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Early Expression of Odorant Receptors Distorts the Olfactory
Circuitry
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The odor response properties of a mammalian olfactory sensory neuron (OSN) are determined by the tightly regulated expression of a
single member of a very large family of odorant receptors (ORs). The OR also plays an important role in focusing the central projections
of all OSNs expressing that particular receptor to a pair of stereotypic locations (glomeruli) in each olfactory bulb (OB), thus creating a
spatial map of odor responses in the brain. Here we show that when initiated late in neural development, transgenic expression of one OR
in almost all OSNs has little influence on the architecture of the OB in mice. In contrast, early OR-transgene expression (mediated by the
Gy8-promoter) in 50 -70% of OSNs grossly distorts the morphology of glomeruli and alters the projection patterns of many residual OSNs
not expressing the transgene. Interestingly, this disruption of targeting persists in adult animals despite the downregulation of Gy8 and
transgenic OR expression that occurs as olfactory neurogenesis declines. Indeed, functional imaging studies reveal a dramatic decrease
in the complexity of responses to odorants in adult Gy8-transgenic OR mice. Thus, we show that initiation of transgenic OR expression
early in the development of OSNs, rather than just the extent of transgene expression, determines its effectiveness at modifying OB
anatomy and function. Together, these data imply that OR-expression timing needs to be very tightly controlled to achieve the precise

wiring and function of the mammalian olfactory system.

Introduction
Odorant receptors (ORs) are encoded by ~1300 different genes
in mice (Buck and Axel, 1991; Zhang and Firestein, 2009) and are
selectively expressed in the olfactory sensory neurons (OSNs) of
the main olfactory epithelium (MOE). It has been demonstrated
that each OSN expresses just one OR allele, setting the odorant
selectivity of each neuron (Chess et al., 1994; Malnic et al., 1999).
ORs also play an instructive role in guiding the central projection
of OSNs to specific glomeruli (Ressler et al., 1994; Vassar et al.,
1994; Mombaerts et al., 1996; Wang et al., 1998) and the estab-
lishment of a chemotopic map in the olfactory bulb (OB) (Malnic
et al., 1999; Rubin and Katz, 1999; Belluscio and Katz, 2001).
The use of molecular genetic techniques to swap OR genes
(e.g., the expression of one OR from the locus that normally
drives a different receptor) demonstrated the role of ORs in de-
termining OSN projection to specific glomeruli (Mombaerts et
al., 1996; Wang et al., 1998). However, complex mechanisms
controlling OR gene expression have prevented the use of straight-

Received March 24, 2010; revised May 4, 2010; accepted May 28, 2010.

This research was supported by the intramural research program of the National Institutes of Health and National
Institute of Dental and Craniofacial Research (N.J.P.R.), and National Institute of Neurological Disorders and Stroke
(L.B.). We thank Mark Hoon and members of our laboratories for valuable comments. M.Q.N. designed the study,
performed experiments, analyzed data, and wrote the manuscript; C.A.M. performed experiments and analyzed
data; L.B. designed the study and analyzed data; and N.J.P.R. designed the study, analyzed data, and wrote the
manuscript.

Correspondence should be addressed to Minh Q. Nguyen, Building 49, Room 1A16, 49 Convent Drive, Bethesda,
MD 20892. E-mail: mn143p@nih.gov.

DOI:10.1523/JNEUR0SCI.1502-10.2010
Copyright © 2010 the authors ~ 0270-6474/10/309271-09%15.00/0

forward transgenic methods to manipulate their expression.
Recently, we and others developed a tetracycline transactivator
(TTA)-based approach to broadly express a single TetO-OR trans-
gene in many OSNs throughout the MOE (Nguyen et al., 2007;
Fleischmann et al., 2008). Remarkably, expression of a transgenic
OR (tgOR) in an OSN completely suppressed expression of non-
transgenic ORs (ntORs) in that neuron. However, when a single
OR was expressed in >90% of mature OSNs (Fleischmann et al.,
2008), surprisingly little change in the anatomy or organiza-
tion of the OB occurred (including targeting of residual ntOR-
expressing OSNs). We envisioned that two possibilities might
explain this phenotype: either ORs play a less important in-
structive role than previously suggested or expression of
TetO-ORs occurred too late in OSN development to influence
their projections to the OB.

OR expression in the developing olfactory system occurs by
embryonic day 12.5, long before the first OSN synaptic connec-
tions are established (Sullivan et al., 1995). However, olfactory
development is particularly prominent immediately after birth,
with glomeruli and the glomerular map forming in the first 3
weeks of life (Potter et al., 2001). Even after the olfactory system
has matured, OSNs continue to turnover at a lower rate and a
variety of molecular markers, including growth-associated pro-
tein 43 (GAP43), G8, the odorant gated channel, and olfactory
marker protein (OMP), have established a stratified representa-
tion of OSN developmental stages in the MOE (Rogers et al.,
1987; Ryba and Tirindelli, 1995; Munger et al., 2001; Cheng and
Reed, 2007). The most immature cell bodies express GAP43 and
occupy basal positions. As OSNs mature, their cell bodies migrate



9272 - J. Neurosci., July 7, 2010 - 30(27):9271-9279

OMP-GFP

OMP-rl7

Figure 1.

