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Circadian rhythms in the tree of life
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Can cells ‘tell time’?
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Percentage of subjects

Onto human sleep...

Average = 7-8 hrs/night
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Infants: 17 hours
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Body temperature and hormones follow a circadian rhythm
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How do we know that the sleeping brain is different than the waking brain?

Answer:
electroencephalogram (EEG)




EEG
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EEG

Irregular

4 Amplitude = } Synchrony

Synchronized




EEG

How synchronized the neurons are in a particular brain area (a few cm)

Can tell us the frequency at which neurons are activated

but,

Only tells us the average behavior over a relatively large area
(difficult to interpret what's actually occurring in the circuit)



Rhythms in the Human Brain

a rhythm 8-13 Hz visual cortex, eyes closed

B rhythm 14-60 Hz visual cortex, eyes open

—_—

O rhythm <4 Hz __ drowsiness, sleep

(or pathological conditions)

0 rhythm 4-7 Hz



Stage

Sleep Stages defined by cortical rhythms

Time (min)



I}Awa_ke — low voltage — random, fast
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Drowsy — 8 to 12 cps — alpha waves

e A A, Nty A



Stage 1— 3 to 7 cps — theta waves

Theta Waves
o



Stage 2 — 12 to 14 cps —sleep spindles and K complexes

Sleep Spindle K Complex —
N



Delta Sleep — 1/2 to 2 cps — delta waves >75 pV




REM Sleep — low voltage — random, fast with sawtooth waves
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Sleep Waves

Awake 15-60 Hz 30 yV high frequency, low amplitude
Stage | 4-8 Hz 50-100 pV
Stage I 10-12 Hz 50-150 pVv
Stage Il 2-4 Hz 100-150 pV

Stage IV 0.5-2Hz  100-200 pV  delta () or slow-wave sleep

low frequency, high amplitude

REM high frequency, low amplitude (similar to awake)



a Sychronized state

Sleeping
Quiescent (at rest)

MWW‘V\

Time

b Desychronized state

‘ | | |‘ J N Awake, behaving

Harris & Thiele, 2011



Sleep Structure
hypnograms

REM REM REM REM REM

Wake

Stagel =

Stage II ==

EEG stages

Stage III ===

Stage IV



Sleep Structure
hypnograms

Sleep stages

Awake

REM

Awake

REM
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Childhood

Early adulthood

Hours of night



Physiological Changes 1
REM

[ :

Heart rate

Respiration




What makes us sleep?
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What makes us sleep?

Some retinal ganglion cells are directly photosensitive

Photosensitive
RGCs

light



What makes us sleep?

Hypothalamus

Melatonin
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Fluctuation in melatonin levels over a 24-hour period

Melatonin levels peak in v
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Setting the clock

Zeitgebers:

light

odor

sound

temperature change
anything periodic...



Master Regulators of Sleep

Reticular activating system = cholinergic neurons

Reticular activating
system

(A) Sleep Awake

Stimulation

Sleep

Thalamus

Stimulation




Brainstem Regulators of Sleep
(x Corpus callosum

Cerebral
cortex

Cholinergic nuclei

Medulla

Acetylcholine



Brainstem Regulators of Sleep
Thalamus

Al Corpus callosum

Cerebral
cortex

Tuberomammillary . .
nucleus of hypothalamus Medulla To spinal cord




Fornix

Anterior
commissure

Thalamus

Hypothalamic
sulcus Hypothalamus

Tubero-
mammillary
nucleus (TMN)

Paraventricular
nucleus

Lateral
hypothalamic area
(orexin neurons)

Ventrolateral
preoptic nucleus
(VLPO)

Suprachiasmatic
nucleus (SCN)

VLPO periodically inhibits the brainstem arousal centers

To cerebral cortex,
basal forebrain

Brainstem nuclei




Master Regulators of Sleep

Reticular activating system = cholinergic neurons

Reticular activating
system

(A) Sleep Awake

Stimulation

Sleep

Thalamus

Stimulation
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Thalamus Sensory “gate” to cortex

