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Learning Objectives 

7.1.1 Explain what makes up the experience of taste. 

7.1.2 Describe the structure and functioning of taste 

receptors. 

7.1.3 Describe each of the taste receptor cells and 

explain how they convey the basic tastes. 

7.1.4 Explain how and where in the brain the 

experience of taste arises. 

7.2.1 Explain what makes up the experience of 

smell. 

7.2.2 Describe the structure and functioning of 

olfactory receptor neurons. 

7.2.3 Explain how and where in the brain the 

experience of smell arises. 

A Sommelier's 
Nightmare 

Pamela was a sommelier. She made a living as a wine 

consultant. Working in fine restaurants. she consulted in 

the development of wine lists and was an expert in food

wine pairings. For Pamela, her senses of taste and smell 

were crucial to her livelihood, which was also her life's 

passion. One day, while ice skating with her husband, 

Pamela slipped, fell backward, and hit her head on the 

ice. Although she was shaken up. she felt fine and the fall 

seemed to be of no consequence. However. the next day. 

while at a wine-tasting event. she noticed that something 

was going horribly wrong. She could no longer perceive 

the smells nor the tastes of the wines she was sampling. 

Pamela had lost her sense of smell. Her world came 

crashing down. As she could no longer pursue her passion. 

she felt desperate and depressed. Without her sense of 

smell. food and drink taste very bland. This is because smell 

contributes a great deal to the enjoyment of food. Indeed. 

smell and taste combine to create what is known as flavor. 

Other contributors to flavor include the food's texture. such 

as crispiness and crunchiness: its temperature: and its 

spiciness. Pamela tries to compensate for not being able 

to smell her food by choosing food that provides her with 

varied experiences with respect to textures. But none are 

satisfying substitutes. 
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7.2.4 Explain what pheromones are as well as their 

functions and the mechanisms by which they 

affect behavior. 

7.3.1 Explain what makes up the sense of touch. 

7.3.2 Describe and differentiate between the various 

types of mechanoreceptors and their functions. 

7.3.3 Explain how nerve impulses are triggered by 

mechanoreceptors. 

7.3.4 Explain how touch information is conveyed 

from mechanoreceptors to the brain. 

7.3.5 Describe the mechanism by which pain 

is perceived as well as how pain can be 

controlled. 

INTRODUCTION 

In Chapter 6, you studied vision and hearing. Both of 
these senses process information that exists in waves. 
You learned that vision comes from processing a nar
row band of wavelengths along the electromagnetic 
spectrum called the visible spectrum. By contrast, hear
ing involves the processing of patterns of compression 
and decompression of the air, which are known as pres
sure waves. 

However, the physical environment also contains 
a wide variety of chemicals. Some of these chemicals 
are part of the foods we eat and activate receptors 
within the mouth. Other chemicals are volatile. They 
bind to and activate receptors situated deep within 
the nasal cavity. The information provided through 
the activation of these receptors by chemicals is pro
cessed by the senses of taste and smell, respectively. 
For this reason, taste and smell are known as the 
chemical senses. 

In nature, the main role of the chemical senses is 
to evaluate potential food sources. Both poisons and 
safe sources of nutrients must reliably be detected and 
discriminated. Chemoreceptors are also used as part of 
a communication system that can alter the physiology 
and behaviors of conspecifics (members of the same 
species), to signal alarm, provide food trails, and signal 
sexual receptivity. 

Another way in which we perceive the world is 
through touch. Touch occurs through the sensing of 
mechanical deformations of the skin. Touch can be 
innocuous, or it can warn about potentially harmful 
stimuli. We now turn to the senses of taste, smell, and 
touch. 
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180 BEHAVIORAL NEUROSCIENCE 

Zl Taste

Module Contents 

7.1.1 What Is Taste and What Is It Made Of? 

7.1.2 Gustatory Chemoreceptors 

7.1.3 Taste Receptor Cells and Their Mechanisms 

7.1.4 Taste Perception: Beyond Taste Receptor Cells 

Learning Objectives 

7.1.1 Explain what makes up the experience of taste. 

7.1.2 Describe the structure and functioning of taste 

receptors. 

7.1.3 Describe each of the taste receptor cells and 

explain how they convey the basic tastes. 

7.1.4 Explain how and where in the brain the 

experience of taste arises. 

Zl.l WHAT IS TASTE AND 

WHAT IS IT MADE OF? 

activates neurons in the gustatory cortex, which is the 
area of the brain that processes information about taste. 

You surely learned while growing up that there 
are four basic tastes: sweet, salty, bitter, and sour. We 
now know, however, that there are others. For example, 
umami conveys the perception of a meaty or brothy 
taste, and oleogustus is the taste of fat (Running, 
Craig, & Mattes, 2015). In addition, scientists will likely 
discover several other basic tastes with advances in 
molecular biology (Hartley, Liem, & Keast, 2019). See 
this chapter's "It's a Myth!" feature for more on the 
basic tastes. 

The stimulation of taste receptor cells alone is 
not enough to give rise to the wide range of percep
tual qualities that we assign to all of the foods we eat. 
The total perceptual experience you get from food is 
known as flavor. As illustrated in Figure 7.1, a food's 
flavor depends on many factors in addition to taste, 
such as what the food feels like in your mouth, that 
is, the food's mouth-feel (Gawel, Smith, Cicerale, 
& Keast, 2018; Nederkoorn, Houben, & Havermans, 
2019). Mouth-feel includes factors such as texture, 
temperature, coolness (such as produced by a minty 
candy), dryness, and even pain, such as that induced 
by spices such as red pepper. 

Other factors such as your state of hunger, the 
area of the mouth most stimulated, the timing of taste 
onset, aftertaste, intensity, what the food looks like, and 
even what it sounds like when you bite into it are also 
important. The hedonics of food-that is, whether you 
judge it to be pleasant or unpleasant-are of utmost 
importance for most people (Epstein, Truesdale, 

» LO 7.1.1 Explain what makes up the
experience of taste. iiB·MMI 
Key Terms 

• Taste: The perception generated when
chemicals are dissolved in saliva and bind
to gustatory chemoreceptors.

• Gustatory chemoreceptors: Taste
receptor cells.

• Gustatory cortex: The area of the brain

that processes taste.

• Flavor: The total perceptual experience

you get from food.

• Mouth-feel: What the food feels like in
your mouth.

• Hedonics of food: Whether a food is
perceived to be pleasant or unpleasant.