OMP-P2

OMP-MOR2S8 line B

Nguyen et al. ® Precocious Odorant Receptor Expression

OMP-M72

Projection patterns of OSNs expressing OMP-tgORs. A—E, Whole-mount fluorescence of the dorsal OB reveals GFP-expressing neurons innervating broadly distributed glomeruli. 4,

Control mice expressing a Tet0-GFP transgene under the control of OMP-TTA illustrate the pattern of glomeruli in wild-type animals. B—E, OSNs expressing various OMP-tgORs target glomeruli that
are broadly distributed throughout the dorsal OB and similar in size to those of control mice (see insets for detail). The number of fluorescent glomeruli reflects the different levels of expression of
the transgene. Generally 10 -30% of OSNs express OMP-tgORs (B—D); however, OMP-MOR28 line B (E) is expressed in 80 —90% OSNs and OB fluorescence closely matches that of control mice (4).
F, G, Confocal images of the glomerular layer of OMP-tgOR mice counterstained with DAPI (blue) show that glomeruli targeted by OSNs expressing OMP-M72 (F) and OMP-MOR28 line B (G) appear
filled with GFP- (and tgOR-) expressing fibers and are similar in morphology. Also note interspersed glomeruli not containing innervation from GFP-positive OSNs in OMP-M72 mice where the
transgene is expressed in a subset (10 -30%) of OSNs (F). Scale bars: A (for A-E insets), 250 wm; D (for A-E), 1 mm; F (for Fand G), 50 em. Medial (M) and anterior (A) directions in whole-mount

images are indicated.

to more apical regions of the MOE. G+y8 is primarily expressed in
the basal, developing OSNs and is downregulated as neurons
mature (Ryba and Tirindelli, 1995; Tirindelli and Ryba, 1996). In
contrast, OMP is expressed in apical, fully mature OSNs (Rogers
etal., 1987). There is some evidence that a small fraction of neu-
rons expressing an OR are not fully mature (i.e., they do not
contain OMP) (Iwema and Schwob, 2003), but precise informa-
tion about when OR expression begins in a given OSN is lacking.
Here we have investigated the effects of driving tgOR expression
under the control of Gy8 (Gy8-tgOR) on OSN targeting and the
development of the olfactory system. Our results demonstrate
that widespread expression of a Gy8-tgOR results in major ana-
tomical and functional changes in the OB, implying that the tim-
ing of OR expression must be precisely controlled for normal
olfactory development.

Materials and Methods
Genetically modified mice. The r17—M71 mice (rI7—M71-IRES-GFP-
IRES-taulacZ) carry a knock-in of the rat OR, rl7, in the M71 locus and
thus express rI7 in the dorsal zone of the MOE; the OSNs expressing rI7
target a lateral glomerulus at the dorsal surface of the OB and coexpress
both green fluorescent protein (GFP) and lacZ (Bozza et al., 2002). We
also generated mice carrying a TetO-GFP-IRES-GFP transgene. All other
strains used were as described previously (Nguyen et al., 2007). Mice
were intercrossed to generate experimental animals as described below;
the transgenes were hemizygous and knock-ins heterozygous.

Histology and fluorescence imaging. OB immunohistochemistry was
performed on 40 wm coronal floating sections (Marks et al., 2006). Pri-

mary antibodies were rabbit anti-3-galactosidase (1:500; MP Biochemi-
cals), rabbit anti-G (1:500; Santa Cruz Biotechnology), and rabbit anti-
tyrosine hydroxylase and calbindin (1:2000; Millipore Bioscience
Research Reagents). Floating sections were incubated with primary anti-
bodies overnight at room temperature (for anti-f3-galactosidase, anti-
tyrosine hydroxylase, and calbindin) or for 3 d at 4°C (for anti-G_) and
were detected using Cy3-conjugated secondary antibodies (1:1000; Jack-
son ImmunoResearch) for 2 h at room temperature. MOR28 immuno-
histochemistry was performed on 20 uwm coronal sections of the olfactory
epithelium of 3-week-old OMP-TgMOR?28 line B mice using a rabbit
anti-MOR28 antibody (Barnea et al., 2004) (generously provided by
Richard Axel, Columbia University, New York, NY) at 1:6000 dilution.
Double-label in situ hybridization was performed on 10 uwm frozen sec-
tions using digoxigenin- and fluorescein-labeled antisense RNA probes
at high stringency, as described previously (Hoon et al., 1999). Whole-
mount X-gal staining used standard methods (Mombaerts et al., 1996).
Staining was performed at room temperature for 20 h. Whole-mount
images were collected on an Olympus SZX12 dissecting stereo micro-
scope; regular photomicrographs were obtained using a Nikon Axiophot
fluorescence microscope; and confocal microscopy (1 wm optical sec-
tions) was with a Zeiss LSM-510-Meta (Carl Zeiss) or Leica TCS SP2
(Leica Microsystems). Images were processed using Adobe Photoshop.
Measurement of glomerular diameter. Images of coronal sections of the
OBs from OMP-GFP, OMP-tgOR, Gy8-tgOR, and Gy8+OMP-tgOR
mice (at least three animals from each genotype) were measured using
Image] (the diameter of glomeruli was defined as the longest axis). For
Gy8-tgOR mice, all glomeruli containing significant GFP were measured
but glomeruli containing just a few GFP fibers (primarily in the ventral
regions of the OB) were ignored; p values were calculated using a one-way
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Figure 2.

ANOVA with Newman—Keuls posterior test to compare glomerular di-
ameters of different mice.

