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Introduction

This performance task, highlighted in bold below, is one of three parts of the overall 
assessment for AP Seminar, and one of two performance tasks. The assessment for 
this course is comprised of:

Performance Task 1: Team Project and Presentation

❯❯ Component 1: Individual Research Report

❯❯ Component 2: Team Multimedia Presentation and Oral Defense

Performance Task 2: Individual Research-Based Essay and Presentation

❯❯ Component 1: Individual Written Argument

❯❯ Component 2: Individual Multimedia Presentation

❯❯ Component 3: Oral Defense

End-of-Course Exam

❯❯ Part A: Three Short-Answer Questions (based on one source)

❯❯ Part B: One Essay Question (based on four sources)

The attached pages include the directions for Performance Task 2, information 
about the weighting of the task within the overall assessment, and detailed 
information as to the expected quantity and quality of work that you should submit.

Also included are the stimulus materials for the task. These materials are theme-
based and broadly span the academic curriculum. After analyzing the materials, 
develop a research question that suits your individual interest based on a thematic 
connection between at least two of the stimulus materials. Your research question 
must be rich enough to allow you to engage in meaningful exploration and write 
and present a substantive, defensible argument. 
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AP Seminar Performance Task 2: 
Individual Research-Based Essay and Presentation

Student Version

Weight: 35% of the AP Seminar score

Task Overview

This packet includes a set of stimulus materials for the AP Seminar Performance 
Task 2: Individual Research-Based Essay and Presentation.

You must identify a research question prompted by analysis of the provided 
stimulus materials, gather information from a range of additional sources, develop 
and refine an argument, write and revise your argument, and create a presentation 
that you will be expected to defend. Your teacher will give you a deadline for when 
you need to submit your written argument and presentation media. Your teacher 
will also give you a date on which you will give your presentation. 

Task Components Length Date Due (fill in)

Individual Written Argument 2000 words

Individual Multimedia Presentation 6–8 minutes

Oral Defense Respond to 2 questions

In all written work, you must:

▶



▶ Acknowledge, attribute, and/or cite sources using in-text citations, endnotes or 
footnotes, and/or through bibliographic entry. You must avoid plagiarizing (see 
the attached AP Capstone Policy on Plagiarism and Falsification or Fabrication of 
Information). 

▶ Adhere to established conventions of grammar, usage, style, and mechanics.

Task Directions

1.	 Individual Written Argument (2000 words)

❯







❯ Read and analyze the provided stimulus materials to identify thematic 
connections among the sources and possible areas for inquiry.

❯ Compose a research question of your own prompted by analysis of the stimulus 
materials.

❯ Gather information from a range of additional sources representing a variety of 
perspectives, including scholarly work.

❯ Analyze, evaluate, and select evidence. Interpret the evidence to develop a 
well-reasoned argument that answers the research question and conveys your 
perspective.
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❯





❯ Throughout your research, continually revisit and refine your original research 
question to ensure that the evidence you gather addresses your purpose and 
focus.

❯ Identify opposing or alternate views and consider their implications and/or 
limitations as you develop resolutions, conclusions, or solutions to your research 
question.

❯ Compose a coherent, convincing and well-written argument in which you:

w



















w Identify and explain the relationship of your inquiry to a theme or connection 
among at least two of the stimulus materials prompted by your reading.

w Incorporate at least one of the stimulus materials.

w Place your research question in context.

w Include a variety of perspectives.

w Include evidence from a range of sources.

w Establish an argument that links claims and evidence.

w Provide specific resolutions, conclusions and/or solutions.

w Evaluate objections, limitations or competing perspectives and arguments.

w Cite all sources that you have used, including the stimulus materials, and 
include a list of works cited or a bibliography.

w Use correct grammar and style.

❯❯ Do a word count and keep under the 2000-word limit (excluding footnotes, 
bibliography, and text in figures or tables).

❯❯ Remove references to your name, school, or teacher.

❯❯ Upload your document to the AP Digital Portfolio.

2.	 Individual Multimedia Presentation (6–8 minutes)

❯













❯ Develop and prepare a multimedia presentation that will convey your argument 
to an audience of your peers.

❯ Be selective about the information you choose for your presentation by focusing 
on key points you want your audience to understand.

❯ Design your oral presentation with supporting visual media, and consider 
audience, context, and purpose.

❯ Prepare to engage your audience using appropriate strategies (e.g., eye contact, 
vocal variety, expressive gestures, movement).

❯ Prepare notecards or an outline that you can quickly reference as you are 
speaking so that you can interact with supporting visuals and the audience.

❯ Rehearse your presentation in order to refine your design and practice your 
delivery.

❯ Check that you can do the presentation within the 6- to 8-minute time limit.
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❯❯ Deliver a 6–8 minute multimedia presentation in which you:

w













w Contextualize and identify the importance of your research question.

w Explain the connection between your research and your analysis of the 
stimulus materials.

w Deliver an argument that connects claims and evidence.

w Incorporate, synthesize and interpret evidence from various perspectives.

w Offer resolutions, conclusions, and/or solutions based on evidence and 
consider the implications of any suggested solutions.

w Engage the audience with an effective and clearly organized presentation 
design.

w Engage the audience with effective techniques of delivery and performance.

3.	 Individual Oral Defense (two questions)

Defend your research process, use of evidence, and conclusion(s), solution(s), or 
recommendation(s) through oral responses to two questions asked by your teacher. 
Be prepared to describe and reflect on your process as well as defend and extend 
your written work and oral presentation.

Sample Oral Defense Questions

Here are some examples of the types of questions your teacher might ask you 
during your oral defense. These are examples only; your teacher may ask you 
different questions, but there will still be one question that relates to each of the 
following two categories.

1.	 Reflection on Research Process

❯













❯ What information did you need before you began your research, and how did 
that information shape your research?

❯ What evidence did you gather that you didn’t use? Why did you choose not to 
use it?

❯ How valid and reliable are the sources you used? How do you know? Which 
sources didn’t work?

❯ How did you select the strategies you used to gather information or conduct 
research? Were they effective?

❯ How did your research question evolve as you moved through the research 
process? Did your research go in a different direction than you originally 
planned/hypothesized?

❯ What information did you need that you weren’t able to find or locate? How did 
you go about trying to find that information?

❯ How did you handle the differing perspectives in order to reach a conclusion?
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2.	 Extending argumentation through effective questioning and inquiry

❯













❯ What additional questions emerged from your research? Why are these 
questions important?

❯ What advice would you have for other researchers who consider this topic?

❯ What might be the real-world implications or consequences (influence on 
others’ behaviors or decision-making processes) of your findings? What are the 
implications to your community?

❯ If you had more time, what additional research would you conduct related to 
this issue?

❯ Explain the level of certainty you have about your conclusion, solution, or 
recommendation.

❯ How does your conclusion respond to any of the other research or sources you 
examined?

❯ How did you use the conclusions and questions of others to advance your own 
research?

AP Capstone™ Policy on Plagiarism and Falsification or Fabrication  
of Information

A student who fails to acknowledge the source or author of any and all information 
or evidence taken from the work of someone else through citation, attribution or 
reference in the body of the work, or through a bibliographic entry, will receive 
a score of 0 on that particular component of the AP Seminar and/or AP Research 
Performance Task. In AP Seminar, a team of students that fails to properly 
acknowledge sources or authors on the Team Multimedia Presentation will receive a 
group score of 0 for that component of the Team Project and Presentation.

A student who incorporates falsified or fabricated information (e.g. evidence, data, 
sources, and/or authors) will receive a score of 0 on that particular component 
of the AP Seminar and/or AP Research Performance Task. In AP Seminar, a team 
of students that incorporates falsified or fabricated information in the Team 
Multimedia Presentation will receive a group score of 0 for that component of the 
Team Project and Presentation.
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Looking-Glass House
By Lewis Carroll

From Through the Looking-Glass, Chapter 1

One thing was certain, that the white kitten had had nothing to do with it:—it was the black kitten’s 
fault entirely. For the white kitten had been having its face washed by the old cat for the last quarter 
of an hour (and bearing it pretty well, considering); so you see that it couldn’t have had any hand in 
the mischief.

The way Dinah washed her children’s faces was this: first she held the poor thing down by its ear 
with one paw, and then with the other paw she rubbed its face all over, the wrong way, beginning at 
the nose: and just now, as I said, she was hard at work on the white kitten, which was lying quite still 
and trying to purr—no doubt feeling that it was all meant for its good.

But the black kitten had been finished with earlier in the afternoon, and so, while Alice was sitting 
curled up in a corner of the great arm-chair, half talking to herself and half asleep, the kitten had 
been having a grand game of romps with the ball of worsted Alice had been trying to wind up, and 
had been rolling it up and down till it had all come undone again; and there it was, spread over the 
hearth-rug, all knots and tangles, with the kitten running after its own tail in the middle.

‘Oh, you wicked little thing!’ cried Alice, catching up the kitten, and giving it a little kiss to make 
it understand that it was in disgrace. ‘Really, Dinah ought to have taught you better manners! You 
ought, Dinah, you know you ought!’ she added, looking reproachfully at the old cat, and speaking 
in as cross a voice as she could manage—and then she scrambled back into the arm-chair, taking 
the kitten and the worsted with her, and began winding up the ball again. But she didn’t get on very 
fast, as she was talking all the time, sometimes to the kitten, and sometimes to herself. Kitty sat very 
demurely on her knee, pretending to watch the progress of the winding, and now and then putting 
out one paw and gently touching the ball, as if it would be glad to help, if it might.

‘Do you know what to-morrow is, Kitty?’ Alice began. ‘You’d have guessed if you’d been up in the 
window with me—only Dinah was making you tidy, so you couldn’t. I was watching the boys getting 
in sticks for the bonfire—and it wants plenty of sticks, Kitty! Only it got so cold, and it snowed so, 
they had to leave off. Never mind, Kitty, we’ll go and see the bonfire to-morrow.’ Here Alice wound 
two or three turns of the worsted round the kitten’s neck, just to see how it would look: this led to a 
scramble, in which the ball rolled down upon the floor, and yards and yards of it got unwound again.

