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Summary and Keywords

Olfactory systems are tasked with converting the chemical environment into electrical 
signals that the brain can use to optimize behaviors such as navigating towards 
resources, finding mates, or avoiding danger. Drosophila melanogaster has long served as 
a model system for several attributes of olfaction. Such features include sensory coding, 
development, and the attempt to link sensory perception to behavior. The strength of 
Drosophila as a model system for neurobiology lies in the myriad of genetic tools made 
available to the experimentalist, and equally importantly, the numerical reduction in cell 
numbers within the olfactory circuit. Modern techniques have recently made it possible to 
target nearly all cell types in the antennal lobe to directly monitor their physiological 
activity or to alter their expression of endogenous proteins or transgenes.
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Introduction to Drosophila as a Model for 
Olfaction
The use of the fruit fly, Drosophila melanogaster, for genetic research has proved 
invaluable and enduring. The fly has also emerged as a useful tool for addressing 
questions in neuroscience, especially in olfactory systems. This success is in large part 
due to the fly’s genetic toolkit, its ease of husbandry, and its numerically reduced nervous 
system with identified neurons that can be found in every individual fly (Olsen & Wilson, 
2008).

Early studies on olfaction arose from the use of Drosophila for studies on learning and 
memory in which odors were used as the conditioned stimulus. This was done by 
providing punishment (electric shock) in coordination with one of two odors, leading the 
fly to actively avoid the shock-paired odor (Quinn, Benzer, & Harris, 1974). The use of 
odor-based behavioral assays eventually led to the discovery of specific olfactory genes 
(Ayyub, Paranjape, Rodrigues, Siddiqi, & Siddiqi, 1990) as well as insect brain regions 
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associated with olfactory learning and memory (de Belle & Heisenberg, 1994; 
Heisenberg, Borst, Wagner, & Byers, 1985).

Due to the advancement in the study of Drosophila genetics, researchers were able to 
identify genetic mutants in relation to odor-detection at an early stage. Inspired by 
Seymour Benzer’s work in generating clock mutants (Benzer & Konopka, 1971), Kikuchi 
demonstrated that genetic mutations in flies could be used to alter odor responses 
between parent generations and their offspring (Kikuchi, 1973). This discovery in part led 
to the search for the genes and brain structure organization responsible for olfaction. 
Differences in odor responses were observed between wild type populations of Drosophila
based on geographic origin (Fuyama, 1976) as well as intrapopulational differences 
(Alcorta & Rubio, 1989). Odor responses were also determined to be ethologically critical 
for proper courtship (Averhoff & Richardson, 1974).

The prevalence of olfaction across Drosophila behavioral and ethological research made it 
clear that a cellular and physiological basis for odor perception was needed. In a 
landmark study on Drosophila olfactory structures, Stocker et al. used antennal cobalt 
dye fills to identify individual glomeruli in the antennal lobe (AL), the first olfactory relay 
in the insect brain (Stocker, Singh, Schorderet, & Siddiqi, 1983). This allowed them to 
theorize that “individual glomeruli might represent functional units, each receiving 
antennal input in a characteristic combination.” As such, Stocker continued his work in 
structural study, further characterizing glomeruli as well as identifying neuronal types in 
the antennal lobe including local interneurons (LNs) (Stocker, Borst, Lienhard, & 
Fischbach, 1990).

While structural analyses of the Drosophila olfactory system were underway, 
electrophysiological study and other activity assays were being employed. Field potentials 
(Alcorta, 1991) were used to determine odor response variations in mutants (Venard & 
Pichon, 1984) as well as to determine possible olfactory genes (Borst, 1984). Activity 
assays such as 2-deoxyglucose mapping showed differing odors caused specific patterns 
of glomeruli to be activated (Rodrigues & Buchner, 1984), lending early credence to the 
neural coding of odor stimuli through the combination of glomerular responses.

The discovery of mammalian odorant receptors (Buck & Axel, 1991) paired with 
algorithms to search for these genes in the fully sequenced Drosophila genome (Adams et 
al., 2000; Clyne et al., 1999) led to the neuroscientific tools and methods used today that 
thrust Drosophila into the forefront of olfactory research. Coinciding with these advances 
was the advent of the GAL4/UAS binary expression system (Brand & Perrimon, 1993) in 
flies, allowing Drosophila to develop as a favorable organism for the study of olfaction. 
Structural analyses, activity assays, and behavior have been refined and are commonly 
implemented in modern studies, along with transgenic methods for monitoring and 
manipulating specific populations of neurons in the olfactory system.
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Basic Organization of the Antennal Lobe
Olfaction in Drosophila begins with the binding of odor molecules to chemoreceptors 
expressed by olfactory receptor neurons (ORNs). ORNs are housed in one of three broad 
types of sensilla located on the surface of the third antennal segments or the maxillary 
palps (Fig. 1A). This organization of ORNs located on the external surface of the antennae 
and palps greatly facilitates direct recordings from ORNs, and has thus contributed to 

Drosophila’s rapid rise as a model system for olfaction (Wilson, 2013). The sensilla classes 
are the basiconic, trichoid, and coeloconic sensilla and they are distinguished based on 
their anatomy, physical appearance, and the specific ORNs that they house (Clyne, Grant, 
O’Connell, & Carlson, 1997; Grabe et al., 2016; Stocker, 1994). Each class of sensillum is 
present in a specific spatial pattern on the antenna, but there is large overlap between 
the regions where each sensillum class is found. Basiconic sensilla are widely distributed 
over the surface of the antennae but are most concentrated at the anterior proximal 
region and absent at the distal tip. Trichoid sensilla are predominant at the distal tip and 
coeloconic sensilla are found at the greatest density on the posterior surface.
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Figure 1.  Organization of the Drosophila olfactory 
system. A. A schematic representation of the 
Drosophila head showing the antennae and maxillary 
palps shaded in light gray. Trichoid, basoconic, and 
coeloconic sensilla are distributed on the antenna in 
distinct yet overlapping regions. Each sensilla class 
houses unique ORNs and can be identified based on 
their morphology. Dashed outline in fluorescence 
image shows the boundaries of the antenna or palps. 
Scale bar = 2 μm in EM images and 20 μm in 
fluorescence images. Adapted from Grabe et al. (201
6), Elucidating the neuronal architecture of olfactory 
glomeruli in the drosophila antennal lobe. 
CellReports, 16(12), 3401–3413, with permission. B. 
A schematic of the Drosophila brain showing ORN 
axons synapsing with PN dendrites in the AL. PNs 
then project to the LH where they synapse onto 
LHNs. ORN = olfactory receptor neuron, PN = 
projection neuron, LHN = lateral horn neuron. C. 
Within the glomerulus, every ORN that expresses the 
same olfactory receptor (denoted by the same color 
of ORN) projects to the same glomerulus. ORNs 
synapse with every PN in the glomerulus. Glomeruli 
are interconnected via multiglomerular LNs. LN = 
local interneuron.

Sensilla typically house 
two ORNs (though the 
range is one to four) per 
sensillum with each ORN 
expressing one or two 
chemoreceptors. A strict 
organization is observed 
where the same ORN types 
are reliably paired 
together. Based on the 
specific ORNs they 
possess, there are 4 types 
of trichoid sensilla and 4 
types of coeloconic sensilla 
on the antenna. The 
maxillary palps contain 
only 6 classes of ORNs 
housed in three types of 
basiconic sensilla (and no 
trichoid and coeloconic 
sensilla). There are 
approximately 415 sensilla 
on the antenna and 57 
sensilla on the maxillary 
palps (Grabe et al., 2016). 
This corresponds to 
approximately 1,150 ORNs 
per antenna and 120 ORNs 
per maxillary palps (Grabe 
et al., 2016). While most 
types of sensilla are 
represented equally 

between male and female flies, dimorphisms in a number of specific types of sensilla exist 
(Grabe et al., 2016; Shanbhag, Müller, & Steinbrecht, 2000; Stocker, 2001).

ORNs from the antenna and palps project their axons along the antennal nerve to 
spherical compartments of neuropil in the brain called glomeruli. In total, there are 56 
glomeruli and a central region that serves as a hub for the axons and dendrites of 
neurons innervating the AL (Tanaka, Endo, & Ito, 2012). In the AL, ORN axons synapse 
onto the dendrites of projection neurons (PNs) (Couto, Alenius, & Dickson, 2005; Stocker, 
Lienhard, Borst, & Fischbach, 1990), broadly defined as any cells possessing dendrites in 
the AL and axons that convey olfactory information to higher order brain regions, such as 
the mushroom bodies (MB) or lateral horn (LH) of the protocerebrum (Fig. 1B) 
(Bargmann, 2006; Strausfeld & Hildebrand, 1999). Several different classes of PNs have 
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been described (see Projection Neurons), though the best-described, canonical PNs are 
those that innervate a single glomerulus, release the excitatory neurotransmitter 
acetylcholine, and project to the protocerebrum via the medial antennal lobe tract 
(mALT). In this review, the term PN in isolation of any description will refer specifically to 
these PNs.