Taste (gustatory perception) is the perception 
generated when chemical molecules from food 
are dissolved in saliva within the mouth and 
then bind to and stimulate gustatory chemo
receptors, also known as taste receptor cells. 
Stimulation of taste receptors cells ultimately 

Factors involved in the total perceptual experience of taste. 

Flavor includes taste as well as several other perceptual factors. 

Hunger/thirst 

Vision 

"Mouth feel," including 
factors such as 
• Texture (crispiness, 

fattiness, grittiness, etc.) 
• Temperature (cold to hot) 
• Spiciness (as from chili 

peppers) 
• Coolness (as from mint) 

• Dryness (astringency, as 
from unripe fruit) 

sour 
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Wojcik, Paluch, & Raynor, 2003; Wisniewski, Epstein, 
& Caggiula, 1992). Other than the stimulation of taste 
chemoreceptors, smell is the greatest contributor 
to taste (Spence, 2015), which is why Pamela, in the 
opening vignette, was so devastated. You can eas
ily demonstrate this to yourself by putting a fruity
tasting candy in your mouth while pinching your nos
trils closed and then releasing them. 

Zl.2 GUSTATORY 

CHEMORECEPTORS 

» LO 7.1.2 Describe the structure and
functioning of taste receptors.

Key Terms 

• Taste buds: Structures that contain taste receptor
cells.

• Papillae: Small rounded structures that contain

the taste buds.

• Fungiform papillae: The papillae located on the
anterior surface of the tongue.

• Foliate papillae: The papillae located along the
edges in the back of the tongue.

• Vallate papillae: The papillae forming a "V'' in the
center of the back of the tongue.

iiB·Mii 

CHAPTER 7 SENSATION AND PERCEPTION 2 181 

• Basal cells: Cells that remain undifferentiated
and that can be incorporated into papillae to take
the form of taste receptor cells when they need
to be replenished.

Gustatory chemoreceptors (taste receptor cells) are 
located mainly on the tongue. Taste receptor cells 
are also found in the esophagus and stomach lining. 
However, these are not thought to contribute to taste 
perception. Taste receptor cells are contained within 
taste buds, which themselves are located inside small 
rounded structures called papillae. 

Papillae 

The papillae involved in taste perception are of three 
types, each located on different parts of the tongue 
and containing a different number of taste buds. The 
types and location of papillae are illustrated in Figure 7.2a. 
The papillae located on the anterior surface of the 
tongue are called fungiform papillae. They contain 
approximately eight taste buds and also contain touch 
and temperature receptors. The back of the tongue 
is covered by two types of papillae: foliate papillae 
and vallate papillae (sometimes called circumvallate 
papillae). Foliate papillae are located along the edges 
in the back of the tongue. Foliate papillae contain 
approximately 1,300 taste buds. Vallate papillae form 
a "V" in the center of the back of the tongue. Vallate 
papillae contain approximately 250 taste buds. 

(a) Location of the three types of papillae involved in taste perception. (b) The location of taste buds inside a

single papilla. (c) A taste bud with its taste cells. basal cells. a taste pore. and microvilli.

(a) 

Circumvallate----!,::a�-,:/7._,.�._""'f.�•TW,,, Receptor sites on 

tip of taste cell 

(b) Taste buds 

Nerve fiber 

Taste cell 
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182 BEHAVIORAL NEUROSCIENCE 

Taste Buds 

Taste receptor cells are contained within the taste 
buds (Figure 7.2b). Each taste bud contains 20-50 
taste receptor cells. Taste buds have a small opening, 
called a taste pore, through which small hairlike struc
tures called microvilli protrude. The microvilli play an 
important role, as they capture the chemicals from food 
dissolved in saliva to bring them into contact with the 
taste receptor cells through the taste pore. 

Taste buds also contain basal cells. The half-life of 
taste receptor cells is about 8-12 days. Therefore, they 
need to be regenerated constantly. Basal cells remain 
undifferentiated, meaning that they can be incorpo
rated into papillae and take the form of taste receptor 
cells when they need to be replenished. 

Zl.3 TASTE RECEPTOR CELLS 

AND THEIR MECHANISMS 

» LO 7,:1.,3 Describe each of the taste receptor
cells and explain how they convey the basic tastes.

Key Terms 

• Amelioride-sensitive Na• channels: Sodium

channels that are blocked by the drug amelioride.

• Broadly tuned: Refers to how neurons can
respond to different types of stimuli.

iiB·Mf&i 

Taste Receptor Cells 

There are three types of taste receptor cells. They are 
known as type I, type II, and type III receptor cells. 
Figure 7.3 shows each type of cell, the relationships that 
exist between them, and their mechanisms. 

Type I cells account for half the number of recep
tor cells in taste buds. They have glia-like function, in 
that they eliminate the surplus of neurotransmitter 
outside the cells. They are also responsible for the spa
tial buffering of K+, by which they regulate the levels of 
extracellular potassium released by type II and type III 
cells, through what are known as renal outer medullar 
K (ROMK) channels. Type I cells convey the percep
tion of saltiness. They are believed to do so through 
the entry of Na+ through Na+ channels. However, ques
tions still remain about whether this is truly the case 
(Chandrashekar et al., 2010). 

Type II cells account for one-third of the taste 
cells within taste buds and are larger than type I 
cells. Type II cells convey the tastes of sweet, umami, 
and bitter. 

Type III cells convey sourness. They are believed 
to do so through the entry of H+ ions through Na+ 

channels, which causes the opening of Ca2+ chan
nels. Type III cells also integrate taste information 
from type II cells with their own information to con
vey it to the brain through sensory afferent fibers. 
This means that type III cells are broadly tuned, in 
that they process information from different taste 
molecules. 

The three types of taste receptor cells: type 1 (blue). type II (yellow). and type Ill (green). 

Type I glial-like cell 

/'Sweet: 
� umam1, 

bitter 

P2Y 

p 

Sour

"'\ 

P2Y 

----

5-HT 

---. - Sensory 
-...;;;;;;:. ________ afferent fibers 

Type II receptor cell Type Ill presynaptic cell 

Source: "The Cell Biology ofTaste." by N. Chaudhari & S. D. Roper. 2010. Journal of Cell Biology, 190(3). p. 289. Figure 3. 
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The way in which type III cells integrate informa
tion from different tastes is also shown in Figure 7.3. 
Type II cells release adenosine triphosphate (ATP) 
through what are known as pannexin channels (Panx 1) 
when activated by food molecules. Some of the ATP 
binds to receptors known as P2Y, which are located on 
the cells that release it. This acts as a positive feedback 
mechanism that signals these cells to release more 
ATP. The ATP released by type II cells also activates 
what are known as P2X receptors located on sensory 
afferent nerve fibers originating from that cell, which 
conveys taste information to the brain. 

