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• What is learning and memory?

• How is olfactory information transmitted to the corresponding 
brain region?

• Functional genes in olfactory learning and memory in Drosophila

• Difficulties in olfactory learning and memory research



What is learning and memory？

Learning：gain or acquire knowledge of or skill in 

(something) by study, experience, or being taught.

Sensory 

information

Short-term 

memory

Long-term 

memory

learning consolidation

time

Forget

Memory：the ability for the mind stores and remembers 

information



人类大脑（1000亿个神经元） 老鼠大脑 (1亿个神经元) 果蝇大脑（10万个神经元）

Why choose the flies as a model organism?



Olfactory learning 

CS-US

Anatomically similar to vertebrates

Fewer cells

Powerful genetic analysis tools



How is olfactory information transmitted to the 
corresponding brain regions?



Perisse, E. et al. 2013. Fiala, A. 2007

The Drosophila olfactory pathway

Olfactory receptor neurons (ORNs) in sensillae on the 3rd 

antennal segments and the maxillary palps project their 

axons bilaterally into individual glomeruli in the antennal 

lobe (AL).



Tugba Guven-Ozkan and Ronald L. Davis. 2014

Functional classes of kenyon cells in the 

mushroom body

αβs αβs and αβc,



MB extrinsic neurons that are involved in learning and memory.
Output neurons of the MBn.

Tugba Guven-Ozkan and Ronald L. Davis. 2014



Ways to train Drosophila

Aversive memory

Appetitive memory

The same features：acquisition, extinction, CS/US saliency, order dependence, 

temporal specificity, conditioned excitation, conditioned inhibition and CS/US 

preexposure effects



QHB assay

avoided the CS− - avoided the CS+

total number of flies
learning index=

Olfactory avoidance learning

Quinn WG, et al. 1974.  Tully T, Quinn WG. 1985. Tempel
BL, et al. 1983

Olfactory conditioning in the TQ assay. 

Olfactory appetitive conditioning

Ways to train Drosophila



Schematic representation of some of the molecular mechanisms involved in 

aversive and appetitive olfactory conditioning

Germain U. Busto., et al. 2010



Functional genes in olfactory learning 
and memory in Drosophila





Genes and genetic technologies

Alex C. Keene and Scott Waddell. 2007



Genes relate to STM: dunce

Yadin Dudai., et al. 1976.  Alan Nighorn., et al. 1991. Chun-nan Chen. et al.1986  

The first learning and memory mutant to be isolated was dunce 



Genes relate to STM: vol

Michael S. Grotewiel.,et al. 1998

Volado mutants display impaired olfactory memories 

within 3min of training, indicating that the integrin is 

required for short-term memory processes.



Scott Waddell. et al. 2000

Gene relate to MTM: amn

DPM 



LTM formation was enhanced in transgenic flies after 

heat-shock induction of the hs-dCREB2-a transgene.

Yin. et al., 1994, 1995

The function of cAMP-responsive element-binding protein (CREB) in LTM formation

Induction of hs-dCREB2-b disrupts LTM



Difficulties in olfactory  learning and memory 
research: individual differences



Part of the olfactory system is randomly wired 

an individual KC claw receives input from only a single glomerulus



Stochastic transposition in neural genomes leads to genetic 
heterogeneity in the brain

QRT-PCR validation of increased transposon mRNA

levels in αβ neurons

Scott Waddell. et al. 2013



Summary

Output behaviors
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1, What is the complete neural circuitry extending from the site(s) of acquisition to 
the site(s) controlling memory expression ?

2, Which neurons in the olfactory nervous system mediate memory formation ?

3, How is information processed across this circuit ?

Three critical questions about olfactory memories



1, The perception and transmission of olfactory information.

2, Neurons that mediate olfactory memory formation.

3, Molecular model for olfactory memory formation.

Olfactory Memory Formation in Drosophila



1 The perception and transmission of olfactory information

Martin Heisenberg. Nat Rev Neurosc. 2003



Su CY  et al. Cell. 2009

c

(A) Sagittal view of a rodent head, showing four olfactory organs.
(B) Frontal view of a Drosophila head.
(C) Structure and components of typical sensilla.

Martin F et al. Anat Rec (Hoboken). 2013

The perception site of olfactory information



Cornelia I. Bargmann. Nature. 2016

Second-order coding of olfactory information



Schematic of the adult fly olfactory system circuit

Keene AC. Nat Rev Neurosci. 2007



2 Neurons that mediate olfactory  memory formation

Tugba Guven-Ozkan and Ronald L. Davis. Learn Mem. 2014



MBs are a primary brain center for Drosophila olfactory memory formation



The processing site of olfactory information—Mushroom Bodies

Scott Waddell, et al. Cell. 2000 

➢ al, antennal lobes  

➢ agt, antennoglomerular tract

➢ ca, calyces 

➢ kc, Kenyon cell bodies 

➢ ped, pedunculus 

➢ sp, spur



The mushroom body is the center for associative learning

Paola Cognigni. Curr Opin Neurobiol. 2018



McGuire SE. Science. 2001

Disruption of memory at 3 min when MB signaling is blocked.



