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a  b  s  t  r  a  c  t

Sensory  coding  represents  a basic  principle  of  all phyla  in  nature:  species  attempt  to perceive  their  natural
surroundings  and  to  make  sense  of them.  Ultimately,  sensory  coding  is the  only  way  to  allow  a species  to
make  the kinds  of crucial  decisions  that  lead  to a behavioral  response.  In this  manner,  animals  are  able
to  detect  numerous  parameters,  ranging  from  temperature  and  humidity  to light  and  sound  to volatile
or  non-volatile  chemicals.  Most  of  these  environmental  cues  represent  a  clearly  defined  stimulus  array
that can  be  described  along  a single  physical  parameter,  such  as  wavelength  or  frequency;  odorants,  in
contrast,  cannot.  The  odor  space encompasses  an  enormous  and  nearly  infinite  number  of  diverse  stimuli
that  cannot  be classified  according  to their  positions  along  a  single  dimension.  Hence,  the  olfactory  system
has  to  encode  and translate  the  vast  odor  array  into  an  accurate  neural  map  in the brain.  In this  review,
we  will  outline  the  relevant  steps  of the  olfactory  code  and  describe  its progress  along  the  olfactory
ombinatorial coding
lomeruli
lfactory bulb
ntennal lobe

pathway,  i.e.,  from  the  peripheral  olfactory  organs  to  the first  olfactory  center  in  the  brain  and  then  to
the  higher  processing  areas  where  the  odor  perception  takes  place,  enabling  an organism  to make  odor-
guided  decisions.  We  will focus  mainly  on  studies  from  the  vinegar  fly  Drosophila  melanogaster, but  we
will  also  indicate  similarities  to and  differences  from  the  olfactory  system  of  other  invertebrate  species
as  well  as  of  the vertebrate  world.

© 2017  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is an open  access  article  under  the CC

BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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. Defining the odor space

Almost all organisms respond to odors in their external envi-
onment. The ability to perceive odors is present in simple,
ingle-celled organisms, such as bacteria and protista, as well as in
omplex metazoans, such as mammals, arthropods and molluscs.
hemoreception provides a large amount of information that is

of diverse stimuli. Every plant, every animal and even most inani-
mate objects have a smell. Seemingly odorless things, such as water
or stones, represent exceptions. Many of these scents are meaning-
less or incidental, and may  be perceived as pungent, disgusting,
pleasant or neutral. Other fragrances, such those of flowers, are
hardly of evolutionary importance for humans, but are essential
for insects and for the flowers themselves.

The odor space consists of small, volatile, mainly fat-soluble,
Please cite this article in press as: Grabe, V., Sachse, S., Funda
https://doi.org/10.1016/j.biosystems.2017.10.010

ften very specific about food, danger and conspecifics interested in
ating or defending their territory. Hence, most organisms rely on

heir olfactory system to guarantee survival and reproduction. The
lfactory system handles an enormous and nearly infinite number

∗ Corresponding author.
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303-2647/© 2017 The Authors. Published by Elsevier Ireland Ltd. This is an open access
c-nd/4.0/).
organic compounds with molecular weights between 26 and
300 Da (Fig. 1) (Mori and Yoshihara, 1995). The number of different
odorant molecules that can be discriminated by the human olfac-
tory system has been estimated at 400,000 (Mori and Yoshihara,
1995). A more recent study claims that humans can discrimi-
mental principles of the olfactory code. BioSystems (2017),

nate even more than one trillion odors (Bushdid et al., 2014).
However, this assumption is strongly debated (Gerkin and Castro,
2015; Meister, 2015), and the actual number of olfactory stim-
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Fig. 1. First steps in olfactory coding.
Different odor sources, such as a moldy orange or grapes, emit diverse odor
molecules into the air. These odor molecules interact in a combinatorial manner
with the olfactory receptors (ORs) expressed in peripheral olfactory organs (here: an
insect antenna). The binding of an odor molecule onto an olfactory receptor excites
the corresponding olfactory sensory neuron. The neuronal excitation is then relayed
to  the first olfactory center, the insect antennal lobe or the vertebrate olfactory bulb,
where the axons of the sensory neurons terminate. Notably, all sensory neurons that
express the same OR converge onto the same olfactory glomerulus − the structural
and functional units of the first olfactory brain center. This 1:1 convergence results
in  an odotopic map  of the processing center.
 PRESS
s xxx (2017) xxx–xxx