‘Do you know, I was so angry, Kitty,’ Alice went on as soon as they were comfortably settled again, 
‘when I saw all the mischief you had been doing, I was very nearly opening the window, and putting 
you out into the snow! And you’d have deserved it, you little mischievous darling! What have you 
got to say for yourself? Now don’t interrupt me!’ she went on, holding up one finger. ‘I’m going to 
tell you all your faults. Number one: you squeaked twice while Dinah was washing your face this 
morning. Now you can’t deny it, Kitty: I heard you! What’s that you say?’ (pretending that the kitten 
was speaking.) ‘Her paw went into your eye? Well, that’s your fault, for keeping your eyes open—if 
you’d shut them tight up, it wouldn’t have happened. Now don’t make any more excuses, but listen! 
Number two: you pulled Snowdrop away by the tail just as I had put down the saucer of milk before 
her! What, you were thirsty, were you? How do you know she wasn’t thirsty too? Now for number 
three: you unwound every bit of the worsted while I wasn’t looking!
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‘That’s three faults, Kitty, and you’ve not been punished for any of them yet. You know I’m saving up 
all your punishments for Wednesday week—Suppose they had saved up all my punishments!’ she 
went on, talking more to herself than the kitten. ‘What would they do at the end of a year? I should 
be sent to prison, I suppose, when the day came. Or—let me see—suppose each punishment was 
to be going without a dinner: then, when the miserable day came, I should have to go without fifty 
dinners at once! Well, I shouldn’t mind that much! I’d far rather go without them than eat them!

‘Do you hear the snow against the window-panes, Kitty? How nice and soft it sounds! Just as if some 
one was kissing the window all over outside. I wonder if the snow loves the trees and fields, that it 
kisses them so gently? And then it covers them up snug, you know, with a white quilt; and perhaps 
it says, “Go to sleep, darlings, till the summer comes again.” And when they wake up in the summer, 
Kitty, they dress themselves all in green, and dance about—whenever the wind blows—oh, that’s 
very pretty!’ cried Alice, dropping the ball of worsted to clap her hands. ‘And I do so wish it was true! 
I’m sure the woods look sleepy in the autumn, when the leaves are getting brown.

‘Kitty, can you play chess? Now, don’t smile, my dear, I’m asking it seriously. Because, when we were 
playing just now, you watched just as if you understood it: and when I said “Check!” you purred! 
Well, it was a nice check, Kitty, and really I might have won, if it hadn’t been for that nasty Knight, 
that came wiggling down among my pieces. Kitty, dear, let’s pretend—’ And here I wish I could tell 
you half the things Alice used to say, beginning with her favourite phrase ‘Let’s pretend.’ She had had 
quite a long argument with her sister only the day before—all because Alice had begun with ‘Let’s 
pretend we’re kings and queens;’ and her sister, who liked being very exact, had argued that they 
couldn’t, because there were only two of them, and Alice had been reduced at last to say, ‘Well, you 
can be one of them then, and I’ll be all the rest.” And once she had really frightened her old nurse by 
shouting suddenly in her ear, ‘Nurse! Do let’s pretend that I’m a hungry hyaena, and you’re a bone.’

But this is taking us away from Alice’s speech to the kitten. ‘Let’s pretend that you’re the Red Queen, 
Kitty! Do you know, I think if you sat up and folded your arms, you’d look exactly like her. Now 
do try, there’s a dear!’ And Alice got the Red Queen off the table, and set it up before the kitten as a 
model for it to imitate: however, the thing didn’t succeed, principally, Alice said, because the kitten 
wouldn’t fold its arms properly. So, to punish it, she held it up to the Looking-glass, that it might see 
how sulky it was—‘and if you’re not good directly,’ she added, ‘I’ll put you through into Looking-
glass House. How would you like that?’

‘Now, if you’ll only attend, Kitty, and not talk so much, I’ll tell you all my ideas about Looking-glass 
House. First, there’s the room you can see through the glass—that’s just the same as our drawing 
room, only the things go the other way. I can see all of it when I get upon a chair—all but the bit 
behind the fireplace. Oh! I do so wish I could see that bit! I want so much to know whether they’ve 
a fire in the winter: you never can tell, you know, unless our fire smokes, and then smoke comes up 
in that room too—but that may be only pretence, just to make it look as if they had a fire. Well then, 
the books are something like our books, only the words go the wrong way; I know that, because I’ve 
held up one of our books to the glass, and then they hold up one in the other room.

‘How would you like to live in Looking-glass House, Kitty? I wonder if they’d give you milk in there? 
Perhaps Looking-glass milk isn’t good to drink—But oh, Kitty! now we come to the passage. You 
can just see a little peep of the passage in Looking-glass House, if you leave the door of our drawing-
room wide open: and it’s very like our passage as far as you can see, only you know it may be quite 
different on beyond. Oh, Kitty! how nice it would be if we could only get through into Looking- 
glass House! I’m sure it’s got, oh! such beautiful things in it! Let’s pretend there’s a way of getting 
through into it, somehow, Kitty. Let’s pretend the glass has got all soft like gauze, so that we can get 
through. Why, it’s turning into a sort of mist now, I declare! It’ll be easy enough to get through—’ 
She was up on the chimney-piece while she said this, though she hardly knew how she had got there. 
And certainly the glass was beginning to melt away, just like a bright silvery mist.
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In another moment Alice was through the glass, and had jumped lightly down into the Looking-glass  
room. The very first thing she did was to look whether there was a fire in the fireplace, and she 
was quite pleased to find that there was a real one, blazing away as brightly as the one she had left 
behind. ‘So I shall be as warm here as I was in the old room,’ thought Alice: ‘warmer, in fact, because 
there’ll be no one here to scold me away from the fire. Oh, what fun it’ll be, when they see me 
through the glass in here, and can’t get at me!’

Then she began looking about, and noticed that what could be seen from the old room was quite 
common and uninteresting, but that all the rest was as different as possible. For instance, the 
pictures on the wall next the fire seemed to be all alive, and the very clock on the chimney-piece 
(you know you can only see the back of it in the Looking-glass) had got the face of a little old man, 
and grinned at her.

‘They don’t keep this room so tidy as the other,’ Alice thought to herself, as she noticed several of 
the chessmen down in the hearth among the cinders: but in another moment, with a little ‘Oh!’ of 
surprise, she was down on her hands and knees watching them. The chessmen were walking about, 
two and two!
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Extra Sensory Perception
By Gershon Dublon and Joseph A. Paradiso

From Scientific American, July 2014

36 Scientific American, July 2014
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co m pu t e r  sc i e n c e

i n  b r i e f

The modern world  is filled with network-connected 
electronic sensors, but most of the data they  produce 
are invisible to us, “siloed” for use by spe   cific applica-
tions. If we eliminate those silos and enable sensor 
data to be used by any network-connected device, 
the era of ubiquitous computing will truly arrive. 
Although it is impossible  to know precisely how 
ubiquitous computing will change our life, a likely 
possibility is that electronic sensors embedded in the 
environment will function as extensions of the human 
nervous system. Wearable computing devices could 
become, in effect, sensory prosthetics. 
Sensors and computers  could make it possible to 
 virtually travel to distant environments and “be” there 
in real time, which would have profound  implications 
for our concepts of privacy and phy sical presence.

extra
sensory

perceptıon
How a world  
filled with sensors 
will change the  
way we see, hear, 
think and live

By Gershon Dublon and 

Joseph A. Paradiso
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38 Scientifi c American, July 2014

HERE’S A FUN EXPERIMENT: TRY COUNTING THE ELECTRONIC SENSORS 
surrounding you right now. There are cameras and micro-
phones in your computer. GPS sensors and gyroscopes in your 
smartphone. Accelerometers in your fi tness tracker. If you 
work in a modern o�  ce building or live in a newly renovated 
house, you are constantly in the presence of sensors that mea-
sure motion, temperature and humidity.

Sensors have become abundant because they have, for the 
most part, followed Moore’s law: they just keep getting smaller, 
cheaper and more powerful. A few decades ago the gyroscopes 
and accelerometers that are now in every smartphone were 
bulky and expensive, limited to applications such as spacecraft 
and missile guidance. Meanwhile, as you might have heard, net-
work connectivity has exploded. Thanks to progress in micro-
electronics design as well as management of energy and the 
electromagnetic spectrum, a microchip that costs less than a 
dollar can now link an array of sensors to a low-power wireless 
communications network.

The amount of information this vast network of sensors gen-
erates is staggering—almost incomprehensible. Yet most of these 
data are invisible to us. Today sensor data tend to be “siloed,” 
accessible by only one device for use in one specifi c application, 
such as controlling your thermostat or tracking the number of 
steps you take in a day.

Eliminate these silos, and computing and communications 
will change in profound ways. Once we have protocols that 
enable devices and applications to exchange data (several con-
tenders exist already), sensors in anything can be made available 
to any application. When that happens, we will enter the long-
predicted era of ubiquitous computing, which Mark Weiser envi-

sioned in this magazine a quarter of a century ago [see “The 
Computer for the 21st Century”; September 1991].

We doubt the transition to ubiquitous computing will be 
incremental. Instead we suspect it will be a revolutionary phase 
shift much like the arrival of the World Wide Web. We see the 
beginnings of this change with smartphone applications such as 
Google Maps and Twitter and the huge enterprises that have 
emerged around them. But innovation will explode once ubiqui-
tous sensor data become freely available across devices. The next 
wave of billion-dollar tech companies will be context aggrega-
tors, who will assemble the sensor information around us into a 
new generation of applications.

Predicting what ubiquitous computing and sensor data will 
mean for daily life is as di�  cult as predicting 30 years ago how 
the Internet would change the world. Fortunately, media theory 
can serve as a guide. In the 1960s communications theorist Mar-
shall McLuhan spoke of electronic media, mainly television, 
becoming an extension of the human nervous system. If only 
McLuhan were around today. When sensors are everywhere—
and when the information they gather can be grafted onto 
human perception in new ways—where do our senses stop? What 
will “presence” mean when we can funnel our perception freely 
across time, space and scale?