Olfactory Receptor Neurons
At the heart of olfactory coding resides the ORN and the detection aspect of olfaction. 
Drosophila express three classes of chemosensory receptors based on sequence 
homologies within each class. These classes are the olfactory receptors (ORs), ionotropic 
receptors (IRs), and gustatory receptors (GRs). ORs are ligand-gated ion channels that 
share little sequence homology with mammalian olfactory G-protein coupled receptors 
(GPCRs) (Benton, Sachse, Michnick, & Vosshall, 2006; Clyne et al., 1999; Kaupp, 2010; 
Vosshall, 2009). Additionally, they are seven-pass transmembrane proteins but have an 
inverted membrane topology relative to GPCRs (Benton et al., 2006; Lundin et al., 2007). 
ORs were identified in the Drosophila genome by algorithmic sequence analysis (Clyne et 
al., 1999) as well as cloning (Vosshall, Amrein, Morozov, Rzhetsky, & Axel, 1999). Through 
cloning and spatial mapping, the receptors were shown to be expressed only in the 
antennae and maxillary palps, reinforcing their role as chemical receptors (Vosshall et al.,
1999). OR-expressing neurons typically express a single OR in addition to the co-receptor 
termed Orco (formerly OR83b) (Benton, Vannice, Gomez-Diaz, & Vosshall, 2009; Couto et 
al., 2005; Fishilevich & Vosshall, 2005; Larsson et al., 2004). IRs are considered variant 
ionotropic glutamate receptors that bind to odors instead of glutamate (Benton et al., 
2009). The mechanism of gustatory receptor mediated signaling is unclear; however, it is 
known that co-expression of the only two gustatory receptors used for olfaction is 
necessary to confer CO  sensitivity (Kwon, Dahanukar, Weiss, & Carlson, 2007).

ORN Axonal Targeting

Each ORN expressing a given class of ORs will project to the same glomerulus (Fig. 1C) 
(Couto et al., 2005; Vosshall, Wong, & Axel, 2000). An average of 30 ORNs converge on 
each glomerulus, but this number varies from 10 to 65 (Grabe et al., 2016). Each ORN 
synapses onto each PN within the glomerulus (Gaudry, Hong, Kain, de Bivort, & Wilson, 
2013; Kazama & Wilson, 2009) and each individual ORN contributes equally to the total 
number of synapses in that glomerulus (Mosca & Luo, 2014). In order to achieve proper 
AL development, ORNs must target to their corresponding glomeruli. The PNs’ 
contribution to glomerular formation is determined in space before ORN axon arrival in 
early stages of pupal formation by means of interdendritic interactions (Jefferis, 2004). 
These projections are target specific, meaning a given ORN will consistently project to its 
corresponding glomerulus (Gao, Yuan, & Chess, 2000), and the PN dendrites will 
consistently form the glomerular atlas (Jefferis, 2004). Interestingly, this level of 
specificity has been shown to be independent of OR gene expression (Dobritsa, Warr, Van 
der Goes van Naters, Steinbrecht, & Carlson, 2003). This is contrary to mammalian ORN 
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Figure 2.  Aspects of ORN axon to PN dendrite 
targeting to glomeruli. A. Homophilic targeting of 
specific cell surface proteins is used by ORN axons to
properly target PN dendrites. ORNs will only pair 
with PNs expressing the same cell surface marker 
profile. Markers can include proteins such as 
Teneurins and Toll receptors. Genetic changes to the 
expression levels of these proteins can cause 
mistargeting. Different shapes in the ORN to PR 
pairings represent different protein profiles. B. 
Temporal contributions to targeting are utilized by 
maxillary palps ORNs (blue). Antennal ORNs (purple) 
must arrive prior to maxillary palps ORNs during AL 
development in order for palps ORNs to properly 
target to their glomeruli. Antennal ORNs produce 
repulsive molecules such as Sema-1a which bind to 
PlexinA receptors on the palps ORNs, assisting in 
their guidance. The temporally delayed paths of the 
palps ORNs are represented by the dashed lines.

axonal targeting, which is dependent on the OR genes expressed in each neuron (Bozza, 
Feinstein, Zheng, & Mombaerts, 2002).

Although much remains unclear, one mechanism by which ORNs and PNs pair properly is 
by homophilic targeting using transmembrane proteins like Teneurin-a and Teneurin-m 
(Fig. 2A) (W. Hong, Mosca, & Luo, 2012), which are also involved in the formation of 
Drosophila neuromuscular junctions (Mosca, Hong, Dani, Favaloro, & Luo, 2012). In this 
process, ORNs will only pair with PNs expressing the same Teneurin profile (currently 
defined by classes of teneurins), and mismatches can be generated using overexpression 
or RNAi suppression of teneurin genes (W. Hong et al., 2012).

Other proteins, such as the 
Toll receptors, have also 
been implicated in ORN-
PN pairing. RNAi 
knockdown screens for 
various proteins causing a 
misdirection in the DA1 
and/or VA1d glomeruli 
identified Toll-6 and Toll-7 
as being involved with 
proper targeting (Ward, 
Hong, Favaloro, & Luo, 
2015). Although known for 
being the beginning of a 
well-characterized 
signaling cascade, the 
downstream signaling and 
even the entire cytosolic 
portion of the Toll-6 and 
Toll-7 receptors were 
deemed unnecessary for 
proper ORN-PN pairing in 
the aforementioned 

glomeruli (Ward et al., 2015). This implies the extracellular regions of Toll-6 and Toll-7 
can be used for cell surface recognition.

Putatively known developmental proteins, like Wnt5 (Wu et al., 2014; Yao et al., 2007) and 
Hedgehog (Chou, Zheng, Beachy, & Luo, 2010B), as well as cell surface markers such as 
Dscam (Hummel et al., 2003), Ephrin (Sekine et al., 2013), and various semaphorins (Joo, 
Sweeney, Liang, & Luo, 2013; Sweeney et al., 2007, 2011) are also known to be involved 
in guiding ORN axons and PN dendrites toward proper glomerular formation. Aberrations 
in the production of these proteins produce phenotypes such as mistargeted ORN axons 
or PN dendrites. Interestingly, there appears to be a temporal aspect mediated by 
Semaphorin-1a and PlexinA between ORN axons in which antennal ORNs must develop 
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and begin patterning in order for maxillary palps ORNs to properly target glomeruli (Fig. 
2B) (Sweeney et al., 2007). Furthermore, a broader spatial component is also involved. 
Differential expression of the transcription factors Atonal and Amos in the ORNs is 
necessary for proper development of the posterior and anterior glomeruli, respectively 
(Okumura, Kato, Miura, & Chihara, 2015). The combination of multiple cell surface 
proteins, temporal regulation, transcription factors, and developmental proteins shows 
the complexity of proper glomerular formation in the AL. Investigations into interactions 
between these contributors as well as concepts such as concentration differences of cell 
surface markers could begin to elucidate the details of this complex process.

