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ABSTRACT
The olfactory system presents a practical model for investigating basic mechanisms involved in patterning connections between peripheral

sensory neurons and central targets. Our understanding of olfactory map formation was advanced greatly by the discovery of cAMP signaling

as an important determinant of glomerular positioning in the olfactory bulb. Additionally, several cell adhesion molecules have been

identified recently that are proposed to regulate homotypic interactions among projecting axons. From these studies a model has emerged to

partially explain the wiring of axons from widely dispersed neuron populations in the nasal cavity to relatively stereotyped glomerular

positions. These advances have revitalized interest in axon guidance molecules in establishing olfactory topography, but also open new

questions regarding how these patterns of guidance cues are established and function, and what other pathways, such as glycosylation, might

be involved. This review summarizes the current state of this field and the important molecules that impact on cAMP-dependent mechanism in

olfactory axon guidance. J. Cell. Biochem. 112: 2663–2671, 2011. � 2011 Wiley-Liss, Inc.
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T he ability to detect odorant molecules in the external

environment is an important sensory modality for survival

of many animals. Odor discrimination is essential to identifying food

and predators, while pheromone cues influence mate selection,

aggression and other aspects of social and sexual behavior. The

olfactory system has devised unique neural mechanisms for

encoding odor quality that are distinct from the topographic

maps utilized to represent visual and somatosensory information in

the brain [see Luo and Flanagan, 2007 for a detailed comparison

between these systems].

In this review we will focus on the factors that influence axon

pathfinding for the class of olfactory sensory neurons (OSNs) that

comprise the vast majority of neurons in the olfactory epithelium

(OE); those that express odorant receptors (ORs) and signal through

cAMP generated by adenylyl cyclase-3 (AC3). Our perceptions of

how glomerular targets are selected for these neurons has

significantly changed with the recent finding that olfactory signal

transduction plays a much larger role in this process than had

previously been appreciated. This discovery has also revealed other

cellular pathways and proteins that influence signaling directly and

indirectly, including glycosylation. Despite these recent advances,

there are still significant questions that remain to be addressed that

will also be highlighted.

ORGANIZATION OF THE FIRST CIRCUIT

The first relay of the olfactory system has been the most intensively

studied, and consequently the best understood [see de Castro, 2009].

This initial connection is comprised of the OSNs within the OE lining

the nasal cavity and their axon projections to the olfactory bulb

(OB). The major feature that defines OSN identity is the monoallelic

expression of only one OR per neuron from a repertoire of nearly

1,000 potential receptor genes encoded by the mouse genome [Chess

et al., 1994; Zhang and Firestein, 2002]. The mechanisms involved

in selecting an OR during neuronal maturation and maintaining

monogenic expression are still poorly understood. The choice of

OR is critical, however, for both determining the odorant response

profile of the OSN and establishing the targets its axonwill project to

in the OB.

The population of OSNs expressing a given OR is confined to one

of several overlapping zones spanning the dorsal medial to ventral
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lateral axis of the OE [Ressler et al., 1993; Vassar et al., 1993].

Despite this zonality, the OSN subsets are distributed over a

relatively large portion of the sensory epithelium in the nose. The

ability to genetically tag individual OSN populations expressing a

specific OR through targeted insertion of coding sequences for

axonally transported reporter proteins, such as tau-LacZ or GFP, has

been a powerful tool for following trajectories of OSN populations,

and genetically tracing these projections in the background of gene

knockouts for candidate axon guidance molecules [Mombaerts

et al., 1996; Wang et al., 1998].

From these broad regions of the OE, the axons of OSNs expressing

a given OR mix with other heterogeneous axons in large bundles

that project through the underlying lamina propria, cross the

cribriform plate and innervate the OB. Within the nerve layer

surrounding the OB axons defasciculate from other OR-expressing

populations, and converge into glomeruli where they synapse with

the dendrites of mitral and tufted cells, the projection neurons that

relay sensory stimuli to higher centers in the brain. Each OR-

expressing population typically forms a single medial and lateral

glomerulus in each OB hemisphere at a position that is largely

stereotyped. Thus, each glomerulus receives afferent input from

OSNs expressing only a single OR [Ressler et al., 1994; Vassar et al.,

1994]. In this way, the activity of each dispersed OSN subset is

rendered convergent in the OB.