Functional studies using intrinsic signal imaging. Mice were prepared
and imaged using an Imager 3001 system (Optical Imaging) as described
previously (Rubin and Katz, 1999; Belluscio and Katz, 2001). Approxi-
mately 5-week-old mice (at least six of each genotype) were used for
measuring responses to ligands that activated tgOR. To denote regions of
highest activity, images were imported into IPLab (Scanalytics). Pixels
>2 SDs above the mean pixel value for that image were color coded and
superimposed onto the blood vessel image. A mask was drawn to omit
pixels located in peripheral bone and medial vessel regions not located
over the dorsal bulbs. Animals that were at least 20 weeks old (seven or
more mice for each odorant) were used to determine the distorted olfac-
tory map to aliphatic ligands. All odorants used were of the highest purity
available from Sigma and were dissolved at 1% in mineral oil.

Results

Mammalian odorant receptors have been shown to play an instruc-
tive role in targeting the axon of the OSNs in which they are ex-
pressed to appropriate locations in the olfactory bulb (Mombaerts et
al., 1996; Wang et al., 1998), implying that their expression must
occur before the primary neurons form permanent synapses with
secondary olfactory neurons. We recently established a multi-
component, transgenic approach to express a single defined OR
in a large proportion (up to 90%) of OSNs by using an OSN-
directed tetracycline-dependent transactivator to drive TetO-
controlled OR transgenes (Nguyen et al., 2007). In this system,
the OSN’s expressing tgORs are labeled by using an internal ribo-
somal entry site (IRES) to drive coexpression of GFP and the
timing of OR expression is determined by the promoter used to
drive TTA. In the present study, we used the OMP gene (Rogers et
al., 1987), a marker of mature OSNSs, to drive TTA at late stages of
neural development and the Gy8 promoter (Ryba and Tirindelli,
1995) to target a more immature population of cells (Tirindelli

Gy8-tgOR OSNs innervate large and broadly distributed glomeruli. A-D, Whole-mount fluorescent images of the
dorsal OB show projections of GFP-labeled OSNs expressing tgORs (A—C) or Tet0-GFP (D) under the control of Gy8-TTA. Note that
OSNs expressing G-y8-tgORs innervate many large glomeruli (A—C, insets), whereas G-y8-GFP-expressing OSNs rarely enter the
glomerular layer (D, inset). Scale bars: D (for A-D), 1 mm; insets, 250 pum. Medial (M) and anterior (A) directions are indicated.
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and Ryba, 1996) and we examined the ef-
fects of tgOR expression on the architec-
ture and function of the OB.

When driven by an OMP-TTA knock-in
allele, 36 of 37 lines of TetO-OR mice ex-
pressavariety of different OMP-tgORs (e.g.,
OMP-M72, OMP-P2, OMP-rI7, OMP-
MOR28) in a large but incomplete subset
(10-30%) of OSNs (Nguyen et al., 2007).
The remaining TetO-OR line (OMP-
MOR2S8 line B) consistently expressed the
tgOR in many more neurons (up to 90%
of OSNs) (Fig. 1 and supplemental Fig. 1,
available at www.jneurosci.org as supple-
mental material). Independently, Fleisch-
mann et al. (2008) developed a similar
system and reported that when one partic-
ular tgOR, OMP-M71, is expressed in
~90% of OSNs using the same OMP-
TTA driver, there is remarkably little disrup-
tion of the peripheral olfactory circuitry, the
detection of odorant, or anatomical features of
the olfactory bulb. Our results [Fig. 1, supple-
mental Fig. 1 (available at www.jneurosci.org
as supplemental material), and data not
shown] substantiate some of these conclu-
sions, showing that expressing a variety of dif-
ferent tgORs late in OSN development has
very little effect on the organization of the
olfactory system. In all cases, the neurons
expressing the transgene project to widely
scattered glomeruli throughout the olfactory bulb (Fig. 1 and sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material) that are structurally indistinguishable from glomeruli in
control animals where the OMP-TTA knock-in drives expression of
TetO-GFP alone.

Targeting and function of OSNs expressing Gy8-tgORs

We have also generated many lines of Gy8-tgOR mice wherein a
G7y8-TTA transgene drives expression of the TetO-ORs (Nguyen
et al.,, 2007). Gy8 is primarily expressed in immature OSNs with
cell bodies localized to more basal regions of the MOE than those
expressing OMP, and range in appearance from unstructured
cells to typical OSN morphology (Tirindelli and Ryba, 1996). In
3-week-old animals, a large fraction of OSNs still express Gy8-
tgORs, but in older mice, expression is downregulated as neural
proliferation decreases (Ryba and Tirindelli, 1995; Nguyen et al.,
2007). Whole-mount images of the dorsal OB of 3-week-old
G7y8-tgOR mice reveal widespread projections of GFP-labeled,
tgOR-expressing fibers that innervate many abnormally large
glomeruli (Fig. 2 A-C). In contrast, OSNs expressing a TetO-GFP
transgene under the control of the Gy8-promoter (Gy8-GFP)
label the nerve layer but very few fibers enter the glomerular layer
(Fig. 2D). We hypothesized that expression of a tgOR in an
immature neuron might alter the normal course of neural devel-
opment and persist even after Gy8 expression would be down-
regulated in mice not expressing a tgOR. Indeed, all 3-week-old
G7y8-tgOR mice exhibited a thicker layer of GFP-expressing
OSNs (Nguyen et al., 2007) than expected from the expression of
G78 (Ryba and Tirindelli, 1995; Tirindelli and Ryba, 1996). Re-
markably, two color double-label in situ hybridization studies
demonstrated that expression of Gy8-tgORs is not limited to
basal cells but is also observed in more apical OSNs in which
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Expression of Gy8-tgOR continues even after downregulation of G-y8-TTA. Double-label in situ hybridization was used to analyze expression of Tet0-P2 (4, red) or Tet0-GFP (B, red) and