Cortex

otactory — " ( )

N

Auditory Gustatory

Visual
Somatosensory



Sleep is an uncoupling of cortex from sensory inputs

Thalamic neurons can fire in 2 modes:
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Sleep is an uncoupling of cortex from sensory inputs

REM sleep

Slow wave sleep

Waking
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Sleep is an uncoupling of cortex from sensory inputs

Thalamic neurons can fire in 2 modes:

Tonic firing mode =) Oscillatory/bursting mode

Sensory information No information
to cortex to cortex

Awake Sleep



‘falling’ asleep




Sleep spindles are an indication of this uncoupling
(A)

Membrane potential (mV) 0

Membrane potential (mV)

®

Membrane potential (mV)

0 0.5 1.0 1.5 2.0 25 3.0
0 2 4 6 8 10 12 14 16 Ti
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State Waking NREM sleep REM sleep
Behaviour
| . A A
\ \\:\//§\//§\//)\/D)\))\/D
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Polygraph
Waking
Sleep  Stagell
Stage Il . "
Stage lll
Stage IV

Sensation and
perception
Thought

Movement

Neuronal model

5

Vivid, externally
generated

Logical and
progressive

Continuous
and voluntary

Dull or absent

Logical and
perseverative

Episodic
and involuntary

Aminergic
inhibition (-)

Cholinergic
excitation (+)

Vivid, internally
generated

Non-logical
and bizzare

Commanded

but inhibited

Hobson, 2009



Brainstem nuclei
responsible

Neurotransmitter
involved

Activity state
of the relevant
brainstem neurons

Wakefulness

Cholinergic nuclei of
pons-midbrain junction

Locus coeruleus

Raphe nuclei

Tuberomammillary nuclei

Non-REM sleep

Cholinergic nuclei of
pons-midbrain junction

Locus coeruleus

Raphe nuclei

REM sleep on

Cholinergic nuclei of
pons-midbrain junction
Raphe nuclei

REM sleep off
Locus coeruleus

Acetylcholine

Norepinephrine
Serotonin
Orexin

Acetylcholine

Norepinephrine
Serotonin

Acetylcholine

Serotonin

Norepinephrine

Active

Active
Active
Active

Decreased

Decreased
Decreased

Active (PGO waves) s

Inactive

Active



To cortex  Thalamus

REM Sleep
A Acetylcholine (ACh)
in brainstem



REM Sleep

Posterior
Anterior cingulate
Dorsolateral prefrontal cingulate cortex
COREX cortex

Parahippocampal

gyrus Ponti
. . ontine
[ Inactivated during REM sleep tegmentum

L] Activated during REM sleep

REM dreams = emotional, inappropriate social content
Late stage dreams = lucid, logical



@ REM Sleep Dreaming

Dorsolateral - \ {
prefrontal cortex ')( {

Anterior cingulate

Parietal operculum

Posterior cingulate

Deep frontal
white matter

Parahippocampal
cortex

Amygdala

Activated
] Deactivated

Pontine tegmentum

EEG

Lucid dreaming REM sleep

Hobson, 2009
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General Anesthesia is not sleep

GABA, Glycine nACh nACh 5-HT;  AMPA  Kainate NMDA
receptor receptor (muscle) (neuro) receptor receptor receptor receptor
receptor receptor

Etomidate

Propofol

\ /

Barbiturates

Ketamine °
/”—\‘

Isoflurane

Sevoflurane

Nitrous oxide

Green = agonist
Purple = antagonist



Unilateral Sleep

Atlantic bottlenose dolphin
(Tursiops truncatus)
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Local Sleep

Can neurons or groups of neurons sleep without the rest of the brain?
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NF-xB
TNFR

(T

TNFo and .d'-'r

IL1B release ——(—

Sleep is dependent on past neural activity

Postsynaptic
neuron

— (1)