In addition, the ATP released by type II cells binds 
to P2Y receptors located on type III cells. This causes 
type III cells to release the neurotransmitter sero
tonin (5-HT), which is also dependent on the influx of 
Ca2+. In turn, the release of 5-HT from type III cells 
is believed to stimulate sensory afferent nerve fibers 
that send taste information to the brain. Another role 
for the release of 5-HT from type III cells is to provide 
negative feedback to type II cells to regulate their 
release of ATP. 

Mechanisms for Sweet. Umami 
and Bitter Taste Perception 

The perceptions of sweet and umami are conveyed 
through different types of G-protein-coupled recep
tor (GPCR), which are activated when bound to by 
a tastant. These comprise what are known as T1R1, 
T1R2, and T1R3 receptors. Each of these receptors is 
each expressed by different genes. The perception of 
sweetness depends on activation of T1R2 and T1R3 
GPCRs. The perception of umami depends on the acti
vation of T1R1 and T1R3 GPCRs, which are responsive 

iiB·MUI 
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to the amino acids glutamate and aspartate, found in 
fish, cheese, and vegetables (Chaudhari, Pereira, & 
Roper, 2009). 

For both sweet and umami, activated G-proteins 
trigger the activity of the enzyme phospholipase C 
beta-2 (PLCB,). This results in the opening of tran
sient receptor potential cation channel subfamily M 
member 5 (TRPMJ, by the molecule inositol triphos
phate (IP). The opening of TRPM

5 
permits the influx 

of Ca2+ ions into the cell, leading to its depolariza
tion. The perception of bitter taste depends on the 
activation of the same GPCRs as the perception of 
sweetness, that is, the T1R2 and T1R3 GPCRs. The 
perception of sweetness and bitter are not confused 
because these GPCRs are found in different taste 
cells that each send their own taste information to the 
brain. The GPCR mechanisms for sweet and umami 
are illustrated in Figure 7-4. 

Mechanisms for Salty and 
Sour Taste Perceptions 

The perceptions of saltiness and sourness are conveyed 
through the entry of, respectively, Na+ and H+ into what 
are known as amelioride-sensitive Na+ channels 
(so-called because these channels are blocked by the 
drug amelioride). 

Entry of H+ or Na+ depolarizes the taste cells, 
which leads to the opening of voltage-gated Na+ and 
Ca2+ channels. For sourness-detecting cells, this also 
causes K+ to exit the cell. In both cases, this leads to 
the release of neurotransmitter molecules (possibly 
5-HT) into the synaptic cleft, stimulating sensory
afferent fibers. These processes are illustrated in
Figure 7.S.

The G-protein-coupled receptor mechanisms associated with the perception of (a) sweet and (bl umami. 

G-protein

(a) 

TRPM5 TRPM5 
channel 

Ca2+ 
channel 

Ca2+ 

->o!o 0\
0 lo 

PLCp2 

T1R3 � 

� • IJ IJ 

f" G-protein

IP3 

(b)
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184 BEHAVIORAL NEUROSCIENCE 

i,B·MSI 
Mechanisms for both (left) salty and (right) sour tastes. In both cases. the entry of ions (Na+ and H +) into 

the taste cell leads to depolarization. which causes voltage-gated Na+ and Ca2+ channels to open (also K+ 

channels for sourness-detecting cells). leading to the release of neurotransmitter molecules. 

SALTY SOUR 

Taste cell 

Amiloride-sensitive 

Na+ channel 

Taste cell 

K+ channel 

Synaptic 

(j'eslcies 

Voltage gated 

Ca2+ channel 

Afferent neurons 

Source: Neuroscience: Exploring the Brian. 3rd ed .. by Mark F. Bear. Barry W, Connors. & Michael A. Paradiso. Copyright© 2007 Lippincott Williams & Wilkins. p. 257, Figure 8,5, 

The Tongue Map 

The Myth 

You may have learned. growing up. that there are four 

basic tastes-sweet. salty. sour. and bitter-and more 

recently that there is a fifth taste called umami. Another 

thing that you may have learned is that each of the four 

basic tastes is sensed by a specific area of the tongue. 

That is. sweet is sensed in the front. salty a little further 

back and to the sides. bitter at the back. and sour on the 

central edges. as shown in Figure 1. This is known as the 

tongue map. Although this has been taken for a fact. it 

does not correspond to experience and is a myth. 

IT'SAMYTH! 

Where Does This Myth Come From? 

This myth has been around since the early 1900s and 

has even made its way into textbooks. misleading 

schoolchildren and adults alike. It comes from a study 

conducted by German psychologist D. P. Hanig. who 

asked people to rate the intensity of the taste they 

experienced when he applied the different taste qualities 

to different parts of their tongues. What he found was 

that people showed minute differences in sensitivity for 

the four basic tastes in different parts of the tongue. not 

that different parts of the tongue were solely dedicated 
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IVii'Mii 
The tongue map. 

"' 
z 

SALT 

TIP 

SOUR 

SIDES BASE 

EDGE OF TONGUE 

Source: Based on E. G Boring's (1942) interpretation. Public domain. 

istock.com/ PeterHermesFurian 

to processing a single taste (Hanig. 1901). However. Hanig 

graphed the sensitivities in a confusing way that led to 

misinterpretation (Figure 2). We owe the famous tongue 

map to Harvard university psychologist E.G. Boring (Boring. 

1942). who quantified Hanig's findings and sketched a map 

of sensitivities to different tastes on a tongue (see Figure 1). 

Why Is the Myth Wrong? 

The fact is that taste buds are spread out within papillae 

all over the tongue and that each taste bud contains 

taste receptor cells that are responsive to each of the 

taste qualities. This was investigated in 1974 by Virginia 

B. Collings and confirmed that all parts of the tongue

are responsive to each one of the basic tastes (Collings.