Gy8-TTA (A, B, green) in the MOE of 3-week-old mice. The expression of G-y8-P2 (4, red) illustrates that tgORs are expressed in 0SNs containing TTA but, importantly, persists in many more mature
(apical) neurons where G-y8-TTA is no longer detectable. In contrast, Gy8-GFP expression (B, red) closely matches that of Gy8-TTA; the basal and apical extent of the epithelium are indicated by

dotted lines in the left panels of A and B. Scale bar, 20 m.

G7vy8-TTA is no longer detectable (Fig.
3A). By comparison, Gy8-GFP expression
always matches that of TTA (Fig. 3B). In
this regard, it is also notable that a few cells
at the base of the epithelium express TTA
but not the tgOR (Fig. 3A and data not
shown); this discrepancy is never seen
with Gy8-GFP (Fig. 3B) butis common to
all Gy8-tgOR lines.

When G7y8-TTA and OMP-TTA are
used in combination to drive TetO-OR
transgenes (Gy8+OMP-tgOR mice), most
OSNs express a tgOR (Nguyen et al,
2007). These mice provide an important
control to establish whether the pattern of
glomerular innervations of G7y8-tgOR
OSNis is transient. In fact, Figure 4A dem-
onstrates that GFP fluorescence in the OB of 3-week-old
Gy8+OMP-tgOR mice closely resembles that of Gy8-tgOR
mice. Moreover, in 6-month-old Gy8+OMP-tgOR animals, this
pattern of GFP fluorescence is preserved with innervation of
many large glomeruli (Fig. 4 B and see supplemental Fig. 2, avail-
able at www.jneurosci.org as supplemental material, for the dis-
tribution and size of GFP-positive glomeruli throughout the
bulb). Importantly, the size of GFP-labeled glomeruli always ap-
peared to be significantly larger in mice containing a Gy8-tgOR
transgene than in control animals or mice expressing OMP-tgORs
(Figs. 1, 2, and 4). Therefore we examined sections through
the olfactory bulb of the four groups of mice to more accu-
rately assess the influence of expressing Gy8-tgORs. Figure 5
shows examples of the morphology of glomeruli in OMP-GFP,
OMP-tgOR, Gy8-tgOR, and Gy8+ OMP-tgOR mice together
with quantitative analysis of the GFP-labeled glomeruli. In
G7y8-tgOR and Gy8+OMP-tgOR, but not OMP-tgOR, ani-
mals, the GFP-labeled glomeruli are morphologically distinct
from those of OMP-GFP controls, including some that are
dramatically enlarged (Fig. 5). Indeed, the mean diameter of
fluorescent glomeruli in Gy8-tgOR and Gy8+OMP-tgOR
mice was ~1.4 times that of control or OMP-tgOR mice,
equating to a 2.5-fold to threefold increase in average glomer-
ular volume for OSNs expressing a Gy8-tgOR.

Figure4.

Gy8+OMP-rl7 (3w)

Gy8-+ OMP-tgOR-expressing OSNs project to stable but enlarged glomeruli. Whole-mount images of GFP staining in
the dorsal olfactory bulb of Gy8-+O0MP-tgOR mice reveal that OSNs expressing the transgene innervate enlarged glomeruli in
young (3-weeks-old; A) and old (26-weeks-old; B) mice (see also supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). Scale bars: 4 (for 4, Binsets), 250 pm; B (for A, B), 1 mm. Medial (M) and anterior (A) directions are indicated.

Interestingly, G, -staining revealed smaller glomeruli that
did not contain GFP fibers interspersed among their much larger
fluorescent counterparts in the dorsal OB of Gy8-tgOR animals
(supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material). As noted previously, 50—70% of OSNs express
transgenic receptors in 3-week-old Gy8-tgOR mice (Nguyen et
al.,, 2007). Therefore, a significant number of neurons express
ntORs in the Gy8-tgOR animals and likely target these smaller glo-
meruli that are largely devoid of GFP and tgOR-OSN innervation.
Sections through the OB of 3-week-old Gy8-tgOR mice stained for
OSN markers revealed an approximately normal glomerular count.
Because the size of the bulbs of transgenic mice was similar to that of
control animals, this likely reflects the decrease in size of ntOR-
glomeruli that offsets the increased size of tgOR-glomeruli.