ILIBR Active
NF-icB
\> AIAR
Adenosing = 5@
0 o 0 59 =5
o o
o
° AMPAR
° o o °® 0 (5
® Glutamate ° = @ «—~



Can neurons or groups of neurons sleep without the rest of the brain?

sleep molecules interact with the immune system

Hours Seconds Milliseconds
Cell electrical and Extracellular . ©
metabolic activity | ATP > Adenosm(e)

}

ﬂ —> [NO
l < \ Adenosince)

COX2 | mmmmp | PGs

Circadian
clock

Sleep- and plasticity- L
= regulatory substances:

IL1B, TNFoL, EGF
L \ GHRH

Il

Inhibitors:
1L4, IL10, CRH,
STNFR, sILIR,
ILIRA, TGF

Gene transcription and translation Blood flow Synaptic transmission



Can neurons or groups of neurons be ‘more awake’ than the rest of the brain?

attention is a local desynchronization
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Sleep Apnea

Time (hours)



Narcolepsy

auto-immune response against neurons that produce orexin

« cataplexy

* sleep paralysis

* hypnagogic hallucinations

e excessive daytime sleepiness

Fatal Familial Insomnia

PRNP gene mutation — prion protein
(similar to Creutzfeldt-Jakob disease)



Drugs and Sleep
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Drugs and Sleep  drugs that promote sleep

barbiturates (-barbital) _

benzodiazepines (-pam) GABA receptor agonists

zolpidem (Ambien)
zaleplon (Sonata)

eszopiclone (Lunesta)
* amnesia
« fugue states
 hallucinations




Drugs and Sleep drugs that promote wakefulness

modafinil (Provigil) T norepinephrine
1 histamine (via hypothalamus)

orexin A (nasal spray)

development funded by DARPA
reverses negative cognitive functions of sleep loss

To cerebral cortex,
basal forebrain

Hypothalamus

‘ _ Tuberomammillary Orexin

VPLO
b ‘ nucleus © RlEtEeLS

Brainstem nuclei




Do we really need to sleep?

(A) Experimental setup

(B) Experimental animals

Experimental
rat

Al

My

Onset of non-REM sleep
in experimental rat triggers
floor movement

0 7 14 21 28

Feeder "

Feeder
L Days of sleep deprivation Death

\ l '_ > Gears to
J rotate cage

floor



Longest period without sleep: *18 days, 21 hours, 40 mins.
(during a rocking chair marathon)

hallucinations

paranoia

blurred vision

slurred speech
memory/concentration lapses

Slept longer than usual afterward, but no other consequences

*official Guiness record is 264 hours (~11 days)



Why sleep?

Theory 1: Metabolic Purposes



Metabolic Purpose of Sleep

o Restore body and brain glycogen levels
o Reduce heat loss (body temperature falls during night)

o Oxygen consumption decreases during sleep

1 Metabolic rate (save energy)



Why sleep?

Theory 2: Memory consolidation



Memory strength

Short-term memory
(seconds to hours)

Long-term memory
(hours to months)

/

\

Long-lasting memory
(months to lifetime)

Log time



Long-term store (slow learning)

Encoding
—

Encoding Consolidation

O

N /
Diekelmann & Born, 2012 Temporary store (fast learning)




Sequential

Waking SWS REM sleep

» Time

D

Synaptic
consolidation

Long-term store

Encoding
—

7

Active system %

consolidation

SAS) (BN |8

Temporary store

Diekelmann & Born, 2012



nature
NneuroscieEnce

Coordinated memory replay in the visual cortex and
hippocampus during sleep

Daoyun Ji & Matthew A Wilson

Sleep replay of awake experience in the cortex and hippocampus has been proposed to be involved in memory consolidation.
However, whether temporally structured replay occurs in the cortex and whether the replay events in the two areas are related are
unknown. Here we studied multicell spiking patterns in both the visual cortex and hippocampus during slow-wave sleep in rats.
We found that spiking patterns not only in the cortex but also in the hippocampus were organized into frames, defined as periods
of stepwise increase in neuronal population activity. The multicell firing sequences evoked by awake experience were replayed
during these frames in both regions. Furthermore, replay events in the sensory cortex and hippocampus were coordinated to reflect
the same experience. These results imply simultaneous reactivation of coherent memory traces in the cortex and hippocampus
during sleep that may contribute to or reflect the result of the memory consolidation process.