1974). Another myth that the tongue map has helped

to perpetuate is the belief that we perceive four basic

tastes. A fifth taste called umami. which is a Japanese

word for "tasty." was proposed by Japanese chemist

Kikunae Ikeda in 1908. Umami is a brothy and savory 

taste in foods such as cheese. meat. and fish. Nirupta

Chaudari and colleagues confirmed that umami is

Zl.4 TASTE PERCEPTION: 

BEYOND TASTE 

RECEPTOR CELLS 

» LO 7,1,4 Explain how and where in the brain
the experience of taste arises.

Key Terms 

• Gustatory pathway: The pattern of neuronal
connections from taste receptor cells to the
gustatory cortex.

IVii'Mii 
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Hanig's graph of taste sensitivities. 

Drawing by Hanig 1901. Public domain. 

indeed another basic taste and is conveyed through 

receptor cells that respond to glutamate (Chaudhari. 

Landin. & Roper. 2000). Today. there are several other 

candidates for qualification as one of the basic tastes. 

For example. a proposed sixth taste is kokumi. Japanese 

for "heartiness." which enhances sweet. salty. and umami 

(Ohsu et al.. 2010). • 

• Solitary nucleus: A collection of cell bodies 
located in the medulla oblongata within the 

brainstem. 

• Ventral-posterior medial nucleus: The area
of the thalamus that processes gustatory
information.

• Chemotopic organization: The concept that
different areas within the gustatory cortex are

dedicated to the perception of each taste.

The pattern of neuronal connections that lead to taste 
perception, from the activation of taste receptor cells to 
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i,B·MFI 
The gustatory pathway. The flow of information from the activation of taste receptor cells to the gustatory 

cortex. CN = cranial nerve. 

Primary taste 
cortex (insula) ----i-t-----

Taste receptors: 

Foliate papillae <[ 

Fungiform papillae 

the gustatory cortex, is known as the gus
tatory pathway, illustrated in Figure 7.6. 
Following the activation of taste receptor 
cells, taste information is transferred to the 
solitary nucleus, a collection of cell bodies 
located in the medulla oblongata within the 
brainstem, via cranial nerves. Information 
from the anterior two-thirds of the tongue 
is carried along what is known as the 
chorda timpani branch of the facial nerve 
(cranial nerve VII), whereas information 
from the posterior one-third of the tongue 
is conveyed through the glossopharyngeal 
nerve (cranial nerve IX). The vagus nerve 
(cranial nerve X) conveys information from 
taste buds on the epiglottis situated at the 
very back of the mouth. From the nucleus 
of the solitary tract, information is relayed 
to the ventral-posterior medial nucleus 
of the thalamus before arriving at the gus
tatory cortex, also known as the primary 
taste cortex, which includes the insula. 

Different areas within the gustatory cor
tex are dedicated to the perception of each 
taste. This is known as chemotopic orga
nization. However, researcher Mircea A. 
Schoenfeld and colleagues (2004) found that, 
although the location for each taste is stable 
within an individual's gustatory cortex, the 
locations vary across individuals. This means 

Nerve fibers 
innervating taste 

receptor cells 

IUB'Mf& 

?.��=�-=1-:.._-Nucleus of 
the solitary tract 

Chorda tympani 
(branch of the facial 
nerve, CN VII) 

Glossopharyngeal 
nerve (CN IX) 

Vagus nerve (CN X) 

Chemotopic organization of taste perception in six participants 

as measured by fMRI. Note the differences in organization across 

the participants. MSG = monosodium glutamate. 

Source: 'Functional Magnetic Resonance Tomography Correlates of Taste Perception in the Human 

Primary Taste Cortex." by M. A Schoenfeld et al .. 2004, Neuroscience. 127(2). pp. 347-353, Figure 1. 

that you and I may represent different tastes in different 
areas of our respective gustatory cortices. In Schoenfeld 
and colleagues' study, subjects were presented with 

different taste stimuli while their brains were scanned 
by functional magnetic resonance imaging (fMRI). The 
results for six participants are illustrated in Figure 7.7. 
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Taste (gustatory perception) is generated when chemical 
molecules dissolved in saliva bind to and stimulate 
gustatory receptors. Stimulation of gustatory receptors 
is not enough to give rise to all the perceptual qualities 
of foods. Flavor is the total perceptual experience 
provided by food. It also includes mouth-feel. which 
includes a food's texture. temperature. and coolness. The 
hedonics of food refers to a person's perception of the 
pleasantness of a food when ingested. Smell also plays 
an important role in a food's flavor. Gustatory receptors 
are contained within taste buds. which are located inside 
papillae located on the tongue. There are three types of 

7.1.1 What makes up the experience of taste? 

7.1.2 Describe the structure and functioning of taste receptors. 

7.1.3 How do taste receptors transmit taste information to 
the brain? 

72 Smell

Module Contents 

7.2.1 

7.2.2 

7.2.3 

7.2.4 

What Is Smell and What Is It Made Of? 

Olfactory Receptor Neurons 

Beyond the Olfactory Bulb 

Pheromones 

Learning Objectives 

7.2.1 Explain what makes up the experience of smell. 

7.2.2 Describe the structure and functioning of 

olfactory receptor neurons. 

7.2.3 Explain how and where in the brain the 

experience of smell arises. 

7.2.4 Explain what pheromones are as well as their 

functions and the mechanisms by which they 

affect behavior. 

Z2.1 WHAT IS SMELL AND 

WHAT IS IT MADE OF? 

» LO 7.2.1 Explain what makes up the
experience of smell.

CHAPTER 7 SENSATION AND PERCEPTION 2 187 

I MODULE SUMMARY I 
papillae: fungiform. foliate. and vallate (or circumvallate). 
There are three types of receptor cells: type I. type II. and 
type Ill. Type I cells are responsible for saltiness. Type II 
cells are responsible for the tastes of sweet. sour. bitter. 
and umami. The sweet and umami tastes are conveyed 
through G-protein-coupled receptors. Salty and sour 
tastes are transduced directly through the entry of Na+ 

through Na+ channels. The pattern of connections that 
lead from gustatory receptors to the gustatory cortex is 
called the gustatory pathway. Different areas within the 
gustatory cortex are dedicated to the perception of each 
taste. This is known as gustatory perception. 

I TEST YOURSELF I 
7.1-4 Where in the brain does the experience of 

taste arise? How is the experience of taste 
generated? 

Key Terms 

• Odorants: Chemical molecules from the air that 
bind to specialized receptors within the nasal cavity.
ultimately giving rise to the perception of odors.

• Olfactory receptor neurons (ORNs): Cells on
which olfactory sensory receptors are located.