Gershon Dublon  is a Ph.D. student at the 
M.I.T. Media Lab, where he develops new tools 
for exploring and understanding sensor data.

Joseph A. Paradiso  is an associate professor of media arts and 
sciences at the Media Lab. He directs the Media Lab’s Responsive 
Environments Group, which explores how sensor networks augment 
and mediate human experience, interaction and perception.

M.I.T. Media Lab, where he develops new tools 

Environments Group, which explores how sensor networks augment 
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VISUALIZING SENSOR DATA 
WE PERCEIVE THE WORLD  using all our senses, but we digest most 
digital data through tiny two-dimensional screens on mobile 
devices. It is no surprise, then, that we are stuck in an informa-
tion bottleneck. As the amount of information about the world 
explodes, we fi nd ourselves less able to remain present in that 
world. Yet there is a silver lining to this abundance of data, as 
long as we can learn to use it properly. That is why our group at 
the M.I.T. Media Lab has been working for years on ways to 
translate information gathered by networks of sensors into the 
language of human perception.

Just as browsers like Netscape gave us access to the mass of 
data contained on the Internet, so will software browsers enable 
us to make sense of the fl ood of sensor data that is on the way. So 
far the best tool for developing such a browser is the video game 
engine—the same software that lets millions of players interact 
with one another in vivid, ever changing three-dimensional en -
vironments. Working with the game engine Unity 3D, we have 
developed an application called DoppelLab that takes streams of 
data collected by sensors placed throughout an environment and 

renders the information in graphic form, overlaying it on an 
architectural computer-aided design (CAD) model of the build-
ing. At the Media Lab, for example, DoppelLab collects data from 
sensors throughout the building and displays the results on a 
computer screen in real time. A user looking at the screen can see 
the temperature in every room, or the foot tra�  c in any given 
area, or even the location of the ball on our smart Ping-Pong table.

DoppelLab can do much more than visualize data. It also 
gathers sounds collected by microphones scattered about the 
building and uses them to create a virtual sonic environment. To 
guarantee privacy, audio streams are obfuscated at the originat-
ing sensor device, before they are transmitted. This renders 
speech unintelligible while maintaining the ambience of the 
space and the vocal character of its occupants. DoppelLab also 
makes it possible to experience data recorded in the past. One 
can observe a moment in time from various perspectives or fast-
forward to examine the data at di¡ erent timescales, uncovering 
hidden cycles in the life of a building.

Sensor browsers such as DoppelLab have immediate commer-
cial applications—for example, as virtual-control panels for large, 

The Reality Browser
the authors’ sensor-browsing software,  called DoppelLab, 
gathers data from sensors placed throughout the 
M.I.T. Media Lab and depicts them visually on 
a translucent model of the building. The 
browser updates automatically 
in real time, so users can log on 
from anywhere and see what is 
happening in any room in the lab 
at any mo  ment. Temperature, 
motion, sound and other 
properties are depicted 
with icons. 

The fl ames in each offi  ce 
represent the temperature of 
each room: redder fl ames mean 
warmer; bluer mean cooler. 
If the temperature in an offi  ce 
diff ers signifi cantly from the 
thermostat’s set point, a pulsing 
sphere is drawn around the 
corresponding fl ame, with 
the rate of pulsation being 
a function of the temperature 
deviation from the set point. 

Balls in public spaces represent the movement 
of people through a room as well as the sound 
level there. If a room gets louder, additional 
color-coded balls appear. If motion sensors 
detect movement, the string of balls undulates 
like a snake. 

If a person wearing an RFID tag 
approaches a sensor cluster in a 
public space, a cube appears with 
his or her photograph on each side. 

Color-coded cubes and fog clouds 
represent temperature and relative 
humidity as measured by the building’s 
dense sensor network. 

H OW  I T  WO R K S
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sensor-equipped buildings. In the past a building manager who 
wanted to track down a problem in the heating system might 
have sorted through spreadsheets and graphs, cataloguing anom-
alous temperature measurements and searching for patterns that 
would point to the source. Using DoppelLab, that person can see 
the current and desired temperature in every room at once and 
quickly spot issues that span multiple rooms or floors. More than 
that, planners, designers and building occupants alike can see 
how the infrastructure is being used. Where do people gather and 
when? What effects do changes in the 
building have on how people interact 
and work within it?

But we did not make DoppelLab 
with commercial potential in mind. We 
built it to explore a bigger and more in -
triguing matter: the impact of ubiqui-
tous computing on the basic meaning 
of presence.

Redefining PResence
When sensors and computers make it 
possible to  virtually travel to distant 
environments and “be” there in real 
time, “here” and “now” may begin to 
take on new meanings. We plan to ex-
plore this shifting concept of presence 
with DoppelLab and with a project 
called the Living Observatory at Tid-
marsh Farms, which aims to immerse 
both physical and virtual visitors in a 
changing natural environment.

Since 2010 a combination of public 
and private environmental organiza-
tions have been transforming 250 acres 
of cranberry bogs in southern Massa-
chusetts into a protected coastal wet-
land system. The bogs, collectively 
called Tidmarsh Farms, are co-owned 
by one of our colleagues, Glorianna Da-
venport. Having built her career at the 
Media Lab on the future of documenta-
ry, Davenport is fascinated by the idea 
of a sensor-rich environment producing its own “documentary.” 
With her help, we are developing sensor networks that docu-
ment ecological processes and enable people to experience the 
data those sensors produce. We have begun populating Tid-
marsh with hundreds of wireless sensors that measure temper-
ature, humidity, moisture, light, motion, wind, sound, tree sap 
flow and, in some cases, levels of various chemicals. 

Efficient power management schemes will enable these sen-
sors to live off their batteries for years. Some of the sensors will 
be equipped with solar cells, which will provide enough of a 
power boost to enable them to stream audio—the sound of the 
breeze, of nearby birds chirping, of raindrops falling on the sur-
rounding leaves. Our geosciences colleagues at the University  
of Massachusetts Amherst are outfitting Tidmarsh with sophis-
ticated ecological sensors, including submersible fiber-optic 
temperature gauges and instruments that measure dissolved 
oxygen levels in the water. All these data will flow to a database 

on our servers, which users can query and explore with a variety 
of applications.

Some of these applications will help ecologists view envi-
ronmental data collected at the marsh. Others will be designed 
for the general public. For example, we are developing a Dop-
pelLab-like browser that can be used to virtually visit Tidmarsh 
from any computer with an Internet connection. In this case, 
the backdrop is a digital rendering of the topography of the 
bog, filled with virtual trees and vegetation. The game engine 

adds noises and data collected by the 
sensors in the marsh. Sound from the 
microphone array is blended and 
cross-faded according to a user’s vir-
tual position; you will be able to soar 
above the bog and hear everything 
happening at once, listen closely to a 
small region, or swim underwater 
and hear sound collected by hydro-
phones. Virtual wind driven by real-
time data collected from the site will 
blow through the digital trees.

The Living Observatory is more of a 
demonstration project than a practical 
prototype, but real-world applications 
are easy to imagine. Farmers could use 
a similar system to monitor sensor-lad-
en plots, tracking the flow of moisture, 
pesticides, fertilizers or animals in and 
around their cropland. City agencies 
could use it to monitor the progression 
of storms and floods across a city while 
finding people in danger and getting 
them help. It is not a stretch to imag-
ine using this technology in our every-
day life. Many of us already look up 
restaurants on Yelp before going out. 
One day we will be able to check out a 
restaurant’s atmosphere (is it crowded 
and noisy right now?) before heading 
across town.

Eventually this kind of remote pres-
ence could provide the next best thing 

to teleportation. We sometimes use DoppelLab to connect to the 
Media Lab while away on travel because hearing the buzz and 
seeing the activity brings us a little bit closer to home. In the 
same way, travelers could project themselves into their homes to 
spend time with their families while on the road.

Augmenting OuR senses
It Is a safe bet that wearable devices will dominate the next 
wave of computing. We view this as an opportunity to create 
much more natural ways to interact with sensor data. Wearable 
computers could, in effect, become sensory prostheses.

Researchers have long experimented with wearable sensors 
and actuators on the body as assistive devices, mapping electri-
cal signals from sensors to a person’s existing senses in a process 
known as sensory substitution. Recent work suggests that neu-
roplasticity—the ability of our brain to physically adapt to new 
stimuli—may enable perceptual-level cognition of “extra senso-

INFRARED CAMERAS in a sensor-
laden bog spot groundwater (seen here in 
yellow) flowing into colder surface water. 
While surface water tracks closely to the 
air temperature, groundwater maintains 
a steady temperature year-round. 

 See a sensor browser demo at ScientificAmerican.com/jul2014/sensorsScientific AmericAn Online  
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ry” stimuli delivered through our existing sensory channels. Yet 
there is still a huge gap between sensor network data and human 
sensory experience.

We believe one key to unlocking the potential of sensory 
prostheses will be gaining a better handle on the wearer’s state 
of attention. Today’s highest-tech wearables, such as Google 
Glass, tend to act as third-party agents on our shoulders, sug-
gesting contextually relevant information to their wearer (rec-
ommending a particular movie as a wearer passes a movie the-
ater, for example). But these suggestions come out of the blue. 
They are often disruptive, even annoying, in a way that our sen-
sory systems would never be. Our sensory systems allow us to 
tune in and out dynamically, attending to stimuli if they demand 
it but otherwise focusing on the task at hand. We are conduct-

ing experiments to see if wearable computers can tap into the 
brain’s inherent ability to focus on tasks while maintaining a 
preattentive connection to the environment.

Our first experiment will determine whether a wearable 
device in the field can pick out which of a set of audio sources a 
user is listening to. We would like to use this information to 
enable the wearer of a device to tune into the live microphones 
and hydrophones at Tidmarsh in much the same way that they 
would tune into different natural sources of sounds. Imagine 
concentrating on a distant island in a pond and slowly begin-
ning to hear the faraway sounds, as if your ears were sensitive 
enough to extend the distance. Imagine walking along a stream 
and hearing sound from under the water or looking up at the 
trees and hearing the birdsong at the top of the canopy. This 
approach to delivering digital information could mark the be -
ginning of a fluid connection between our sensory systems and 
networked sensor data. There will probably come a time when 
sensory or neural implants provide that connection; we hope 
these devices, and the information they provide, will fold into 
our existing systems of sensory processing rather than further 
displacing them.