‘Replay’ of experience during sleep

a PRE (1-2 h) RUN (20-40 min) POST (1-2 h)

1) Sleep 1 to 2 hours.
2) Run for 20-40 minutes: first left, then right, then left, etc.

3) Sleep again.
Ji & Wilson, 2007



Implant electrodes to record from the hippocampus and the cortex

a Day 1
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30 L u-..'
0 100 200
Rightleft (cm)

Ji & Wilson, 2007



Cells fire in same pattern during running and then during sleep
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Why sleep?

Theory 3: Synaptic Homeostasis



Synaptic strength

Diekelmann & Born, 2012

Time



Widespread Changes in Synaptic
Markers as a Function of Sleep and
Wakefulness in Drosophila

Giorgio F. Gilestro, Giulio Tononi,* Chiara Girelli*

Sleep is universal, strictly requlated, and necessary for cognition. Why this is so remains a mystery,
although recent work suggests that sleep, memory, and plasticity are linked. However, little is
known about how wakefulness and sleep affect synapses. Using Western blots and confocal
microscopy in Drosophila, we found that protein levels of key components of central synapses were
high after waking and low after sleep. These changes were related to behavioral state rather than
time of day and occurred in all major areas of the Drosophila brain. The decrease of synaptic
markers during sleep was progressive, and sleep was necessary for their decline. Thus, sleep may be
involved in maintaining synaptic homeostasis altered by waking activities.
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24h forced waking by
mechanical stimulation
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BRP Expression

Control

Sleep deprived

Absolute IF signal Intensity



Prefrontal cortex:

* \/entromedial
Dorsolateral

Forebrain areas key to the neuropsychology of dreaming

Anterior limbic structures:
» Amygdala, anterior cingulate,

ventral striatum

Posterior cortices:
~e |nferior parietal
Visual association

Origin and expression
of circadian rhythms

Hypothalamic nuclei:
e Suprachiasmatic

e Subparaventricular
¢ Dorsomedial

/Z,\

e

Thalamocortical
control of NREM
sleep rhythms;
EEG activation
and deactivation
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5

Diencephalic control
of sleep onset

Hypothalamic nuclei:

e \entrolateral preoptic
e | ateral

e Tuberomammillary
Basal forebrain
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Hippocampal-cortical

! control of memory

consolidation

N\

Pontine control of the
REM-NREM cycle

Mesopontine nuclei:

¢ | aterodorsal tegmental
¢ Pedunculopontine

¢ Dorsal raphe

e Locus coeruleus




Sleep-wake control systems of the diencephalon

Diencephalic Wake-sleep switch — Sleep homeostat —
ascending hypothalamus basal forebrain and
arousal systems hypothalamus
. g Basal forebrain
hypothalamus ® | Tuberomammillary (extracellular
(tuberomammillary Orexin nucleus adenosine)
nucleus)
GABA,©
T@ Orexin galanin
Lateral hypothalamus
(orexin) Sleep © GABA o
l@ Orexin Anterior - GABA-containing
ventrolateral —|—————  pbasal forebrain or
Basal forebrain preoptic area  (GABA hypothalamic neurons
cholinergic systems ONA 5-HT (MPA?)
Glu® ‘ r—
\
ACh®
ﬁsc_en?ing Orexin ® 1@ GABA, Orexin@® 1@ GABA, Orexin@® © GABA,
rainstem i i -
arousal PPT galanin LooUS galanin Dorsal galanin
LDT coeruleus raphe
systems | I




b Sleep-wake control systems

Cortex

Subcortex (limbic, striatal)

