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The Role of Memory for Establishing Consciousness

Sensations, Perceptions…

Memories, Memories, Memories…

William James
1842-1910

René Descartes
1596-1650

Immanuel Kant
1724-1804
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Why offline during sleep?

 Long-term memory formation     
requires systems consolidation.

 Systems consolidation allows the 
extraction of “gist” from newly 
encoded memories and its integration 
within the long-term store.

 Systems consolidation would        
interfere with the brain’s regular 
processing of  stimuli in the wake 
state.            

Two-stage Memory System

Temporary Store..

Input Events

Long-term Store



Declarative Non-Declarative / Procedural
· Paired-associate learning · Mirror tracing

TASKs

· Spatial rotation
· Stories
· ...

· Wordstem priming
· Visual texture discrimination

· Motor sequence 
(finger-to-thumb opposition)

Kleidung – Hut
Flut – Meer
...
...
...

Hippocampus
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SLEEP 23:00-7:00 h

WAKE 11:00-19:00 h

10 Blocks

WAKE 23:00-7:00 h

3 Blocks

3 Blocks

3 Blocks

10 Blocks

10 Blocks

Wagner et al. 2004, Nature

Number Reduction Task
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p=0.029p=0.014Sleep consolidates memory by reorganizing memory representations

and thereby can induce a gain of procedural skill or explicit knowledge. 



The role of  sleep stages:
REM sleep or slow wave sleep?
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Plihal and Born 1997, J Cogn Neurosci
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Memory consolidation during sleep depends 
on the type of memory system

• Declarative memory depending on the 
hippocampus benefits particularly from SWS-rich 
periods of sleep

• Procedural and emotional memory not 
depending on the hippocampus benefits 
particularly from REM sleep-rich sleep



Wilson & McNaugthon,  Science 1994;265:676–9.

Reactivation of neuronal patterns during SWS 
after learning

Activity of single neurons (place cells) in rat hippocampus



Reactivation Model of Declarative Memory Consolidation During Sleep
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Glutamate receptor blocker block sleep-dependent
gain in visual texture discrimination

Gais et al. 2008, J Neurosci

Gais and Born 2004, PNAS



Rasch et al. 2007, Science
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Thalamus
Spindles

Locus 
ceruleus

Bursts

Hippocampus
Sharp wave-ripples
Memory reactivation

SWS transfers memories to long-term store

Neocortex           
Slow oscillation

Marshall & Born, Trends Cogn. Sci 2007;11:442-50.

Steriade M. Neuroscience 2006;137:1087–106



Mölle M et al. PNAS USA 2004;101:13963–8.
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Slow oscillations drive thalamo-cortical spindles

200

0

-200

200

100

0

-100

-200

sec

10
0

-10

S leep EEG

- 1 .5 - 1 .0 1 .00.0- 0 .5 0.5

S low  O scilla tion

Spind le  Activ ity

A
m

pl
itu

de
 [µ

V
]

1

2

3

4

5

p<0.01
p<0.05

-1.0 -0.5 0.0 0.5 1.0

Spindle Amplitude during Slow Oscillation (Fz)

sec

Learning
Non-Learning

Sleep cycle [90 min]
1 2 3 4 5

S
le

ep
 s

pi
nd

le
 d

en
si

ty
 [(

30
s)

-1
]

0

3

4

5

**
* *

Spindle Activity after Learning

Learning

Non-Learning

Gais S et al. J Neurosci 2002;22:6830–4;  Mölle M et al. J Neurosci 2002;22:10941–7;   Mölle M et al. Eur J Neurosci 2009;29:1071–81.



Hippocampal ripples
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Clemens Z et al. Brain 2007;130:2868–78; Mölle M et al. J Neurophysiol 2006;96:62–70; Eschenko O et al. Learn Mem 2008;15:222–8.
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Slow oscillation

Marshall & Born, Trends Cogn Sci 2007; 11:442-50

The slow oscillation provides a temporal frame that synchronizes the transfer of hippocampal
memories to the neocortex with the simultaneous occurrence of spindles in the neocortex.



Inducing slow-oscillating potentials improves
memory consolidation

Marshall L et al. Nature 2006;444:610–3. 



Kirov R et al. PNAS 2009,106:15460-5

Slow-oscillation stimulation during waking induces 
theta-activity and improves encoding

Encoding of word lists



Summary

• Sleep supports the consolidation of memory.

• This is an active ‘system consolidation’ process
in which memories are reactivated to be 
transferred from a temporary into a long-term 
store.

• Reactivation and transfer of memories take 
place during SWS under the control of the slow 
oscillation.


