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Why study humans?

Advantage: We can ask our participants about their subjective experience!

Disadvantage: Methodological constraints
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Perception MemoryNeuronal activity
Memory storage in neural substrate
➔ „The engram“ (Semon, 1904)

How do we store memories?
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Karl Lashley: In search of the engram, 1950
No definite result on location of the engram in the cortex.
Distributed representation?

Scoville & Milner 1957: Patient H.M.
Massive memory deficits after removal of the hippocampus.
Older memories and semantic memory remained intact. 
Does the engram change location over time?

Location of the engram?

Prof. Monika Schönauer
Institute of Neuropsychology



Hippocampus: fast learner

Neocortex: slow learner

time (repetitions)

The standard model of memory consolidation
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What is the role of sleep in this?
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Insights into the function of sleep

Quin%llian, 100 AD
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Sleep benefits memory retention

Jenkins & Dallenbach 1924, Am J Psychol

(based on 
Ebbinhaus‘ forgetting
curves, 1885)

Is this effect ac*ve or passive?

Prof. Monika Schönauer
Institute of Neuropsychology



Meditation as a state of reduced interference

phone numbers
1. Swimming pool....220
2. City hall……..........200
3. School………..........777
4. Pharamcy.............191
5. Museum..............300map

objects

LGT-3, Bäumler

active wake sleep meditation

Schönauer et al., Sleep, 2014 Prof. Monika Schönauer
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Meditation as a state of reduced interference

Schönauer et al., Sleep, 2014

ve = verbal, nv= nonverbal; si = single item, as = associated item; 
rc = recall, rg = recogni4on; cr = cued recall, fr = free recall

A simple reduction of
interference does not have the

same beneficial effect on 
declarative memory

consolidation as sleep.
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Rehearsal
Sleep

New memory
Long-term memoryMcClelland et al., 1995

Frankland & Bontempi, 2005
Antony et al., 2017

Mechanisms of systems memory consolidation
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A paradigm to study 
systems memory consolidation
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• Strengthening of neocortical representation
• Hippocampal disengagement

Can we find evidence for systems 
memory consolidation over rehearsal?

Repetition

Ac
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Neocortex

Repetition
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tiv

ity
Hippocampus

Imaging systems memory consolidation
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An engram has to be…

1) Specific to the experience

2) Stable over time

3) Relevant for behavior

4) Reflected in brain structure

After Semon‘s definition of the
engram (Semon, 1904)

The engram – The physical trace of memory
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virtual environment

Brodt, …, & Schönauer, PNAS, 2016

A signature of systems consolidation in brain function
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Repetition drives systems memory consolidation
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Long-term stability and behavioral relevance
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An engram has to be…

1) Specific to the experience

2) Stable over time

3) Relevant for behavior

4) Reflected in brain structure

After Semon‘s definition of the
engram (Semon, 1904)

The engram – The physical trace of memory
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Imaging rapid microstructural plasticity in humans using diffusion MRI 
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Repetition drives systems memory consolidation
Microstructural plasticity in the neocortex

object-location learning

Strengthening of neocortical representation

2 5
x = 13 z = 44

Microstructural plasticity
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Conjunction of the minimum statistic, p ≤ .001
Non-parametric combination, Friston‘s method, pFWE ≤ .05

Conjunction structural and functional changes

ü experience dependent

ü longterm stable

ü behaviorally relevant

Brodt, …, & Schönauer, Science, 2018



What is the role of sleep in this?
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Can we find evidence that sleep supports 
systems memory consolidation?

• Strengthening of neocortical representation
• Hippocampal disengagement

Neocortex Hippocampus

Systems consolidation over learning repetitions
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butterfly
blackboard

lamplight
gasket

old wordlist

bucket
meadow

teapot
armchair

new wordlist

Himmer*, Schönauer*, et al., 
Sci Adv, 2019

Experimental design

wordlist learning

wordlist learning

wordlist learning

wordlist learning
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bu#erfly

blackboard

lamplight

spreadsheet

Learning a wordlist

Long-term stability

Strengthening of neocortical representation Hippocampal disengagement

t31=5.927, p < 0.001 t31=-4.017, p < 0.001

Himmer*, Schönauer*, et al., 
Sci Adv, 2019

Systems consolidation over learning repetitions

Correlation of activation changes
of repetitions and performance
precuneus: mean r=0.499, p<0.001
hippocampus: mean r=−0.366, p=0.001
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Himmer*, Schönauer*, et al., 
Sci Adv, 2019

Sleep supports hippocampal disengagement
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Rehearsal initiates systems memory consolidation –
Sleep makes it last!