We have previously shown that two Gy8-tgORs, Gy8-r17 and
Gy8-M72, selectively activate OSNs in the MOE in response to
n-octanal and acetophenone, respectively (Nguyen et al., 2007).
Therefore, we investigated bulbar activity induced by activation
of the olfactory epithelium through these Gy8-tgORs. Intrinsic
signal imaging (ISI) provides an effective approach to study func-
tional responses in the OB based on activity-dependent changes
in blood flow and oxygenation state resulting from localized neu-
ral activity (Rubin and Katz, 1999; Belluscio and Katz, 2001). As
shown in Figure 6, young Gy8-M72 or Gy8-rI7 mice responded
with robust ISI signals to ligands delivered to the MOE. The
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Figure 5. Qualitative and quantitative analysis of glomerular size in tgOR mice. A-D, Con-
focalimages of the dorsal OB of mice expressing OMP-GFP (4) or tgORs under the control of OMP
(B), Gy8 (C), or both Gy8+0MP promoters (D) show transgene expression (green) and are
counterstained with DAPI (blue). €, D, In animals carrying a Gy8-TTA transgene, some of the
labeled glomeruli are substantially larger than the largest glomeruli of control animals. Scale
bar, 50 m. E, Photomicrographs of 3-week-old animals were used for quantitative analysis of
GFP-labeled glomerular diameter for OMP-GFP controls (n = 553 glomeruli), OMP-tgOR
(MOR28 line B, n = 414), Gy8-tgOR (M72 and rl7, n = 277), and Gy8+OMP-tgOR (M72 and
117, n = 434).The plotindicates the median glomerular diameter (solid line), the 25th and 75th
percentiles (boxed) and the 2.5 and 97.5 percentiles (whiskers); the mean glomerular diameter
of Gy8-tgOR and Gy8 + OMP-tgOR mice is significantly larger than that of control or OMP-tgOR
animals ( p < 0.0001 in each case). Glomerular diameter increased in size regardless of direc-
tion of sections, thus the presence of a Gy8-tgOR results in an approximately threefold increase
involume.

responses closely matched the projection pattern of OSNs ex-
pressing tgORs and, importantly, were highly selective for the
appropriate ligand; Gy8-M72 mice responded strongly to aceto-
phenone but not octanal, whereas G-y8-rI7 animals showed the
opposite sensitivity.

Modified targeting of the OSNs expressing

nontransgenic ORs

To study the targeting of ntOR OSNs, we used two lines of mice in
which OSNs expressing specific ntORs were marked by coexpres-
sion of LacZ (Mombaerts et al., 1996; Bozza et al., 2002). In one,
the ntOR is the rat I7 receptor knocked into the M71 locus
(rI7—>M?71-lacZ, see Materials and Methods for details); the neu-
rons expressing this ntOR are localized to the dorsal MOE where
G7y8-tgOR expression is highest (Nguyen et al., 2007). Figure 7
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demonstrates that 3-week-old mice carrying both the rI7—M71
gene and Gy8-tgOR have very few LacZ-positive neurons that
project to scattered regions of the dorsal olfactory bulb rather
than to the typical site of the rI7—M71 glomerulus (Bozza et al.,
2002). In the other ntOR-LacZ line, the labeled ntOR is P2-lacZ,
which is more ventrally expressed. By counting LacZ-stained
OSNs, we determined that a Gy8-tgOR background resulted in
approximately a twofold decrease in number of P2 neurons; the
number of lacZ-positive cells on the third turbinate decreased
from 180.9 = 5.8 in 3-week-old control mice (n = 25, mean *
SEM) to 96.8 = 6.1 in Gy8-tgOR animals (n = 30). Interestingly,
LacZ staining revealed that the majority of P2 neurons still
project to glomeruli in the appropriate medial and lateral parts of
the OB (Mombaerts et al., 1996) of these animals, but a signifi-
cant subset of P2 OSNs are also frequently mistargeted to other
regions of the OB (Fig. 7D-F). Approximately 60% (63 of 101
OBs) of 3-week-old Gy8-tgOR animals exhibited mistargeting of
a substantial fraction of P2 neurons similar to that illustrated in
Figure 7. These mistargeted OSNs often form small, ectopic P2
glomeruli (Fig. 7]) or enter glomeruli of all sizes that contain
projections from OSNs expressing tgORs (Fig. 7H,I).

Does expressing a tgOR differentially affect the projection pat-
terns of the OSNs expressing the identical ntOR? To answer this
question, we generated mice carrying a labeled endogenous allele,
P2-lacZ, and a Gy8-P2 transgenic receptor (Fig. 8). Surprisingly,
we found that targeting of the native receptor P2-lacZ appeared
no different in Gy8-P2 and other Gy8-tgOR lines (compare Figs.
7D-F and 8A). Similarly, the few remaining projection of
rI7—>M71-lacZ OSNs exhibited indistinguishable patterns of
projection whether they were in the identical (Gy8-rI7) or a dis-
tinct (Gy8-M72) transgenic background (Fig. 7 B, C).

G78 expression declines dramatically once the rapid growth
phase of the MOE ends at ~3 weeks (Ryba and Tirindelli, 1995).
Therefore, we investigated whether the effects of Gy8-tgOR ex-
pression on mistargeting of ntOR-OSNs change as the animals
age. Supplemental Figure 4 (available at www.jneurosci.org as
supplemental material) demonstrates that, in older adult ani-
mals, Gy8-tgORs are restricted to regenerating neurons at the
base of the MOE. In these mice, tgOR-expressing OSNs are still
visible in the outer nerve layer of the OB but few appear to enter
glomeruli. Nonetheless, P2-lacZ-expressing OSNs continue to
exhibit the same degree of mistargeting (47 of 62 OBs of mice
=20 weeks old) as observed in younger animals, regardless of the
nature of the Gy8-tgOR (compare Figs. 7 and 8).