Most ORs do not recognize specific odorant molecules, but are

instead more broadly tuned to a range of overlapping structures

sharing related molecular features [Mori et al., 1999]. Each odorant

activates a spectrum of glomeruli at differing levels. There may be a

degree of chemical topography in the OB in that some molecularly

related odorants activate glomeruli in specific OB subregions.

However, it is debatable whether or not these chemotopic maps

might be a useful mechanism to facilitate odor processing in the

cortex [Soucy et al., 2009]. In any case, it is the combinatorial

pattern of glomerular activation elicited by odorants that is decoded

by higher processing centers in the brain to identify odorant stimuli

[reviewed in Ache and Young, 2005].

The convergence of odorant information from dispersed OR-

expressing neuronal populations into glomeruli forms an ‘‘olfactory

map’’ of odor quality. This makes the olfactory system fundamen-

tally different from the topographic maps utilized in other sensory

areas, such as the visual system, where retinal axons maintain their

positional relationship in route to the cortex. The key differences

between these methods of encoding sensory information have been

expertly reviewed elsewhere [Luo and Flanagan, 2007]. This review

will focus on the mechanisms by which olfactory axons are guided

to glomeruli, and will summarize recent advances in the role of

signaling in this process and the factors that modulate signaling

pathways.

CANONICAL OLFACTORY TRANSDUCTION

Odor detection initiates in the nasal epithelium, where the major

components of canonical olfactory signaling are highly concentrat-

ed in specialized sensory cilia that protrude into the nasal cavity

from the single apical dendrite of OSNs. The regulation of each of

these proteins has been extensively studied and is known in detail,

although other pathways that directly or indirectly influence cilia

targeting and signaling continue to emerge [Von Dannecker et al.,

2006; McEwen et al., 2008]. All ORs are seven transmembrane

receptors that couple to downstream signaling through hetero-

trimeric G-proteins. During normal olfaction this complex includes

the Gaolf subunit, a Gs homologue that is highly expressed in OSNs.

Odorant binding to ORs stimulates Gaolf, which activates the

olfactory-type adenylyl cyclase isoform AC3. Stimulation of AC3

generates an increase in intracellular cAMP concentration, which

opens a heterotetrameric cyclic nucleotide gated channel complex,

composed of a dimer of the principal CNGA2 subunit and the

modulatory subunits CNGA4 and CNGB1b. Gating of this calcium-

permeable channel complex results in a depolarizing membrane

current and efflux of chloride through ion channels that further

depolarizes the membrane to generate an action potential.

The action of cAMP generated by AC3, either through odor-

evoked or spontaneous activity, is not limited to gating of the CNG

channel. A number of intracellular pathways are activated by cAMP,

including protein kinase-A [Boekhoff and Breer, 1992] and ERK/

MAP kinase [Watt and Storm, 2001]. Stimulation of these pathways

also leads to CREB phosphorylation and CRE-mediated transcrip-

tional activation in OSNs. These downstream effectors generate

opportunities for cross talk between cAMP-dependent odor-evoked

activity and other intracellular pathways, and might also limit the

duration of AC3 activation by feedback inhibition [Wei et al., 1998].

AXON GUIDANCE MECHANISMS

There are several significant characteristics that distinguish olfactory

axon guidance from mechanisms described in other systems: (1) the

absence of target-derived cues, (2) mosaic expression of guidance and

adhesion molecules, (3) the restricted role played by neuronal activity

in axon targeting. These distinct mechanisms, summarized below,

may have arisen in the olfactory system by necessity to enable

homotypic projections from the broadly dispersed OSN populations to

distinguish self from non-self, fasciculate, and form glomeruli at

reproducible positions in the OB. Each of these unique characteristics

will be considered in more detail.

(1) Target derived cues play relatively minor roles in the olfactory

system. Since the initial identification of repulsive and

attractive axon guidance molecules, such as Collapsin in

chick and Netrin in mice [Luo et al., 1993; Serafini et al.,

1994], it has been shown in vertebrates and invertebrates

that neurons in the prospective targets express factors that

directly influence growth cone dynamics. In some systems

gradients of attractive and repulsive guidance cues in the

target field are used to establish topography [Flanagan,

2006; Sanchez-Camacho and Bovalenta, 2009]. Such mul-

tiple overlapping gradients present an effective mechanism

for achieving concentration-dependent positive and nega-

tive effects on guidance. For example, during formation of

retinotopic maps in visual development, graded expression

of ephrins and Eph receptors in the axon target field are
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known to be critical for establishing the topography of

retinal projections to the tectum [reviewed in Luo and

Flanagan, 2007]. Although ephrin gradients function in

map formation in other sensory and non-sensory systems

as well, in the olfactory system ephrins are not expressed in

a gradient, nor do ephrin positive axons respond to ligand

gradients in the OB [Cutforth et al., 2003; Flanagan, 2006].