uli that humans and also any other animal can discriminate is
still unknown. Why  is it so difficult to estimate the dimensional-
ity of the odor space? All other sensory systems decode a clearly
defined stimulus array consisting of, e.g., tones that vary in fre-
quency and loudness, or color stimuli differing in wavelength and
intensity. The odor space, however, comprises a virtually endless
stimulus array (Ruddigkeit et al., 2012) that cannot be classified
according to the positions of odorants along a single dimension
that is a single physical parameter, preventing any easy character-
ization and definition of the features and boundaries of the space.
For decades, scientists have attempted to categorize odors and
to establish specific odor classes, but no one has come up with
a comprehensive, widely accepted olfactory classification system
(Kaeppler and Mueller, 2013). In order to understand how the odor
space is encoded by the brain, one must know the range, resolution
and limitations of the olfactory system. To obtain these parameters,
researchers have carried out many psychophysical and neurophys-
iological experiments. These studies have helped to elucidate the
fundamental principles underlying how the odor space is encoded
and translated into neuronal activity and to create an internal neu-
ronal representation in the form of an accurate neural map  in the
brain.

Certain odorants can evoke a singular percept. Notably, slight
alterations in the molecular structure can lead to substantial shifts
in perceived odor quality (Laska and Teubner, 1999a,1999b). In
addition, most odorants occur in the natural environment as only
one of many odorants within large, complex blends; these blends
increase the number of possible smells by orders of magnitude.
For instance, a jasmine flower emits dozens of odorant molecules
with various molecular structures (Mori and Yoshihara, 1995).
The remarkable capacity of the olfactory system to recognize
and discriminate this vast array of odors even at extremely low
odor concentrations is comparable only to the immune system,
which discriminates innumerable epitopes on antigen molecules or
diverse peptides presented by MHC  molecules. How is the olfactory
system able to perceive this diverse array of stimuli?

2. Decoding odors with peripheral olfactory organs

To cope with the vast odor space, chemosensation developed
into a complex system to perceive, identify, evaluate and transmit
the gathered information from its environment. How this system
was capable of resolving a nearly unlimited variety of odorants was,
for a long time, unknown. Two  major working hypotheses crys-
talized: Either a large number of olfactory receptors (ORs) each
interacting with only a few odor ligands or a small number of
ORs capable of interacting and responding to numerous odorants
in diverse combinatorial manners could explain the phenomenon.
The key to unraveling this enigma was the identification in 1991
of a novel multigene family that encodes ORs in rats (Buck and
Axel, 1991) for which Linda Buck and Richard Axel were awarded
the Nobel prize in physiology or medicine in 2004. This ground-
breaking discovery led to an explosion in the number of analyses of
the respective ORs along all branches of the tree of life. Drosophila
melanogaster, today’s major player in olfactory physiology research,
was described, with 60 ORs (Clyne et al., 1999; Vosshall et al.,
1999). Later on, ORs of numerous other organisms were identified.
Among these were the honey bee, with 170 ORs (Robertson and
Wanner, 2006), Caenorhabditis elegans, with 1300 ORs (Robertson
and Thomas, 2006), humans, with 400 intact ORs  (Niimura, 2012),
mice, with over 1000 ORs (Niimura, 2012), and zebra fish, with 160
mental principles of the olfactory code. BioSystems (2017),

ORs (Niimura, 2012). However, how exactly this large gene family
of ORs is capable of coding for the enormous number of odorants
an organism might encounter in nature remained a question. Of
course, only the combinatorial coding of the available receptors

https://doi.org/10.1016/j.biosystems.2017.10.010
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ould provide a proper explanation. At first, 30 receptors would
ave been sufficient to code for over 1 billion odorants even accord-

ng to conservative models. However, a single type of OR has been
ound that is capable of eliciting a distinct response when acti-
ated without requiring any combinatorial coding. Research has
ropelled the vinegar fly, Drosophila melanogaster, and the house
ouse, mus  musculus, onto center stage, where they have become
ajor actors in the effort to decipher the olfactory code and its