ORN Physiology Is Mediated by Receptors

While proper OR expression may not be necessary for axonal targeting of ORNs, the 
olfactory receptor determines the physiological properties of the neuron. Or22a and 
Or22b are expressed in the ab3a neuron, and deletion of these genes ablates the 
sensitivity of this neuron to odor stimulation (Dobritsa et al., 2003). As suggested in the 
ORN Axonal Targeting section, the ab3A neuron still targets the DM2 glomerulus without 
issue, however it no longer responds to its preferred ligand, ethyl butyrate (Dobritsa et 
al., 2003). The Or22a/b deficient ab3a neuron has been repurposed to study other ORs 
using GAL4/UAS control. Various OR genes have thus been expressed in this “decoder” 
neuron in what is called the “empty neuron assay.” Expression of an OR in the empty 
neuron assay results in a change in odor sensitivity determined by the new OR (Hallem, 
Ho, & Carlson, 2004). Additionally, individual receptors can yield both excitatory and 
inhibitory responses by means of interacting with different odors (Hallem et al., 2004). 
Therefore, the odor response is dependent on the interaction between a given odor and 
receptor (Hallem & Carlson, 2006), so no single odor nor receptor can be classified as 
simply “excitatory” or “inhibitory.” However, it was demonstrated that esters and alcohols 
tended to produce strong excitatory responses, and aromatics were often found to be 
more inhibitory (Hallem & Carlson, 2006). The empty neuron assay has also been used to 
reveal the breadth of tuning of ORs. Broadly tuned ORs, such as Or67a and Or49b, were 
identified along with narrowly tuned ORs, like Or82a (Hallem & Carlson, 2006). As might 
be expected, when odor strength is increased, a wider variety of ORs are activated 
(Hallem & Carlson, 2006). As stated by Hallem, Ho, and Carlson (2004), “[receptors] vary 
widely in their breadth of tuning, and odorants vary widely in the number of receptors 
they activate,” indicating the importance of ligand/receptor interaction to ORN activity. 
Aside from OR receptor expression, few peripheral factors influence ORN olfactory 
responses. For example, ORN odor responses are invariant to the wind speed in which 
they are detected (Zhou & Wilson, 2012). One notable exception however is the emphatic 
coupling between ORNs residing in the same sensillum, where activity in one ORN can 
inhibit another (Su, Menuz, Reisert, & Carlson, 2012).
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Ionotropic Receptors

In addition to ORs, Drosophila express a subfamily of ionotropic glutamate receptors 
(iGluRs) known as IRs. They have more variable extracellular regions than iGluRs, which 
bind to various olfactory ligands instead of glutamate (Benton et al., 2009). However, IRs 
maintain the ion-channel characteristics of traditional iGluRs (Abuin et al., 2011), but also 
confer odor responses much like ORs. For example, misexpression of an IR as per the 
“empty neuron assay” confers the IR-specific odor responsivity (Benton et al., 2009). IRs 
act in a complementary function to ORs with respect to odor representation; while ORs 
tend to respond to esters and alcohols, IRs mainly respond to amines and acids (Silbering 
et al., 2011). Furthermore, IRs and ORs have been shown to be evolutionarily distinct 
(Croset et al., 2010).

Representation of Food-Based Odors

Volatile products of fermentation are highly attractive to Drosophila. Importantly, a 
distinction is made that the response to the volatiles of the yeast causing the 
fermentation independent of the fruit are what cause the attraction behavior (Becher et 
al., 2012). The presence of the yeast has been found to encourage oviposition and larval 
development (Becher et al., 2012). Yeast byproducts such as ethanol, acetic acid, and 2,3-
butanediol are overrepresented in the antennal lobe. Additionally, food deprivation 
increases signaling in ORNs sensitive to appetitive odors in a neuropeptide-dependent 
manner while decreasing sensitivity to aversive odors (Ko et al., 2015; Root, Ko, Jafari, & 
Wang, 2011). Odors related to food tend to be attractive to Drosophila and are generally 
overrepresented in the antennae (Hallem & Carlson, 2006), indicating their ethological 
relevance. Furthermore, Drosophila also detect and respond to odors that indicate 
potential harm associated with food. Geosmin, a product of toxic bacteria and fungi found 
on fruit, interacts with a single receptor and elicits a strong, aversive behavior (Stensmyr 
et al., 2012).

Projection Neurons
Projection neurons are defined as the output cells of the antennal lobe, transmitting 
olfactory information from the AL to the LH and MB. Originally, the term PN referred 
specifically to uniglomerular excitatory projection neurons that served a similar function 
to the mitral and tufted cells of the mammalian olfactory bulb. It is now appreciated that 
there are likely several types of neurons that convey olfactory information to other brain 
regions; some of these cells differ substantially from the originally described PNs.

Most projection neurons are derived from one of three neuroblasts named according to 
the position of their cell bodies: the anterodorsal, lateral, and ventral neuroblasts 
(Jefferis, Marin, Stocker, & Luo, 2001). The best described members of the anterodorsal 
and lateral neuroblast-derived PNs are uniglomerular, excitatory cholinergic neurons, 
which project to third order brain regions via the medial antennal lobe tract. These cells 
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have been referred to as ePNs (excitatory PNs), uPNs (uniglomerular PNs), mPNs (mALT-
projecting PNs), and simply PNs. This nomenclature can create confusion as other 
neurons in the AL have been assigned similar abbreviations. For example, 
multiglomerular PNs have also been referred to as mPNs. For the purposes of this review, 
we will refer the canonical excitatory, uniglomerular PNs as ePNs and the GABAergic 
multiglomerular PNs as iPNs. We do this acknowledging that PN nomenclature is still not 
fully resolved and that the identification of future classes of PNs will likely necessitate 
revisiting how we refer to these neurons.

PN Anatomy

The dendrites of ePNs project into a single glomerulus ipsilateral to their somata. On 
average, 2 to 3 mPNs innervate each glomerulus, though the number ranges from 1 to 6 
(Grabe et al., 2016). While the volume of the glomerulus is dictated primarily by the 
number of ORNs, it also correlates slightly with increasing ePN number (Grabe et al., 
2016). It is generally believed that all of the ePNs that innervate a single glomerulus 
function identically, and stark differences between ePNs within a glomerulus have not 
been reported. There is also a correlation where glomeruli innervated by the highest 
number of ePNs receive their input from narrowly tuned ORNs (Grabe et al., 2016).

Within the glomerulus, ePNs receive synaptic input from ORNs, LNs, and from sister 
ePNs that innervate the same glomerulus. Interestingly, approximately one-fourth of the 
ePN synapses within the AL are outputs (Rybak et al., 2016). The ORN to ePN synapse is 
cholinergic and reliably blocked by the nicotinic receptor antagonist mecamylamine 
(Kazama & Wilson, 2008). Cholinergic, as well as electrical, synapses are also used 
between sister PNs to correlate their spontaneous activity and odor responses (Kazama & 
Wilson, 2009). ePNs make synaptic connections onto LNs (Wilson & Laurent, 2005) and in 
turn receive direct inhibition from several classes of LNs (Liu & Wilson, 2013).

The next best characterized group of PNs arises from the ventral neuroblast and have 
their somata located ventral to the AL. These PNs are inhibitory, utilize GABA, and project 
to the LH via the mlALT. Most of these ventrally positioned PNs innervate multiple 
glomeruli, though a smaller subset is uniglomerular (Shen et al., 2016; Tanaka et al., 
2012). These PNs have also been referred to by a number of abbreviations including iPNs 
(inhibitory PNs), vPNs (ventral PNs), mPNs (multiglomerular PNs), and mlPNs 
(mediolateral tract PNs). Here, we refer to these cells as iPNs. iPNs have been further 
subdivided into three types based on their glomerular innervation patterns (Tanaka et al., 
2012): Type 1 are uniglomerular, Type 2 are multiglomerular and represent the vast 
majority (~80%), and Type 3 are panglomerular. Further classes of iPNs have been 
recently identified and are thus poorly described in terms of physiology and function. The 
iPNs are densely interconnected with all of the other cells classes within the AL. Like the 
ePNs, they also receive direct excitation from ORNs but are generally more broadly tuned 
to odor input (K. Wang et al., 2014). This may be due to a combination of direct input 
from more ORN types (since iPNs typically innervate multiple glomeruli) or from lateral 



Drosophila Olfaction

Page 10 of 37

PRINTED FROM the OXFORD RESEARCH ENCYCLOPEDIA, NEUROSCIENCE (oxfordre.com/neuroscience). (c) Oxford 
University Press USA, 2019. All Rights Reserved. Personal use only; commercial use is strictly prohibited (for details see 
Privacy Policy and Legal Notice).

Subscriber: University of Maryland - College Park; date: 25 March 2019

excitatory connections. iPNs also make reciprocal connections with ePNs. They are 
excited by ePNs and in turn depolarize ePNs via electrical synapses.

Characterization of PNs

Initial studies into the organization of the AL focused on screening GAL4 promoter lines 
to identify cells that appeared most like the traditional PNs described in other insects; 
namely uniglomerular PNs. However, recently there have been more consistent efforts to 
fully characterize the projection neurons in glomeruli using unbiased approaches (H. H. 
Lin, Chu, Fu, Dickson, & Chiang, 2013; Tanaka et al., 2012). For example, 
photoactivatable GFP can be used to reveal all of the neurons innervating a glomerulus. 
This approach revealed a total of 12 PNs that innervate the CO -sensitive V glomerulus 
representing novel classes of PNs that project bilaterally and exclusively to the V 
glomerulus (H. H. Lin et al., 2013). Interestingly, these different classes of PNs responded 
uniquely to increasing concentrations of CO  and influenced concentration-dependent 
aversion to the odor. Thus while it is still assumed that classic ePNs within a glomerulus 
function identically, it is clear that different classes of PNs within a glomerulus function 
together to shape olfactory-mediated perceptions and behavior.