• Orthonasal route: The pathway to the olfactory
bulb followed by airborne molecules that have
entered the nostrils.

• Retronasal route: The pathway to the olfactory
bulb followed by molecules that have entered the
mouth.

Smell (olfactory perception) is the perception gen
erated when airborne molecules (called odorants) 
bind to specialized receptors within the nasal cavity. 
These receptors are embedded in olfactory receptor 
neurons (ORNs). When bound to by odorants, these 
receptors trigger ORNs to send olfactory information 
to the brain, in the form of action potentials, where 
they are interpreted as odors. 

The smell of any single stimulus is made up of a 
mixture of odorants. For example, the smell of a rose is 
made up of a mixture of 257 molecules (Ohloff, 1994). 

The number of smells that humans can potentially 
discriminate is astronomical. It was once believed that 
humans can discriminate approximately 10,000 smells 
(Gilbert, 2008; Kandel, 2013). However, it was recently 
estimated that humans have the capacity to discrim
inate among more than 1 trillion smells (Bushdid, 
Magnasco, Vosshall, & Keller, 2014). 

Odorants make it to ORNs not only through the 
nose but also through the back of your throat. The 
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188 BEHAVIORAL NEUROSCIENCE 

pathway that airborne molecules follow to the olfactory 
bulb is known as the orthonasal route, whereas the 
pathway that molecules follow through the inside of 
your mouth is called the retronasal route (Bojanowski 
& Hummel, 2012). Molecules that follow the retronasal 
route contribute to flavor (Goldberg, Wang, Goldberg, 
& Aliani, 2018). However, researchers also found that 
the perception of odors may depend on whether air
borne molecules follow the orthonasal or retronasal 
route (Hannum, Stegman, Fryer, & Simons, 2018). 

Z2.2 OLFACTORY 

RECEPTOR NEURONS 

» LO 7.2.2 Describe the structure and
functioning of olfactory receptor neurons.

Key Terms 

• Cilia: Hairlike projections on which olfactory

receptors are located.

• Olfactory epithelium: Layer of cells deep
inside the nostrils made up of olfactory receptor
neurons and supporting cells.

• Glomeruli: Structures that contain different types
of neurons.

• Mitral/tuft cells: The first neurons contacted by
olfactory receptor neurons within glomeruli.

• Lateral olfactory tract: Formed by the axons
of mitral/tuft cells. which transmit olfactory
information to the cortex.

iiB·MfJ:i 

• Odotopic mapping: The mapping of odors in the
olfactory bulb.

The sensory receptor cells to which odorants bind 
are located on hairlike projections referred to as cilia. 
Along with supporting cells, ORNs form the olfactory 
epithelium situated deep inside each of your nostrils 
(Figure 7.8). Humans possess approximately 5 million 
ORNs, which are subdivided into about 350 types. This 
contrasts greatly with other species. For example, dogs 
have more than 220 million ORNs. This partly accounts 
for their greatly enhanced sense of smell compared to 
humans (Niimura & Nei, 2007). Each type of ORN is 
responsive to only one odorant molecule. However, one 
odorant molecule can bind to more than one ORN. 

The binding of odorant molecules to ORNs causes 
them to depolarize and to send olfactory information to 
structures called glomeruli (singular: glomerulus) located 
within the olfactory bulb. The olfactory bulb contains 
approximately 2,000 glomeruli. As shown in Figure 7.9a, 
ORNs that respond to the same odorant molecule send 
their axons to the same glomerulus. Within glomeruli, 
ORNs synapse with mitral and tuft cells (M/T cells). 
The axons of the M/T cells form the lateral olfactory 
tract, which transmits olfactory information to the cortex. 

The patterns of glomeruli activated by these neurons 
in response to the binding of an odorant are mapped within 
the olfactory bulb. The mapping of an odor within the olfac
tory bulb is known as odotopic mapping (Figure 7.gb). 

The relationship between odorant molecules and 
receptors is that of a lock-and-key like the one between 
neurotransmitters and their receptors (Figure 7.10a). As 
illustrated in Figure 7.10b, each of the odors you can per
ceive results from a combination of odorant molecules, 
each binding to a particular combination of receptors. 

An olfactory receptor neuron. Odorants bind to sensory receptors on cilia found on ORNs. 

Olfactory receptors neuron 

Science Source SS2713841 

Receptors 

�.. � 

Cl
(/ 

�c§ 

Odorant molecules 

Copyright ©2021 by SAGE Publications, Inc.  
This work may not be reproduced or distributed in any form or by any means without express written permission of the publisher.

Do n
ot 

co
py

, p
os

t, o
r d

ist
rib

ute



iiB·MAI 

CHAPTER 7 SENSATION AND PERCEPTION 2 189 

(a) Path followed by olfactory information from the binding of odorant molecules to receptors to the transfer

of olfactory information from the olfactory bulb to the cortex. (b) Odotopic mapping of an odorant in the

olfactory bulb.

(a) 

Cribriform plate 

Olfactory epithelium 

Odorant molecules 

Tufted cell 

Olfactory bulb Olfactory cleft 

Basal cell 
Olfactory receptors 

Supporting 
cells 

Bowman's Olfactory 
gland sensory 

�_. �G � A,!} neurons 

(b) 

Odorant molecules 
in olfactory mucosa 

Source: (a) Based on "A Novel Multigene Family May Encode Odorant Receptors: A Molecular Basis for Odor Recognition: by L. Buck & R. Axel. 1991. Cell. 65. pp. 175-187- (bl 

·smell Images and the Flavour System in the Human Brain: by G. M. Shepherd. 2006. Nature. 444(7117). pp. 316-321. Figure 1. 

Transduction Mechanism in 
Olfactory Receptor Neurons 

Transduction in ORNs occurs through activation of 
metabotropic receptors, which are bound to by the 

specific odorant molecules that fit them. This process 
is illustrated in Figure 7.11. The binding of an odor
ant to a G-protein-coupled receptor results in the 
conversion of adenosine triphosphate (ATP) to cyclic 
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190 BEHAVIORAL NEUROSCIENCE 

i,B·Mffi·i 
(al The same odorant molecule fits several olfactory receptors. (bl Perceived odors depend on odorant 

molecules binding to a particular combination of receptors. 

