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● Reminders
● Experimental design for sleep and memory studies in vivo
● Example causal studies

• Non-REM sleep and ripples
• REM sleep and theta oscillations
• Replay

● Hippocampal dialogue with other areas
• Example correlation study : hippocampus and basolateral amygdala

Hippocampus, Brain states and Memory
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Vocabulary/Concepts/Methods

Engram
Local Field Potential
Optogenetics
Neuronal assembly
Replay/Reactivations
Sleep stages and 
hippocampal rhythms

Non-REM sleep - Sharp-wave ripples

REM sleep – Theta (8 Hz)

Memory consolidation
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Engram, a buzzword

Activate (optogenetics)TAG (c-fos)
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Engram, a buzzword

Activate (optogenetics)TAG (c-fos)

DG vs CA1

« We labelled a population of hippocampal dentate gyrus neurons 
activated during fear learning with channelrhodopsin-2 (ChR2) and 
later optically reactivated these neurons in a different context. The 
mice showed increased freezing only upon light stimulation, 
indicating light-induced fear memory recall. »



gabrielle.girardeau@inserm.fr 6

Experimental designs to study sleep and memory
Baseline
Wakefulness

Pre-training 
sleep

Training/Exploration 
(Acquisition)

Post-training 
sleep

Test/Exploration 
(retrieval)
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Experimental designs to study sleep and memory
Baseline
Wakefulness

Pre-training 
sleep

Training/Exploration 
(Acquisition)

Post-training 
sleep

Test/Exploration 
(retrieval)

(Contextual) Fear conditioning
Radial maze, cheeseboard maze, 
T-maze…
Simple spatial exploration 
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Experimental designs to study sleep and memory
Baseline
Wakefulness

Pre-training 
sleep

Training/Exploration 
(Acquisition)

Post-training 
sleep

Test/Exploration 
(retrieval)

Observational/Correlational studies

Sleep Replay/Reactivations
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Experimental designs to study sleep and memory
Baseline
Wakefulness

Pre-training 
sleep

Training/Exploration 
(Acquisition)

Post-training 
sleep

Test/Exploration 
(retrieval)

Observational/Correlational studies

Interventional/causal studies

Sleep-modification 
protocol

?
Behavioral 
readout
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● Reminders
● Experimental design for sleep and memory studies in vivo
● Example causal studies

• Non-REM sleep and ripples
• REM sleep and theta oscillations
• Replay

● Hippocampal dialogue with other areas
• Example correlation study : hippocampus and basolateral amygdala

Hippocampus, Brain states and Memory
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Case causal studies : ripples
● How would you test that sleep ripples are causally involved in memory consolidation ? 
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Case causal studies : ripples
● How would you test that sleep ripples are causally involved in memory consolidation ? 

What do we want ? To kill ripples !

When do we want it ? In real time !!!
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Closed-loop systems
● How would you test that sleep ripples are causally involved in memory consolidation ? 

What do we want ? To kill ripples !

When do we want it ? In real time !!!
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Closed-loop systems

Examples for : 

Recording 

Computation 

Action
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Closed-loop systems

Examples for : 

Surface EEG
Intracerebral EEG
Local Field Potentials
Ripples, Spindles, theta, Epileptic activity...

Rhythm/Event/Spike detection
Brain state (sleep stage)
Specific location...

Electrical single stimulation
Optogenetic stimulation
DBS
Patterned stimulations...

Recording : 

Computation 

Action
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Closed-loop systems
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Case causal study 1 : ripples
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Case causal study 1 : ripples
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Case causal study 1 : ripples
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Case causal study 1 : ripples
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Case causal study 1 : ripples
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Case causal study 1 : ripples
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Case causal study 1 : ripples

What’s missing ?
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Case causal study 1 : ripples
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Case causal study 2 : ripples
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Case causal study 2 : ripples

What’s good with this experimental design ?
What’s missing in this experimental design ?
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Case causal studies : ripples

● Notice something ? 
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Case causal studies : ripples

● Notice something ? 