Dream or Nightmare?
For many people, ourselves included, the world we have just 
described has the potential to be frightening. Redefining pres-
ence means changing our relationship with our surroundings 
and with one another. Even more concerning, ubiquitous com-

puting has tremendous privacy implications. Yet we believe 
there are many ways to build safeguards into technology.

A decade ago, in one of our group’s projects, Mat Laibowitz 
deployed 40 cameras and sensors in the Media Lab. He designed 
a huge lamp switch into each device so it could be easily and 
obviously deactivated. In today’s world, there are too many cam-
eras, microphones and other sensors scattered for any one per-
son to deactivate—even if they do have an off switch. We will 
have to come up with other solutions.

One approach is to make sensors respond to context and a 
person’s preferences. Nan-Wei Gong explored an idea of this kind 
when she was with our research group several years ago. She 
built a special key fob that emitted a wireless beacon informing 
nearby sensor devices of its user’s personal privacy preferences. 

Each badge had a large button labeled 
“No”; on pressing the button, a user was 
guaranteed an interval of total privacy 
wherein all sensors in range were blocked 
from transmitting his or her data.

Any solution will have to guarantee 
that all the sensor nodes around a per-
son both receive and honor such re-
quests. Designing such a protocol pres-
ents technical and legal challenges. Yet 
research groups around the world are al-
ready studying various approaches to 
this conundrum. For example, the law 
could give a person ownership or control 
of data generated in his or her vicinity; a 
person could then choose to encrypt or 
restrict those data from entering the net-
work. One goal of both DoppelLab and 

the Living Observatory is to see how these privacy implications 
play out in the safe space of an open research laboratory. As pit-
falls and sinister implications reveal themselves, we can find 
solutions. And as the recent revelations from former nsa con-
tractor Edward Snowden have shown us, transparency is criti-
cal, and threats to privacy need to be dealt with legislatively, in 
an open forum. Barring that, we believe that grassroots, open-
source hardware and software development is the best defense 
against systemic invasions of privacy.

Meanwhile we will be able to start seeing what kinds of new 
experiences await us in a sensor-driven world. We are excited 
about the prospects. We think it is entirely possible to develop 
technologies that will fold into our surroundings and our bod-
ies. These tools will get our noses off the smartphone screen 
and back into our environments. They will make us more, rath-
er than less, present in the world around us. 

When sensors and 
computers make it possible 
to virtually travel to distant 
environments, “here” and 
“now” may begin to take  
on new meanings. 

More to explore
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3D Pavement Art
By Joe Hill

http://joehill-art.com/page4.htm
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Attitudes Toward Muslim Women  
in the West

From an interview with Lila Abu-Lughod by the Asia Society  
(http://asiasociety.org/lila-abu-lughod-attitudes-toward-muslim-women-west) 

Publisher: Princeton University Press, Princeton (1998)

Lila Abu-Lughod has worked on women’s issues in the Middle East for over twenty 
years. She has authored and edited several books on the topic, including Writing 
Women’s Worlds: Bedouin Stories (Berkeley: University of California Press, 1993), 
Remaking Women: Feminism and Modernity in the Middle East (Princeton: Princeton 
University Press, 1998), and Veiled Sentiments: Honor and Poetry in a Bedouin Society 
(Berkeley: University of California Press, 1986). She is Professor of Anthropology and 
Women’s and Gender Studies at Columbia University in New York.

In this interview, Professor Abu-Lughod discusses women and Islam in the wake of the 
American war in Afghanistan.

Following the events of September 11th, the American public sphere has been 
saturated with discussions of what is unique about “Muslim” societies. To what 
extent is the character of Muslim societies determined by Islam? How can we begin 
to think about these societies, and what distinguishes them from our own?
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Many aspects of societies around the world cannot be understood without reference to 
the history and influences of the major religions in terms of which people live their lives. 
This is just as true for people living in the Middle East, Africa, Southeast Asia and other 
Muslim regions as it is for those living in Europe and the United States, where Christianity 
has historically dominated. The point to stress is that despite this, it is just as unhelpful 
to reduce the complex politics, social dynamics, and diversity of lives in the U.S. to 
Christianity as it is to reduce these things to Islam in other regions. We should ask not how 
Muslim societies are distinguished from “our own” but how intertwined they are, historically 
and in the present, economically, politically, and culturally.

Muslim women have of course figured prominently in this public discussion. You 
have suggested recently that “understanding Muslim women” will not serve to 
explain anything. Could you elaborate on this claim?

Many of us have noticed that suddenly, after 9/11 and the American response of war 
in Afghanistan, the hunger for information about Muslim women seems insatiable. My 
own experience of this was in the form of an avalanche of invitations to appear on news 
programs and at universities and colleges. On the one hand I was pleased that my 
expertise was appreciated and that so many people wanted to know more about a subject 
I had spent twenty years studying. On the other hand, I was suspicious because it seemed 
that this desire to know about “women and Islam” was leading people away from the very 
issues one needed to examine in order to understand what had happened.

Those issues include the history of Afghanistan-with Soviet, U.S., Pakistani, and Saudi 
involvements; the dynamics of Islamist movements in the Middle East; the politics and 
economics of American support for repressive governments. Plastering neat cultural icons 
like “the Muslim woman” over messier historical and political narratives doesn’t get you 
anywhere. What does this substitution accomplish? Why, one has to ask, didn’t people 
rush to ask about Guatemalan women, Vietnamese women (or Buddhist women), 
Palestinian women, or Bosnian women when trying to understand those conflicts? The 
problem gets framed as one about another culture or religion, and the blame for the 
problems in the world placed on Muslim men, now neatly branded as patriarchal.

The British in India and the French in Algeria both enlisted the support of women for 
their colonial projects (i.e., part of the colonial enterprise was ostensibly to “save” 
native women). Do you think the current rhetoric about women in Afghanistan 
suffers from the same problem? Is there something about the colonial/neo-colonial 
context that lends itself to this kind of representation (which would explain why such 
rhetoric cannot be employed for, say, African American women in this country)?

Yes, I ask myself about the very strong appeal of this notion of “saving” Afghan women, 
a notion that justifies American intervention (according to First Lady Laura Bush’s 
November radio address) and that dampens criticism of intervention by American and 
European feminists. It is easy to see through the hypocritical “feminism” of a Republican 
administration. More troubling for me are the attitudes of those who do genuinely care 
about women’s status. The problem, of course, with ideas of “saving” other women is that 
they depend on and reinforce a sense of superiority by westerners.
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When you save someone, you are saving them from something. You are also saving 
them to something. What violences are entailed in this transformation? And what 
presumptions are being made about the superiority of what you are saving them to? 
This is the arrogance that feminists need to question. The reason I brought up African 
American women, or working class women in the U.S., was that the smug and patronizing 
assumptions of this missionary rhetoric would be obvious if used at home, because we’ve 
become more politicized about problems of race and class. What would happen if white 
middle class women today said they needed to save those poor African American women 
from the oppression of their men?

You mentioned that the veil or burqa has been spoken of and defended by Muslim 
women as “portable seclusion” and that veiling should not be associated with lack 
of agency. Can you explain why this is the case?

It was the anthropologist Hanna Papanek, working in Pakistan, who twenty years ago 
coined this term of “portable seclusion.” I like the phrase because it makes me see 
burqas as symbolic “mobile homes” that free women to move about in public and among 
strange men in societies where women’s respectability, and protection, depend on their 
association with families and the homes which are the center of family lives.

The point about women’s veiling is of course too complicated to lay out here. But there 
were three reasons why I said it could not so simply be associated with lack of agency. 
First, “veiling” is not one thing across different parts of the Muslim world, or even among 
different social groups within particular regions. The variety is extraordinary, going from 
headscarves unselfconsciously worn by young women in rural areas to the fuller forms 
of the very modern “Islamic dress” now being adopted by university women in the most 
elite of fields including medicine and engineering. Second, many of the women around the 
Muslim world who wear these different forms of cover describe this as a choice. We need 
to take their views seriously, even if not at face value. Beyond that, however, we need to 
ask some hard questions about what we actually mean when we use words like “agency” 
and “choice” when talking about human beings, always social beings always living in 
particular societies with culturally variable meanings of personhood. Do we not all work 
within social codes? What does the expression we often use here “the tyranny of fashion” 
suggest about agency in dress codes?
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SCENTS AND SENSIBILITY: A MOLECULAR LOGIC
OF OLFACTORY PERCEPTION

Nobel Lecture, December 8, 2004

by

Richard Axel

Howard Hughes Medical Institute, Columbia University, College of Physicians
and Surgeons, New York, NY 10032, USA.

INTRODUCTION

The image in the painting La Bonne Aventure is not a nose (Fig. 1). It is a 
portrayal by the surrealist René Magritte of his own brain’s representation 
of the external world. It is a vignette that reveals a tension between image and
reality, a tension that is a persistent source of creativity in art, brought to its
culmination by the surrealists. The problem of how the brain represents the
external world is not only a central theme in art but is at the very core of 
philosophy, psychology, and neuroscience. We are interested in how the 
chemosensory world is represented in the brain.

All organisms have evolved a mechanism to recognize sensory information
in the environment and transmit this information to the brain where it then
must be processed to create an internal representation of the external world.
There are many ways for organisms to probe the external world. Some smell
it, others listen to it, many see it. Each species therefore lives in its own unique
sensory world of which other species may be partially or totally unaware. A
whole series of specific devices alien to human perception have evolved: bio-
sonar in bats, infrared detectors in snakes, electrosensitive organs in fish, and
a sensitivity to magnetic fields in birds. What an organism detects in its envir-
onment is only part of what is around it and that part differs in different or-
ganisms. The brain functions, then, not by recording an exact image of the
world, but by creating its own selective picture; a picture largely determined
by what is important for the survival and reproduction of the species. 