(a) m���s Receptors (b) 
-,--.,,-o,Lw!/£JI /tJll-11/J I IJfJI/J--------, 

Odorant 
receptors 

Odorants 

� �H 

B 

C 

� D 

0 

1 2 

0 

3 4 S 6 7 8 9 10 11 12 13 14 

Description 

rancid, sour, goat-hke 

+ + 

sweet, herbal, woody 

rancid, sour. sweaty 

violet. sweet, woody 

rancid. sour, repulsrve 

sweet orange, rose 

Q Q waxy, cheese, nut-hke 

Q fresh, rose, o,ly fl0<al 

Source: Based on Physiology ond Behavior 11th ed .. by Neil R. Carson. New York: Pearson. p. 252, Figure 7,43, 

i,B·Mffii 
Transduction in ORNs occurs when odorant molecules bind to G-protein-coupled receptors. 

/
Odorant 

Odorant receptor 

adenosine monophosphate (cAMP), as described in 
Chapter 3. 

Action potentials are initiated when cAMP induces 
the opening of Na+/Ca2+ channels. The influx of these ions 
causes the cell to depolarize, triggering action potentials 
that travel up to the axon terminals of olfactory recep
tor cells, which synapse on the dendrites of M/T cells in 
the olfactory bulb. Note that Ca2+ also binds to receptors 
on Cl- channels. The binding of Ca2+ to these receptors 
causes Cl- channels to open, resulting in the outflow of 
Cl- from the ORN, facilitating its depolarization. 

/
Odorant 

Odorant receptor 

ATP � 

Z2.3 BEYOND THE 

OLFACTORY BULB 

» LO 7,2,3 Explain how and where in the brain
the experience of smell arises.

Key Terms 

• Lateral olfactory tract: The fiber tract connecting
M/T cells to the brain.
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• Anosmia: The loss of the sense of smell.

• Accessory olfactory bulb: The part of the
olfactory bulb that receives projections from the
vomeronasal organ.

Figure 7.12 shows the pattern of projections of M/T cells, 
through the lateral olfactory tract, to the olfactory bulb. 
Unlike every other sense, olfactory information does not 
travel from sensory receptors directly to a dedicated site 
in the thalamus. Rather, information from the olfactory 
bulb is conveyed directly to a set of brain areas for fur
ther processing. The loss of the sense of smell is a con
dition known as anosmia. In Pamela's case (see opening 
vignette), the cause of her anosmia was unclear. However, 
anosmia may result from damage to olfactory sensory 
neurons, the olfactory bulb, or the lateral olfactory tract, 
or it may be due to aging (Doty, 2018; Li & Lui, 2019). 

iiB·Mfft! 
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Mitral cells transmit information to the anterior 
olfactory nucleus, olfactory tubercle, piriform cortex 
(also known as the primary olfactory cortex), amyg
dala, and entorhinal cortex. Tuft cells project to only 
two of these areas: the anterior olfactory nucleus and 
the olfactory tubercle. Another projection arises from 
the accessory olfactory bulb, which projects to the 
amygdala and receives information from the vomero
nasal organ, discussed in the next unit. 

The anterior olfactory nucleus projects to the con
tralateral olfactory bulb (the olfactory bulb on the other 
side of the brain). The olfactory tubercle, piriform cor
tex, amygdala, and entorhinal cortex all send informa
tion directly to the frontal cortex and indirectly to the 
orbitofrontal cortex through the thalamus. 

Both the amygdala and the accessory olfactory 
bulb send projections to the hypothalamus. In addi
tion to the entorhinal cortex's projections to the 

(a) Projections from M/T cells to various brain areas along the lateral olfactory tract. Also shown is the

projection from the vomeronasal organ to the accessory olfactory bulb. (b) Midsagittal view of the flow of

olfactory information from the activation of an ORN to various brain areas.

(a) 

_________ .... Accessory olfactory bulb

Mitral: 
cell ',_ \:.:.. __ -,::.�=:=:�==--------...

ry Piriform Amygdala Entorhinal 
organ 

Olfactory bulb Anterior 
olfactory 
nucleus 

tubercle co 

"'ccl---1=-- Olfactory epithelium

! 
Contralateral 
olfactory bulb ! 

Orbitofrontal cortex 

Olfactory 
tract 

Orbitofrontal 
cortex 

Olfactory 
bulb 

.. . 
\• . 

Hypothalamus 

. � 

Thalamus 

Hippocampus 

(b) 
Olfa�ory receptor neurons .. 

in olfactory epithelium P1nform cortex 

Hypothalamus 

Source: (a) Modified from Principles of Neural Science, 5th ed .. by Eric R. Kandel. James H. Schwartz. Thomas M. Jessel!. Steven A Siegelbaum. A J. Hudspeth. & Sarah Mack. 

2012. New York McGraw-Hill Education. p. 720. Figure 32.8. 
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192 BEHAVIORAL NEUROSCIENCE 

frontal cortex and thalamus, it sends information to the 
hippocampus. 

Processing of Olfactory 
Information in the Cortex 

As described earlier, the processing of olfactory infor
mation begins with the binding of odorant molecules 
to ORNs in the olfactory epithelium. As shown in 
Figure 7.13, each type of ORN that responds to only 
one odorant molecule converges on a single glomeru
lus in the olfactory bulb, where they synapse with M/T 
neurons. In turn, M/T neurons convey information to 
the piriform cortex (Bekkers & Suzuki, 2013). Because 
odors are composed of a combination of odorant mole
cules, each gives rise to a pattern of activation of glom
eruli, known as an odotopic map. 

As you learned in Chapter 6, the locations of pho
toreceptors in the retina, as well as the locations of hair 
cells in the basilar membrane, are mapped within the 
corresponding sensory cortices. This is known as ret
inotopic and tonotopic mapping, respectively. 

In contrast, the olfactory system does not map 
odors in the same way. This was made obvious in 
Figure 7.13. The different-colored shapes represent the 
synapses formed by the axons of M/T cells with neu
rons in the piriform cortex. Notice how the mapping 
of ORNs in specific glomeruli is completely undone in 
the piriform cortex. 

Researchers found that information from each 
ORN is mapped onto neurons located at seemingly 
random sites within the piriform cortex (Stettler & Axel, 
2009). In addition, information from different olfactory 
neurons can converge on the same site in the piriform 
cortex and single neurons in the piriform cortex can 
receive information from several ORNs. So how does 

iiB·Mf!fi 

the piriform cortex convey the identity of odors? In 
one study, a method called optical imaging was used to 
identify patterns of neuronal activity induced by several 
odors in the piriform cortex of mice. Optical imaging 
uses a fluorescent dye that changes in its fluorescence 
intensity depending on the activity of neurons, which 
can be detected with a fluorescence microscope. 