Local Interneurons
The characterization of Drosophila LNs has been among the most complicated for 
neurons of the antennal lobe. In part, this is due to the incredible heterogeneity in 
features used to classify them. Such features include neurotransmitter composition, 
anatomy as defined by glomerular projection, intrinsic cellular properties (Seki, Rybak, 
Wicher, Sachse, & Hansson, 2010), and responses to olfactory stimuli. The only common 
feature that unites all LNs in the AL is simply that their processes are restricted entirely 
to the antennal lobe. Otherwise, it is clear that AL LNs represent an extremely diverse 
and complex class of neurons.

2

2



Drosophila Olfaction

Page 11 of 37

PRINTED FROM the OXFORD RESEARCH ENCYCLOPEDIA, NEUROSCIENCE (oxfordre.com/neuroscience). (c) Oxford 
University Press USA, 2019. All Rights Reserved. Personal use only; commercial use is strictly prohibited (for details see 
Privacy Policy and Legal Notice).

Subscriber: University of Maryland - College Park; date: 25 March 2019

Figure 3.  Diversity of individual LN morphologies 
and responses, and also populational LN responses 
to private odors. (A–E) The five classes of LN 
morphologies as defined by Chou et al. (2010A). 
These classes are panglomerular (A), nearly 
panglomerular (B), continuous multiglomerular (C), 
patchy multiglomerular (D), and oligoglomerular (E). 
Pan- and nearly panglomerular LNs innervate all and 
nearly all glomeruli, respectively. Multiglomerular 
LNs innervate many glomeruli, but not to the extent 
of nearly panglomerular LNs. Continuous LN 
innervate neighboring glomeruli while patchy LNs do 
not. Complimentary patchy LNs without overlap can 
be observed within a fly. Oligoglomerular LNs tend to
innervate between one and three glomeruli and are 
the least common of the five categories. A weak 
inverse correlation exists between the number of 
glomeruli an LN innervates and the strength of its 
odor responses (Chou et al., 2010A). (F) Examples of 
spike trains demonstrating the diversity of LN 
responses.

LN Anatomy
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Recordings were obtained from LNs labeled by the 
same GAL4 line, and responses are all to the same 
odor. Vertical lines represent individual LN spikes, 
and the blue rectangles denote odor delivery. Scale 
bar is 0.1 seconds. Top left, a strong odor response, 
compared to bottom left, a weak odor response. Top 
right and bottom right, a fast and slow response, 
respectively. Responses in LNs may also be strong 
with a long latency or weak and short in latency. 
These responses tend to vary more across cells 
rather than odors, allowing for the prediction of 
other odor responses given an observed response to 
a known odor. (G) Odors that elicit ORN signaling to 
a single glomerulus evoke LN activity in all other 
glomeruli. Left, the GCaMP3 signal in ORNs in 
response to four odors. Right, the corresponding 
GCaMP3 signal of LNs to the same odors. 
Arrowheads indicate additional LN activity in the 
glomerulus being activated. These data indicate 
activity in as little as one glomerulus is sufficient to 
elicit LN activity in all other glomeruli, and the 
resulting spatial intensity profile is similar across 
odors. Adapted from Hong and Wilson (2015), 
Simultaneous encoding of odors by channels with 
diverse sensitivity to inhibition. Neuron, 85(3), 573–
589, with permission.

Anatomically, virtually all 
LNs are multiglomerular 
and send their dendrites to 
several olfactory 
glomeruli. However, the 
specific glomeruli targeted 
by LNs can vary 
tremendously across cells. 
LNs can innervate (a) 
virtually all glomeruli and 
be panglomerular, (b) all 
but a few glomeruli, (c) a 
continuous region of the 
AL, (d) a patchy or 
discontinuous portion of 
the AL, or (e) only a few 
glomeruli and be 
oligoglomerular (Fig. 3A–
E) (Chou et al., 2010A). It 
is generally believed that 

LNs will release GABA throughout their dendrites, making total innervation a reasonable 
proxy for GABA release into a glomerulus (Chou et al., 2010A; E. J. Hong & Wilson, 2015). 
Interestingly, while there are only approximately 100 LNs in each AL, a survey of nearly 
1500 LNs (across different individual flies) revealed approximately 850 unique 
glomerular innervation patterns. Thus the specific glomerular pattern cannot be used to 
rigidly classify LNs as this feature is not stereotyped across flies. However, despite the 
great variability in LN projection patterns, their anatomical innervations are clearly not 
randomly distributed. Various GAL4 lines that label LNs show consistency in the 
glomeruli that they target. For example, LNs labeled by some GAL4 lines consistently 
avoid glomeruli whose cognate ORNs are selective for pheromones, while reliably 
targeting other glomeruli. Other GAL4 lines preferentially label patchy LNs or LNs that 
innervate a continuous region of the AL. Genetic multicolor labeling of two patchy LNs 
shows that their dendrites appear to repel one another, preventing them from occupying 
the same glomerulus (Chou et al., 2010A). Thus the logic of LN innervation in the AL is 
likely not a rigid stereotypy, but rather more likely regulated on an individual fly basis 
through developmental processes, such as LN to LN interactions.

LN Physiology

Similar to their diversity in morphology, LNs also demonstrate great variability in their 
physiology. Both the intrinsic properties and synaptic conductances of LNs vary across 
individual cells to give them unique odor responses (Chou et al., 2010A; Nagel & Wilson, 
2016; Seki et al., 2010; Wilson & Laurent, 2005; Wilson, Laurent, & Turner, 2004; Yaksi & 
Wilson, 2010). Such odor responses can vary with regards to their odor tuning, sensitivity, 
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and temporal dynamics (Fig. 3F). While the physiology of LNs can vary between neurons, 
there are consistencies observed within and across cells’ responses, much like their 
anatomy. Importantly, LN odor responses vary more across cells than they do across 
odors. This means that having information about an LN’s responses to one stimulus can 
help predict its responses to untested odors. One of the most convincing means of 
grouping LNs into individual classes is to correlate patterns of anatomy with physiology. 
Indeed, such trends have been observed, suggesting that distinct classes of LNs are 
present in the AL (Chou et al., 2010A). For example, panglomerular LNs that innervate 
the most glomeruli show weaker odor responses than LNs innervating far fewer 
glomeruli. Additionally, LNs that selectively avoid pheromone processing glomeruli tend 
to have more transient odors responses compared with other LNs. Not surprisingly, such 
physiological differences thus also correlate with the GAL4 line used to label the LNs. 
Given the diversity of LN physiology and the likely presence of multiple classes of LNs, an 
important issue is how LNs respond to odor presentations at the population level. 
Because most of the variability in LN responses occurs across cells and not odors, most 
odors will elicit the same pattern of activity within LNs across the AL (at least at the 
resolution of calcium imaging) (Fig. 3G) (E. J. Hong & Wilson, 2015). This fixed pattern 
simply scales with the strength of the odor, defined as the total number of ORN spikes 
elicited. An exception to this observation is that some odors which selectively activate a 
single class of ORNs generally recruit additional intraglomerular LN activity within their 
targeted glomerulus.

The most common neurotransmitter utilized among LNs is the inhibitory transmitter 
GABA, although there is diversity in LN transmitter profile as well. GABAergic 
transmission from LNs hyperpolarizes and inhibits both presynaptic ORN terminals and 
PN dendrites (Olsen & Wilson, 2008; Root et al., 2008). In the intact olfactory circuit, 
presynaptic inhibition of ORN terminals is the dominant form of inhibition. Olfactory 
receptor neurons express both GABA  and GABA  receptors which allows them to be both 
rapidly inhibited by LN activity and to undergo a longer, slower form of inhibition that is 
likely mediated by GABA-spillover after LNs have stopped responding to olfactory 
stimulation. Pharmacological manipulations show that both forms of inhibition are 
important for shaping olfactory responses in the AL. Some LNs in the AL do not release 
GABA, but instead release other neurotransmitters. One example are the glutamatergic 
LNs (Glu-LNs) that reside in the ventral cluster of the AL (Das et al., 2011; Liu & Wilson, 
2013). These LNs also show diverse anatomical profiles and broad odor responses. They 
inhibit virtually every class of neuron in the AL and make reciprocal connections with 
GABAergic LNs. Interestingly, Glu-LNs do not send their processes directly into the 
glomerulus, but rather seem to release glutamate into the space around the glomeruli. 
This suggest that that Glu-LNs may inhibit by bulk release and spillover of glutamate 
rather than forming traditional synapses in the AL. Consistent with a model of spillover, 
individual Glu-LN to PN synapses are not physiologically observed whereas as stimulation 
of large populations of Glu-LNs reliably hyperpolarize ePNs.