Sensory impressions, therefore, are apprehended through the lens of the
particular perceiving brain and the brain must therefore be endowed with an
a priori potential to recognize the sensory world (1). Our perceptions are not
direct recordings of the world around us, rather they are constructed intern-
ally according to innate rules. Colors, tones, tastes, smells are active con-
structs created by our brains out of sensory experience. They do not exist as
such outside of sensory experience (2). Biological reality, I argue, therefore

234
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reflects the particular representation of the external world that a brain is able 
to build and a brain builds with genes.

If our genes are indeed the arbiters of what we perceive from the outside
world, then it follows that an understanding of the function of these genes
could provide insight into how the external world is represented in our brain.
But what can molecular biology really tell us about so elusive a brain function
as perception? Molecular biology was invented to solve fundamental problems
in genetics at a molecular level. With the demystification of the brain, with
the realization that the mind emerges from the brain and that the cells of the
brain often use the very same principles of organization and function as a
humble bacterium or a liver cell, molecular biology and genetics could now
interface with neuroscience to approach the previously tenuous relationship
between genes and behavior, cognition, memory, emotion, and perception.

Why would a molecular neuroscientist interested in perception choose to
focus on the elusive sense of smell? In humans, smell is often viewed as an
aesthetic sense, as a sense capable of eliciting enduring thoughts and memories.
Smell however is the primal sense. It is the sense that affords most organisms
the ability to detect food, predators, and mates. Smell is the central sensory
modality by which most organisms communicate with their environment.
Second, humans are capable of recognizing hundreds of thousands of different

235

Figure 1. La Bonne Aventure. The painting La Bonne Aventure (Fortune Telling), by René
Magritte (1937) portrays a monumental nose. I have added the inscription “Ceci n’est pas
un nez” (This is not a nose) in Magritte’s script to emphasize the tension between image
and reality, a conflict inherent in much of his art as well as in the science of perception. 
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odors. For molecular neuroscientists studying the brain, the mechanism by
which an organism can interact with the vast universe of molecular structures
defined as odors provides a fascinating problem in molecular recognition
and perceptual discrimination. Finally, the problem of perception necessarily
involves an understanding of how sensory input is ultimately translated into
meaningful neural output: thoughts and behavior. In olfaction, the sensory
input is extremely well defined and consists of chemicals of precise molecular
structure. The character of the input in olfaction is far simpler than that of a
visual image, for example, which consists of contour, texture, color, movement
and form of confounding complexity. Representation of an olfactory image 
is simpler and reduces to the problem of how precisely defined chemical
structures are transformed in brain space.

As molecular neurobiologists, Linda Buck and I approached olfactory sensory
perception by dividing it into two problems: First, what mechanisms have
evolved to allow for the recognition of the vast array of molecular structures
we define as odorants? Clearly, there must be receptors in the sensory
neurons of the nose capable of associating with odor molecules. Do we have
a relatively small number of “promiscuous” receptors, each capable of inter-
acting with a large number of odorous molecules? Alternatively, olfactory 
recognition may involve a very large number of “chaste” receptors each capable
of interacting with a limited set of odor molecules. The second problem is
conceptually more difficult: how does the olfactory sensory system discriminate
among the vast array of odorous molecules that are recognized by the nose?
Put simply, how does the brain know what the nose is smelling? This question
will ultimately require knowledge of how the different odors are represented
and encoded in the brain.

A LARGE FAMILY OF ODORANT RECEPTOR GENES

We approached the problem of odor recognition directly by isolating the genes
encoding the odorant receptors (3). The experimental design we employed
to isolate these genes was based on three assumptions: First, the odorant 
receptors were likely to belong to the superfamily of receptors, the G-protein
coupled receptors (GPCRs), that transduce intracellular signals by coupling to
GTP binding proteins (4,5,6,7). Second, the large repertoire of structurally
distinct, odorous molecules suggests that the odorant receptors themselves
must exhibit significant diversity and are therefore likely to be encoded by a
multigene family. Third, the expression of the odorant receptors should be
restricted to the olfactory epithelium. Experimentally, we used the polymerase
chain reaction (PCR) to amplify members of the GPCR gene superfamily 
expressed in olfactory sensory neurons. We then asked whether any of the PCR
products were indeed members of a large multigene family. We observed that
restriction enzyme cleavage of a single PCR band generated a set of DNA
fragments whose molecular weight summed to a value significantly greater than
that of the original PCR product (3). In this manner, we identified a multigene
family that encodes a large number of GPCRs whose expression is restricted
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to the olfactory sensory neurons. The receptors were subsequently shown to
interact with odors translating the energy of odor binding into alterations in
membrane potential (8,9,10,11). 

The completed sequence of both the murine and human genome ultimately
identified 1300 odorant receptors in the mouse (12,13) and 500 in humans
(14,15,16). If mice possess 20,000 genes, then as much as 5% of the genome,
one in 20 genes encodes the odorant receptors. A large family of odorant 
receptors is observed not only in vertebrates but in the far simpler sensory
systems of invertebrates. A somewhat smaller but highly diverse family of
about 80 odorant receptor genes has been identified in the Drosophila genome
(17,18,19,50,67). The invertebrate, C. elegans, with only 302 neurons and 16 ol-
factory sensory neurons expresses about 1000 odorant receptor genes
(20,21). These experiments provide a solution to the first question; we recog-
nize the vast array of molecular structures defined as odorants by maintaining
in our genome a large number of genes encoding odorant receptors. 

The observation that over 1000 receptors are required to accommodate
the detection of odors suggests a conceptual distinction between olfaction
and other sensory systems. Color vision in humans, for example, allows the
discrimination of several hundred hues with only three different photore-
ceptors (22,23). These photoreceptors each have distinct but overlapping 
absorption spectra. Discrimination of color is thought to result from comparative
processing of the information from these three classes of photoreceptors.
Whereas three photoreceptors can absorb light across the entire visible spec-
trum, our data suggest that a small number of odorant receptors cannot 
recognize the full spectrum of distinct molecular structures perceived by the
mammalian nose. Rather, olfactory perception requires a large number of 
receptors each capable of recognizing a small number of odorous ligands. 

The large number of odorant receptor genes when compared with receptor
numbers in other sensory systems, perhaps reflects the fact that in vision and
hearing the character of the sensory stimulus is continuously variable. Color
is distinguished by quantitative differences in a single parameter, the wave-
length of light. Similarly, one important parameter of hearing, the frequency
of sound, is continuously variable. The diversity of chemical structures of
odors do not exhibit continuous variation of a single parameter and there-
fore cannot be accommodated by a small number of receptors. Rather, the
full spectrum of distinct molecular structures perceived by the olfactory
system requires a large number of receptors, each capable of interacting with
a small number of specific odorous ligands.

A TOPOGRAPHIC MAP IN THE OLFACTORY BULB

We next turned to the question of olfactory discrimination: how does the
brain know what the nose is smelling? The identification of a large family of
receptor genes allowed us to pose this question in molecular terms. We could
now ask how the brain knows which of the numerous receptors have been 
activated by a given odor. The elucidation of a mechanism by which the brain
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distinguishes the different combinations of receptors activated by different 
odors would provide a logic of odor discrimination. This problem was further 
simplified by the demonstration that an individual sensory neuron expresses 
only one of the 1000 receptor genes (10,24). This observation emerged from 
single neuron cDNA cloning experiments, and allowed us to translate the 
problem of how the brain determines which receptor has been activated to a 
far simpler problem: how does the brain know which neuron has been acti-
vated by a given odor. As in other sensory systems, an invariant spatial pattern 
of olfactory sensory projections could provide a topographic map of receptor 
activation that defines the quality of a sensory stimulus.

In other sensory systems, spatially segregated afferent input from peripheral
sensory neurons generates a topographic map that defines the location of a
sensory stimulus within the environment as well as the quality of the stimulus
itself. Olfactory sensory processing does not extract spatial features of the
odorant stimulus. Relieved of the requirement to map the position of an 
olfactory stimulus in space, we asked whether the olfactory system might 
employ spatial segregation of sensory input to encode a quality of an odorant.
Robert Vassar in my lab and Kerry Ressler in Linda Buck’s lab therefore 
analyzed the spatial patterns of receptor expression in the olfactory epithe-
lium by in situ hybridization and observed that cells expressing a given 
receptor are restricted to one of four broad but circumscribed zones (25,26).
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Figure 2. Convergence of Axons from Neurons Expressing a Given Receptor. Odorant 
receptor loci were modified by homologous recombination in ES cells to generate strains
of mice in which cells expressing a given receptor also express a fusion of the microtubule
associated protein, tau, with �-galactosidase. These whole mount photographs reveal 
neurons expressing either the M12 (left) or P2 (right) receptors along with their axons as
they course through the cribriform plate to a single locus in the olfactory bulb. Neurons 
expressing different receptors converge on different glomeruli. The genetic modifications
that assure the coordinate expression of receptor and tau-lacZ are shown beneath the
whole mount view. Reprinted from Cell, Vol 87, 1996, pp 675-686, Mombaerts et al., with
permission from Elsevier.
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The overriding feature of this organization, however, is that within a zone 
neurons expressing a given receptor are not topographically segregated, rather 
they appear randomly dispersed. When they performed in situ hybridization 
experiments to the bulb, the first relay station for olfactory sensory neurons 
in the brain, they observed that topographic order was restored (27,28). 
Neurons expressing a given receptor, although randomly distributed in 
the epithelium, project to spatially invariant glomeruli in the olfactory bulb 
generating a topographic map.

Peter Mombaerts, then a fellow in the lab, developed a genetic approach
to visualize axons from olfactory sensory neurons expressing a given odorant
receptor as they project to the brain (29). We modified receptor genes by 
targeted mutagenesis in the germ line of mice. These genetically altered 
receptor genes now encode a bicistronic mRNA that allows the translation of
receptor along with tau-lacZ, a fusion of the microtubule-associated protein
tau with �-galactosidase. In these mice, olfactory neurons that transcribe a 
given receptor also express tau-lacZ in their axons, permitting the direct 
visualization of the pattern of projections in the brain (Fig. 2).

