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Figure 1a shows the responses of a single unit in the left posterior
hippocampus to a selection of 30 out of the 87 pictures presented to
the patient. None of the other pictures elicited a statistically signifi-
cant response. This unit fired to all pictures of the actress Jennifer
Aniston alone, but not (or only very weakly) to other famous and
non-famous faces, landmarks, animals or objects. Interestingly, the
unit did not respond to pictures of Jennifer Aniston together with the
actor Brad Pitt (but see Supplementary Fig. 2). Pictures of Jennifer
Aniston elicited an average of 4.85 spikes (s.d. ¼ 3.59) between 300
and 600ms after stimulus onset. Notably, this unit was nearly silent

during baseline (average of 0.02 spikes in a 700-ms pre-stimulus time
window) and during the presentation of most other pictures
(Fig. 1b). Figure 1b plots the median number of spikes (across trials)
in the 300–1,000-ms post-stimulus interval for all 87 pictures shown
to the patient. The histogram shows amarked differential response to
pictures of Jennifer Aniston (red bars).
Next, we quantified the degree of invariance using a receiver

operating characteristic (ROC) framework15. We considered as the
hit rate (y axis) the relative number of responses to pictures of a
specific individual, object, animal or landmark building, and as

Figure 1 | A single unit in the left posterior hippocampus activated
exclusively by different views of the actress Jennifer Aniston.
a, Responses to 30 of the 87 images are shown. There were no statistically
significant responses to the other 57 pictures. For each picture, the
corresponding raster plots (the order of trial number is from top to bottom)
and post-stimulus time histograms are given. Vertical dashed lines indicate
image onset and offset (1 s apart). Note that owing to insurmountable
copyright problems, all original images were replaced in this and all
subsequent figures by very similar ones (same subject, animal or building,
similar pose, similar colour, line drawing, and so on). b, The median

responses to all pictures. The image numbers correspond to those in a. The
two horizontal lines show the mean baseline activity (0.02 spikes) and the
mean plus 5 s.d. (0.82 spikes). Pictures of Jennifer Aniston are denoted by
red bars. c, The associated ROC curve (red trace) testing the hypothesis that
the cell responded in an invariant manner to all seven photographs of
Jennifer Aniston (hits) but not to other images (including photographs of
Jennifer Aniston and Brad Pitt together; false positives). The grey lines
correspond to the same ROC analysis for 99 surrogate sets of 7 randomly
chosen pictures (P , 0.01). The area under the red curve is 1.00.
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horn, than for odour memories that normally do not
represent the fine temporal structure of events. In addi-
tion to the projection neurons,most of which seem to be
cholinergic, the calyx also receives GABA and octopamine
inputs10,19. Recurrent GABA neurons from the mush-
room body lobes20 and from the lateral protocerebrum21

to the calyx have been described in the honeybee and the
locust.Theoctopamineric input will be discussed later.

Several types of antennal lobe projection neurons have
been found: ‘on’ and ‘off ’,phasic and sustained, as well as
more complicated ones18. This is in line with the observa-
tion that more than one projection neuron links each
glomerulus to the calyx and lateral protocerebrum. We
will not consider the fine temporal structure of the olfac-
tory input — this might be more important for acute
behaviour, which we assume to be processed in the lateral
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Figure 2 | Olfactory pathway. Odour information is carried from the third antennal segments and maxillary palps (not shown) to the
antennal lobe, where receptor fibres are sorted according to their chemospecificities in about 40 glomeruli. These represent the
primary odour qualities, which are reported to two major target areas in the brain, the dorsolateral protocerebrum (lateral horn) and
the calyx of the mushroom body. The inner antennocerebral tract (iACT) connects individual glomeruli to both areas. α/α#, β/β# and γ
mark the three mushroom body subsystems described by Crittenden et al. (REF. 64).

Box 1 | Genetic intervention in the brain

Drosophila is unique in its arsenal of genetic tools for intervention in the brain. Although similar techniques are also
available for the mouse, the worm Caenorhabditis elegans and, with qualification, a few other organisms, in none of
them is the versatility of techniques growing as fast. Mutants with reduced or altered mushroom bodies were described
more than 20 years ago62. In several cases their brains were found to be otherwise intact, and many of them show
surprisingly normal behaviour. They have been instrumental in establishing the role of the mushroom bodies in
olfactory learning and memory25. Moreover, several genes have been identified that are preferentially or even exclusively
expressed in the mushroom bodies4 and their promoter sequences have been used to drive transgene expression in these
tissues (reviewed in REF. 3).