A B
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The AL also possess LNs that utilize acetylcholine as their neurotransmitter. The 
presence of an excitatory local network in the AL was implied from early experiments 
showing that PNs can respond to odors to which their cognate ORNs are insensitive 
(Bhandawat, Olsen, Gouwens, Schlief, & Wilson, 2007; Wilson & Laurent, 2005), or when 
the ORNs are silenced via mutation (Root, Semmelhack, Wong, Flores, & Wang, 2007; 
Shang, Claridge-Chang, Sjulson, Pypaert, & Miesenböck, 2007) or have been physically 
removed (Olsen, Bhandawat, & Wilson, 2007). These excitatory LNs (eLNs) surprisingly 
do not mediate lateral excitation via acetylcholine, but instead broaden odor responses 
via electrical coupling with PNs via gap junctions (Yaksi & Wilson, 2010). The eLNs are 
broadly tuned to odors and highly sensitive to even weak odor stimuli. This is likely 
mediated by both input from a large array of ORNs and reciprocal connections with PNs. 
While eLNs use gap junctions to mediate lateral excitation in the AL, they also make 
acetylcholine-mediated synapses with GABAergic LNs.

Modulation and Plasticity of LNs
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Figure 4.  Local interneurons participate in both 
classical neuromodulation and plasticity of olfactory 
responses. (A) Top left, a model for neuromodulation 
of ORN output in response to food deprivation. 
Starvation results in potentiated ORN responses for 
ORNs that mediate attraction (such as DM1 ORNs). 
This increase is sensitivity is represented by an 
additive gain function. DM5 ORNs that mediate 
aversion to high concentrations of odor become less 
sensitive to odors upon starvation in a manner 
consistent with divisive gain control. Bottom left, a 
schematic of the cellular basis for starvation-induced 
modulation showing the connections between an 
ORN (black), PN (magenta), and LN (blue). ORN 
terminals release acetylcholine onto PN dendrites. 
ORN terminals possess tachykinin receptors (DTKR) 
and short neuropeptide F receptors (sNPFR) in the 
AL. Tachykinin (DTK) is supplied by local 
interneurons and short neuropeptide F (sNPF) is 
released by ORNs directly. Starvation decreases 
circulating insulin levels and decreases insulin 
receptor (InR) activation. In the aversive DM5 ORN 
axons, this results in an increase in DTKR expression 
and diminished ORN transmitter output. In the 
attraction-mediating DM1 ORN axons, reduced InR 
signaling increases sNPFR expression and amplifies 
ORN release onto PN dendrites. Note that DM5 and 
DM1 ORNs each express both DTKR and sNPFR. It is 
only the change in their expression levels upon 
starvation that is unique to the ORN class. Right: a 
representation of the Drosophila brain showing 
ORNs, LNs, and PNs. (B) A model for habituation 
showing decreased GABAergic LN output as the 
primary cause. Processes and receptors required for 
normal olfaction are shown in black and components 
required for habituation are shown in light gray. 
Habituation results in a marked increase in LN 
GABAergic transmission onto PNs. During prolonged 
odor exposure PNs are activated by ORN input. The 
PNs recurrently excite the LNs either directly 
through acetylcholine or indirectly through 
excitatory local interneurons. Plasticity likely occurs 
in the LNs as habituation requires a functional 
rutabaga gene, a calcium-calmodulin-dependent 
adenylate cyclase, in a subset of LNs termed LN1s. 
These LNs corelease glutamate onto PN terminals 
and the vesicular glutamate transporter vGluT is 
required for habituation. Glutamate activates NMDA 
receptors only in activated PNs. This is critical to 
ensure that only LN synapses onto previously 
activated PNs are potentiated. While most LNs are 
multi- or panglomerular, habituation is restricted to 
only those glomeruli that are activated during 
prolonged odor presentation.

LNs are also key players in 
modulating olfactory 
representations in the AL, 
as they can synthesize 
numerous neuropeptides 
and monoamines, and they 
possess several receptors 
for neuromodulators 
released by centrifugal 
neurons innervating the 
AL (Carlsson, Diesner, 
Schachtner, & Nässel, 
2010; Kim, Su, & Wang, 
2016; Sizemore & Dacks, 
2016). A number of 
neuropeptides including 
tachykinin (Carlsson et al., 
2010; Ignell et al., 2009; 
Winther, Siviter, Isaac, 
Predel, & Nässel, 2003), 
myoinhibitory peptide, and 
allostatin A localize to 
LNs. Tachykinin released 
by LNs inhibits the 
terminals of ORNs to 
depress odor activity (Fig. 
4A) (Ignell et al., 2009). 
This suppression targets 
glomeruli tuned to 
aversive odors and is 
invoked during food 
deprivation. This form of 
modulation (along with 
additional ORN-mediated 
forms) enables flies to 
better navigate towards 
appetitive odors (Ko et al., 
2015). Dopamine is also 
supplied to the AL by a 
pair of LNs that also likely 

release GABA (Chou et al., 2010A). However, the specific role of most LN-released 
peptides has not been thoroughly investigated. In addition to releasing modulating 
compounds, LNs are themselves the targets of neuromodulation. Modulation of LNs has 
been best characterized in regards to serotonin (Coates, Majot, Zhang, et al., 2017; 
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Dacks, Green, Root, Nighorn, & Wang, 2009; A. P. Singh et al., 2013; Sizemore & Dacks, 
2016; X. Zhang & Gaudry, 2016). Each of the five Drosophila 5-HT receptors localize to at 
least some LNs. Endogenous serotonin hyperpolarizes both LNs and PNs and ultimately 
leads to reduced olfactory responses in most glomeruli (Zhang & Gaudry, 2016). In flies, 
only one serotonergic neuron innervates the AL. This cell is termed the contralaterally-
projecting, serotonin-immunoreactive deutocerebral neuron (CSDn) (Dacks, Christensen, 
& Hildebrand, 2006). Manipulation of the CSDn’s activity affects multiple odor-mediated 
behaviors such as CO  avoidance and sensitivity to the Drosophila pheromone 11-cis 
vaccenyl acetate (cVA) (A. P. Singh et al., 2013). However, some glomeruli do not receive 
input from the CSDn and yet remain sensitive to serotonergic pharmacology (X. Zhang & 
Gaudry, 2016). This suggests that some LNs or PNs may be able to respond to serotonin 
released extrasynaptically or potentially in the hemolymph.

In addition to altering odor representations via neuromodulation, LNs can also change 
odor responses through learning and plasticity (Fig. 4B). Long-term exposure to CO
induces an expansion specific to the V glomerulus, which is innervated by ORNs selective 
for CO . It is accompanied with an increased odor response in LN neurites within the V 
glomerulus, which decreases PN output resulting in behavioral habituation (Sachse et al.,
2007). ORN activity remains the same after long-term odor exposure, and so habituation 
is thought to be mediated by increased LN inhibition of PN dendrites (Das et al., 2011; 
Larkin et al., 2010; Sadanandappa et al., 2013). This leads to an interesting question: if 
LNs typically innervate many glomeruli, how is modulation of LN output restricted to only 
the activated glomerulus? Current models propose that LN activity is enhanced in only in 
the portions of an LN’s neurites that innervate the activated glomeruli (Ramaswami, 
2014; Twick, Lee, & Ramaswami, 2014). In this model, ORN activity drives only 
postsynaptic PNs and activates NMDA receptors only on those PNs’ dendrites. Because 
PNs activate LNs within the glomerulus in a dendrodendritic fashion, it is reasonable to 
believe that reciprocal PN-LN synapses could be potentiated locally within only that 
glomerulus. While the LNs will also inhibit other glomeruli (mediating lateral inhibition), 
the lack of co-PN activation in those glomeruli appears to prevent the strengthening of 
synaptic connections within those glomeruli. Consistent with this model, habituation fails 
to be induced (a) if NMDA receptors are knocked down in PNs (Das et al., 2011), (b) if 
rutabaga, a calcium dependent adenylate cyclase gene, is knocked down in LNs (Das et 
al., 2011), or (c) if PN activity is suppressed during the period of the habituating long-
time odor-exposure (Sudhakaran et al., 2012).