We observe that neurons expressing a receptor project to only two topo-
graphically-fixed loci, or glomeruli, in the bulb creating mirror image maps
in each bulb. Neurons expressing different receptors project to different glo-
meruli. The position of the individual glomeruli is topographically defined
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Figure 3. A Topographic Map of Olfactory Sensory Axons in the Bulb. A whole mount 
reveals neurons expressing two modified P2 alleles: P2-IRES-tau-lacZ (red) or P2-IRES-GFP
(green). These neurons send axons that co-converge on the same glomerulus in the olfac-
tory bulb. Neurons expressing other receptors converge on different glomerular loci that
are shown schematically. All nuclei are stained blue with TOTO-3. The relative positions of
the different glomeruli are maintained in different mice revealing an invariant topo-
graphic map in the olfactory bulb.
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and is similar for all individuals in a species (Fig. 3). Individual odors could
activate a subset of receptors that would generate specific topographic pat-
terns of activity within the olfactory bulb such that the quality of an olfactory 
stimulus could be encoded by spatial patterns of glomerular activity.

The identification of an anatomic olfactory sensory map poses four questions. 
The first, addresses the singularity of receptor gene choice. What mechanism 
assures that a sensory neuron expresses only a single receptor and then 
projects with precision to one of 1000 topographically fixed glomerular loci? 
Second, does the anatomic map translate into a functional map such that 
different odors elicit different patterns of activity? Third, can we relate specific 
spatial patterns of glomerular activity to specific behaviors? Finally how is the 
map read? How does the brain look down upon a spatial pattern of activity 
and associate this pattern with a particular odor?

RECEPTOR CHOICE AND THE TOPOGRAPHIC MAP

The topographic map in the olfactory system differs in character from the 
orderly representation inherent in the retinotopic, tonotopic, or somatotopic
sensory maps. In these sensory systems, the peripheral receptor sheet is 
represented in the central nervous system (CNS), such that neighbor relations
in the periphery are preserved in the CNS (reviewed in 30,31). In this manner,
peripheral receptor cells may acquire a distinct identity that is determined by
their spatial position in the receptor sheet. Spatial patterning in the periphery
can therefore endow individual neurons with positional information that 
directs their orderly representation in the brain. 

The olfactory system, however, does not exhibit an orderly representation
of receptor cells in the periphery. Neurons expressing a given receptor are
randomly dispersed within a given zone and order is restored in the bulb
where neurons expressing a given receptor converge on discrete loci to create
a topographic map. Olfactory neurons differ from one another not by virtue of
their position in a receptor sheet, but rather by the nature of the receptor they
express. The tight linkage between the choice of an odorant receptor and the
site of axon convergence suggests a model in which the odorant receptor is
expressed on dendrites, where it recognizes odorants in the periphery, and
also on axons, where it governs target selection in the bulb. In this manner,
an olfactory neuron would be afforded a distinct identity that dictates the nature
of the odorant to which it responds as well as the glomerular target to which
its axon projects. If the odorant receptor also serves as a guidance molecule,
this leads to two experimental predictions. First, the receptor should be 
expressed on axons as well as on dendrites and second, genetic modifications
in the receptor sequence might alter the topographic map.

The first prediction was tested by Gilad Barnea who generated specific
antibodies against two odorant receptors and examined the sites of receptor
expression on sensory neurons (32). Antibodies were raised against extracellular
and cytoplasmic epitopes of the mouse odorant receptors, MOR28 and
MOR11-4. In the sensory epithelium, we observe intense staining in the den-
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dritic knobs, the site of odor binding. In the olfactory bulb, antibody stains
axon termini whose arbors are restricted to two glomeruli (Fig. 4). Antibody
staining of the bulb from mice bearing the MOR28-IRES-tau-lacZ allele reveals
that the glomeruli stained by antibody to MOR28 also receives the tau-lacZ 
fibers. Thus the receptor is expressed on both dendrites and the axons of
sensory neurons.

In a second series of experiments performed by a student Fan Wang, we
provided genetic evidence suggesting that the receptor on axons is indeed a
guidance molecule. We modified our gene targeting approach to ask whether
substitutions of the P2 receptor coding sequence alter the projections of
neurons that express this modified allele (33). We replaced the coding region
of the P2 gene with the coding regions of several other receptors, and 
examined the consequences on the formation of the topographic map.
Substitution of the P2 coding region with that of the P3 gene, a linked 
receptor gene homologous to P2 and expressed in the same epithelial zone,
results in the projection of axons to a glomerulus distinct from P2 that resides
immediately adjacent to the wild type P3 glomerulus. Other substitutions that
replace the P2 coding sequences with receptor sequences expressed either in
different zones or from different chromosomal loci also result in the conver-
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Figure 4. Odorant Receptor is Expressed on both Dendrites and Axons of Olfactory Sensory
Neurons. The mouse sensory epithelium (upper panel) or olfactory bulb (lower panel) was
stained with antibody to either an extracellular or cytoplasmic epitope of the MOR28 
receptor. These experiments reveal the expression of odorant receptor in the cell body and
dendrites in the epithelium as well as on axon termini within a defined glomerulus in the
bulb. Antibody staining in the olfactory bulb coincides with the site of convergence of
MOR28 axons. Adapted with permission from 32. Reprinted from Science 304,1468, 2004,
with permission from Science.
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gence of fibers to glomeruli distinct from P2. These observations, along with
recent experiments involving more extensive genetic modifications (34,35)
provide support for the suggestion that the olfactory receptor plays an 
instructive role in axon targeting as one component of the guidance process.

How may the odorant receptors participate in the guidance process? In
one model, the odorant receptor is expressed on the axon termini along with
other guidance receptors where it recognizes positional cues elaborated by
the bulb. Each of the 1000 distinct types of sensory neuron will therefore bear
a unique combination of guidance receptors that define a code dictating the
selection of a unique glomerular target. Such a model does not necessarily
imply that there are 1000 distinct cues, each spatially localized within the
bulb. Rather, a small number of graded cues may cause the differential acti-
vation of the different odorant receptors on axon termini. In this manner,
the different affinities of individual receptors for one or a small number of
cues, and perhaps different levels of receptor, might govern target selection.
Such a model is formally equivalent to models of retinotopy in which a gradient
of guidance receptor on retinal axons is matched by a positional gradient of
guidance cues in the tectum (reviewed in 31).

THE SINGULAR AND STABLE CHOICE OF RECEPTOR

If the odorant receptor defines the functional identity of a sensory neuron and
also determines the site of projection in the brain, then the expression of a
single receptor gene in a neuron is an essential feature in models of olfactory
perception. This immediately poses the question as to what mechanism has
evolved to assure the expression of a single receptor gene from the family of
1000 genes in the chromosome. One model for the control of olfactory 
receptor (OR) expression invokes the existence of 1000 different sensory
neurons, each expressing a unique combination of regulatory factors that 
governs the choice of a different OR gene. This deterministic model predicts
that all OR genes will contain different cis-regulatory sequences that are 
recognized by unique sets of transcription factors. An alternative, stochastic
model of receptor gene selection suggests that all odorant receptor genes with-
in a zone contain the same cis-regulatory information and are controlled by
the same set of transcription factors. In this model a special mechanism must
exist to assure that only one receptor gene is chosen. Moreover, once a spe-
cific receptor is chosen for expression, this transcriptional choice must be 
stable for the life of the cell because receptor switching after stable synapse
formation would seriously perturb odor discrimination. 

A series of transgene experiments performed by Ben Shykind in my own
laboratory, as well as in other labs, provide evidence for a mechanism of 
receptor choice that is stochastic (36,37). We have generated mice in which
the endogenous P2 allele has been replaced with the P2-IRES-tau-lacZ allele.
We have also introduced a randomly integrated P2-IRES-GFP transgene into
the chromosome of this strain. In a deterministic model, we predict that a
unique combination of transcription factors would activate both the endoge-
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nous and transgenic P2 alleles such that cells that express lacZ from the 
endogenous P2-IRES-tau-lacZ allele should also express GFP from the P2
transgene. Examination of the sensory epithelium in these mice, however, 
reveals a singularity of P2 expression. Cells that express the endogenous P2
allele never express the transgene. In a conceptually similar experiment, we
generated transgenic mice that harbor an integrated array of multiple P2
transgenes that include P2-IRES-tau-lacZ and P2-IRES-GFP linked at the same
chromosomal locus. In these strains, we also observe a singularity of transgene
expression. Neurons that express the P2-IRES-tau-lacZ transgene do not 
express the linked P2-IRES-GFP gene. Taken together, these experiments
provide support for a model in which receptor choice is not deterministic,
rather it is stochastic.

Once a single receptor gene is chosen for expression, this transcriptional
choice must be stable for the life of the cell because receptor switching after
stable synapse formation would seriously perturb odor discrimination. In recent
experiments, Ben Shykind in my lab along with the Reed and Sakano labs 
devised genetic strategies that permit the analysis of the stability of receptor
choice (38,39,40). We have employed a lineage tracer to map the fate of sensory
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Figure 5. A Feedback Model Assuring the Stable Expression of a Functional Receptor. (A)
The transcriptional machinery represented by a blue sphere expresses only one of 1000
odorant receptor genes (in this instance, R2). R2 encodes a functional receptor that elicits
a feedback signal that leads to the stabilization of receptor choice (symbolized by a red
sphere). (B) If the transcriptional machinery chooses the non-functional receptor, R1,
which is not competent to mediate feedback stabilization, switching occurs. The transcrip-
tional machine is then free to select a second receptor for expression that will ultimately
mediate feedback stabilization. This model provides a mechanism to assure that a neuron
expresses a functional odorant receptor.
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neurons that express either an intact or a nonfunctional deletion of the
MOR28 gene. Mature neurons that express an intact MOR28 receptor, but
have not yet formed stable synapses in the brain, can switch receptor expression,
albeit at low frequency. Thus, we observe that switching is an inherent property
of wild type receptor gene choice. Neurons that choose to express a mutant
MOR28 receptor subsequently extinguish its expression and switch at high
frequencies to express alternate receptors such that a given neuron stably
transcribes only a single receptor gene. These observations suggest a mecha-
nism of OR gene choice in which a cell selects only one receptor allele but
can switch at low frequency. Expression of a functional receptor would then
elicit a signal that suppresses switching and stabilizes odorant receptor ex-
pression. Neurons that initially express a mutant receptor fail to receive this
signal and switch genes until a functional receptor is chosen (Fig. 5).

