a highly specific dye
that stains nuclei of cell all types, including neurons, glia, and endothelial cells. All cell
counts are presented as mean ± standard error of the mean and are derived from at least four
animals.

Protein analysis
Mice were deeply anesthetized by intraperitoneal injections of sodium pentobarbital
(Nembutal 50 mg/kg body weight in 0.9% saline solution) and the main olfactory bulbs
rapidly dissected out in ice-cold phosphate buffered saline (PBS). Tissues were
homogenized in ice-cold lysis buffer (Sigma). The protein concentration of each
homogenate was determined by Bradford analysis (BioRad, Hercules, CA). A serial dilution
of protein from each sample was dot blotted in a series onto nitrocellulose membranes. The
membrane was blocked with 5% nonfat dry milk in buffer containing 1M Tris-buffered
saline and 0.05% Tween and probed with antibodies against the GAD65 (Chemicon; cat#
AB5082 raised against human GAD65 from baculovirus infected cells showing no cross
reactivity to GAD67 on western blots; ;1:1000), GAD67 (Chemicon; cat# MAB5406 clone
#1G10.2 raised against recombinant GAD 67kDa showing no reactivity on western blot to
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GAD65kDa; ;1:1000), or TH (ImmunoStar; cat# 22941 raised against rat tyrosine
hydroxylase from PC12 cells with specificity to the C-terminal 35kDa catalytic region of the
molecule; ;1:5000) at 4°C overnight. After rinses in TBST, the membranes were incubated
for 1 hr at room temperature in horseradish peroxidaseconjugated secondary (1:10,000).
Antibodies and the blot developed with enhanced chemiluminescence (Amersham)
following the manufactures protocols. Samples from individual animals (left/right bulbs)
and groups were processed in the same reaction and exposed on the same gel. Quantification
of expression levels was calculated from the integrated optical density of each dot series on
exposed films and used for statistical analysis. All statistical analyses were performed using
NCSS Pass statistical package.
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Figure 1.
Quantification of GAD65 and GAD67protein expression in normal and zinc sulphate
lesioned mice. (A) GAD65 and GAD67protein expression (optical density/µg total protein)
14 days post zinc sulphate lesion of the olfactory epithelium (n=4, ** p<0.01). (B) Protein
dot blots from control and zinc sulphate lesions probed with GAD65 or GAD67 antibodies.
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Figure 2.
Quantification of GAD65, GAD67 and TH protein expression in normal and nares occlusion
(AS) Quantification of the decrease on GAD67 and TH protein at 7d (n=5, * p<0.05) and
14d (n=9, *** p<0.001) following nares occlusion. (B) Protein dot blots from occluded and
control (contralateral to closure) olfactory bulbs probed with GAD65 or GAD67 antibodies.
(C) Correlation between the percent reduction in GAD67 and the percent reduction in TH.
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Figure 3.
Expression of GAD65-GFP (A and B), GAD67 (C and D) and TH (E and F) in a normal (A,
C, E, and G) and zinc sulphate lesioned (B, D, F, and H) mouse olfactory bulb (OB). (A) In
the normal OB a subpopulation of PG cells express GFP in a mouse line in which the
GAD65 promoter drives GFP expression (green). (B) Following zinc sulphate lesion of the
olfactory epithelium, glomerular neuropil reduces in volume but the number of GAD65
expressing cells is unchanged. (C) In the normal OB, GAD67 is also expressed by a
subpopulation of PG and SA cells (red). Insert shows higher magnification of an individual
cell. (D) GAD67 expression (red) following zinc sulphate lesion is reduced. .The insert
shows higher magnification of an individual cell. (E) Tyrosine hydroxylase (blue) is
expressed by SA cells within the glomerular layer. (F) In animals with the olfactory
epithelium zinc lesioned TH expression is almost absent. (G) Overlay of panel A, C, and E
showing partially overlapping subsets of PG cells in the normal OB. (H) Overlay of panels
B, D, and F from a zinc sulphate lesioned OB. (I) Optical dissector stereology estimate of
cell number in the glomerular layer for GAD65-GFP (n=4 animals), GAD67-GFP (n=5),
GAD67 immunohistochemistry (n=4), and TH immunohistochemistry (n=4) in the
glomerular layer of normal (black) and zinc sulphate lesioned animals (grey). * P<0.05, **
P<0.01, and *** P<0.0001. Scale bar = 50µm.
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