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Neuronal reverberation, gene expression
and the hippocampal exodus of memories during sleep

Sidarta Ribeiro
Dept. Neurobiology - Duke University Medical Center

Evolution of the wake-sleep cycle in vertebrates

Biological Functions of sleep

• Energy conservation

• Replenishment of biomolecules used up during waking

• Processing and consolidation of new memories

Jenkins & Dallenbach, 1924 Sleep deprivation impairs learning

Stickgold et al., 2000Smith and Rose, 1996

Dual trace mechanism (Hebb, 1949)

What are the mechanisms underlying
memory consolidation during sleep?

Neuronal
reverberation

Structural
change

Dual trace mechanism

Less than 1h in CX (SW), perhaps 1 day in HP (REM)
Only investigated in the HP and CX

Present in all states, but no quantitative comparison

How late?
Where?
Which state?

Ë WK hippocampal activity recurs during sleep (Pavlides and Winson 1989).

Neuronal
reverberation

Structural
change

Ë Reverberation observed in rats, songbirds and monkeys.

Ë Reverberation retains temporal signatures of previous WK activity.
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Searching for neuronal reverberation after novel stimulation

PU
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TH

Template Target

Series of mean ensemble correlations: C1 ,   C2 ,   C3 ,   C4 ,………

Algorithm from Louie and Wilson (2001) Neuron 29, 145-156 

The neuronal ensemble correlation method

Some intuition about neuronal ensemble correlations…
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Novelty-induced neuronal reverberation lasts up to 48h in the forebrain
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Neuronal reverberation produced by novel stimulation
occurs in multiple forebrain areas
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Cerebral Cortex Hippocampus

Putamen Thalamus

Neuronal reverberation reflects the novelty context
rather than stimulus complexity
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Familiar Environment
(whisker contact)

Novel Environment
(whisker contact)

Novel Environment
(no whisker contact)
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Neuronal reverberation produced by novel stimulation peaks during SWS
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Neuronal reverberation and firing rates are inversely correlated

OFF-LINE PROCESSING
DURING SLEEP

IS FREE OF
INTERFERENCE

Dual trace mechanism

Neuronal
reverberation

Structural
change

Ë However, immediate-early gene expression capable of linking neuronal
reverberation and protein synthesis was found to be DOWNREGULATED
during sleep (Pompeiano et al. 1992, Cirelli et al. 1993, Cirelli et al. 2000).

Ë Blockade of protein synthesis during sleep impairs memory acquisition
(Gutwein, Shiromani and Fishbein 1980).

The activity-induced gene zif-268 mediates calcium-dependent
synaptic plasticity

Zif-268 knockout mice have impaired long-term memory in several different tasks
as well as impaired long-term potentiation (Jones et al., 2001).

Zif-268 expression peaks ~30’ after the reference behavior

WK 
WK 0                              30
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REM
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Identification of the 3 major behavioral states

Hippocampal EEGBehavior



  

 4

Effect of novel experience on zif-268
expression during ensuing sleep

      6:00                                        9:00                   11:00-12:00

WK / SWS / REM

WK / SWS / REM

Control

Enriched environment

WK SWS REM

Experience-dependent zif-268 reinduction during REM sleep

Ribeiro et al. (1999) Learn. Mem. 6: 500-508

Control

Enriched
Environment

Zif-268  reinduction occurs mainly in the
hippocampus and the cerebral cortex

WK

SWS

REM

WK

SWS

REM

How does hippocampo-cortical processing affect
experience-dependent gene expression during sleep?

Unilateral potentiation Unilateral gene expression

Anatomical path to follow

ECHP

CX

AM

LTP as WK relevant experience

Sham/Early

WK

SWS

REM

Early

Control          LTP

Late

Control          LTP

LTP

SWS REM SWS REMWK

Early (3h) Late (4h) I

II

III

Hippocampofugal waves
of zif-268 expression
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Inactivated          ControlInactivated          ControlInactivated          Control

Tetracaine    Saline

LTP

SWS REMWK

Hippocampal Inactivation

WK

Cortical zif-268 upregulation during REM sleep

requires hippocampal activity
Post-LTP zif-268 expression propagates

from the hippocampus to the cerebral cortex during REM sleep

Ribeiro et al. (2002) J. Neurosci. 22:10914-23

Mechanism check-list for memory consolidation during sleep

Plasticity-related gene expression during sleep

Mainly hippocampus and cortex, not  thalamus
At least up to 4 hours

REM

Where?
How late?
Which state?

Hippocampus, cortex, thalamus and putamen
Sustained up to 48 hours
Predominant during SWS

Where?
How late?
Which state?

Experience-dependent neuronal reverberation

We propose that the 2 major phases of sleep
play distinct and complementary roles in memory consolidation:

SW sleep: pre-transcriptional amplification

REM sleep: transcriptional crystallization

Hippocampus Entorhinal CX
Sensory and motor CX

Amygdala, etc

We also propose that the WK-SW-REM cycle causes a
hippocampofugal post-synaptic propagation of the memory trace
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Thalamus

Cerebral cortex

Hippocampus

Sensory input

Pons

ALERT WAKING
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Thalamus

Hippocampus

Pons

SLOW-WAVE SLEEP

Cerebral cortex

Thalamus

Hippocampus

Pons

REM SLEEP

Cerebral cortex

Thalamus

Cerebral cortex

Hippocampus

Sensory input

Pons

ALERT WAKING

Thalamus

Cerebral cortex

Hippocampus

Pons

REM SLEEP

Thalamus

Cerebral cortex

Hippocampus

Pons

REM SLEEP

Thalamus

Cerebral cortex

Hippocampus

Pons

REM SLEEP
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_ The WK-SWS-REM cycle promotes a tidal migration of
memory traces within the forebrain.

_ Due to the much larger coding capacity (e.g. # available
synapses) of the cortex, such migration generates a net
hippocampofugal flow of information that progressively
flushes memory traces away from the hippocampus to the
cerebral cortex.

We speculate that:
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