The mouse genome contains 340 OR pseudogenes, whereas the human
genome contains 550 pseudogenes, several of which continue to be transcribed
(12,16). Expression of a pseudogene would result in the generation of sensory
neurons incapable of odor recognition. A mechanism that allows switching
provides a solution to the pseudogene problem such that if pseudogenes are
chosen, another transcriptional opportunity is provided assuring that each
neuron expresses a functional receptor. This model of serial monogamy assures
that neurons will express a single receptor throughout their life. This feed-
back model in which expression of a functional odorant receptor suppresses
switching to other OR genes is reminiscent of one mechanism of allelic 
exclusion in T and B lymphocytes. 

CLONING A MOUSE FROM AN OLFACTORY SENSORY NEURON

What mechanism assures that a single receptor gene is chosen stochastically
in a sensory neuron? One model invokes DNA recombination of odorant 
receptor genes at a single active expression site in the chromosome. DNA 
recombination provides Saccharomyces cerevisiae (41), trypanosomes (42) and
lymphocytes (43) with a mechanism to stochastically express one member of a
set of genes that mediate cellular interactions with the environment. One 
attractive feature shared by gene rearrangements in trypanosomes and 
lymphocytes is that gene choice is a random event, a feature of receptor gene
selection in olfactory sensory neurons. However, efforts to demonstrate a 
recombination event involving OR genes have been seriously hampered by
the inability to obtain populations of neurons or clonal cell lines that express
the same receptor. Kristin Baldwin in my laboratory, in a collaboration with
Rudy Jaenisch, Kevin Eggan and Andy Chess at MIT, addressed this problem
by generating ES cell lines and cloned mice derived from the nuclei of olfac-
tory sensory neurons expressing the P2 receptor (Fig. 6)(44). The generation
of cloned mice from cells of the nose derives from an initial insight of Woody
Allen in his 1978 futuristic comedy, Sleeper. In this film, efforts are made to 
resurrect a totalitarian leader by cloning from his only surviving body part,
his nose. Twenty-five years later, science successfully imitated art with the 
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generation of mice cloned from a single sensory neuron from the nose.
We would predict that if DNA recombination accompanies receptor gene

choice then the olfactory epithelium from cloned mice derived from a sensory
neuron expressing the P2 gene should be clonal with respect to receptor 
expression, such that all cells transcribe the rearranged P2 allele. Analysis 
of the sequence and organization of the DNA surrounding the P2 allele ex-
pressed in cloned mice revealed no evidence for either gene conversion or 
local transposition at the P2 locus. In addition, the pattern of receptor gene 
expression in the sensory epithelium of cloned mice was normal. Multiple
odorant receptor genes are expressed without preference for the P2 allele
transcribed in the donor nucleus (Fig. 6). These data, along with similar 
experiments by Peter Mombaerts (45), demonstrate that the mechanism 
responsible for the choice of a single odorant receptor gene does not involve

245

Figure 6. Cloning a Mouse from Olfactory Sensory Neurons Expressing the P2 Odorant 
Receptor. (a) A genetic strategy to label P2-expressing sensory neurons with GFP as well as 
to mark olfactory sensory neurons by virtue of a unique deletion in DNA. (b) The olfactory 
epithelium of a mouse with the genetic modifications described above. A single nucleus 
expressing the P2 odorant receptor gene was picked and introduced into an enucleated 
oocyte. The epithelium was stained with antibody to Cre recombinase (red) to mark sensory 
neurons and GFP (green) to identify P2-expressing cells. (c) A green neuron expressing 
P2-IRES-GFP was picked from dissociated olfactory epithelium of donor animals. (d) The 
olfactory epithelium from a mouse cloned from a nucleus expressing the P2 receptor 
shows the normal distribution of P2-expressing cells. Axons from these neurons converge 
on a single glomerulus in the olfactory bulb. (e) All nuclei are stained with TOTO-3 blue. 
The observation that mice cloned from a nucleus expressing the P2 receptor gene do not 
preferentially express this gene in the sensory epithelium suggests that DNA recombination 
events do not accompany receptor gene choice. Adapted with permission from 44. 
Reprinted from Nature 428, 44-49, 2004, Eggan et al., with permission from Nature.
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irreversible changes in DNA. In a broader context, the generation of fertile
cloned mice that are anatomically and behaviorally indistinguishable from
wild type indicates that the genome of a postmitotic, terminally differentiated
olfactory neuron can re-enter the cell cycle and be reprogrammed to a state
of totipotency after nuclear transfer. The stochastic choice of a single OR gene
is therefore not accomplished by DNA recombination but rather by a rate 
limiting transcriptional process, perhaps involving a single transcriptional
machine capable of stably accommodating only one OR gene.

OLFACTION IN THE FLY: A FUNCTIONAL MAP IN THE ANTENNAL LOBE

The identification of an anatomic map in the olfactory bulb immediately poses
the question as to whether this map provides a meaningful representation of
odor quality that is translated into appropriate behavioral output. Recently,
we have become interested in how the olfactory world is represented in the
brain of the fruit fly. Drosophila provides an attractive system to understand
the logic of olfactory perception. Fruit flies exhibit complex behaviors con-
trolled by an olfactory system that is anatomically and genetically simpler
than that of vertebrates. Genetic analysis of olfaction in Drosophila may therefore
provide a facile system to understand the mechanistic link between behavior
and the perception of odors. The recognition of odors in Drosophila is accom-
plished by sensory hairs distributed over the surface of the third antennal 
segment and the maxillary palp. Olfactory neurons within sensory hairs send
projections to one of the multiple glomeruli within the antennal lobe of the
brain (46,47). Leslie Vosshall and Allan Wong showed that most sensory
neurons express only one of about 80 odorant receptor genes. Neurons 
expressing the same receptor project with precision to one or rarely two spa-
tially invariant glomeruli in the antennal lobe, the anatomic equivalent of the
olfactory bulb of mammals (48,49,50)(Fig. 7).

The anatomic organization in Drosophila is therefore remarkably similar to
that of the olfactory system of mammals, suggesting that the mechanism of
odor discrimination has been shared despite the 600 million years of evolution
separating insects from mammals. This conservation may reflect the mainten-
ance of an efficient solution to the complex problem of recognition and 
discrimination of a vast repertoire of odors in the environment. In both flies
and mice, the convergence of like axons into discrete glomerular structures
provides a map of receptor activation in the first relay station for olfactory 
information in the brain, such that the quality of an odorant may be reflected
by spatial patterns of activity, first in the antennal lobe or olfactory bulb and
ultimately in higher olfactory centers.

An understanding of the logic of odor perception requires functional analysis
to identify odor-evoked patterns of activity in neural assemblies and ultimately
the relevance of these patterns to odor discrimination. We have performed
two-photon calcium imaging to examine the relationship between the anatomic
map and the functional map in the antennal lobe (51). Jing Wang and Allan
Wong in my lab developed an isolated Drosophila brain preparation that is
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amenable to two-photon imaging and is responsive to odor stimulation for up
to five hours. We expressed the calcium-sensitive fluorescent protein G-CaMP
in primary olfactory sensory neurons and projection neurons. G-CaMP consists
of a circularly permuted EGFP flanked at the N-terminus by the calcium-bind-
ing site of calmodulin and at the C-terminus by the M13 fragment of myosin
light chain kinase (52). In the presence of calcium, calmodulin interacts with
the M13 fragment eliciting a conformation change in EGFP. The resulting
elevations in fluorescent intensity reflect changes in the intracellular calcium
concentration, a presumed mirror of electrical activity. Moreover, the ability
to express G-CaMP in genetically defined populations of neurons allowed us
to determine with certainty the locus of neural activity. Odor-evoked changes
in fluorescence intensity within the antennal lobe are monitored by a laser-
scanning two-photon microscope (53).

This imaging technique has allowed us to measure the responsivity of 23
glomeruli to 16 different odors (51). A number of interesting features of the
glomerular response to odors are revealed by these experiments. First, different
odors elicit different patterns of glomerular activation and these patterns are
conserved among different animals (Fig. 8). At odor concentrations likely to
be encountered in nature, the map is sparse and glomeruli are narrowly tuned.

Second, the patterns of activity are insular, such that neighboring glomeruli
do not necessarily respond together to a given odor. Each glomerulus visualized
anatomically appears to be a functional unit. Third, the patterns of glomerular
activity are qualitatively similar upon imaging either sensory or projection
neurons. These observations suggest the faithful transmission of sensory input
to higher brain centers. Fourth, we have coupled genetic experiments with
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Figure 7. An Olfactory Sensory Map in the Fly Antennal Lobe. Neurons expressing the odorant
receptor, OR47b, also express the transgene, synaptobrevin GFP, revealing convergence on
a single spatially invariant glomerulus that is bilaterally symmetric in the antennal lobe.
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imaging to demonstrate that the odor-evoked profile for a given glomerulus
directly reflects the responsivity of an individual odorant receptor. This finding
is consistent with prior molecular and anatomic studies that reveal that
neurons that express only a single receptor in like axons converge on a single
glomerulus. Thus these studies, along with other imaging approaches in insects
(54,55), demonstrate that the anatomic map is indeed functional and suggests
that each odor elicits a sparse pattern of glomerular activation that may confer
a signature for different odors in the brain. Imaging experiments in vertebrates
similarly reveal a functional representation of the anatomic map (56,57,58).