In fact, none of the major neuronal populations of the

developing OB have been shown to express functionally relevant

attractive or repulsive influences on growth cones of OSNs.

Furthermore, deletion of OB projection neurons by gene targeting

of the T-box transcription factor Tbr-1 and OB interneurons by

ablation of the homeobox genes Dlx-1 and Dlx-2 resulted in normal

targeting of P2 axons to appropriate positions in the ventral OB

[Bulfone et al., 1998]. Even removal of the OB altogether does not

prevent axonal convergence into homotypic populations [St John

et al., 2003]. With a few possible exceptions, target derived guidance

cues appear to have little influence on olfactory targeting, at least in

mice.

(2) Most of the axonally expressed molecules that play a role in

axon guidance are expressed mosaically in glomeruli. That

is, glomeruli are composed of axons that express discrete

levels (high, medium, or low) of these proteins, including

neuropilin 1 (Nrp1), kirrel2 and 3, ephrinA5, Big-2 and

lactosamine. Furthermore, glomeruli that express different

amounts of these proteins are not positioned in a descend-

ing or ascending linear gradient along any particular axis

but appear to be distributed in a mosaic pattern in which

glomeruli expressing widely differing levels of these mole-

cules are randomly spaced across the two-dimensional

glomerular layer in the OB. For example, glomeruli that

express high levels of Nrp1 or BIG-2 are surrounded by

glomeruli that express medium or very low levels of Nrp1

and BIG-2. This is a feature that would be best suited for

specifying local compartments (perhaps at the individual

glomeruli level) by influencing axon fasciculation or defas-

ciculation through differential adhesive and repulsive

mechanisms, respectively.

(3) Odor-evoked activity plays a more limited role in OSN axon

guidance relative to other sensory systems. In the visual

system, activity-independent mechanisms are used by

axons to find an approximate target followed by activi-

ty-dependent mechanisms that refine the map to the needed

precision. In attempts to demonstrate the role of activity in

olfactory axon guidance, all of the major proteins involved

in this odor-evoked activity have been targeted by gene

deletion. Gene targeting of Gaolf generated anosmic

mice that retained apparently normal glomerular conver-

gence [Belluscio et al., 1998]. Deletion of the CNGA2

subunit of the cyclic nucleotide gated channel complex

also resulted in anosmia with a surprisingly mild targeting

phenotype [Brunet et al., 1996; Zheng et al., 2000], although

mosaic analysis revealed that the axons of electrically

silenced neurons were progressively lost from the OB,

apparently by competition from wild-type neurons [Zhao

and Reed, 2001]. When naries are unilaterally occluded at

birth, thereby limiting neuronal activity on one side, the

number of heterogeneously innervated glomeruli remained

only marginally increased on that side in adults [Zou et al.,

2004], implying a more significant role for molecular

rather that activity-dependent determinants in olfactory

axon guidance. Likewise, experiments that inhibited

action potentials in OSNs in either a competitive or non-

competitive context suggested a permissive rather than

instructive requirement for neural firing for axon targeting

[Yu et al., 2004]. When firing was suppressed in a subset of

OR-defined neurons, those neurons were no longer detected

in the OE, suggesting either that they did not survive or

that they switched to the transcription of a different

OR gene.

In contrast, altering neuronal activity, using hemizygous mice in

which OSNs randomly inactivate one CNGA2 allele, can modulate

expression of adhesion molecules that play important roles in axon

fasciculation [Serizawa et al., 2006; Kaneko-Goto et al., 2008].

Furthermore, regulation of axon–axon interactions, though not a

guidance mechanism per se, could play a role in axon segregation

and convergence into distinct glomeruli.

GUIDANCE AND ADHESION MOLECULES

Because of the limited role for targets, gradients, and activity,

olfactory axons must utilize other means for pathfinding to

glomeruli. One important mechanism involves the interaction of

cues derived from olfactory ensheathing glial cells with OSN axons.