Time requirements for synaptic output from MBN subsets for the retrieval of 
appetitive olfactory memory

Isaac Cervantes-Sandoval. J Neurosci. 2013



Isaac Cervantes-Sandoval. J Neurosci. 2013

Drosophila-adapted, standard model of system consolidation



Dopaminergic rules of engagement for memory in Drosophila



Dopamine drives plasticity at KC output synapses to alter behavior upon learning

Paola Cognigni. Curr Opin Neurobiol. 2018 



Forward Pairing of Odor and DAN Activation Induces Long-Lasting Suppression 
in the g1 Compartment 

Toshihide Hige. Neuron. 2015



Scott Waddell. Curr Opin Neurobiol. 2013

Dopamine signals aversive reinforcement



Paola Cognigni. Curr Opin Neurobiol. 2018 

KCs, MBONs and DANs form microcircuits within a compartment



Berry JA. Prog Brain Res. 2014

Active forgetting of odor memory in Drosophila



Schematic of the olfactory circuit in Drosophila

Toshihide Hige. Neurosci Res. 2018

glomeruli



Dissection of biochemical pathways

Carla Margulies. Current Biology. 2005

3 Molecular model for olfactory memory formation



Current molecular model for olfactory memory formation with a focus on 
the role of the MB neurons

Davis RL. Annu Rev Neurosci. 2005



Tugba Guven-Ozkan and Ronald L. Davis. Learn Mem. 2014

Original neural circuit model for CS and US integration
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Forgetting and sleep-dependent
memory retention in Drosophila

Sun Mengshi



Decay theory: memory is forgotten simply by the dissipation of memory 

over time. 

John McGeoch stated “In time iron, when unused, may rust, but oxidation, not time, is responsible”.(1932)



Interference models of forgetting: 

brain activity causes forgetting by interfering with memory storage or recall.

• Proactive interference:  Events occurring 

prior to learning

• Retroactive interference:  Events occurring 

after learning

Consolidation model of memory storage:

Memories are initially labile or easily disruptable, but transition, via consolidation,

into more stable and resistant form.



• Cellular and molecular mechanisms of forgetting

Forgetting is regulated by Rac and the cytoskeleton in the MBs

• Neural mechanisms of forgetting

Dopamine participates in the regulation of forgetting

• Sleep-dependent memory retention

Sleep Facilitates Memory by Blocking Dopamine Neuron-Mediated Forgettin. 





They cycle between an active (GTP-bound) and an inactive (GDP-bound) conformation. In the active 

state, they interact with one of over 60 target proteins (effectors).

The Rho GTPase cycle.

Shuai, Y. et al. 2010. 



uas-Drac(V12):

Expresses constitutively active Rac1 under UAS control.

uas-Drac1(N17):

Expresses dominant negative Rac1 under UAS control.

Bidirectional regulation of memory decay by Rac in the mushroom body

block Rac activity increase Rac activity



Tsr.S3A being persistently active

Tsr.S3E being inactive

the actin-depolymerizing 

activity of cofilin has been 

shown to be important for 

synaptic plasticity and 

activity-dependent 

modification of spine 

morphology. 

Rac can signal through cofilin to regulate actin cytoskeleton remodeling.



Suppression of interference-induced memory loss in Drac1(N17)-expressing flies

uas-Drac1(N17):

Expresses dominant negative Rac1 under UAS control.



If Rac activity is blocked, this retroactive interference-based forgetting is completely inhibited.

interference-induced forgetting



Endogenous Rac activation correlates with forgetting.

Learning itself activates Rac and increases the rate of forgetting 

postacquisition



Liu, Y. et al. 2016. 



Liu, Y. et al. 2018. 



Isolation leads to a phenotype of accelerated forgetting. 



Isolation-induced impairment of social recognition memory is correlated with 

hippocampal Rac1 activity.



Manipulation of Rac1 activity affects the retention, but not the acquisition, of social memory. 

acquisition



Social interacting may protect memories from being forgotten by inhibiting Rac1-dependent forgetting 

Effects of social isolation on Rac1 activity and social memory are reversed by resocialization.



Inhibiting Rac1 activity suppressed accelerated decay of LTP in isolated mice.



• Cellular and molecular mechanisms of forgetting

Forgetting is regulated by Rac and the cytoskeleton in the MBs

• Neural mechanisms of forgetting

Dopamine participates in the regulation of forgetting

• Sleep-dependent memory retention

Sleep Facilitates Memory by Blocking Dopamine Neuron-Mediated Forgettin. 



Ron Davis



Berry, J. et al. 2012. 



DAN activity after learning inhibits memory consolidation and/or promotes forgetting. 





Stimulation of c150-gal4 DANs induces forgetting of consolidated memories

cold shock :

to eliminate remaining labile memory



Dopamine receptor DAMB is required for forgetting 



Model of dopamine-mediated learning and forgetting. 



Cervantes-Sandoval, I. et al. 2016



Dopamine→ Dopamine Receptor

→Scribble→Rac→Cofilin. 



• Cellular and molecular mechanisms of forgetting

Forgetting is regulated by Rac and the cytoskeleton in the MBs

• Neural mechanisms of forgetting

Dopamine participates in the regulation of forgetting

• Sleep-dependent memory retention

Sleep Facilitates Memory by Blocking Dopamine Neuron-Mediated Forgetting. 





Ongoing dopamine neuron activity is regulated by behavioral state. 



Gaboxadol

Increased sleep drive dramatically reduces the ongoing activity of DANs involved in 

forgetting. 



Increased sleep drive dramatically reduces the ongoing activity of DANs involved in 

forgetting. 

light: 23℃; dark: 34℃



Increased sleep and reduced arousal after learning reduces DAN-mediated forgetting. 



DAN-mediated forgetting is downstream of sleep networks. 



Mechanical stimuli increase population activity after learning and induce forgetting 

through the DAN forgetting pathway 





Forgetting is an active, biologically regulated process.
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