Olfactory Coding
Early olfactory coding in the Drosophila brain is a result of ORN, LN, and PN properties, 
harmoniously working to modulate the inputs and outputs of the antennal lobe based on 
given odors. The main goal of this system is optimization of signal processing: to balance 
the discrimination of a plethora of odors while also keeping the system as fast as possible. 

2

2

2



Drosophila Olfaction

Page 17 of 37

PRINTED FROM the OXFORD RESEARCH ENCYCLOPEDIA, NEUROSCIENCE (oxfordre.com/neuroscience). (c) Oxford 
University Press USA, 2019. All Rights Reserved. Personal use only; commercial use is strictly prohibited (for details see 
Privacy Policy and Legal Notice).

Subscriber: University of Maryland - College Park; date: 25 March 2019

The result is conflicting components contributing to the olfactory system, leading to 
multiple, coexisting models of coding.

The simplest proposed model of olfaction is perhaps that of the antennal lobe being a 
simple relay of signal. That is, the ePNs receive excitatory inputs from ORNs and 
faithfully transmit to higher order brain regions (Ng et al., 2002; J. W. Wang, Wong, 
Flores, Vosshall, & Axel, 2003). The accuracy of neuronal activity imaging at the time, 
paired with the knowledge that ORNs expressing a given receptor converge at the same 
glomerulus (Gao et al., 2000), supported this faithful transmission model. However, it is 
now clear for multiple reasons that substantial processing of odor representations occurs 
both through lateral connections across olfactory channels and through the ORN to ePN 
synapse itself. First, ePNs are more broadly tuned to odors than their respective ORNs 
(Wilson et al., 2004). Additionally, ePNs are hyperpolarized and suppressed by GABAergic 
mechanisms and LNs can be heterogenous in glomerular innervation and odor responses 
(Wilson & Laurent, 2005). Lastly, ePN activity can still be observed from the 
corresponding glomerulus when recorded in the empty neuron assay, suggesting 
excitatory or disinhibiting lateral activity (Olsen & Wilson, 2008; Shang et al., 2007). 
Since blocking GABA receptors does not affect this ePN activity, this activity was deemed 
to be from excitatory LNs (Shang et al., 2007). Taken together, this evidence shows that 
profound odor processing indeed occurs in the antennal lobe and is accomplished 
through a variety of means.

Labeled Lines and Combinatorial Coding

Some olfactory circuits are more narrowly tuned than others. Often referred to as single-
channel or labeled line circuits, these pathways are characterized by ORNs narrowly 
tuned to just a single odorant molecule along with similarly tuned PNs, although it is 
worth noting that some PNs may be broadly tuned despite being postsynaptic to narrowly 
tuned ORNs (Schlief & Wilson, 2007). These lines often represent ethologically relevant 
odors, such as those involved with mating, oviposition, and food-finding, indicating a 
possible correlation between efficiency of transmission, extent of processing, and 
importance of the odor to the fly. For example, one labeled line is that of the gustatory 
receptors Gr21a and Gr63a, which detect carbon dioxide and whose neurons project only 
to glomerulus V (Kwon et al., 2007; Suh et al., 2004). Other labeled line odors include 
geosmin, cVA, methyl laurate, and limonene. Geosmin interacts only with Or56a found on 
ORN ab4B, which projects to the DA2 glomerulus (Stensmyr et al., 2012). Methyl laurate 
and cVA are Drosophila pheromone signals that activate ORNs also projecting to 
dedicated glomeruli (VA1v [Dweck et al., 2015] and DA1 [Datta et al., 2008], 
respectively). Scents involved with preferential oviposition such as limonene and other 

Citrus terpenes excite the DC1 glomerulus and cause attraction (Dweck et al., 2015). 
Another potential labeled line is the Or83c-expressing ORNs projecting to the DC3 
glomerulus, responding exclusively to farnesol, a behaviorally attractive odor for flies 
produced in ripe Citrus fruits (Ronderos, Lin, Potter, & Smith, 2014).
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However, if single channels were to be used exclusively for Drosophila odor coding, the 
number of possible odors represented would be a reflection of the 56 glomeruli. An 
alternative means to represent odors is not through the activation of labeled lines, but 
rather through the relative activity across many glomeruli. This strategy, called 
combinatorial coding, allows for the representation of a greater number of odors as well 
as for more opportunities for transformations to occur through interglomerular 
interactions. It is clear that most odors are coded in this fashion, as many ORs are 
responsive to multiple odor molecules and a given odor molecule is likely to activate 
multiple ORs (Hallem et al., 2004; Hallem & Carlson, 2006). This also allows odors to be 
encoded across a wide range of intensities by recruiting new ORNs classes when other 
ORN responses might have saturated. A fly’s discrimination of odors is determined mainly 
by the distance between ePN activity patterns across the AL (Badel, Ohta, Tsuchimoto, & 
Kazama, 2016; Parnas, Lin, Huetteroth, & Miesenböck, 2013). Some glomeruli may play a 
distinct role within the context of combinatorial coding. For example some glomeruli are 
preferentially activated by odors that are attractive and may represent the positive 
valence of olfactory signals within the AL while others may signal aversion (Semmelhack 
& Wang, 2009).
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Figure 5.  Transformations of odor representations 
across synapses in the early olfactory system. (A) A 
schematic representation of the synaptic connections 
of ORNs (black), PNs (magenta), and LHNs (green). 
Convergence and divergence occurs at each stage of 
processing as seen by the all-to-all connectivity from 
ORNs to PNs and from PNs to LHNs. Gray, dashed 
circle indicates the connections within the AL. (B) 
Normalized PN responses peak earlier relative to 
ORNs. This occurs because PNs rest near their firing 
threshold and receive strong synaptic input from 
every ORN innervating the same glomerulus. The 
strong synapse between ORNs and PNs also renders 
PNs sensitive to weak odors. (C) Inhibition in the AL 
prevents saturation of PN responses (solid line 
without lateral inhibition and dashed line with lateral 
inhibition) thus allowing them to code odors over a 
greater range of odor concentrations. Inhibition in 
the AL is provided primarily by GABAergic LNs. (D) 
The convergence of all PNs onto all LHNs also 
contributes to rapid olfactory discrimination. LHNs 
are most sensitive to the fast rising phase of PN 
responses. (E) A model of odor detection based on 
identifying spikes rate above spontaneous activity 
reveals that PNs and LHNs are equally able to detect 
odors given enough time. However, LHNs show 
greater accuracy in early phases of the response (see
Jeanne & Wilson, 2015 for model). This occurs 
because PNs spike trains are noisier due to their 
high spontaneous activity. However, LHNs have low 
spontaneous activity and only fire when PN activity is
high and correlated.

ORN to ePN Synapse

Significant 
transformations occur at 
the ORN to ePN synapse to 
ensure olfactory coding is 
fast and reliable. This 
holds true for ORN to ePN 
synapses used to encode 
odors represented by 
either labeled lines or 
combinatorial coding. The 
convergence of all ORNs 
onto all ePNs within a 
glomerulus (Fig. 5A), 
combined with a high 
probability of release at 
ORN terminals, allows 
ePNs to be rapidly 
depolarized above 
threshold (Bhandawat et 
al., 2007; Kazama & 
Wilson, 2008). The peak 
ePN response to a strong 
odor actually occurs 
before the peak ORN 
response (Bhandawat et 
al., 2007), essentially 
anticipating the ORN peak 
(Fig. 5B). Therefore, 
convergence represents an 
aspect of olfactory coding 
used to accelerate 
olfactory processing. This 

is important as Drosophila have been shown to respond behaviorally to olfactory 
stimulation within less than 100 ms (Gaudry et al., 2013). A high convergence ratio also 
makes ePNs exquisitely sensitive to dilute odor concentrations. Although individual ORNs 
are noisy (de Bruyne, Clyne, & Carlson, 1999), pooling their input makes ePNs more 
reliable than ORNs at predicting odors. ePN sensitivity is further enhanced through their 
correlated activity that arises both from the divergence of ORNs onto each PN and 
specific properties of the synapse (Kazama & Wilson, 2009). The high probability of 
release and high number of release sites at the ORN to ePN synapse means that there 
will be little variation in quantal content across release sites and across ePNs. While 
ORN-to-PN EPSC amplitudes vary greatly over time, they are strongly correlated with the 
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interval between spikes in the presynaptic ORN. Fast spiking in an ORN leads to rapid 
depression across all of its synapses, and longer spike intervals results in larger EPSC 
amplitudes. Correlated ORN input across all ePNs innervating a glomerulus helps 
correlate ePN activity to provide a more reliable signal for downstream circuits to decode 
(Franks, 2015; Jeanne & Wilson, 2015).