During the initial stages of OE development Nrp1 is expressed by

subsets of axons that innervate lateral and medial aspects of the OB

[Schwarting et al., 2000]. Nrp1 expressing axons are deflected from

the anterior-ventral OB towards medial and lateral targets by the

repulsive cue semaphorin3A (Sema3A), which is produced by

olfactory ensheathing cells that are present in the lamina propria,

along axon pathways between the OE and OB, and in the developing

OB nerve layer [Schwarting et al., 2000; Imai et al., 2009]. A mosaic

pattern of Nrp1 expression is visible in early postnatal development

shortly after distinct glomeruli are observed, suggesting that Nrp1

levels are regulated prior to innervating the OB. In Sema3A null

mice, Nrp1 axons are misrouted to anterior and ventral OB targets

from which they are normally excluded, and in the case of P2,

innervate supernumerary glomeruli within these aberrant projection

sites [Schwarting et al., 2004]. Repulsive axon–axon interactions

may also play a role in guidance. In addition to its expression in glial

cells, Sema3A is weakly expressed by some OSNs [Imai et al., 2009;

Henion et al., 2011]. Recently, Sema3F has also been identified as a

neuronally expressed guidance cue that restricts later-arriving

Nrp2þ axons from entering the dorsal OB through repulsive

interactions [Takeuchi et al., 2010].

Different glomeruli are also mosaic for ephrin expression.

Combined ablation of ephrinA3 and ephrinA5 throughout the OE

causes a posterior shift in the position at which reporter-labeled
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glomeruli form in the OB. Overexpression of ephrinA5 in P2 axons,

however, induces relatively minor segregation from wild-type P2

glomeruli [Cutforth et al., 2003]. Similarly, members of the Robo

family of guidance receptors that play critical roles in a number of

axon guidance contexts are also expressed in the developing OE.

Robo2 is expressed in axons targeting the dorsal OB, and loss of

Robo2 expression results in a small number of aberrant Robo2þ

glomeruli in the ventral OB, whereas most axons target the dorsal OB

correctly [Cho et al., 2007]. Although Eph receptors and Slit-1

receptors are expressed in subsets of mitral cells, it remains to

be seen whether ephrinA5þ or Robo-2þ axons are exceptions

that respond directly to guidance influences from target neurons in

the OB.

Several adhesion molecules have been identified recently that are

thought to participate in glomerular convergence [Serizawa et al.,

2006; Kaneko-Goto et al., 2008]. Kirrel2 and Kirrel3 are Ig-

superfamily proteins that are mosaically expressed by glomeruli in a

reciprocal fashion. Their expression correlates with specific OSN

populations and both exhibit homotypic adhesion properties in

vitro, suggesting they may regulate axonal association for incoming

populations expressing the same OR [Serizawa et al., 2006]. In

addition, ephrinA5 and EphA5 are also expressed in a complemen-

tary manner in glomeruli [Serizawa et al., 2006]. Another Ig-

superfamily member, BIG-2 (contactin-4) also displays similar

mosaic expression and glomerular segregation [Kaneko-Goto et al.,

2008]. In BIG-2 knockout mice, glomeruli are found in the correct

position but often split into two or more smaller glomeruli. Together,

these studies provide a framework for understanding how individual

OR-defined axon populations segregate from heterotypic axons in

the OB nerve layer. The existence of sets of adhesion molecules that

are either reciprocally or independently regulated have the potential

to impart unique identities to each of the many axon populations

present, even within relatively restricted subregions of the OB.

Initial studies in mice on the role of ORs in targeting suggested that

OR proteins might directly provide axon guidance information.

Replacement of the coding sequence for the P2 OR with that of an

M12-ires-tau-lacZ cassette resulted in targeting to a novel position,

intermediate between that of the endogenous P2 andM12 glomerulus

[Mombaerts et al., 1996]. Deletion of the P2 coding region altogether

resulted in a complete failure of axons to converge into a glomerulus

[Wang et al., 1998]. These findings were further corroborated with

other receptor swap experiments suggesting this was a conserved

feature of all ORs. Precisely how these alterations induced targeting

abnormalities was unknown, although one conclusion was that OR

proteins themselves could be involved in the process of sorting axons

by mediating selective axon fasciculation [Feinstein and Mombaerts,

2004]. However, more recent evidence suggests that their role in

targeting may not be so direct.