lfactory pathways.
Flies and mice encounter an extremely complex environment,

s reflected by the intricate structure of their olfactory system,
hich throughout the whole animal kingdom displays a strong

ent toward conservation (Ache and Young, 2005; Eisthen and
ishikawa, 2002). Both vertebrates and invertebrates possess olfac-

ory sensory neurons (OSNs) on their nose or antenna (Kaupp,
010), where they express the ORs necessary for odorant detec-
ion (Fig. 1). In vertebrates, the olfactory epithelium is the area in
hich OSNs with their respective ORs come in contact with atmo-

pheric volatiles; homologous tissues in insects and crustaceans are
epresented by the antenna or the antennule, respectively. These
omplex structures enable to translate the environmental odor
nformation into neuronal activity, i.e. into a neural code that is
urther transferred to the brain.

Several principles of olfactory coding at various scales allow a
trategically sorting of the odor information already before a single
mpulse of neuronal activity reaches the brain. In insects, an ini-
ial level of coding is represented by the different types of sensilla
ocated in the various olfactory organs that contain OSNs respond-
ng to either pheromones (trichoid sensilla) (Kurtovic et al., 2007),
ood odors (basiconic sensilla) (Hallem and Carlson, 2006), acids
coeloconic sensilla) (Ai et al., 2010), oviposition cues (intermedi-
te sensilla) (Dweck et al., 2013) or toxic odors (Stensmyr et al.,
012; Suh et al., 2004). In contrast, vertebrates do not have this
eparation; instead of various sensilla types, the epithelium of ver-
ebrates is organized zonally (Ressler et al., 1993). A second level
f coding found in insects lies in the pairing of OSN types within

 single sensillum: neurons share the same space and have been
escribed as influencing their partners’ responsiveness at the den-
ritic level (Andersson et al., 2010; Su et al., 2012). This interaction
f OSNs within a sensillum allows the insect a more precise orienta-
ion along a gradient as it increases the contrast between different
dors. In insects, each OSN contains a specific protein receptor
ype in the membrane of the outer dendrite, together with a co-
eceptor that belongs either to the OR clade (co-receptor ORCo)
Larsson et al., 2004), or to the ionotropic glutamate receptor (IR)
lade (co-receptors IR8a, IR25a and IR76b) (Benton et al., 2009).

The third level of coding allows the invertebrate system to
iscriminate between major groups of volatile odorants, with IRs
ainly responding to ketones, acids and amines (Silbering et al.,

011) − similar to ‘trace amine-associated receptors’ (TAARs) in
ertebrates (Liberles and Buck, 2006) − whereas ORs are acti-
ated mostly by acetates, aldehydes and aromatics (Hallem and
arlson, 2006). OSNs are accompanied by a set of supporting cells
thecogen, tricogen and tormogen in insects, and sustentacular and

icrovillar in vertebrates) which secrete various odorant binding
roteins (OBPs) (Vogt et al., 1991) and odor-degrading enzymes
ODEs) (Younus et al., 2014) into the sensillum lymph or the mucus
ayer of the olfactory epithelium. OBP and ODE functions are not
ompletely understood. Because OBPs are present in high concen-
rations in insect antennae and in vertebrate mucus (Pelosi, 1998),
hey contribute heavily to the sensitivity and temporal resolution
Leal, 2013). High neuronal speed and recovery rate, in turn, are
Please cite this article in press as: Grabe, V., Sachse, S., Funda
https://doi.org/10.1016/j.biosystems.2017.10.010

ritical, first for the sensitization processes of neurons that may
ccur through repetitive, subthreshold stimulation (Getahun et al.,
013), and then for affecting the habituation that can occur follow-

ng repeated suprathreshold stimulations (Engel and Wu,  2009).
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Habituation keeps the OSN within its dynamic range and therefore
prevents it from being saturated. Together, these parameters form
a fourth level of coding, as each class of OSNs displays a diverse
level of sensitivity to its key ligand (Pelz et al., 2006).