Persistent functional changes induced by Gy8-mediated

tgOR expression

Since older Gy8-tgOR mice prominently express ntORs in the
MOE, we hypothesized that ISI would provide a useful measure
of their functional olfactory responses and the consequences of
the distorted map of ntOR-OSN connections. Aliphatic odorants
are known to activate multiple glomeruli in the dorsal OB of
wild-type mice (Belluscio and Katz, 2001) and also produced
strong ISI signals in mature adult Gy8-tgOR animals (Fig. 9).
However, the pattern of activation revealed by ISI was grossly
distorted in Gy8-tgOR mice relative to control animals; individ-
ual glomeruli were no longer distinguished and there was a
marked rostral shift in ISI signal for all odorants tested (Fig. 9).
Indeed, whereas ethyl n-butyrate, n-propanal, and n-butanal in-
duce readily distinguishable patterns of glomerular activity in
control mice, they all activate a broad overlapping region of the
rostral OB in Gy8-tgOR animals.



9276 - ). Neurosci., July 7, 2010 - 30(27):9271-9279

Discussion

Widespread expression of a single trans-
genic OR late in the development of OSNs
has few anatomical, functional, or develop-
mental consequences (Fig. 1) (Fleischmann
etal., 2008). In contrast, we now show that
early expression of a Gy8-tgOR has pro-
found effects on the wiring and anatomy
of the peripheral olfactory system at
multiple levels. First, whereas few G-y8-
expressing neurons normally enter the
glomerular layer, many neurons express-
ing Gy8-tgORs target prominent glomer-
uli. At least in part this is because tgOR
expression persists in OSNs even after ex-
pression of Gy8 (and Gy8-TTA) is down-
regulated. Second, although the OSNs
expressing Gy8-tgORs do not cluster to
form a single massive glomerulus, these
neurons innervate glomeruli that are ap-
proximately three times larger in volume
than those of wild-type mice. Third, Gy8-
tgOR expression leads to disruption of
one of the most invariant features of the
peripheral olfactory system: OSNs ex-
pressing a particular OR project to fixed
locations in the OB. Notably, mice with
knock-out of essential signaling mole-
cules (Belluscio et al., 1998; Lin et al.,
2000) or even lacking the OB-projection
neurons and interneurons (Bulfone et al.,
1998) display appropriate OSN targeting
in the OB. However, precocious expres-
sion of a tgOR under the control of the
Gy8-promoter disrupts the normal tar-
geting of OSNs, leading to permanent
changes in the functional map of olfactory
responses in the OB.

Gy8-rl7

Gy8-M72

Targeting and development of
Gy8-tgOR-expressing OSNs

OSNss of mice expressing an OMP-tgOR
project axons throughout the OB, pro-
ducing separate and distinct glomeruli
(Fig. 1). These glomeruli are normally
sparse but are relatively evenly distributed
throughout the OB and closely resemble
those of control animals in size and shape,
indicating that glomerular structure might be tightly regulated
as suggested previously (Fleischmann et al., 2008). In contrast,
expression of Gy8-tgORs significantly increases the size of the
glomeruli innervated by transgene-expressing OSNs (Fig. 5).
Nonetheless, the size of glomeruli still appears to be constrained,
implying that other factors also play a role in determining glo-
merular boundaries. Given that very few labeled OSNs ever
project beyond the glomerular layer into the exterior plexiform
layer of the OB (supplemental Fig. 2, available at www.jneurosci.
org as supplemental material), we hypothesize that attractive or
repellant cues, in addition to ORs, must limit at least one dimen-
sion of glomeruli. Why are Gy8-tgOR glomeruli larger than those
in control or OMP-tgOR mice? Interestingly, during early devel-
opment of the olfactory system, OSN's expressing a defined recep-

Figure 6.

octanal

——T
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acetophenone

Activation of tgORs by odorants leads to widespread activity in the 0B. A—C, In control animals, 15 reveals discrete
regions of activity (dark spots) elicited by octanal (4) and acetophenone (B); peak areas of activity have been color coded (octanal,
yellow; acetophenone, red) and superimposed on an image of the 0B (C). D/, G-y8-tgOR mice show widespread responses to
cognate ligands, Gy8-rl7 to octanal (D, F) and Gy8-M72 to acetophenone (G, /), that correspond with transgene expression (GFP
fluorescence, E, H). Scale bar, 250 wm. Lateral (L) and anterior (A) directions are indicated.

tor first project to the appropriate region of the OB but spread
diffusely over a relatively large area (a protoglomerulus) that later
condenses to form a typical glomerulus (Potter et al., 2001). Not
only are the Gy8-tgOR glomeruli larger than normal glomeruli
but they also appear more diffuse (Fig. 2). However, unlike pro-
toglomeruli, they never condense. Figure 4 demonstrates that
Gy8+OMP-tgOR glomeruli maintain this enlarged and diffuse
morphology even when OMP-TTA is responsible for almost all
tgOR expression. We speculate that precocious OR expression in
immature OSNs might accelerate their innervation of the OB,
allowing them to accumulate in the glomerular layer with re-
duced competition from OSNs expressing other receptors and
thus give rise to the observed phenotype of enlarged glomeruli.
Intrinsic signal imaging demonstrated that cognate ligands
induce robust changes in hemoglobin oxygenation in Gy8-M72
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control

rl7-M71-lacZ

P2-lacZ

Figure7.

indicated.