These initial task designs were rooted in the idea of consolidation as a gradual transfer towards neocortical areas via a 
hippocampo-cortical dialogue (differential involvment of hippocampus in recent vs remote memories).
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Case causal study 3 : ripples

● Different method/task/timescale 
Can you think of a good hippocampus-dependent behavioral task that is also a one-shot learning ?
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Case causal study 3 : ripples

● Different method/task/timescale 
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Case causal study 3 : ripples

● Different method/task/timescale 
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Case causal study 4 : ripples

Retrieval 
test ?
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Case causal study 4 : ripples
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Case causal study 4 : ripples



gabrielle.girardeau@inserm.fr 35

Case causal study 4 : ripples

Optogenetic activation
(ChR2) dHPC CA2
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Case causal study 4 : ripples
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Case causal study 4 : ripples
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Case causal study 4 : ripples

Weak memory
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Case causal study 4 : ripples

Weak memory

Optogenetic activation
(ChR2) dHPC CA2
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Case causal study 4 : ripples

Weak memory
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Case causal study 4 : ripples

Weak memory

At this point you 
should be asking 
yourself a question

?
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Non-REM sleep sharp-wave ripples
● Can be bidirectionnally modified (supressed or enhanced) through electrical or optogenetic 

stimulations with closed loop or traditional systems

● Are causally involved in spatial and social memory consolidation

● What about replay ?

• Do you think the previous studies answered whether replay is involved in memory consolidation ?

• Try and think of an experiment that would
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Non-REM sleep sharp-wave ripples
● Can be bidirectionnally modified (supressed or enhanced) through electrical or optogenetic 

stimulations with closed loop or traditional systems

● Are causally involved in spatial and social memory consolidation

● What about replay ?

• Do you think the previous studies answered whether replay is involved in memory consolidation ?

• Try and think of an experiment that would
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Replay ?
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Replay ?
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Replay : the prequel

MFB stimulation

● Search MFB (Medial forebrain bundle) on The Internet and take a minute to try and figure out what is 
the experimental design and the results
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Replay : the prequel

MFB stimulation
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Replay : the prequel
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Replay : the prequel



gabrielle.girardeau@inserm.fr 50

Replay : the prequel
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Non-REM sleep sharp-wave ripples
● Can be bidirectionnally modified (supressed or enhanced) through electrical or optogenetic stimulations 

with closed loop or traditional systems
● Are causally involved in spatial and social memory consolidation
● What about replay ?
● What we didn’t discuss but you can explore on our own :

• Awake sharp-wave ripples (several closed-loop bidirectional modification experiments)
• Forward and reverse replay, during awake and sleep ripples
• Sharp-wave ripples and plasticity : more detailed analysis on the physiology of the hippocampus and the 

mechanisms underlying the role of ripples in memory. Correlational AND Interventional studies : i.e. closed-
loop can also be used to get a physiological readout of the pertubation.
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Non-REM sleep sharp-wave ripples
● Can be bidirectionnally modified (supressed or enhanced) through electrical or optogenetic stimulations 

with closed loop or traditional systems
● Are causally involved in spatial and social memory consolidation
● What we didn’t discuss but you can explore on our own :

• Awake sharp-wave ripples (several closed-loop bidirectional modification experiments)
• Forward and reverse replay, during awake and sleep ripples
• Sharp-wave ripples and plasticity : more detailed analysis on the physiology of the hippocampus and the 

mechanisms underlying the role of ripples in memory. Correlational AND Interventional studies : i.e. closed-
loop can also be used to get a physiological readout of the pertubation.

● REM-sleep ?
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Case causal study : REM-sleep

● How would you test the causal rôle of REM sleep in memory consolidation ? 
(2 answers) 

● Based on your knowledge of the origin of theta, can you think of an 
experimental design ?
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Case causal study : REM-sleep

● How would you test the causal rôle of REM sleep in memory consolidation ? (2 
answers) 

● Based on your knowledge of the origin of theta, can you think of an 
experimental design ?

The flowerpot method for 
REM-sleep deprivation. 

An old school causal method ?

Problem ?
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Case causal study : REM-sleep

● How would you test the causal rôle of REM sleep in memory consolidation ? (2 
answers) 

● Based on your knowledge of the origin of theta, can you think of an 
experimental design ?

The flowerpot method for 
REM-sleep deprivation. 

An old school causal method ?

Problem ?
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Case causal study : REM-sleep

● How would you test the causal rôle of REM sleep in memory consolidation ? (2 
answers) 

● Based on your knowledge of the origin of theta, can you think of an 
experimental design ?

??