Himmer*, Schönauer*, et al., 
Sci Adv, 2019
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Rehearsal
Sleep

New memory
Long-term memoryMcClelland et al., 1995

Frankland & Bontempi, 2005
Antony et al., 2017

Mechanisms of systems memory consolidation
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Reactivation of neuronal firing patterns

sleep pre learning sleep post

Wilson & McNaughton, Science, 1994 Prof. Monika Schönauer
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Replay of neuronal firing patterns

Ji & Wilson, Nat Neurosci, 2007 Prof. Monika Schönauer
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Memory reactivation
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What does spontaneous 
memory processing during 
sleep look like in humans?
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An approach to detect 
memory reactivation in humans
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Spontaneous memory reactivation in humans
In humans: difficult to observe 
reactivation of neural firing patterns

Machine learning to detect patterns of 
memory processing during sleep!

Schönauer et al., Nat Commun, 2017 Prof. Monika Schönauer
Institute of Neuropsychology



MVPC analysis

Modified from Haynes & Reese, 2006

Sensitive test!
Information accumulates 
across multiple features

Many features – one test!
Avoids increase in type I error 
due to multiple testing
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EEG activity in sleepLearning Computer algorithm:
What has this person 
learned before sleep?

?

Schönauer et al., Nat Commun, 2017

Spontaneous memory reactivation in humans
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Schönauer et al., Nat Commun, 2017
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• We can predict what 
someone has learned before 
sleep!

• Memory is reprocessed during 
sleep

• Surprising: Memory processing 
during all sleep stages!

• Light sleep
• Deep sleep
• REM sleep

or

Deep sleep
REM sleep

Light sleep

Spontaneous memory reactivation in humans
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Schönauer et al., Nat Commun, 2017

Does memory processing benefit 
memory consolidation?

Stronger reprocessing – better 
memory retention!

Important role of SWS

SWS

O
ve

rn
ig

ht
 m

em
or

y 
re

te
nt

io
n

Strength of reprocessing

Spontaneous memory reactivation in humans
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What are the neural mechanisms underlying
spontaneous memory reactivation?
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Different physiological processes support memory consolidation
• NREM: Delta, spindles
• REM:  Theta, alpha, beta

Schönauer et al., Nat Commun, 2017

Spontaneous memory reactivation in humans
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A way to manipulate 
memory reactivation in humans
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What is targeted memory reactivation (TMR)?

Bendor & Wilson, 2012

Rasch et al., 2007
Diekelmann et al., 2012

Rihm et al., 2014
Schönauer et al., 2014

Cairney et al., 2016
Schreiner et al., 2015, 2016

…
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Targeted reactivation of hippocampal memories during sleep 

Rasch, Büchel, Gais & Born, 2007, Science Prof. Monika Schönauer
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Cued memory reactivation boosts performance

Sound cues are effective stimuli for 
targeted memory reactivation.

Rudoy et al, 2009 Prof. Monika Schönauer
Institute of Neuropsychology

Effects are highly specific to cued
content.



What are the neural mechanisms underlying targeted
memory reactivation?
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Targeted memory reactivation in humans

Cairney et al., Curr Biol, 2018 Prof. Monika Schönauer
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Cairney et al., Curr Biol, 2018

Targeted memory reactivation in humans
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Cairney et al., Curr Biol, 2018

Targeted memory reactivation in humans
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Do spindles have a causal role in memory reprocessing
and the effectiveness of TMR?
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Optimal timing for memory reactivation

Antony et al., Curr Biol, 2018 Prof. Monika Schönauer
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Optimal timing for memory reactivation

Cues presented outside of the 
spindle refractory period led to 
better memory

Prof. Monika Schönauer
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Antony et al., Curr Biol, 2018



A working model of TMR effects during sleep
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Antony et al., Curr Biol, 2018
Cairney et al., Curr Biol, 2018
Schönauer, Curr Biol, 2018
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Active systems consolidation during sleep

Rasch & Born, Physiol Rev, 2013
Born & Wilhelm, Psychol Res, 2012
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Hippocampus: fast learner

Neocortex: slow learner

time (repetitions)

The standard model of memory consolidation
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