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Chapter 14: Biological Rhythms, Sleep, and Dreaming

OVERVIEW OF THIS CHAPTER

Much of our experience of the universe comes in cycles: the endless parade of the seasons, the waxing and waning of the moon, dawn breaking and night falling. Organisms blend themselves into all these rhythms seamlessly, and viewed objectively, rhythmicity is a remarkably pervasive feature of daily life. Modern research is revealing that diverse processes, ranging from gene transcription to human conception rates, are subject to complicated overlapping cyclical patterns. The first part of the chapter provides an introduction to the functioning and neural bases of the biological timepieces that track and predict rhythmic environmental events. The remainder of the chapter is devoted to sleep, a phenomenon whose mechanisms remain among the most mysterious of rhythmic behaviors. Disorders of sleep are the subject of much current research, and they receive considerable coverage in the latter part of the chapter.

CHAPTER OUTLINE

BIOLOGICAL RHYTHMS

Many Animals Show Daily Rhythms in Activity

Circadian rhythms are generated by an endogenous clock

Circadian rhythms allow animals to anticipate changes in the environment

The Hypothalamus Houses an Endogenous Circadian Clock

Transplants prove that the SCN produces a circadian rhythm

In mammals, light information from the eyes reaches the SCN directly

Circadian rhythms have been genetically dissected in flies and mice

Animals Use Circannual Rhythms to Anticipate Seasonal Changes

SLEEPING AND WAKING

Human Sleep Exhibits Different Stages

We do our most vivid dreaming during REM sleep

The Sleep of Different Species Provides Clues about the Evolution of Sleep

REM sleep evolves in some vertebrates

Vertebrate species differ in their patterns and types of sleep

Our Sleep Patterns Change across the Life Span

Mammals sleep more during infancy than in adulthood

Most people sleep appreciably less as they age

Manipulating Sleep Reveals an Underlying Structure

Sleep deprivation drastically alters sleep patterns

What Are the Biological Functions of Sleep?

Sleep conserves energy

Sleep helps animals avoid predators

Sleep restores the body

Does sleep aid memory consolidation?

Some humans sleep remarkably little, yet function normally

At Least Four Interacting Neural Systems Underlie Sleep

The forebrain generates slow-wave sleep

The reticular formation wakes up the forebrain

The pons triggers REM sleep

A hypothalamic sleep center was revealed by the study of narcolepsy

Sleep Disorders Can Be Serious, Even Life-Threatening

Some minor dysfunctions are associated with sleep

Insomniacs have trouble falling asleep or staying asleep

Although many drugs affect sleep, there is no perfect sleeping pill

KEY CONCEPTS

1.
Life on Earth is rhythmic, and animals have evolved specific mechanisms to synchronize their bodies and behavior to periodic environmental events.

2.
Mammals contain a biological clock that is continually reset by environmental stimuli, especially light. In the absence of appropriate environmental cues, the endo​genous rhythm of the clock becomes apparent as a free-running rhythm.

3.
Experimental work including lesion studies, explant studies, and transplant studies in which hosts adopted the donors’ rhythms have established conclusively that an endogenous clock is located in the suprachiasmatic nucleus of the hypothalamus.

4.
In mammals, the SCN clock receives entraining light stimulation directly from the eyes via the retinohypothalamic pathway. A variety of other routes for light entrainment also exist; for example, in some animals light is detected directly by the pineal gland, and in humans circadian rhythms may be phase-shifted by light applied to other body surfaces.

5.
Experimental evidence indicates that there is more than one endogenous clock. SCN lesions do not abolish infradian or ultradian rhythms in mammals, and in mice the Clock/Clock mutation abolishes free-running circadian rhythms but not free-running ultradian rhythms. In species ranging from flies to mammals, rhythmicity is conferred on individual cells through the actions of a molecular clock. This oscillator appears to be entrained to light through the actions of a novel photopigment called cryptochrome.

6.
EEG records and behavioral observations indicate that the sleep of many species, including humans, exhibits a pattern of distinct stages and two distinct categories: slow-wave sleep (SWS) and rapid-eye-movement sleep (REM).

7.
Human SWS stages may be distinguished on the basis of EEG characteristics: Stage 1 SWS contains vertex spikes, stage 2 SWS contains sleep spindles, stage 3 SWS is marked by the appearance of large delta waves, and in stage 4 SWS delta waves are present at least 50% of the time. The progression through the stages is marked by decreasing frequency and increasing amplitude in the EEG.

8.
REM sleep is characterized by a return to fast, desynchronized EEG activity resembling the awake state, complete loss of muscle tone, and rapid eye movements.

9.
Human sleep exhibits an alternating cycle of REM and SWS every 90 to 110 minutes. Sleep cycle length is shorter in smaller animals. Some species of mammals do not display REM sleep at all, and some, notably the dolphin, engage in SWS in only one cerebral hemisphere at a time.

10.
Vivid dreaming involving imagery occurs during REM sleep; dreaming during SWS tends to involve vague thoughts. Nightmares are associated with REM, where​as night terrors are associated with stages 3 and 4 SWS.