In addition, morphological segregation takes place because sen-
silla, which are not evenly distributed across the peripheral organs
in all types of insects, show a type- and class-dependent clustering
(de Bruyne et al., 1999; Grabe et al., 2016), forming a fifth level. In
some species, this clustering leads to a potential prioritization of
sensilla which are located near the tip. These mostly pheromone-
sensitive sensilla encounter the odors earlier than the ones at the
antennal base. In vertebrates, it is unclear if such a clustering exists.

Most of the previously mentioned parameters of peripheral
olfactory coding are stable, but their behavioral implications can
vary based on the internal state of the animal. It is known that circa-
dian rhythms in moths reflect their antennal octopamine levels, and
that these levels alter the moth’s olfactory sensitivity in accordance
with its crepuscular activity (Schendzielorz et al., 2015). Other stud-
ies hint at strongly aversive ligands, such as CO2, in flies; these
ligands can evoke an opposite behavioral response, depending on
whether the fly is walking or flying (Wasserman et al., 2013).

Beyond the primary olfactory organs, which house the majority
of OSNs in insects and vertebrates, a sixth level of coding is shaped
through particular organs along the body of the insect. Those organs
could be sensory hairs that code chemosensory input for precise
ethological functions such as the evaluation of food through the
labellum or other mouthparts in Drosophila melanogaster or in
Triboleum castaneaum (Dippel et al., 2016; Fujii et al., 2015), or
oviposition site search by the ovipositor in parasitic wasps (Yadav
and Borges, 2017). An additional invagination of the antenna, called
sacculus, segregates humidity sensing (Enjin et al., 2016). Temper-
ature sensing is located on the arista, a branched hair-like flagellum
on the antenna (Gallio et al., 2011).

In vertebrates, the vomeronasal organ is an accessory olfactory
system which projects onto the accessory olfactory bulb and fur-
ther onto the amygdala and bed nucleus of the stria terminalis and
from there onto the hypothalamus (Brennan and Zufall, 2006). In
rodents, the ‘Grueneberg ganglion’ detects low temperatures, alarm
pheromones and kairomones leading to fear behavior (Bumbalo
et al., 2017; Fuss et al., 2005).

3. The primary olfactory code

Tracing the path of OSNs on their way  from the nose or the
antenna to the central nervous system, the first neuropil encoun-
tered is the antennal lobe (AL) in insects, the olfactory lobe in
crustaceans or the olfactory bulb (OB) in vertebrates (Figs. 1 2, A)
(Ache and Young, 2005; Homberg et al., 1989). In most animals,
these represent the primary olfactory centers where OSNs con-
verge, targeting discrete spherical subunits of this neuropil − the
olfactory glomeruli. Glomeruli vary strongly in number through-
out various animal species, roughly corresponding to the number
of ORs present in the species, namely, 52 glomeruli in vinegar flies,
140 in zebra fish, 165 in honeybees, 400 in ants, 1300 in giant
robber crab, 3000 in migratory locusts, 1800 in mice and 5500 in
humans (Braubach et al., 2012; Galizia et al., 1999a; Grabe et al.,
2016; Krieger et al., 2010; Maresh et al., 2008; Schachtner et al.,
2005; Zube et al., 2008). Underlying the fundamental principle of
glomerular organization is the so-called odotopic map (Fig. 2B), on
which each glomerulus receives input solely from the precise group
of OSNs that express the very same OR, an OSN-type-to-glomerulus
mental principles of the olfactory code. BioSystems (2017),

arrangement that is true for every glomerulus throughout verte-
brate as well as invertebrate brains (Gao et al., 2000; Mombaerts
et al., 1996; Vosshall et al., 2000). Each glomerulus codes the iden-
tity of a certain array of odorants provided by the receptive range