cAMP SIGNALING IN AXON GUIDANCE

It now appears that the axon guidance defects associated with

receptor swap experiments are derived from the changes in cAMP

signaling rather than a specific function for ORs in homotypic

adhesion or axon fasciculation. Each OR is hypothesized to generate

intrinsically different levels of cAMP that influences targeting to

specific positions in the OB [Imai and Sakano, 2008]. Swapping one

OR for another is predicted to alter these signals, changing the

location at which the glomeruli form. The apparent failure of axons

to converge in OR-deleted mice results from stochastic activation of

other ORs in each targeted neuron, leading to a myriad of projection

sites. In support of this, the replacement of the M71 OR with the

coding sequence for the b-adrenergic receptor, which also couples

to G-proteins to generate cAMP signals, results in axon convergence

[Feinstein and Mombaerts, 2004; Chesler et al., 2007]. Thus the OR

protein is dispensable for targeting while the downstream signals

they generate are not.

Several recent studies from the Sakano group examining the

effects of modulating cAMP levels in OSNs have convincingly

demonstrated the direct role of signaling in olfactory axon targeting

[Imai et al., 2006, 2009; Serizawa et al., 2006]. When OR protein

expression was effectively decoupled from AC3, via a transgenic

approach in which the G-protein binding site on the OR I7 was

mutagenized, olfactory axons failed to innervate glomeruli [Imai

et al., 2006]. Overexpressing a constitutively active form of Gas

restored convergence, crucially in an OR-independent manner.

Furthermore, overexpression of a dominant negative form of protein

kinase-A or CREB shifted glomeruli towards anterior or posterior

positions, respectively. These results suggested that increasing

cAMP levels in OSN axons induced convergence of I7 at

progressively more posterior glomeruli in the OB. Although

cAMP can directly influence growth cone turning, much of the

affect on targeting may be mediated through differential regulation

of genes for axon guidance molecules.

The level of cAMP generated within an OSN subset determines

Nrp1 transcription. Nrp1 mRNA expression is higher in OSNs

genetically manipulated to express elevated cAMP levels versus

those where downstream AC3 signaling is decoupled from ORs [Imai

et al., 2006]. The ablation of AC3 altogether leads to the loss of Nrp1

expression on OB axons [Col et al., 2007]. Sema3A in OSNs is also

regulated in part by cAMP. Normally, Sema3A is weakly expressed

in the OE postnatally but is upregulated when OR signaling is

inhibited [Imai et al., 2009]. Thus, the reciprocal expression of Nrp1

and Sema3A levels could mediate repulsive guidance cues for

subsets of axons.

In I7 neurons that overexpress either Nrp1 or constitutively active

G-protein or protein kinase-A signaling, axons project to more

posterior Nrp1þ OB positions. Conversely, I7 neurons with

suppressed signaling project to more anterior Nrp1-negative

glomeruli [Imai et al., 2006, 2009]. These results have led to the

hypothesis that olfactory axon populations form glomeruli along

the anterior–posterior axis in accordance with lower to higher levels

of Nrp1, respectively. Nrp1þ axons are already excluded from the

anterior nerve layer by glial-derived Sema3A [Schwarting et al.,

2000], and reduced expression of Nrp1 is likely to allow axons to

innervate this domain, which may influence this glomerular shift.

Moreover, more posterior glomeruli are also highly variable for

levels of Nrp1 expression, suggesting that other mechanisms must

be involved beyond a linear Nrp1 gradient on axons. It is likely

that additional guidance or adhesion molecules cooperate in this

process.
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Although cAMP determines Nrp1 levels, it is important to note

that this is apparently independent of odor-evoked activity.

In the mouse, most olfactory axon populations have already

targeted the approximate site in the OB and formed protoglomeruli

before birth and exposure to the external environment. As noted

before, only the targeted disruption of ORs and AC3 disturbs

the initial formation of glomeruli while downstream signaling

components such as Gaolf and CNGA2 are dispensable for grossly

normal map formation developmentally. This in part is explained by

redundancy in G-protein expression in the OE [Imai et al., 2006;

Chesler et al., 2007]. Whether such signals emanate from intrinsic

stimuli or spontaneous activity, it will be important to show that

each OR-expressing population is defined by specific level of cAMP-

signaling that directs Nrp1 expression and glomerular targeting.

b3GnT2 GLYCOSYLATION AND OLFACTORY
SYSTEM DEVELOPMENT

The importance of cAMP signaling for olfactorymap formation is also

apparent from studies on another mouse model with defective OB

innervation. The glycosyltransferase b3GnT2 is highly expressed in

the developing OE where it synthesizes lactosamine-based glycans

[Henion et al., 2005]. b3GnT2 null mice exhibit multiple defects in OE

development and axon guidance. In mutants, olfactory axons grow

normally to the OB, but some subsets are misguided to ectopic targets.