and Gy8-rI7 mice (Fig. 6). Thus, it appears that wide regions of
the OB of Gy8-tgOR mice are activated by ligands that stimulate
the transgene. In contrast, the most striking effect of expressing
OMP-M71 in mature OSNs was that the mice failed to respond to
the cognate ligand acetophenone (Fleischmann et al., 2008). This
insensitivity to the ligand was not at the level of reception but
instead was largely attributed to the action of inhibitory circuits,
e.g., between glomeruli in the OB (Fleischmann et al., 2008). Inter-
estingly similar inhibitory interactions have been observed in the
Drosophila antennal lobe (Olsen and Wilson, 2008), suggesting that
mice and flies may have converged on the same solution to extract
salient olfactory information from complex mixtures. The distribu-
tion of major classes of inhibitory interneurons in the glomerular
layer of all types of tgOR mice is similar to that of control animals
(supplemental Fig. 5, available at www.jneurosci.org as supplemen-
tal material). Therefore, we hypothesize that differences in the
completeness of OR expression [50-70% for Gy8-tgOR mice

Gy8-tgORs disrupt targeting of OSNs expressing endogenous receptors. A—F, Medial view of the OB from 3-week-old,
heterozygous rl7—M71-lacZ (A—C) and P2-lacZ (D-F) mice stained for LacZ. In control rl7—M71-lacZ mice (A), hundreds of
labeled axons project to the expected location in the 0B; in contrast, mice expressing Gy8-rl7 (B) or Gy8-M72 (C) have many fewer
stained fibers that meander without convergence (arrows). Less dramatic mistargeting was detected in P2-LacZ mice (D—F). In
control animals, P2-lacZ OSNs target a single glomerulus in the medial OB (D). In G-y8-rl7 (E) or Gy8-M72 (F) mice, the majority of
P2-LacZ-stained fibers innervate a glomerulus in the appropriate region of the OB but a subset of P2-OSNs typically project to distal
regions of the OB and form ectopic glomeruli (arrows). G-J, Confocal images of the OB from Gy8-M72 mice immunostained for
LacZ expression (red), counterstained with DAPI (blue), and examined for tgOR expression (green, GFP). The major P2 glomeruli
rarely contain any innervation from tgOR OSNs, as indicated for a medial P2 glomerulus (G). Ectopic P2 neuron projections focus on
glomeruli that also contain tgOR-0SN innervation (H, I) as well as regions of small glomeruli that do not contain tgOR expressing
axons (J). Scale bars: (in A) A-F, 500 m; (in G) G-J, 50 m. Ventral (V) and anterior (A) directions in whole-mount images are
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vs 95% of OSNs in OMP-M71 animals
(Fleischmann et al., 2008)] and the pres-
ence of interspersed glomeruli that do not
have significant tgOR-OSN innervations
(supplemental Fig. 3, available at www.
jneurosci.org as supplemental material)
most likely reduce the degree of inhibition
and thus allow propagation of responses
mediated by Gy8-tgORs.

G738 is expressed in immature OSNs,
most of which neither express OMP nor
innervate glomeruli. Similarly, Gy8-TTA
and Gy8-TTA-driven TetO-GFP are pri-
marily found in OSNs that do not extend
axons into glomeruli. In contrast, Gy8-
tgOR-OSNs clearly innervate many glomer-
uli (Fig. 2) and activation of G7y8-tgORs
leads to widespread activity in the OB (Fig.
6). We noted that Gy8-tgOR expression
in the MOE extended into the OMP-
positive cell layer for all Gy8-tgOR lines
(Nguyen et al., 2007) and, remarkably,
that the OMP/tgOR-positive cells do not
express detectable TTA mRNA (Fig. 3).
Feeding mice doxycycline to block TTA-
dependent transcription abolished tgOR
expression (data not shown), demonstrat-
ing that all transgene expression relies on
the TTA transcription factor. Given that no
extended expression zone was detected for
other TetO-transgenes, including GFP (Fig.
3) as well as a taste receptor, mT2R16, and
the k-opioid receptor RASSL (data not
shown), it appears that the tgOR is crucial
for the prolonged expression of the trans-
gene. One attractive possibility is that the
OR coding sequence stabilizes the associ-
ation of TTA with the TetO repeats, per-
haps even by recruiting factors that are
normally involved in OR gene regulation,
to form a larger transcription complex. In
addition, we observed delayed expression
of many different Gy8-tgORs, e.g., as typ-
ified by TTA-positive but tgOR-negative
cells at the base of the epithelium (Fig.
3A). Most probably this also reflects the
complex nature of OR gene regulation (Nguyen et al., 2007).

Effects of widespread expression of transgenic ORs on OSN's
not expressing the transgene

Axons of OSNs expressing the same OR normally target glomer-
uli that are foci for that particular receptor and do not contain
axons from OSNs expressing other ORs. Expression of an OMP-
tgOR transgene does not appear to disrupt the focused projection
of OSNss expressing ntORs (Fleischmann et al., 2008). One caveat
is that in lines with extensive transgene expression like OMP-
MOR?28 line B (Fig. 1 and supplemental Fig. 1, available at www.
jneurosci.org as supplemental material), ntORs may project to
the expected location but cannot target normal homotypic glo-
meruli as the glomerular layer of such animals is filled with GFP-
positive fibers. Notably, in other OMP-tgOR lines, GFP-labeled
glomeruli are also largely (or exclusively) composed of OSNs
expressing the transgene despite its expression in a relatively lim-
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P2-lacZ

Gy8-P2 (52w)

Gy8-P2 (3w)