https://doi.org/10.1016/j.biosystems.2017.10.010
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Fig. 2. Central olfactory coding.
A)  Overview of the two peripheral olfactory organs of Drosophila melanogaster, the antenna (AN) and the maxillary palp (MP), and the neuropils in the central nervous system
(AL  − antennal lobe, AMMC  − antennal mechanosensory and motor center, LH − lateral horn, MB − mushroom bodies, SLP − superior lateral protocerebrum, SMP  − superior
medial  protocerebrum, VLP − ventrolateral protocerebrum); B) color-coded map  of AL glomeruli whose OSNs’ best-known ligand is an amine (dark blue), acid (red), alcohol
(magenta), aldehyde (light blue), ester (green), or ketone (yellow); C) color-coded map  of AL glomeruli receiving input from olfactory sensory neurons that originate from
trichoid  (blue), coeloconic (green), antennal basiconic (orange) or palp basiconic sensilla (red); D) color-coded map  of glomeruli coding for attractive (green) and aversive
odors  (magenta) in the AL of Drosophila; E) false color-coded combinatorial activity pattern in the Drosophila AL in response to an odor puff of benzaldehyde (E’), the sex
pheromone cis-vaccenylacetate (E”) and isoamylacetate (E”’); F) overview of described functional segregations of the lateral horn based on whether the chemical properties
of  the activating odors are pheromones or food cues (F’), amines or acids (F”), attractive, aversive or concentrated (F”’).

https://doi.org/10.1016/j.biosystems.2017.10.010
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f the OR (or IR) expressed in its outer dendrites on the antenna,
he olfactory epithelium, or elsewhere. How odor-evoked activity
s then encoded in the central brain is well understood in Drosophila

elanogaster. As most of these findings are assumed to be true in
oth vertebrates and invertebrates, for the reasons outlined earlier,
e shall focus on the vinegar fly.

Odor identity in the combinatorial code is strongly conserved
Bhandawat et al., 2007) and propagated in the brain via a fixed
umber of direct chemical synapses per OSN and glomerulus to
he projection neurons (PNs) in insects (Mosca and Luo, 2014)
r mitral/tufted cells in vertebrates, which represent the output
eurons of the first olfactory center. This fixed number of OSN
ynapses also shows various levels of convergence from OSNs to
Ns (Grabe et al., 2016). These factors reflect the emphasis given to
ertain glomerular inputs over others throughout the code. Before
hese second-order PNs leave the AL on their way  towards higher
rain centers such as the protocerebrum, various computational
rocesses take place.

The key players in this process are the local interneurons (LNs)
n invertebrates or granule cells in vertebrates that connect diverse
ets of glomeruli throughout the AL or OB (Chou et al., 2010; Ng
t al., 2002; Seki et al., 2010). The neurons are mainly GABAer-
ic or glutamatergic (i.e., inhibitory), while a few cholinergic (i.e.,
xcitatory) LNs also exist; these seem to serve several functions
Shang et al., 2007). One prominent task of LNs is to gain-control
he OSN input signals. OSNs receive input onto their presynapses
eading to suppression via lateral GABAergic inhibition in case of
trong activity in the system to retain the neurons in an activatable
tate (Root et al., 2008). In contrast to this global lateral inhibition,
hese interactions can also occur in quite specific ways. For exam-
le, food odors are able to reduce the innate aversion mediated by
O2-responsive glomeruli by means of lateral inhibition (Turner
nd Ray, 2009). Chemical synapses have been offered as the pri-
ary explanation for these effects, but this view had to be further

efined after gap junctions in this neuron population were shown
o be present (Yaksi and Wilson, 2010).

A third variable in this gain control mechanism is the irregular
ensitivity to the lateral inhibition of certain glomeruli via GABA
Hong and Wilson, 2015) again displaying a prioritization of sin-
le glomeruli in the combinatorial code through reduced noise and
tronger contrast in those particular ones. This seemingly uniform
lobal effect of LNs is further complicated by the fact that only
bout 28% of LNs innervate all glomeruli in flies (Chou et al., 2010).
he non-uniform innervation density of interneurons correlates

nversely with the number of uniglomerular PNs, especially in the
ase of odors with high ecological relevance. A small set of glomeruli
hat receive less lateral input via interneurons displays a signifi-
antly higher number of PNs projecting onto higher brain centers,
nd this creates a potentially more dominant output compared to
he remaining glomeruli (Grabe et al., 2016). All such asymmetri-
ally innervated glomeruli are known to code for highly relevant
cological cues, such as sex pheromones (Fig. 2E”) and aggregation
heromones, as well as for highly noxious cues. Like the glomeru-