SPATIAL REPRESENTATIONS AND INNATE BEHAVIOR

All animals exhibit innate behaviors in response to specific sensory stimuli that
are likely to result from the activation of developmentally programmed circuits.
Allan Wong and Jing Wang in my lab, in collaboration with Greg Suh, David
Anderson and Seymour Benzer at Caltech, asked whether we can relate patterns
of glomerular activity elicited by an odor to a specific behavior (59). Some time
ago Benzer observed that Drosophila exhibits robust avoidance to odors released
by stressed flies. Gas chromatography and mass spectrometry identified one
component of this “Drosophila stress odorant (DSO)” as CO2. Exposure of flies
to CO2 alone also elicits an avoidance behavior at levels of CO2 as low as 0.1%
(Fig. 9).

We therefore performed imaging experiments with the calcium-sensitive
fluorescent indicator G-CaMP and two-photon microscopy to ask whether we
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Figure 8. Different Odors Elicit Different Patterns of Glomerular Activation that are 
Conserved Among Different Organisms. Two different flies (upper and lower panels) bearing 
the GH146-Gal4 and UAS-G-CaMP transgenes were exposed to three odors. Glomerular 
responses reveal different patterns of activity for the different odors that are conserved in 
different animals. The panels to the left show the pre-stimulation images that reveal 
glomerular structure and the panels to the right identify the specific glomeruli 
schematically. Reprinted from Cell, Vol 112, 2003, pp 271-282, Wang et al., with 
permission from Elsevier.
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could discern a pattern of glomerular activity in response to DSO and CO2.
We first examined flies in which the G-CaMP indicator is driven in all neurons
by the pan-neural activator, Elav-Gal4. DSO activates only two glomeruli, DM2
and the V glomerulus, whereas CO2 activates only the V glomerulus.
Activation of the V glomerulus was detected at CO2 levels as low as 0.05% and
this glomerulus was not activated by any of 26 other odorants tested (Fig. 9).

We demonstrated that axonal projections to V originate from sensory 
neurons expressing the receptor, GR21A (50). We therefore performed 
calcium imaging with flies in which the UAS G-CaMP reporter was driven by 
a GR21A promoter Gal4 activator. CO2, as well as DSO activated GR21A sensory 
termini in the V glomeruli. We next asked whether the GR21A sensory 
neurons are necessary for the avoidance response to CO2. Inhibition of 
synaptic transmission in the GR21A sensory neurons that innervate the V 
glomerulus, using a temperature-sensitive shibire gene, shits (60), blocks the 
avoidance response to CO2 (Fig. 9). Inhibition of synaptic release in the vast 
majority of other olfactory sensory neurons or in projection neurons other 
than those that innervate the V glomerulus, had no effect on this behavior. 

The identification of a population of olfactory sensory neurons innervating
a single glomerulus that mediates robust avoidance to a naturally occurring
odorant provides insight in the neural circuitry that underlies this innate 
behavior. These observations suggest that a dedicated circuit that involves a
single population of olfactory sensory neurons mediates detection of CO2 in
Drosophila. The simplicity of this initial olfactory processing offers the possibility
of tracing the circuits that translate odor detection into an avoidance response.
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Figure 9. CO2 Activates a Single Glomerulus and Elicits Avoidance Behavior. (A) Avoidance of 
air from stressed flies (CS) as well as of increasing concentrations of CO2. Inhibition of 
synaptic transmission in GR21A neurons that project to the V glomerulus using shibirets blocks
CO2 avoidance. Red and blue bars indicate avoidance behavior at the nonpermissive 
(28°C) and permissive (21°C) temperatures, respectively. (B) Two-photon imaging in a 
strain harboring GR21A-Gal4 and UAS G-cAMP reveals robust activation of the V glomerulus.
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HOW IS THE MAP READ?

Our experiments indicate that different odors elicit different patterns of 
glomerular activity within the antennal lobe and moreover that defined patterns
of activity can be associated with specific behaviors. We can look at the pattern of
activity in the fly antennal lobe with a two-photon microscope and discern, with
a reasonable degree of accuracy what odorant the fly has encountered in nature.
Thus we can with our eyes and our brain determine what odors the fly has 
encountered, but how does the fly brain read the sensory map?

A topographic map in which different odors elicit different patterns of 
activity in the antennal lobe suggests that these spatial patterns reflect a code
defining odor quality. However, the mere existence of a map, whether anatomic
or functional, does not prove that spatial information is the underlying para-
meter of an odor code. It has been suggested, for example, that the quality of
an odor is reflected in temporal dynamics of a distributed ensemble of pro-
jection neurons (61,62). In this model, a given odor might activate a small
number of glomeruli and a large ensemble of projection neurons (PNs) such
that different odors elicit different temporal patterns of activity in the same PN.
This temporal hypothesis in its simplest form postulates that the brain 
exploits circuit dynamics to create spatiotemporal patterns of neuronal activa-
tion to achieve a larger coding space. Whatever the code, patterns of activity 
in the antennal lobe must be translated by higher sensory centers to allow the 
discrimination of complex olfactory information. If odor quality is encoded by
spatial patterns, we might expect that a representation of the glomerular map
is retained in the protocerebrum.

We have begun to address the question of how the map in the antennal 
lobe is represented in higher olfactory centers by examining the pattern of 
projections of the neurons that connect the glomeruli to the protocerebrum.
Allan Wong and Jing Wang randomly labeled individual projection neurons
to visualize their processes that connect defined glomeruli with their targets
in the mushroom body and protocerebrum. We have used an enhancer trap
line in which Gal4 is expressed in a subpopulation of projection neurons
along with the FLP-out technique, to label single projection neurons with a
CD8-GFP reporter (63). A similar experimental approach has been used to
determine the lineage relationship of individual PNs and to examine their
pattern of axonal projections (64,65). We observe that most PNs send 
dendrites to a single glomerulus. Projection neurons that receive input from
a given glomerulus extend axons that form a spatially invariant pattern in the
protocerebrum (Fig. 10). PNs from different glomeruli exhibit patterns of 
axonal projections that are distinct, but often interdigitated (Fig. 11). Our
data reveal a striking invariance in the spatial patterns of axon arbors of PNs
that innervate a given glomerulus, a precision of connectivity that assures the
specificity of information transfer.

The precision of projections of PNs reveals a spatial representation of 
glomerular activity in higher brain centers but the character of the map differs
from that observed in the antennal lobe. Axon arbors in the protocerebrum are
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diffuse and extensive, often extending the entire dimension of the brain
hemisphere (Fig. 10,11). This is in sharp contrast to the tight convergence of
primary sensory axons, whose arbors are restricted to a small 5–10 �m spherical
glomerulus. As a consequence, the projections from different glomeruli, 
although spatially distinct, often interdigitate. Thus, the point-to-point segre-
gation observed in the antennal lobe is degraded in the second order 
projections to the protocerebrum. This affords an opportunity for the con-
vergence of inputs from multiple different glomeruli essential for higher 
order processing. Third order neurons in the protocerebrum might synapse
on PNs from multiple distinct glomeruli, a necessary step in decoding spatial
patterns to allow the discrimination of odor and behavioral responses.

CONCLUDING REMARKS

These data suggest a model in which the convergence of information from
deconstructed patterns in the antennal lobe are reconstructed by “cardinal
cell assemblies” that sit higher up in a hierarchical perceptual system in the
protocerebrum. Olfactory processing will initially require that the structural
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Figure 10. Projection Neurons that Innervate to the Same Glomerulus have Similar Axonal
Projection Patterns. Individual projection neurons that connect to the VA1 LM glomeruli
are visualized in the protocerebrum in different flies. These images reveal a striking 
constancy in the projection pattern among PNs that project to a given glomerulus. These
observations reveal an invariant topographic map in the protocerebrum that differs in
character from the map in the antennal lobe (with permission from 63). Reprinted from
Cell, Vol 109, 2002, pp 229-241, Wong et al., with permission from Elsevier.
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elements of an odor activate an unique set of receptors that in turn result in
the activation of a unique set of glomeruli. The odorous stimuli must then be
reconstructed in higher sensory centers that determine which of the numerous
glomeruli have been activated. The identification of a spatially invariant sensory
map in the protocerebrum that is dispersive affords an opportunity for inte-
gration of multiple glomerular inputs by higher odor neurons.

The elucidation of an olfactory map in both the olfactory bulb or antennal
lobe and in higher olfactory centers leaves us with a different order of problems.
Though we may look at these odor-evoked images with our brains and recognize
a spatial pattern as unique and can readily associate the pattern with a particular
stimulus, the brain does not have eyes. Who in the brain is looking at the 
olfactory image? Who reads the map? How are spatially defined bits of electrical
information in the brain decoded to allow the perception of an olfactory image?
We are left with an old problem, the problem of the ghost in the machine.

Finally, how do we explain the individuality of olfactory perception? The
innately configured representation of the sensory world, the olfactory sensory
maps that I have described, must be plastic. Our genes create only a substrate
upon which experience can shape how we perceive the external world. Surely
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Figure 11. Axonal Patterns from Projection Neurons that Innervate to Different Glomeruli
are Distinct. Axonal projections from single PNs can be visualized as they branch in the
mushroom body and ultimately arborize in the protocerebrum. Projections neurons that
connect to different glomeruli exhibit different patterns of axonal projections. The axon
arbors in the protocerebrum are dispersed unlike the insular segregated arbors in the
glomerulus, affording the possibility for integration in higher olfactory centers (with 
permission from 63). Reprinted from Cell, Vol 109, 2002, pp 229-241, Wong et al., with 
permission from Elsevier.
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the smell of a madeleine does not elicit in all of us that “vast structure of 
recollection” it evoked for Marcel Proust. For Proust, smell is the evocative
sense, the sense that brings forth memory and associations with a richness
not elicited by other sensory stimuli. Nowhere is this more apparent than in
the eloquent words recalling the madeleine incident from “Remembrance of
Things Past” (66).

“But when from a long distant past nothing subsists, after the people are dead,
after the things are broken and scattered, still alone, more fragile but with
more vitality, more unsubstantial, more persistent, more faithful, the smell
and taste of things remain, poised a long time, like souls ready to remind us,
waiting and hoping for their moment, amid the ruins of all the rest; and bear
unfaltering in the tiny and impalpable drop of their essence, the vast structure
of recollection.”
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