Thalamus

Environmental light
and photoperiod

Hypothalamus and
basal forebrain

Diencephalic ascending

»
arousal systems e

Circadian oscillator

v

Hypothalamic transmitters
of circadian signal

v

Integration of homeostatic
and circadian input

v )

Wake—sleep

#
switch == | homeostat

Central and

Sleep

peripheral
biological
rhythms

Mesopontine brainstem

Ultradian REM-NREM oscillator

—
e

Ascending brainstem
arousal systems




Waking WWMM v

(Alpha 8-13 Hz; Beta >13 Hz)

REM sleep M/‘\.MW
Theta 4—7 Hz

( )

NREM sleep AM\\WW

stage N2 (Spindles 12-15 Hz)

NREM sleep
stage N3
(SWS)

(Delta or SWA <4.5 Hz)



a Sychronized state

LLU]WL} Sleeping
Quiescent (at rest)
| 1 mim I I N i O
u || I | | Ill na II
(1] i n |
Time

b Desychronized state

B S U IS B |

Awake, behaving
11 I umrn timrr et

Harris & Thiele, 2011



Binding Problem

How can we have a conscious, coherent, unified perception of an
object, given that its various attributes are processed in different
parts of the brain?
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Time vs. Space

Does the brain provide an internal temporal “reference
frame” to link all information together, rather than a
specific brain area?



Synchronization of neural assemblies
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Large groups of neurons (“cell assemblies”) can fire synchronously at 35-75 Hz

Gamma frequency oscillations (“40 Hz")

Francis Crick & Christof Koch

b Desychronized state

B |

I

i T AT T

Time

two neurons oscillating synchronously in gamma range — part of same representation, conscious

two neurons oscillating synchronously outside gamma range — same representation, unconscious

two neurons asynchronous — not bound in an active representation



Rodolfo Llinas, 1990s

MEGs of Human Subjects

waves of neural activity proceding from ' I
anterior to posterior in cortex :

12.5-ms of activity followed by
12.5-ms of quiescence thalamus
(i.e. total period of wave = 25 ms)

\Q

/ \
brainstrem — N

corresponds to 40-Hz gamma oscillation

“conscious” perception is neurons
synchronous with each other and with
an internal reference reference clock




Neural Darwinism

assemblies of neurons are constantly firing together, and the assembly that
fires the strongest enters consciousness (winner-take-all competition)

Metarepresentations

V.S. Ramachandran
brain has evolved ability to form representations of sensory representations

primary

motor .

cortex Supramarginal
gyrus

inferior
arietal
obule

Broca's
area

inferior parietal lobe
angular gyrus
supramarginal gyrus

anterior cingulate cortex

=5 _angular gyrus

gsgi‘taorryy . Wernicke's
area area




Waking

-
A High

A neural activation

input-output gating (thalamus)

A High NA

and
serotonin

High ACh
External

Internal

e - - L - - - -

Lucid

States of diminished
consciousness

A

M modulation (acetylcholine vs. norepinephrine/serotonin)

Hobson, 2009



Attention & Neuromodulators

attention is a local desynchronization
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O Focus of attention
=3 [eedback (glutamatergic)
Feedforward (glutamatergic)

Harris & Thiele, 2011



Circadian

Snails

Drosophila

rhythms in other animals

Basal retinal
neurons

Olfactory bulb

subgroup
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Herzog, 2007

Mice



General Anesthesia

GABA, Glycine nACh nACh 5-HT;  AMPA  Kainate NMDA
receptor receptor (muscle) (neuro) receptor receptor receptor receptor
receptor receptor

Etomidate

Propofol

Barbiturates

Ketamine

Isoflurane

Sevoflurane

Nitrous oxide

Green = agonist
Purple = antagonist