us coding for CO2 aversion, these information pathways are often
onsidered to be labeled lines, as they are highly specific for their
espective task and they process the task functionally segregated
rom other glomeruli (Stensmyr et al., 2012). This segregation is
n strong contrast to the way in which most other glomeruli code
iverse information about food sources and elicit a combinatorial
ode, because their respective ORs respond to a variety of odors
nd single odors activate several glomeruli (Fig. 2E’, E”’). The com-
inatorial code of activity in the various receptor channels leads to
Please cite this article in press as: Grabe, V., Sachse, S., Funda
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 coding capacity of 1015 different odors in the vinegar fly, if the
ost cautious estimation of plain binary activity combinations in

he code is true (Münch and Galizia, 2016). Keeping in mind that
he OR repertoire of the fly is among the smallest ever described,
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so one can guess about the coding capacity of the olfactory systems
in other animal species (Bushdid et al., 2014). We  have come a long
way in deciphering this code of the AL in Drosophila melanogaster,
but we still lack the complete picture, and the AL is just the second
step from perception to behavior.

So how is this research actually conducted, considering that the
recording and visualization of the ongoing processes is a wide field
in itself? The temporal response properties of OSNs, LNs and PNs to
odors have been well characterized through the years in vertebrates
(Duchamp-Viret et al., 1999; Sato et al., 1994; Sicard and Holley,
1984) and in insects (Abel et al., 2001; Christensen et al., 1993;
de Bruyne et al., 2001; Sun et al., 1993; Vareschi, 1971). Single-
cell recordings have provided high temporal resolution, but only
one neuron could be measured at a time. In order to investigate
the spatial component of the olfactory code, different experimen-
tal approaches have been used as direct and indirect indicators
for neuronal activity; these have allowed us to observe entire
neuron populations simultaneously in the OB and the AL. Exper-
iments using radioactively marked 2-deoxyglucose or expression
of the immediate-early gene c-fos revealed that odors evoke spa-
tially organized activity patterns, consisting of mosaics of activated
glomeruli (Galizia and Menzel, 2001). However, because these
measurements are composed only of single long-lasting odor stim-
ulations in a single animal, they lack the temporal information, and
comparisons within the animal for different odors cannot be made.
Thus, optical recording methods have been developed to visual-
ize both spatial and temporal aspects of olfactory coding in the
living animal during stimulations with various odors. Several stud-
ies, using intrinsic signals (Meister and Bonhoeffer, 2001; Rubin
and Katz, 1999; Uchida et al., 2000), voltage-sensitive dyes (Cinelli
et al., 1995; Friedrich and Korsching, 1998; Spors and Grinvald,
2002) or calcium imaging (Friedrich and Korsching, 1997; Galizia
et al., 1999b; Joerges et al., 1997; Sachse et al., 1999; Wachowiak
and Cohen, 2001) have shown that odors are encoded as specific
spatio-temporal ‘across-glomeruli’ patterns − the combinatorial
code.

Nowadays, functional imaging of calcium currents in model
organisms is mainly carried out with genetically engineered cal-
cium indicators (GECI), such as GCaMP6 (Chen et al., 2013), which
exhibit a highly improved signal-to-noise ratio. Using these tech-
niques, the combinatorial odor code could be confirmed for the
AL of Drosophila.  Furthermore, it could be demonstrated that the
hedonic valence of odors is represented at the AL level. Certain
glomeruli could be identified that respond more frequently to
attractive odors, while others are mainly activated when an odor is
aversive to the animal (Fig. 2D) (Knaden et al., 2012).

4. Odor categorization of higher processing centers

How is the odor information modulated and transferred to
higher brain centers? And which features of an odor stimulus are
encoded at this high processing level? The olfactory information
from the first olfactory center − the insect AL or the vertebrate OB
− is relayed via output neurons (PNs in insects and mitral/tufted
cells in vertebrates) to higher processing centers. At the level of the
first olfactory center, odors are coded as an across-glomeruli code
(as mentioned above) according to which each odor activates an
odor-specific combination of glomeruli. However, whereas at low
olfactory-processing levels, odor specificity is encoded, at the level
of high olfactory-processing centers, certain odor features, such as
mental principles of the olfactory code. BioSystems (2017),

odor intensity, hedonic valence or specific behavioral value are rep-
resented, as revealed in recent studies (Sachse and Beshel, 2016).
Hence, the specificity of the odor stimulus seems not be part of the
odor code in higher-order brain centers.