The results of this study are shown in Figure 7.14. 
The sniffing of octanol, a fruity smell commonly used 
in perfumes, by mice resulted in the activity of a partic
ular set of neurons in the piriform cortex. 

The image of this activity was then superimposed 
onto the image of the activity produced by other odor
ants such as ionone (the smell of violets), ethyl butyr
ate (the smell of apples and bananas), citronellal (the 
smell of lemon), butyric acid (the smell of sweat or 
spoiled cheese or milk), and pinene (the smell of pine). 
Although these smells gave rise to different patterns 
of activity, there was considerable overlap in their 
representations. 

This organization of olfactory input in the piriform 
cortex is the same, or similar, in different individuals. This 
may be why we can usually agree on what something 
smells like. Input to the piriform cortex from the olfactory 
bulb occurs in two main areas of the piriform cortex: the 
anterior piriform and the posterior piriform. The anterior 
piriform conveys the identity of an odor, whereas the pos
terior piriform conveys the quality of an odor. 

The Entorhinal Cortex 

The entorhinal cortex, with its extensive connections 
with the hippocampus, is important for odor mem
ory (Otto & Eichenbaum, 1992; Petrulis, Alvarez, & 
Eichenbaum, 2005). As you will read in Chapter 12, 
the hippocampus is important for episodic memories, 

The molecules of an odorant bind to a combination of olfactory receptors. This, in turn, activates glomeruli in a 

particular pattern in the olfactory bulb, in what is known as odotopic mapping. However, this pattern of activity 

is not obviously mapped by neurons in the piriform cortex (primary olfactory area). 

Olfactory 

epithel iurn 

V 

Olfactory bulb 

Piriforrn cortex 

Source: Based on "Neurons and Circuits for Odor Processing in the Piriform Cortex." by J. M. Bekkers & N. Suzuki. 2013. Trends in Neuroscience, 36(7), 429-438. p. 431. Figure 2 

(top). 
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The sniffing of odors by mice gave rise to particular patterns of electrical activity in neurons of the piriform 

cortex. 

Source: From "Representations of Odor in the Piriform Cortex." by D. D. Stettler & R. Axel. 2009, Neuron. 63(6), 854-864, Figure 4a. 

which are memories for specific episodes of your life. 
Now you know why certain smells can serve as power
ful reminders of your past. 

The Orbitofrontal Cortex. the 
Amygdala. and the Hypothalamus 

The orbitofrontal cortex is the site in which informa
tion from the gustatory and olfactory systems con
verges (Small & Prescott, 2005). This convergence of 
information combines taste and smell in what is known 
as flavor. Projections to the orbitofrontal cortex are also 
important for odor discrimination. 

The functions of the orbitofrontal cortex combine 
with those of the amygdala to give odors their emo
tional significance (Kadohisa, 2013; Soudry, Lemogne, 
Malinvaud, Consoli, & Bonfils, 2011). The orbitofron
tal cortex also processes the valence of smells, that 
is, whether you perceive an odor as being pleasant or 
unpleasant. The amygdala processes the intensity of 
odors. Because odors that are aversive to us are gener
ally intense, it is the amygdala that produces the emo
tion of disgust in response to foul odors. 

The hypothalamus is also involved in linking 
odors with food intake. I am sure you have experienced 
becoming hungry when smelling the odor of certain 
foods. In many species, the hypothalamus also links 
odors with mate selection and reproductive behaviors. 

Z2.4 PHEROMONES 

» LO 7.2.4 Explain what pheromones are as
well as their functions and the mechanisms by
which they affect behavior.

Key Terms 

• Pheromones: Chemicals (hormones) that are
secreted outside of an individual's body. which
can trigger specific reactions in other individuals
of the same species.

• Releaser effects: Effects that trigger stereotypic
behaviors. such as emotional responses or anxiety
in other individuals as well as the attraction of
females by males.

• Primer effects: Effects that affect development.
such as the acceleration of puberty in young
females.

• Vomeronasal organ: Also known as Jacobson's
organ: part of the accessory olfactory system
that sends information about pheromones to the
accessory olfactory bulb.

• Grueneberg ganglion: An organ involved in
detecting alarm signals from conspecifics.

• Septal organ of Masera: An organ for which the
function is still a mystery, but it is suspected to
serve alerting functions.

What Are Pheromones? 

Pheromones are chemicals (hormones) that are 
secreted outside of an individual's body, which can trig
ger specific reactions in other individuals of the same 
species (Fleischer & Krieger, 2018; Gaston, Shorey, & 
Saario, 1967). Pheromones can have two types of effects: 
releaser effects and primer effects. Releaser effects are 
those that trigger stereotypic behaviors. They can elicit 
emotional responses such as aggression or anxiety in 
other individuals. They can also be used by males to 
attract females. Primer effects are those that affect 
development, such as the acceleration of puberty in 
young females. Some of the known sources of pher
omones are urine, saliva, sweat, and glands located 
around the anus (perianal region) (Yvyatt, 2003). 

Pheromones are detected by receptors located 
in the vomeronasal organ (also called Jacobson's 
organ). The vomeronasal organ is part of the accessory 
olfactory system. The vomeronasal organ sends infor
mation about pheromones to the accessory olfactory 
bulb (see Figure 7.12). This information is then trans
mitted to the amygdala, where emotional responses 
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194 BEHAVIORAL NEUROSCIENCE 

are orchestrated. In addition, we now know that other 
organs responsive to pheromones exist in some spe
cies. One of these is the Grueneberg ganglion, which 
is involved in detecting alarm signals from conspecif
ics and the septa! organ of Masera, whose function 
remains largely unknown (Ma et al., 2003). 

In fact, some pheromones have been shown to act 
in combination and produce their effects by interacting 
with more than one system. For example, Inagaki and 
colleagues (2014) identified a mixture of two chemicals 
(hexanal and 4-methylpentanal) released from the peri
anal region of rats when stressed. They also conducted 
an experiment to find out if rats exposed to the chemi
cals became more anxious than rats not exposed to the 

iiB·Mfifi 

chemicals when placed in a stressful situation. To do 
this, they used a risk assessment behavior test. 