Other axon populations fail to form glomeruli altogether, and are

subsequently significantly reduced in expression. Unexpectedly,

these defects appear to result mainly from hypoglycosylated AC3,

which is severely deficient in its ability to generate cAMP. Thus,

glycosylation is also an important component for maintaining

olfactory signaling and proper glomerular targeting.

The b3GnT2 glycosyltransferase, originally termed b3GnT1 in

earlier reports under a prior nomenclature, is a member of a large

family of b1,3-N-acetylglucosaminyltransferases that are expressed

tissue specifically, and have differing acceptor specificities

[Shiraishi et al., 2001; Zhou et al., 1999]. b3GnT2 exhibits the

strongest enzyme activity in vitro towards a range of non-reducing,

b1-linked galactose oligosaccharide acceptors typical of N-glycan

branches. In vivo, the free N-acetylglucosamine structures

generated by b3GnT2 are subsequently modified by ubiquitously

expressed galactosyltransferase enzymes to generate the terminal

disaccharide lactosamine (galactose-b1,4N-acetylglucosamine-

b1,3-R). These lactosamine units are substrates for repeated

b3GnT2 and galactosyltransferase modification, leading to the

synthesis of extended polylactosamine (PLN) chains of varying

length. b3GnT2 is the only member of this family that is widely

expressed at significant levels inmouse OSNs. Transcription initiates

by E10.5 as the olfactory placode invaginates to form the OE, and the

earliest olfactory axons target the presumptive OB. Expression is

maintained in immature and differentiated OSNs throughout the

remainder of the lifespan of the mouse. The analysis of b3GnT2 null

mice has firmly established that this enzyme regulates PLN

expression [Henion et al., 2001].

The effects ofb3GnT2 loss on olfactory development are apparent

in late embryogenesis [Henion et al., 2005]. At birth, most glomeruli

of wild-type mice have already condensed into loosely rounded

clusters of intermingled axons and mitral cell dendrites. In contrast,

the OB of b3GnT2 null mice is largely composed of disorganized

axon aggregates and individual fibers that rarely form morphologi-

cally normal glomeruli. There is also a large reduction in the number

of axons within the OB nerve layer, which is noticeably thinner

relative to wild-types. In parallel with the loss of OB innervation,

subsets of olfactory neurons are differentially eliminated from the

OE. In adults, the P2 and I7 OSNs populations that fail to form

glomeruli are decreased greater than 75%.

As expected from these developmental defects, b3GnT2 null mice

have an early functional deficit in smell perception, displaying

decreased performance in food-finding tasks [Henion et al., 2005].

Despite the initial disruptions in OB innervation, a significant degree

of functional connectivity is established during postnatal develop-

ment. A large increase in basal progenitor cell proliferation occurs

by P10 and morphologically distinguishable glomeruli appear by

P15, although these remain irregularly shaped and do not occupy

the most dorsoposterior aspect of the OB. Despite this, P2 and I7

glomeruli never reform, although null mice continue to produce a

reduced number of these neurons in adults. M72 axons are also

heterotypically maintained in numerous glomeruli innervated by

other OR subsets at ectopic positions in the anterior OB [Schwarting

and Henion, 2007].

From this continued level of disorganization it is clear that the

olfactory map remains dramatically altered in adult b3GnT2 null

mice. In fact, gene array analysis reveals that upwards of one-third

of all ORs are expressed at very low levels, and perhaps in

compensation, many other ORs are expressed at significantly higher

levels in b3GnT2 null mice than in wild-types. It is not known if the

loss of OR subsets is due to a failure to survive or a shift in those cells

to the transcription of a new OR gene. In addition, analysis of axon

trajectories suggests that the guidance of remaining OSN popula-

tions is aberrant in null mice. In most cases examined to date,

mutant OR-specific axons innervate glomeruli that are more

anterior and ventral compared to controls.