Lateral Interactions

Further processing occurs at the glomerulus through lateral input. Application of GABA 
to the Drosophila brain hyperpolarizes PNs and suppresses their odor responses (Wilson 
& Laurent, 2005). This suggests an inhibitory system in the antennal lobe which could 
serve as a means of global gain control in the AL, the source of which was found to be 
LNs (Ng et al., 2002). These inhibitory LNs (iLNs) mediate their action through 
presynaptic, GABAergic suppression of ORN activity (Olsen & Wilson, 2008). The 
mechanism of presynaptic inhibition has been supported by computational analysis, 
which indicated postsynaptic inhibition would not be able to contribute to proper gain 
control and accuracy (Oizumi, 2012). When direct ORN input is removed, lateral 
inhibition is eliminated and lateral excitation is observed instead. This demonstrates that 
glomeruli are connected via both lateral excitation and inhibition and that the locus of 
lateral inhibition must be presynaptic (Olsen & Wilson, 2008). Inhibition has been 
observed to be panglomerular in that stimulation of one glomerulus results in LN activity 
in all other glomeruli (E. J. Hong & Wilson, 2015). This pattern is invariant, with 
activation of any glomerulus always causing the same LN activity pattern. The strength of 
this activity tends to correlate with odor concentration (E. J. Hong & Wilson, 2015) and 
with the overall ORN response (Olsen & Wilson, 2008). It scales linearly with the 
logarithm of the ORN field potential, which is an indirect measure of the total amount of 
action potentials elicited across all ORNs (E. J. Hong & Wilson, 2015). Additional 
intraglomerular inhibition can be observed in cases of some private odors such as in DA2 
activation from geosmin, VL2a activation by phenylacetaldehyde, and V activation from 
carbon dioxide (E. J. Hong & Wilson, 2015).

Although LN activity is panglomerular and invariantly patterned, the sensitivity of PNs to 
inhibition is variable (Olsen, Bhandawat, & Wilson, 2010). There is large but consistent 
variation in glomeruli sensitivity to GABA pharmacology and GABAergic LN activity, as 
defined by changes in PN output (E. J. Hong & Wilson, 2015). Furthermore, it is not likely 
that differential glomerular innervation or release by LNs contributes to the variable 
sensitivity (E. J. Hong & Wilson, 2015). This leads to each glomerulus having a 
characteristic level of sensitivity to lateral inhibition that is independent of odor tuning, 
and therefore being target- but not stimulus-specific. Interestingly, single odors will often 
activate multiple glomeruli, some representing high and others low sensitivity to 
inhibition (E. J. Hong & Wilson, 2015). This suggests a method of odor coding in which an 
odor may be identified by the pattern of activation of low-sensitivity glomeruli, and the 
concentration by glomeruli with high GABA sensitivity. Therefore, representations of 
odors in this model are independent of concentration while simultaneously allowing for a 
vast range of odor strengths. Taken together, it is apparent that lateral inhibition in the 



Drosophila Olfaction

Page 21 of 37

PRINTED FROM the OXFORD RESEARCH ENCYCLOPEDIA, NEUROSCIENCE (oxfordre.com/neuroscience). (c) Oxford 
University Press USA, 2019. All Rights Reserved. Personal use only; commercial use is strictly prohibited (for details see 
Privacy Policy and Legal Notice).

Subscriber: University of Maryland - College Park; date: 25 March 2019

antennal lobe serves as a means of gain control, preventing PN saturation when ORN 
activity is high (Fig. 5C).

eLNs also contribute to shaping olfactory responses in the AL. eLNs and ePNs can excite 
each other in a reciprocal fashion, although the eLN to ePN coupling is generally 
stronger (Huang, Zhang, Qiao, Hu, & Wang, 2010). Since lateral inhibition exists, it is 
possible that lateral excitation could stem from disinhibition as opposed to actual 
excitation. However, blocking GABA receptors in the antennal lobe has no effect on the 
lateral excitation (Shang et al., 2007), suggesting the activity is not mediated through 
disinhibition. Interestingly, the activity of eLNs could cause an indirect inhibition by 
exciting target PNs and thus activating associated iLNs (Yaksi & Wilson, 2010). The 
reciprocal excitation along with indirect inhibition could contribute to the simultaneous 
activation and silencing of multiple glomeruli during the presentation of a single odor. 
This leads to a possible mechanism for which strengths and identities of odors are coded 
in the early olfactory system. The functional consequence of these connections is that 
eLNs may also help boost PN responses to weak stimuli by distributing activity from the 
most active PNs to connected glomeruli. During strong odor activation, eLNs should help 
prevent PN responses from saturating by both distributing their activity and recruiting 
the GABAergic LN network through acetylcholine-mediated synaptic transmission.

Third Order Olfactory Processing
Olfactory information that has been processed by ePNs in the AL is next sent to third 
order neurons in the mushroom body and lateral horn of the protocerebrum. Generally, 
these structures are viewed as serving different functions in odor representation. Early 
experiments ablating the mushroom body late in development with hydroxy urea revealed 
that only the ability to undergo olfactory learning is compromised while innate olfactory 
behaviors remain intact (de Belle & Heisenberg, 1994). This general model is supported 
by behavioral, anatomical, and computational evidence. However, it is worth noting that 
connections between the mushroom bodies and lateral horn suggest there may be 
mechanisms allowing learned and innate olfactory representations to influence one 
another (Aso, Hattori, et al., 2014A; Schultzhaus, Saleem, Iftikhar, & Carney, 2017).

Mushroom Body

The mushroom body is anatomically divided into neuropil called the calyx and the lobes. 
ePN axons synapse in the calyx onto Kenyon cells (KC), which are the primary neurons of 
the MB. There are approximately 2300 Kenyon cells in the MB and approximately six 
ePNs make a connection onto one KC (Aso et al., 2014A, 2014B). These connections are 
sparse and KCs fire generally only a few action potentials in response to any given odor. 
The connectivity between a given ePN and a KC is thought to be random (Caron, Ruta, 
Abbott, & Axel, 2013; Murthy, Fiete, & Laurent, 2008), and thus Kenyon cells are not 
viewed as being stereotyped across individual flies in the same manner as an ePN. 
Kenyon cell axons collect and project from the calyx to the lobes via the peduncle. The 
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MB is divided into three lobes named according to the projection patterns of the three 
classes of KC that innervate the lobes. These are called the γ, α′/β′, and α/β lobes, and the 
KC that form these lobes share the same names. Here, KCs make synapses onto the 21 
individual mushroom body output neurons (MBONs). The lobes of the MB can be divided 
into 15 functional and anatomical compartments where the MBONs send their dendrites. 
Each MBON will send its dendrites generally into one and rarely two of these 
compartments. In addition to the KC to MBON synapses, these compartments also 
contain the processes of 20 dopaminergic neurons (DANs) that target DA1-receptors on 
presynaptic KC terminals. Each DAN also only innervates one or at most two 
compartments. Thus each compartment is defined by a specific set of MBONs and DANs. 
Individual experience can then shape KC to MBON synaptic strengths through 
dopaminergic modulation mediated by DANs. In addition to contributing to long-term 
memory formation associated with odors, it is also likely that DAN activity can also 
modulate state-dependent representations of external stimuli (Aso, Sitaraman, et al., 
2014B; Cohn, Morantte, & Ruta, 2015; Lewis et al., 2015; S. Lin et al., 2014; Shih et al., 
2015).