11.
Sleep patterns change dramatically over the life span. In humans, infants spend most of their sleep time in REM sleep, which may contribute to neural development. The proportion of sleep time spent in REM decreases with age. Sleep in the elderly is characterized by less total sleep time, frequent awakenings and complaints of insomnia, and a loss of stages 3 and 4 SWS.

12.
Sleep deprivation impairs cognitive abilities, particularly for tasks that require sustained attention. Sleep debts incurred by deprivation are partially recovered in sleep subsequent to the deprivation. Long-term sleep deprivation can have very serious consequences on health, particularly compromising immune function. A rare disorder associated with thalamic damage causes some people to become unable to sleep; this condition is lethal.

13.
Many neural mechanisms are implicated in the generation and maintenance of sleep—particularly mechanisms vested in the brainstem, including the raphe nucleus, locus coeruleus, and reticular formation. The basal forebrain appears to be important for the production of SWS.

14.
Many different functions have been proposed for sleep, including bodily restoration, energy conservation, predator avoidance, and memory consolidation. None of these hypotheses, by themselves, appears to account entirely for the need to sleep or the dramatic health consequences of sleep deprivation.

15.
Little or no new learning occurs during sleep, but evidence suggests that memory for new material is improved if learning is followed by sleep, and sleep following learning is characterized by the presence of more REM than usual. These findings suggest that sleep plays a role in memory storage.

16.
Humans have searched for soporifics for millennia, but as yet no perfect sleeping pill exists. Modern sleep drugs, notably benzodiazepines such as triazolam, interact with GABA receptors to promote sleep. Such drugs have significant undesirable effects, including suppression of REM sleep, sleep drunkenness during the day, and REM rebound effects at termination of treatment. Exogenous melatonin has a weak sleep-inducing action and appears to be helpful in overcoming the effects of jet lag. Dietary tryptophan supplementation also appears to promote sleeping, presumably through potentiation of serotonin synthesis and release.

17.
Insomnia is a prevalent sleep disorder involving difficulty in falling asleep or difficulty in staying asleep. In narcolepsy, sufferers experience periodic paroxysms of sleepiness during the day, and they may even experience cataplexy. It appears that defects in the orexin signaling system cause narcolepsy. Milder forms of sleep disorders include somnambulism (sleep walking) and sleep enuresis (bedwetting), both of which are treatable.

EXAMPLE LECTURE OUTLINE

Selected topics for a lecture on biological rhythms are suggested below. Illustrations are essential to conveying some of this material; Sinauer Associates makes these available as transparencies and on CD.

Rhythms—background

•
Circadian = “about a day”

•
Examples: activity, hormones, temperature, and so on

•
Evidence for internal clock

•
Blinded animals still show rhythms.

•
Free-running rhythms do not assume a 24-hour day and vary between animals.

Measurement of rhythms  (schematic of wheel-running apparatus)
•
Explain procedure

•
Double-plotting of records clarifies rhythms.

Rhythms and adaptation

•
Synchronization with environmental events

•
Important benefit is that it allows prediction of events

•
Appearance of predators

•
Appearance of food

•
Appearance of mates

•
Allows resource partitioning (e.g., sympatric birds and bats hunt at different times)

Free-running rhythms

•
Usually slightly more than 24 hours

•
Requires entrainment

•
Entrainment stimulus = zeitgeber (time giver); light is the most powerful zeitgeber in mammals

•
Movement of rhythm to synchronize with zeitgeber = phase shift

Localizing the endogenous clock  (activity record of SCN-lesioned animal)
•
Richter—removing glands does not affect rhythms, but hypothalamic lesions do

•
Lesions of SCN interfere with circadian rhythms in activity, feeding, hormone secretion.

Pathways to the SCN

•
Light (zeitgeber) information reaches the SCN via the retinohypothalamic tract in mammals.

•
Lesions of visual cortex do not affect light entrainment of the SCN in mammals.

•
Severing RHT = free running rhythm (light no longer entrains)

•
Light pulses induce c-fos in SCN neurons.

•
Light affects pineal directly in birds = third eye; suppresses melatonin secretion

SCN—confirmatory studies  (activity chart from tau-transplant studies)
•
Explant studies

•
SCN slices in dishes: cells continue to show rhythmic activity with same period as the donor’s rhythm

•
Transplant studies

•
Tau mutants—abnormal short free-running rhythms

•
Fetal SCN from tau mutant transplanted into SCN lesioned normal hamster: host hamster adopts tau rhythm

Other mutations  (activity chart—Clock/Clock mice)
•
Clock mutant mice

•
Entrain normally to light–dark cycles

•
No free-running rhythms in constant conditions

•
Per and tim mutations in Drosophila
•
Explain per–tim dimer clock, cryptochrome

Are there additional clocks in mammals?  (activity chart for human activity and temperature in constant conditions)
•
Clock/Clock mice: lose circadian free-running rhythm, but maintain ultradian rhythms

•
Humans in constant conditions: free-running rhythms for activity and temperature desynchronize

•
Hamsters: some (nonactivity) behaviors remain entrained after SCN ablation

Circannual and infradian rhythms  (for example, seasonal breeding, hibernation, menstrual cycle)
•
Free-running circadian rhythm typically slightly more than 365 days, needs entrainment

•
Long rhythms not just a sum of circadian rhythms—may persist after SCN lesions

•
Day length is important—tracked by melatonin secretion from pineal

•
Melatonin secreted during dark only

Pineal  (diagram showing placement of pineal and superior cervical ganglion)
•
Describe connections between PVN, superior cervical ganglion (sympathetic NS), and pineal.