For the test, rats were placed in an open field, 
a situation known to make them anxious. A piece of 
absorbent paper, laden with the chemical mixture or 
a control substance, was placed in one corner of the 
open field. A hiding box, in which the rats could seek 
refuge, was placed in the corner opposite to where the 
chemical mixture was located. The hiding box had a 
hole through which rats could stick out their heads to 
assess the environment. 

The procedure used in the study as well as the 
results are illustrated in Figure 7.15. Three behaviors 
were assessed in rats exposed to the chemicals or control 

Experiment by Inagaki et al. (2014). (a) Mice placed inside a box were exposed to either a mixture of 

pheromones (hexanal and 4-methylpentanal) or a control substance. (b) Three behaviors were assessed in 

the mice in response to detecting either the mixture or the control substance: head-out and concealment 

(indicators of anxiety) and time spent outside the box (an indicator of low anxiety). Mice exposed to the 

pheromone mixture spent significantly more time displaying head-out behavior and concealment than 

mice exposed to the control substance. (c) Pheromones released from the perianal glands of mice activate 

different pathways that lead to the basal nucleus of the stria terminalis (BNST). which creates anxiety

related behavioral responses such as risk assessment behavior and the acoustic startle reflex. Both hexanal 

and 4-methylpentanal produced anxiety by activating the BNST. However. hexanal did so by activating the 

main olfactory bulb (MOB) through the main olfactory system (MOS). whereas 4-methylpentanal did so by 

activating the accessory olfactory bulb (AOB) through the vomeronasal system (VNS). 
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substance: head out, concealment, and time spent out
side the box. Head-out behavior and concealment were 
associated with high levels of anxiety, whereas the time 
the rats spent outside the box was associated with lower 
levels of anxiety. What they found was that rats exposed 
to the mixture of pheromones spent significantly more 
time displaying both head-out behavior and conceal
ment relative to control rats. In addition, rats exposed to 
the mixture of pheromones spent less time outside the 
box. These results indicated that the mixture of chemi
cals induced significant anxiety in the rats. 

As mentioned earlier, pheromones may exert their 
effects by interacting with more than one system. 
Inagaki and colleagues discovered not only that a mix
ture of the two hormones was required to increase anx
iety responses in rats but also that activation of both 
the main olfactory system and the vomeronasal system 
was required. They found that hexanal activated the 
main olfactory bulb through the main olfactory sys
tem but that 4-methylpentanal activated the accessory 

Smell (olfactory perception) is the perception generated 
when molecules called odorants bind to specialized 
receptors within the nasal cavity. These receptors are 
located on the cilia of olfactory receptor neurons (ORNs). 
Humans can possibly discriminate among 1 trillion smells. 
Odorants make their way to olfactory receptors in two 
ways. Airborne molecules make their way to the olfactory 
bulb through the orthonasal route. Molecules can also 
make their way to the olfactory bulb through the retronasal 
route. which is through the mouth. When molecules bind to 
the receptors, their associated ORNs fire action potentials 
and transmit olfactory information to structures called 
glomeruli within the olfactory bulb. ORNs that respond 
to the same molecules send information to the same 
glomeruli. Within these glomeruli. ORNs synapse with two 
types of cells: mitral and tuft cells (M/T cells). which send 
information to the cortex through the lateral olfactory tract. 

The pattern of activated ORNs is replicated in the pattern 
of activated glomeruli. This is called odotopic mapping. 
Odorant molecules fit the receptors on ORNs in a lock
and-key fashion. Each perceived odor is the result of a 
particular combination of odorant molecules binding to 
receptors. The binding of molecules to receptors triggers 
a response in ORNs through G-protein-coupled receptors. 
The axons of the M/T cells form the lateral olfactory 
tract. through which they send olfactory information to 
the cortex. Information sent to the cortex also stems from 
the accessory olfactory tract. which receives information 

7.2.1 What makes up the experience of smell? 

7.2.2 Describe the structure and functioning of olfactory 
receptor neurons. 

CHAPTER 7 SENSATION AND PERCEPTION 2 195 

olfactory bulb through its detection by the vomerona
sal system. Activity in both of these systems increased 
anxiety levels by activating the basal nucleus of the 
stria terminalis, an area related to the amygdala, which 
is implicated in emotional responses. 

Do Humans Use Pheromones? 

It is difficult to make the case for the use of pheromones 
by humans. First, the vomeronasal organ is not func
tional in humans. In addition, adult humans do not have 
an accessory olfactory bulb, which is the input struc
ture for the vomeronasal organ in nonhuman animals. 
Second, the detection of pheromones by nonhuman ani
mals triggers stereotypic responses such as sexual and 
reproductive behavior, and animals use pheromones to 
signal danger. In contrast, humans do not rely on stereo
typic and instinctual reactions to engage in courtship or 
to assess potentially threatening situations; rather, they 
make use of higher cognitive abilities. 

I MODULE SUMMARY I 
from the vomeronasal organ. The targets of the tuft-cell 
projections are the anterior olfactory nucleus and the 
olfactory tubercle. The targets of the mitral cells are the 
piriform cortex. the amygdala, and the entorhinal cortex. 
Each of these areas communicates with the thalamus. 
with the exception of the anterior olfactory nucleus. 
which sends information to the contralateral olfactory 
bulb. The olfactory tubercle. piriform cortex. amygdala. 
and entorhinal cortex also communicate directly with the 
frontal cortex. and the thalamus with the orbitofrontal 
cortex. The entorhinal cortex also communicates with the 
hippocampus. The odotopic map formed by the pattern 
of activated glomeruli in the olfactory bulb seems to 
be undone in the piriform cortex. in which odors trigger 
activity in particular patterns of activation of neurons. 

Pheromones are hormones that are secreted outside an 
individual's body. They are known to have two kinds of 
effects: releaser effects and primer effects. Releaser 
effects trigger stereotypic behaviors. whereas primer 
effects affect development. Pheromones are detected 
by receptors in the vomeronasal organ and, in some 
species. the Grueneberg ganglion and septal organ of 
Masera. Researchers have shown that some pheromones 
act in combination to produce their effects by acting on 
more than one system. For example. pheromones can 
work in combination to increase anxiety in animals that 
detect them by being processed through both the main 
olfactory system and the vomeronasal system. 

I TEST YOURSELF I 
7.2.3 How is the experience of smell generated? Where in 

the brain does the experience of smell arise? 

7.2-4 What are pheromones? How do they function? 
Through what mechanisms do they affect behavior? 
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