Lateral Horn

The organization of the LH differs substantially from that of the MB. Unlike the seemingly 
random connections from ePNs onto KCs, LH neurons (LHNs) appear to be stereotyped 
and receive synaptic input that is consistent across individual flies (Datta et al., 2008; 
Fisek, 2014; Jefferis et al., 2007; Ruta et al., 2010; Tanaka, Awasaki, Shimada, & Ito, 
2004). This difference in organization is consistent with the view of the LH as mediating 
innate behaviors versus the MB which mediates learned olfactory behaviors (de Belle & 
Heisenberg, 1994). While compartmentalization in the LH is not as discrete compared to 
the MB, regions exist where the axons of ePNs arising from precise glomeruli terminate 
into five broad zones within the LH (Jefferis et al., 2007). These zones are consistent 
across individual flies and encode specific olfactory signals. Glomeruli that process fruit 
odorants project to the posterior LH while pheromone processing ePNs send their axons 
to the anterior ventral LH (Jefferis et al., 2007). Ammonia, which is a byproduct of the 
fermentation process and thus attractive to flies, is processed with fruity odors in a 
region distinct from aversive odorants such as CO  and acids (Min, Ai, Shin, & Suh, 
2013). This clustering of ePN axons in the LH is likely related to the integration of 
odorants with similar ethological relevance rather than merely chemical similarity. 
Indeed, the terminal arbor locations of ePNs appear related to the valence of the odors 
that drive those ePNs. There is one notable exception to the separation of food-derived 
odors and pheromone processing in the LH. PN axons sensitive to the plant and fruit-
derived odorants phenylacetaldehyde and phenylacetic acid terminate within the 
pheromone processing region of the lateral horn (Grosjean et al., 2011). This sensory 
integration may serve to identify ideal mating sites that would also provide food for the 
resulting larvae. Interestingly, the olfactory receptor neurons that detect these specific 
fruit-derived odors also express the sexually dimorphic transcription factor gene, fru, 
making them unique among ORN classes detecting fruit derived odors.

2
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The LH is also unique in its processing of odors as it is the first olfactory neuropil that 
shows sexually dimorphic responses to odors (Kohl, Ostrovsky, Frechter, & Jefferis, 2013; 
Ruta et al., 2010). While it has been documented that the size of pheromone-processing 
glomeruli differs between the sexes (Kondoh, Kaneshiro, Kimura, & Yamamoto, 2003; 
Stockinger, Kvitsiani, Rotkopf, Tirián, & Dickson, 2005), physiological responses to the 
pheromone cVA are identical in ORNs (Kurtovic, Widmer, & Dickson, 2007; Liu et al., 
2011) and ePNs (Datta et al., 2008) in Drosophila. This is consistent with the fact that 
both male and female flies are sensitive to cVA and use it as an aggregation cue (Bartelt, 
Schaner, & Jackson, 1985). However, males and females also have unique behavioral 
responses to cVA as well (Kurtovic et al., 2007; L. Wang & Anderson, 2010; Yamamoto & 
Koganezawa, 2013). In the LH, ePNs from the DA1 glomerulus make synapses onto 
gender specific fru-positive third order neurons (Kohl et al., 2013). This organization 
allows both genders to be equally sensitive to the pheromone, and yet allows each gender 
to utilize this information to generate sex-specific behavior.

In addition to ePNs, iPNs also send axons to the LH and similarly display discretization of 
their terminals into zones, in part according their function. A recent study has shown that 
iPN terminals form at least two distinct regions in the LH; a posterior medial region (LH-
PM) that encodes attractive odors in a concentration independent manner, and an 
anterior medial (LH-AM) region that encodes similar odors in a concentration dependent
manner (Strutz et al., 2014). These axons arise from two distinct classes of iPNs defined 
not only by their target region in the LH, but also from the AL glomeruli innervated by 
their dendrites (Strutz et al., 2014). Typically, an AL glomerulus will be innervated by 
either class of iPN, but seldom both. iPNs play a critical role in the processing of 
attractive odors and RNAi-mediated knockdown of GABA synthesis in these cells reduces 
attraction in T maze assays (Strutz et al., 2014).

Only a few classes of intrinsic LH neurons have been described to date. One class has its 
cell bodies situated in a region distal to the LH, called the ventral lateral protocerebrum 
(vlPr) (Liang et al., 2013; Tanaka et al., 2004). These GABA-negative neurons send their 
dendrites to the LH and relay information into the vlPr. They receive inputs from ePNs 
and iPNs and respond to a variety of odors including pheromones, attractive odors, and 
aversive odors (Liang et al., 2013; Strutz et al., 2014). Ablation studies (transection of 
axon tracts) revealed that vlPr neuron responses to attractive odors are strongly inhibited 
by iPNs while pheromone-mediated responses are spared (Liang et al., 2013). These data 
suggest iPNs might regulate the gating of sensory information through the vlPr neurons. 
Alternatively, this inhibition may not simply suppress all vlPr neuron output, but instead 
might be critical for shaping vlPr responses temporally or ameliorating coding in another 
fashion. Indeed, suppressing iPN output hinders flies’ abilities to discriminate between 
various nonpheromone odors (Parnas et al., 2013). vlPr neurons also project to a lateral 
region in the LH, (the LH-AL) where they encode aversive odors such as benzaldehyde. 
Interestingly, this region does not receive iPN input and thus RNAi-mediated GABA 
knockdown in iPNs does not affect aversion to odorants (Strutz et al., 2014).
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Two additional classes of LH neurons have been described physiologically and 
anatomically. These are referred as Type 1 and Type 2 LH neurons (Fisek & Wilson, 2013). 
Type 1 neurons have somata located dorsal medial to the main LH neuropil and they send 
their dendrites into superior medial protocerebrum whereas Type 2 LH neurons have cell 
bodies located ventral lateral to the LH and send their dendrites into superior lateral 
protocerebrum. The two classes of neurons also display different odor tuning and 
response profiles. Type 1 neurons are broadly tuned to odors whereas Type 2 are 
narrowly tuned. A physiological screen suggests that Type 1 LH neurons integrate input 
from about 3 or 4 ePNs. Interestingly, Type 1 LH neurons can be excited and fire action 
potentials with the activation of even a single ePN. While these cells integrate input from 
multiple glomeruli, their responses do not saturate as quickly. Thus Type 1 LH neurons 
have an extended dynamic range compared to their individual PN inputs and can encode 
odors over a greater concentration range. As Type 2 neurons are selective for very few 
odors, it is not surprising that they receive input from few if not only one glomerulus. In 
paired recordings between a Type 2 LH neuron and its presynaptic PN, it was found that 
any odor that elicited activity in the LH neuron also drove the PN. This suggests that only 
one glomerulus connects to that particular LH neuron. However, some odors caused 
firing in the PN with little to no response in the LH neuron due to the recruitment of 
inhibition from other olfactory channels. This inhibition arises predominantly from local 
GABAergic neurons within the LH. Type 2 LH neurons that respond selectively to cVA 
show distinct adaptations to extract the most information from PN spike trains. While 
PNs have long integration windows allowing them to summate ORN spikes with great 
sensitivity, LH neurons have much shorter integration times thus reducing their 
sensitivity to noise while allowing them to function as coincidence detectors of 
presynaptic ePN firing (Figure 5D-E) (Jeanne & Wilson, 2015).

The level of interaction between ePNs and iPNs in the LH remains unclear. Synaptic 
boutons of ePNs and iPNs do not overlap in the LH (Y. C. Wang et al., 2013), suggesting 
that the ePN and iPN pathways from the AL to the LH may represent independent, 
parallel channels of processing. However, physical overlap of axons and dendrite may not 
be a good indicator of cellular interactions as extrasynaptic inhibition has been 
postulated in the AL with regards to both GABA and Glutamate (Liu & Wilson, 2013; 
Wilson & Laurent, 2005). Imaging studies have shown mixed results. Laser ablation of the 
iPN axons to the LH failed to disinhibit ePN axons when assessed via calcium imaging 
(Liang et al., 2013). However, thermogenetic activation of iPNs suppresses 
synaptophlourin signals in ePN terminals in the LH (Parnas et al., 2013). This implies that 
iPNs mediate gain control of LH input at the level of ePN axons. There is also some 
evidence that ePNs and iPNs may converge on the same LH neurons. Ablating ePN axons 
projecting to the LH eliminates odor-evoked excitation of the LH neuron and instead 
reveals slight inhibition. This inhibition is thought to be in part mediated by iPNs. A fine 
scale analysis of connectivity between neurons in the LH, including their 
electrophysiological and synaptic properties, still needs to be conducted before it is fully 
determined how much overlap exists between these two processing channels.
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Conclusion
The use of Drosophila has elucidated a range of central issues in olfaction including the 
connectivity and function of different olfactory cell classes, the transformations of odor 
representations across brain regions, and the regulatory effects that allow proper 
development of a highly organized circuit. Specifically, interesting aspects of olfaction 
that resulted in part from Drosophila research include: the clear roles of inhibition and 
inhibitory networks, molecular systems for matching ORNs with their targets, and 
properties of individual cell classes previously thought to be the same. Future 
technologies, such as electron-microscopic reconstruction of the AL connectome, 
intersection strategies for targeting individual cell types, and real-time reporters of 
intracellular signaling cascades will further advance our understanding of Drosophila
olfaction as well as olfaction in other species.
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