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Different sleep states are characterized by 
specific patterns of EEG activity !

Bonjean et al., Sleep 
Medicine, Springer (2009!"



Sleep Spindles!
!

Alfred L. Loomis, E. N. Harvey, G Hobart, Potential rhythms of 
the cerebral cortex during sleep. Science 81:597-598. 1935.!



Sleep spindle oscillations in vivo !

#$%%&"'&()*$%"+',($$-.+)'",+)'('/"+0"1-2()34-)*41-)()3"5%$*"&+/%).-$'"-/"6478"
9:;"1<(,<"$-'/"74="'%,+)*'"-)*">%,?>"%@%>A"B47B"'%,+)*'C""

#$%%&"'&()*$%'"<-@%"D%%)"$()E%*"/+"'A)-&.,"&$-'.,(/A"-)*"F%F+>A",+)'+$(*-.+)""

Timofeev and 

Bazhenov, 2005 



Thalamocortical circuits generating sleep 
oscillations!

Timofeev and Bazhenov, 2005 



Thalamic relay cells may be in 2 different modes – 
tonic and bursting!

Burst of action potentials !



Electrophysiological properties of 
thalamocortical neurons !



The channel underlying Ih in 
thalamic neurons is called HCN4. 

HCN4 is permeable to both Na+ and 
K+ ions.!

The transient (T-type) Ca++ current IT!



The transient (T-type) Ca++ current IT!
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Ca2+-upregulation shifts Ih activation curve!
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Model of spindle termination mediated by Ih 
up-regulation!
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Ih dependent depolarization of the 
resting membrane potential!



Spindle oscillations in 2D thalamic network 
model!



I.! Termination of sleep spindles – role of neocortex 

II.! Spindle synchronization – role of neocortex 

 

Outline!



I.! Termination of sleep spindles – role of neocortex 

II.! Spindle synchronization – role of neocortex 

 

Outline!



Spindle sequences in thalamocortical network 
model!

Bonjean, Baker, Lemieux, Timofeev, Sejnowski 

and Bazhenov, J Neurosci, 2011 
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Reducing Ih up-regulation leads to continuous 
spindle-like activity!

Strong Ih up-
regulation !

Weak Ih up-
regulation !
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Increase of thalamocortical connectivity 
recovers isolated spindles!

Week PY->TC projections !

Strong PY->TC projections !



Cortical feedback on TC and RE cells modulates 
different spindle patterns!

Bonjean, Baker, 

Lemieux, Timofeev, 

Sejnowski and 

Bazhenov, J Neurosci, 

2011. 

Total spindling time !

Inter-spindle duration !



What are the mechanisms of 
termination?!
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Firing in thalamic and cortical neurons is better 
synchronized during middle vs later phase of spindle !

L="

Middle phase! Later (waning) phase!
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Cortex !

Thalamus!

Distribution of the time lags between a wave minimum 
of TC membrane potential and the following cortical 
spikes!

Cortical firing 
prevents TC 
neurons from 
hyperpolarization 
required for 
deinactivation of 
T-current !
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IN vivo 
recordings !



Summary!

LY"

We investigated the impact of corticothalamic and 

thalamocortical synaptic connections on spindle modulation 

under conditions when the up-regulation of I
h
 was not 

sufficient to terminate spindles.  

 

We propose that the termination of spindles in vivo is due to 

the depolarizing action of I
h
 in combination with the 

depolarizing action of corticothalamic inputs, which is caused 

by the lack of precise coordination of thalamic and cortical 

firing during the later phase of spindles.  



I.! Termination of sleep spindles – role of neocortex 

II.! Spindle synchronization – role of neocortex 

 

Outline!



Sleep Spindles- Animal Studies-!
Synchrony within and between!

cortex and thalamus!
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Ferret Lateral Geniculate 



Sleep Spindles in barbituate 
anesthetized cats: !
Synchrony arises from 
thalamocortical interaction!
!

Contreras, Destexhe, Sejnowski, Steriade, Science 95 

Synchrony within thalamus is abolished 
by decortication!

Synchrony within cortex is not affected by 
3mm deep coronal cuts!



MEG and EEG give different views of Sleep 
Spindles!
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Dehghani et al., 2010 



EEG vs. MEG !
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The Matrix and Core Thalamocortical Systems !
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Hypothesis: !
!

Human sleep spindles arise from the 
two thalamo-cortical systems. !
!

Spindle frequency activity arises 
through the core thalamic projection 
neurons interacting with thalamic 
recticular neurons and focal 
associated cortical columns. Core 
spindles are largely independent 
across the cortical surface except 
that functionally related cortical 
columns may be synchronized even 
if they are not adjacent.  !
!

Spindles in different columns are 
synchronized  by the matrix system. 
Synchronization arises because 
matrix thalamo-cortical and cortico-
thalamic projections are 
widespread.!



Matrix and core systems model diagram!



Spindles in thalamocortical system!
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Spindle synchronization depends on widespread 
thalamocortical footprint!
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Broaden TC!CX footprint in matrix system!
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Quantify synchrony: average weighted deviation !
of peak correlation from zero time lag!
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Simultaneous activity in the Core and Matrix 
elements of a 160x160 array of cortical ‘columns.’ !
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Large-scale spindle activity!
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Simulated MEG and EEG from spindles generated 
 !
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Concluding Speculations!
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