In spite of the significant structural defects in b3GnT2 null

mice, they have a surprising ability to discriminate odorants in a

food based olfactory task. This result is reminiscent of earlier

studies in which significant portions of the OB were surgically

removed but resulted in only small deficits in olfactory perception

[Lu and Slotnick, 1998]. Similarly, mice in which OR71 was

overexpressed in 95% of OSNs retained a considerable ability to

discriminate odors, regardless of the fact that their endogenous

receptors were expressed at very low levels [Fleischmann et al.,

2008]. These studies suggest that even though an OR populationmay

be severely diminished in number and incapable of forming a

mature glomerulus, if enough of these neurons make a connection to

mitral cells in the correct region of the OB, the animal is able to

maintain a diminished sense of smell. Likewise in b3GnT2 null

mice, the significant decrease in the numbers of many neuron

populations results in relatively mild impairment in olfactory

discrimination. Since only a very small number of OR binding

events are needed to signal the brain, mice with many fewer

receptor-specific OSNsmay still retain modest discriminatory ability

[Ben-Chaim et al., 2011].
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cAMP SIGNALING IN b3GnT2 NULL MICE

The olfactory defects in b3GnT2 null mice closely parallel those

reported for gene-targeted AC3 mice. Along with a loss of

electrophysiological responses to odor challenge, AC3 nulls exhibit

a disorganized pattern of glomerular formation [Trinh and Storm,

2003]. More detailed analyses of these mice revealed regional

differences in OB innervation. The dorsocaudal OB in particular was

sparsely innervated in AC3 mutants similar to b3GnT2 nulls [Col

et al., 2007]. Furthermore, the loss of projections was OR-dependent,

displaying differential effects on OSN subsets that paralleled those

we observed for b3GnT2 null mice [Henion et al., 2005]. P2 OSNs

were largely eliminated from OE and failed to form glomeruli,

whereas M72 axons were abnormally displaced to the anterior OB

[Chesler et al., 2007; Col et al., 2007]. Importantly, in the absence of

either enzyme heterotypic M72 glomeruli are maintained well past

their ‘‘critical period’’ for elimination, consistent with a reduction in

activity-dependent refinement for some subsets. The similarities

strongly suggest that the effects of b3GnT2 loss are manifested

through AC3.

AC3 protein is heavily concentrated in cilia where olfactory

signal transduction initiates, but is also present on OSN cell bodies

and axons projecting to the OB [Col et al., 2007; Zou et al., 2007].

Reactivity for the plant lectin Lycopersicum esculantum (LEA),

which specifically recognizes PLN, colocalizes with AC3 in all OSNs

and glomeruli. In b3GnT2 nulls, LEA reactivity for PLN is ablated,

and there is a 50–60% reduction in the number of AC3þ OSNs that

closely parallels the decrease in mature OSNs. Despite this, AC3

appears to be expressed at wild-type levels in remaining neurons,

and traffics normally to cilia [Henion et al., 2001].

AC3 is a heavily glycosylated glycoprotein that migrates diffusely

on protein gels at a mass far greater than its native 129 kDa size.

Although the glycan structures that modify AC3 in OSNs have not

been resolved, most of this protein is retained on LEA affinity

columns, indicating a substantial amount of PLN modification. This

glycosylation is b3GnT2-dependent, as AC3 from null OSNs is

devoid of PLN and migrates very near its predicted molecular mass.

b3GnT2 also modifies the guidance receptor plexinA4 and kirrel2.

Although these glycoproteins are expressed at wild-type levels in

null OSN cell bodies, AC3 and kirrel2 are absent from glomeruli,

suggesting that PLN may stabilize their expression on axons.

Alternatively, AC3 may be actively trafficked to dendritic cilia, at

the expense of axonal expression.

Despite continued AC3 expression in the b3GnT2�/� OE,

measurements of adenylyl cyclase activity revealed that cAMP

production is decreased by 80–90% in newborns and adults [Henion

et al., 2001]. This result indicates a role for PLN in the maintenance

of cAMP-dependent signaling that is independent of OSN survival or

AC3 localization and expression. One intriguing possibility is that

PLN is required to maintain AC3 in an active complex with other

signaling proteins that facilitates cAMP-mediated signal transduc-

tion. The severely reduced levels of cAMP result in decreased Nrp1

levels in OSNs and axon projections, and increased Sema3A

expression in the OE. These changes in important axon guidance

cues, which closely parallel those reported in AC3�/� mice, may in

part explain the severe targeting abnormalities shared by both

knockout models. The developmental defects in b3GnT2 nulls are

also independent of odor-evoked activity, as changes in OSN

survival and OB targeting are evident by E17, prior to exposure to

the external odorant environment. These results are consistent with

a dual role for cAMP in odor-evoked activity and transcriptional

regulation of axon guidance and adhesion molecules (Fig. 1).