?
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Case causal study : REM-sleep

La
ye

rs
 ?
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Case causal study : REM-sleep
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Case causal study : REM-sleep
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Case causal study : REM-sleep
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Case causal study : REM-sleep
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Case causal study : REM-sleep
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Case causal study : REM-sleep
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REM-sleep and theta : under construction

● No « obvious » candidate mechanism for memory consolidation during REM-sleep 
(no replay)

● Less studied (only a few minutes per hour : scarce data)
● Specific or complementary role ? Homeostasis ?  
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● Reminders
● Experimental design for sleep and memory studies in vivo
● Example causal studies

• Non-REM sleep and ripples
• REM sleep and theta oscillations
• Replay

● Hippocampal dialogue with other areas
• Example correlation study : hippocampus and basolateral amygdala

Hippocampus, Brain states and Memory
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Hippocampus vs The rest of the Brain

Hippocampo-cortical coordination for memory consolidation 
(Ripples, spindles, up/downstates)
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Hippocampus vs The rest of the Brain

Hippocampo-cortical coordination for memory consolidation 
(Ripples, spindles, up/downstates)
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Hippocampus-amygdala dialogue (correlation study)
Memory

Declarative Non-declarative

Episodic Semantic
Procedural

(skills)

Non-associative

Conditionning

Priming

Spatial

Hippocampus

Fear conditionning

Amygdala

Contextual fear conditionning
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Hippocampus-amygdala dialogue (correlation study)

Structure
Hippocampus
Basolateral Amygdala (BLA)
Lateral Nu. dorso-lateral (LaDL)
Basolateral Ventral (BLV)
Basomedial Anterior (BMA)
Basomedial Posterior (BMP)
Central Nuclei (CeN)
Dorsal Endopiriform Nu.(DEn)
Ventral Endopiriform Nu.(VEn)
Piriform Cortex (Pir)

# cells
1210
2038
420
335
63
152
782
189
78
1560

Open dataset (crcns.org)

(in 4 animals)Dorsal hippocampus
Basolateral amygdala
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Hippocampus-amygdala dialogue (correlation study)

Aversive trainingPre-training sleep Post-training sleep
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Hippocampus-amygdala dialogue (correlation study)

Aversive trainingPre-training sleep Post-training sleep
Contextual Fear Conditioning

- Small enclosure
- Freezing
- One-shot 
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Hippocampus-amygdala dialogue (correlation study)

Aversive trainingPre-training sleep Post-training sleep
Water Water 

Airpuff direction

Safe direction
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Hippocampus-amygdala dialogue (correlation study)

Aversive trainingPre-training sleep Post-training sleep
Water Water 

Airpuff direction

Safe direction

15

10

5

Firing rate

5

15

BLA

Hippocampus
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Hippocampus-amygdala dialogue (correlation study)

Aversive trainingPre-training sleep Post-training sleep
Water Water 

Airpuff direction

Safe direction
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Hippocampus-amygdala dialogue (correlation study)

0.04

Aversive trainingPre-training sleep Post-training sleep
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Hippocampus-amygdala dialogue (correlation study)

0.04
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Hippocampus-amygdala dialogue (correlation study)

Wilcoxon signed rank tests
* p<0.05
** p<0.01

*** p<0.001
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Hippocampus-amygdala dialogue (correlation study)

Wilcoxon signed rank tests
* p<0.05
** p<0.01

*** p<0.001
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Hippocampus-amygdala dialogue (correlation study)

Airpuff direction

5

10

15

20

25

30

35

40

HP
C 

ce
lls

5 10 15 20 25 30

BLA cells

Training



gabrielle.girardeau@inserm.fr 81

Hippocampus-amygdala dialogue (correlation study)

Airpuff direction
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Hippocampus-amygdala dialogue (correlation study)

Airpuff direction
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Hippocampus-amygdala dialogue (correlation study)

Airpuff direction
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Hippocampus-amygdala dialogue (correlation study)

Airpuff direction
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Hippocampus-amygdala dialogue (correlation study)

Airpuff direction
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Hippocampus-amygdala dialogue (correlation study)
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Hippocampus-amygdala dialogue (correlation study)
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Notes on methods

Airpuff direction
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PCA/ICA
Neuronal assembly tracking
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Take-home messages
● Be a control freak (in science)
● Hippocampal Non-REM sleep ripples and replay sustain contextual memory consolidation.
● Ripples mediate a dialogue between the hippocampus and other cortical and subcortical areas 
● REM-sleep and theta : not so clear.
● Closed-loop systems and optogenetics allow for more and more precise targetting of neural mechanisms in 1) time and 2) 

space (specific neural networks, engrams, holographic stimulations)
● Complementarity of correlation and causal studies
● Be familiar with a few canonical behavioral test for hippocampus-dependent memory (one-shot, gradual learning, rule + daily 

learning…) and understand the parameters to be taken in account.
● Use pubmed search and read the titles, sometimes the abstracts to get a broad, initial overview of the state of research in a 

given topic. Then read reviews, get down the rabbithole (references) and select a few result papers to read more throroughly.
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