https://doi.org/10.1016/j.biosystems.2017.10.010
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In insects, the output neurons (PNs) target two different regions
n the higher brain, namely, the mushroom body calyx and the lat-
ral horn (Vosshall and Stocker, 2007). The mushroom body can
e seen as a structure that is analogous to the piriform cortex in
ammals (Su et al., 2009), whereas the lateral horn shares many

imilarities with the mammalian amygdala (Miyamichi et al., 2011;
osulski et al., 2011). Neuroanatomical studies in Drosophila have
evealed that the axonal branching of PNs is highly stereotypic from
nimal to animal with respect to the target areas in these two higher
rain centers (Jefferis et al., 2007; Marin et al., 2002; Wong et al.,
002). The mushroom body has been a major subject of research
ver several decades, due to its well-substantiated role in learning
nd memory (Heisenberg, 2003), and many studies have tried to
issect its underlying neuronal circuitry (Aso et al., 2014a,2014b;
akemura et al., 2017). Interestingly, while there is a strong conver-
ence and reduction in neuronal numbers from OSNs to the AL to PN
utput neurons, a strong divergence and vast increase in numbers

s observable when moving from the PN to the mushroom body.
ere, the ∼150 PNs synapse onto ∼2500 Kenyon cells, the intrin-

ic neurons of the mushroom body (Aso et al., 2009). The relatively
igh firing threshold and the crosswise interconnections among
Ns and Kenyon cells speak in favor of an odor-coding principle
alled ‘sparse code,’ which means that very few Kenyon cells are
esponsive only to a distinct odor (Luo et al., 2010; Turner et al.,
008), a principle that appears to favor associative olfactory learn-

ng (Fiala, 2007). Taken together, both at the level of the AL and
t the level of the mushroom body, odor information is processed
nd the information about a particular odor is distributed across
elatively large numbers of neurons.

The lateral horn has been the focus of recent studies, and sci-
ntists are paying increasing attention to its neuronal wiring and
dor coding properties. In contrast to the somewhat random PN
onnectivity in the mushroom body calyx (Caron et al., 2013), the
arget areas of PNs in the lateral horn reveal a specific pattern,
amely, zonal clustering, which implies that each zone responds
o a particular set of odorants (Fisek and Wilson, 2014; Marin et al.,
002; Tanaka et al., 2004; Wong et al., 2002). As mentioned above,
hese zones represent and most likely encode specific features of
dors. Evidence for such patterns has come from the map  of the
xonal projections of PNs in the lateral horn that has revealed
lear spatial segregation in PNs responding to pheromones or food
dors (Fig. 2F’) (Jefferis et al., 2007) as well as in regions that are

nnervated by PNs activated by attractive amines or aversive acids
Fig. 2F”) (Min  et al., 2013). Furthermore, the use of functional imag-
ng and the monitoring of the odor response properties of PNs in the
ateral horn have disclosed three spatially distinct regions that rep-
esent opposing hedonic valences, i.e., attractive or aversive odors
s well as odor intensity (Fig. 2F”’) (Strutz et al., 2014). Hence, at
he level of higher processing centers, odor specificity seems to
ave been lost, and odors are categorized according to their behav-

oral relevance. Whether odors are similarly categorized in higher
rain centers in mammals − that is, according to behavioral value

 remains unknown.
In conclusion, the olfactory system has evolved a highly sophis-

icated strategy to encode the vast array of odor ligands that occur
n our natural environment. Our review summarizes the relevant
teps from the combinatorial code initiated at the peripheral olfac-
ory organs (antenna or nose) over the OR-specific convergence in
he form of olfactory glomeruli in the AL or OB to higher processing
enters. These coding steps subsequently allow odors to be per-
eived and thereby facilitate perceptual decision-making. Hence,
he olfactory system has evolved a highly sophisticated strategy
Please cite this article in press as: Grabe, V., Sachse, S., Funda
https://doi.org/10.1016/j.biosystems.2017.10.010

o encode the vast array of odor ligands that occur in our natural
nvironment.
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