Surprisingly, despite these abnormalities it is clear that b3GnT2

null mice are not completely anosmic. Unlike other knockout mouse

models for signaling components [Brunet et al., 1996; Belluscio

et al., 1998; Wong et al., 2000], most b3GnT2 pups survive the

neonatal period, indicating that they can follow olfactory cues

required for suckling. Moreover, the performance of b3GnT2�/�

mice in buried food tests and behavioral assays for AC3-dependent

odors, while impaired relative to wild-types, suggests a considerable

degree of olfactory function. These results reveal apparent

differences in the levels of cAMP needed to regulate Nrp1 and

Sema3A transcription, versus maintenance of odor-evoked signal-

ing. In this regard, it is interesting to note that a number of genes

reported to be regulated by odor-evoked activity independent of

cAMP, including S100A5, calretinin, and Lrrc3b [Bennett et al.,

2010] are largely unaffected in b3GnT2�/� OSNs (Henion et al.,

unpublished work).

FUTURE DIRECTIONS

Our understanding of the mechanisms that regulate olfactory map

formation has progressed greatly in the last several years. The

identification of cAMP as a primary regulator of Nrp1 and Sema3A

expression and glomerular positioning has tentatively linked OR-

mediated signal transduction to the broader field of established axon

guidance cues. Once axons target an approximate OB subdomain, it

appears that mosaically expressed molecules, including glycans,

ephrins, BIG-2 and Kirrels 2/3, facilitate adhesive and repulsive

interactions during glomerular formation. This model explains how

the axons for approximately 1,000 distinct OR-defined OSNs subsets

can converge at great distance upon largely stereotyped OB targets

from widely dispersed locations in the nasal cavity [Imai and

Sakano, 2008].

Despite this progress, our understanding of the role of signaling in

olfactory axon targeting is still preliminary, and there are many

questions that remain unanswered. Most importantly, how is the

level of AC3 activity and cAMP signaling regulated prenatally as

olfactory axons target the OB? Not only is AC3 activity influenced

by OR activation and b3GnT2 expression, other G protein-coupled

receptors and their ligands such as CXCR4/SDF-1 are likely to

modulate cAMP levels in subsets of embryonic OSNs. It was recently

shown that SDF-1 could activate cAMP signaling in zebrafish retinal

axons to antagonize their responses to midline chemorepellents [Xu

et al., 2010]. CXCR4 is highly expressed in OSNs developmentally

[Schwarting and Henion, 2008]. It will be interesting to see how

these and other GPCR pathways cooperate to regulate cAMP

responses during targeting. It is also intriguing that the components

of canonical AC3 olfactory signal transduction pathway are

expressed and function in both OSN cilia and axons [Maritan

et al., 2009]. How are these signals correlated with each other and

2668 OLFACTORY AXON GUIDANCE REGULATION JOURNAL OF CELLULAR BIOCHEMISTRY



does axonal signaling predominate during axon extension to the OB

as predicted [Imai and Sakano, 2008]?

Although Nrp1 appears to play an important role in glomerular

positioning in the OB, it is likely from the nonlinear pattern of Nrp1

expression in axons that other guidance cues are involved. How does

this mosaicism fit in with the current model and what guidance

mechanisms account for the targeting of axons in the anterior-

medial and ventral OB compartments where Nrp1 axons are

excluded through semaphorin3A repulsion [Nagao et al., 2003;

Taniguchi et al., 2003; Schwarting et al., 2004]. In the visual system,

multiple sets of guidance cues are utilized to pattern each axis

[Flanagan, 2006]. Are there other molecules that act cooperatively

with Nrp1 to ensure proper positioning?

It is also likely that other differentially expressed molecules exist

in addition to those already identified that facilitate sorting of axons

into homotypic glomeruli. Considering that kirrels, ephrins and

BIG-2 have relatively localized effects on glomerular refinement

that might not be evident to casual observation, there are likely to be

other known molecules that need to be reexamined for functions in

this late stage of glomerular formation. In this regard, carbohydrates

are good candidates, given their mosaic expression both develop-

mentally and in adult animals [Schwarting et al., 1992; Key and

Akeson, 1993; Lipscomb et al., 2002]. Perhaps a more detailed

analysis relating the expression of these and other glycan moieties

to odor-evoked activity and glomerular formation in OR-reporter

mice will reveal previously overlooked phenotypes.
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