•
SCN contains melatonin receptors.

Ultradian rhythms

•
Sleep (in many species)

•
Feeding

•
Activity bouts—basic rest–activity cycle in humans is about 90 minutes

•
Daydreaming

•
Hormone release (many hormones show a pronounced rhythm of a few hours)

Rhythm desynchronization in humans

•
Can result from mismatch between SCN rhythm and environmental cues—shift work, jet lag

•
Zeitgeber treatment can speed the phase shift through the use of strong light.

•
Exogenous melatonin useful for shifting rhythms, perhaps a mild sleep aid

Sleep stages  (diagrams of EEG traces)
•
Describe

•
Stage 1—alpha waves

•
Stage 2—spindles

•
Stage 3—delta waves, 1 per second

•
Stage 4—50% delta waves

•
REM—fast desynchronized EEG, flaccid muscles

Sleep functions

•
Restoration—may provide time for growth and repair, but no unequivocal evidence; growth hormone secretion much higher during SWS

•
Adaptive functions—avoidance of predators, energy conservation, but this does not explain variability in patterns or stages of sleep, or the bad effects of sleep deprivation

•
Cognitive functions—hypotheses include consolidation of memory, reorganization

REM sleep

•
Preceded by a return to stage 2 SWS

•
Associated with dreams involving vivid imagery

•
SWS dreams involve vague thoughts.

Life-span changes  (sleep charts for babies, young adults)
•
No reliable daily sleep rhythms until 16 weeks of age

•
Young people show predominantly REM sleep (80% in preterm infants).

•
REM component decreases with age.

•
Old age = insomnia, frequent arousals, loss of stages 3 and 4 SWS

Neural mechanisms 1

•
Reflexes such as knee jerk are diminished in SWS, but nearly absent in REM.

•
Involves descending inhibitory projections from brain—movement is actively suppressed

•
Large IPSPs recorded from motoneurons

•
Cats with lesions of locus coeruleus act out their dreams (suppression is lost).

Neural mechanisms 2  (diagram of brain with transections marked)
•
Encéphale isolé

•
Cut at junction of medulla and spinal cord

•
EEG indicates sleeping and waking states

•
Now know that REM occurs in this preparation

•
Cerveau isolé

•
Cut at midbrain

•
EEG shows constant SWS

•
These results now attributed to loss of reticular activating system

•
Basal forebrain probably key to SWS—stimulation produces SWS, lesion abolishes SWS

•
REM persists in whichever half of the brain contains the pons.

Neural mechanisms 3  (figure of brain, 5-HT projections marked)

•
Raphe nucleus

•
Midline of brainstem/midbrain

•
Main source of serotonergic projections in the brain

•
5-HT injections found to promote sleep, raphe lesions produce insomnia

•
However, depletion of 5-HT with PCPA loses its effect on sleep over time, even though the brain is essentially serotonin-free.

Neural mechanisms 4  (figure of brain, NE projections marked)
•
Locus coeruleus = “blue area”

•
Dorsal pons, main source of NE projections in brain

•
Increased activity inhibits REM, causes waking.

•
Lesions abolish loss of muscle tone during REM.

•
REM center—region just ventral to the locus coeruleus

•
Lesions here abolish REM, electrical stimulation induces REM.

•
Some neurons in this region active only during REM

Sleep pharmacology

•
Long history of trying various substances (e.g., opium)

•
Barbiturates the first sleeping pill; interact with GABA receptors

•
REM suppressed, rebound on drug cessation, sleep drunkenness, habit forming, dangerous

•
Benzodiazepine

•
Safer but also suppress REM (e.g., Halcion), sleep drunkenness again

•
GABAA receptors.

•
Exogenous melatonin—helps in jet lag

•
Tryptophan—prompts 5-HT synthesis and release (metabolic precursor)

Disorders 1

•
Insomnia

•
Very prevalent, as much as 33% of the adult popula​tion; associated with significant morbidity and mortality

•
Sleep-onset insomnia—trouble falling asleep

•
Sleep-maintenance insomnia—frequent awakenings, a common complaint of the elderly; also associated with sleep apnea

•
Nightmares (REM) versus night terrors (stages 3 and 4 SWS)

•
Somnambulism and sleep enuresis—treatable

Disorders 2

•
Narcolepsy

•
Sudden uncontrollable sleep onset, on a 90-minute cycle, lasts 5 to 30 minutes

•
Identified by immediate REM at sleep onset

•
Attributed to defective orexin (hypocretin) signaling

•
Cataplexy

•
Often seen in people with narcolepsy

•
Sudden muscular atonia, without loss of consciousness

•
Both may be triggered by intense emotions
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EXAM QUESTIONS

[The exam questions are omitted from this sample chapter.]