The main thrust in Drosophila,however,derives from the enhancer-GAL4 technique61. A yeast transgene for the
transcription factor GAL4 is inserted in an arbitrary location in the Drosophila genome. There, the expression of GAL4
is controlled by flanking Drosophila enhancers and suppressors that normally regulate a Drosophila gene in the
neighbourhood. The resulting expression pattern of GAL4 might include certain cells and tissues under investigation. As
GAL4 is itself a transcription factor, it can drive the expression of other genes (effectors) that are placed downstream of a
DNA sequence that binds GAL4.Hence, the combination of GAL4-driver and effector gene is a way to target the effector
to tissues that happen to express GAL4 in a particular driver line.

More than 40 driver lines with expression in parts of the mushroom bodies (among other brain neurons) and various
effector genes that ablate,block,modify or just visualize the neurons expressing them, are available,providing an
unprecedented finesse in the manipulation of the system.

Heisenberg Nat Rev Neuro 2003
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Odor A Odor B

Sparse response patterns: ~5% of cells respond
☞ Overlap predicts accuracy of memory formation

Honegger...Turner JNeurosci 2011
Campbell...TurnerJNeurosci 2013
Lin...Miesenbock Nat Neuro 2014
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?Same neuron - different response?



Are we recording a different cell each time?
Does intracellular recording perturb the cell?

 V2α2sc MBON Odor Responses

?Same neuron - different response?
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Cross-fly variability of MBON odor tuning
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If variability is the result of experience-dependent plasticity

Prediction: A pair of identical neurons in the same animal should 
be more correlated than across different animals.

V2α2sc neuron

Experience-dependent plasticity?
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Hypothesis 2:  Variable KC-MBON connectivity

fly1

fly2

fly3

fly4

MB MBON

Hypothesis 1:  Variability inherited from KCs 

MB MBON
Dendrite structures

MBON
V2α2sc

MBON
MV2

Expect	  very	  high	  connecAvity

How does variability arise?



All-to-one connectivity or selective?



KC

V2α2sc

I-‐com

KC	  spikes

PSP

Paired intracellular recordings from α/β KCs and V2α2sc
to determine KC-MBON connectivity levels

All-to-one connectivity or selective?



KC spikes

V2α2sc postsynaptic potential

In	  100μM	  Mecamylamine	  (nAchR	  blocker)

Functional connectivity between α/β 
KC & V2α2sc



200	  msec

1	  mV

KC	  spikes

Only ≈ 30 % of α/β KCs are 
functionally connected to 
MB-V2α2sc

Anatomical contact: ≈ 90 %

7 out of 24 pairs

Functional connection rate is low
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Hypothesis 2:  Variable KC-MBON connectivity

fly1

fly2

fly3

fly4

MB MBON

Hypothesis 1:  Variability inherited from KCs 

MB MBON

PlasAcity?

How does variability arise?



MBON variability lost in rutabaga mutants

+/y rut2080/y

Fly 1

Fly 2

Fly 3

Fly 4

Fly 5

Rutabaga required 
for MBON variability



Cross-Individual variability: a plastic process

•Variable across individual flies - Consistent within one fly

•Not inherited from KCs - Selective KC-MBON connections

•Active process of diversification - requires rutabaga

MBON tuning curves shaped by plasticity



Sensory 
input

Cortex

Motor 
Output

Converge 
☞ Principles??

Transformation in converging phase?

Sparsen & 
Decorrelate
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20	  µm

PCA

Population coding in KCs



20	  µm

PCA

n=10 flies

Odor
Classification

Population coding in KCs



n = 5 for each cell type

Odor tuning of MBONs



n = 5 for each cell type

Population
Activity

Odor tuning of MBONs
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PC	  1

PC
	  2

PC	  1 PC	  2

PC
	  3

MBONs KCs

Population representations of odors



Poor representation of odor identity in MBONs

Representing something other than identity?



10	  odors	  
=	  45	  odor	  pairs

KC MBON

Odors pushed into 
positively and negatively 
correlated groups

Reshaping odor representations in MBONs
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KC MBON

PC	  1
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KC MBON

PC	  1

PC
	  2

Vinegar
Yeast

Food

Reshaping odor representations in MBONs



KC MBON

PC	  1

PC
	  2

Vinegar
Yeast

Food

CO2
Citronella

Repellent

Reshaping odor representations in MBONs
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SAm.	  1

SAm.	  2

SAm.	  3

SAm.	  4

SAm.	  5

SAm.	  6

SAm.	  7

SAm.	  8

SAm.	  9

SAmuli

Group1

Group2

Group3

MB MBON

PC	  1

PC
	  2 Food

Repellent

Push-Pull Transformation in MBONs

Many-to-few sensory to motor mapping
Experience dependent?
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