Figure8. Projections of P2-lacZ OSNs in mice expressing a G-y8-P2 transgene reveal that transient, precocious G-y8-tgOR expression (not the identity of the tgOR) affects targeting of ntOR-OSNs.
A—C, Representative whole-mountimages of lacZ staining in the medial OB of P2-lacZ mice expressing Gy8-tgORs show that although most neurons project to a glomerulus in the appropriate region
of the OB, some fibers target ectopic regions of the bulb both in young (3-weeks-old, A) and old (52-weeks-old, B, €) animals. Notably, G-y8-tgOR expression is restricted to a very small subset of
neurons in these older animals (supplemental Fig. 4, available at www.jneurosci.org as supplemental material). These data also reveal that a Gy8-P2 transgene has a similar effect on the targeting
of ntOR-0SNs expressing the very same OR from the endogenous locus as any other G-y8-tgOR. Equivalent extents of P2-lacZ mistargeting were apparent in 52-week-old Gy8-P2 (B) and Gy8-M72
mice (€), as well as in young animals (compare A with Fig. 7). Confocal images of P2-lacZ-positive (immunofluorescence, red) and Gy8-P2-expressing fibers (GFP, green) highlight the segregated
projections of endogenously and transgenically encoded P2-expressing OSNs to the medial (D) and lateral (E) P2 glomeruli. Scale bars: (in A) A-C, 500 wm; (in E) D, E, 50 um. Dorsal (D) and anterior

(A) directions in whole-mount images are indicated.

ited subset of OSNs (Fig. 1). Thus, even
though OMP is a marker of mature
OSNs, OMP-driven tgORs appear to be
able to influence some aspects of axonal
projection.

G7y8-tgOR mice also exhibit extensive
(but less complete) convergent projec-
tions of both tgOR- and ntOR-expressing
OSNs. Neurons expressing tgORs gener-
ally innervate large glomeruli whereas the
majority of neurons that express one partic-
ular ntOR, P2-lacZ, project to glomeruli
that do not contain tgOR fibers. Remark-
ably, the extensive segregation of tgOR- and
ntOR-expressing OSNs is maintained even
when the receptor in both sets of labeled
neurons is identical (i.e., in mice expressing
P2-lacZ and Gv8-P2). Thus, homotypic
clustering of neurons expressing the same
receptor cannot be simply mediated by
the OR identity and may involve other as-
pects of its expression, e.g., level at a par-
ticular developmental stage is likely a
second factor (Feinstein and Mombaerts,
2004; Feinstein et al., 2004; Zou et al.,
2004). We observed significant mistarget-
ing of ntOR-expressing OSNs in Gy8-
tgOR mice. For example, P2-lacZ ntOSNs
target ectopic glomeruli, some of which
contain tgOR fibers (Fig. 7). Notably,
nontransgenic OR mistargeting is partic-
ularly prominent in the dorsal OB where
G7y8-tgOR is highest. Here we detected
random projections of the few remaining
rI7—>M?71-lacZ labeled neurons (Fig. 7)
and extensive distortion of the functional
map of odorant responses (Fig. 9). We en-

vision at least three distinct scenarios that together may help
explain our observations. First, the decreased number of OSNs
expressing a particular ntOR might preclude formation of stable

control

Butanal Pro‘panal

Ethyl Butyrate

G-y8-tgOR expression dramatically changes functional activity in the dorsal 0B. A-F, ISl illustrating OB activity
elicited by n-propanal (A, B), n-butanal (C, D), and ethyl n-butyrate (E, F) in 20-week-old mice. In control animals, several
glomeruli distributed over the anterior half of the dorsal OB show strong and differential activation by odorants, as
indicated by the dark ISI signal (4, C, E). In contrast, no discernible glomeruli are activated in Gy8-M72 mice; instead a
broad area of activation is detected in the anterior of the 0B (B, D, F). Scale bar, 250 wm. Medial (M) and anterior (A)
directions are indicated.

Figure9.

glomeruli composed of fibers expressing a single ntOR and thus
results in the generation of mixed glomeruli. In fact, a positive
correlation between the number of OSNs expressing a particular
OR and convergence to a single glomerulus has been previously
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described (Ebrahimi and Chess, 2000; Feinstein and Mombaerts,
2004; Feinstein et al., 2004; Zou et al., 2004). Second, the forma-
tion of abnormally large Gy8-tgOR glomeruli may partially dis-
rupt normal cues required for accurate targeting of ntOR-OSNss.
Finally, it is possible that some OSNs switch from expressing a
G7y8-tgOR to expressing an ntOR after synaptic connections have
been established, leading to mixed glomeruli.

Concluding remarks

Mammalian evolution has generated a vast family of G-protein
coupled receptor genes that encode the odorant receptors (Buck
and Axel, 1991; Zhang and Firestein, 2009). Remarkably, these
genes and proteins have multiple functions in the OSN, setting
odor selectivity (Malnic et al., 1999), guiding targeting to stereo-
typic locations in the olfactory bulb (Mombaerts et al., 1996;
Wang et al., 1998), and restricting the expression of other ORs
(Nguyen et al., 2007; Fleischmann et al., 2008). By manipulating
the timing of OR gene expression, we have shown that both gene
regulation (Nguyen et al., 2007) and OSN targeting can be dra-
matically altered. Together, our data demonstrate that OSNs
must normally regulate the timing of expression of OR genes to
ensure appropriate neural targeting.
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