Sleep Hi Xg

CHAPTER 2

ocampal Theta Rhythm

ensory Processing

Marisa Pedemonte and Ricardo A. Velluti

Introduction
ncient human cultures have developed diverse forms of a
Agevice that, based on sensory stimulation, is used to put
abies to sleep: the rocking cradle. Vestibular and soma-
tosensory stimulation produced by the rocking movements,
complemented by eye closure and other stimulation such as con-
stant temperature and the mother’s voice/song (lullaby) activat-
ing the auditory system, are able to induce sleep. On the other
hand, it is a common experience that reducing the sensory affer-
ent volleys to the brain can facilitate sleep.

A series of experimental data will be presented demonstrating
the sensory input relevance in the organization of the sleep and
wakefulness cycle. Firing rate shifts in auditory and visual
neurones, changes in the pattern of discharge, and, most impor-
tant, the temporal correlation of the spike timing with the hip-
pocampal theta rhythm, will be set forth.

Slcep, a hugc change in the brain physiology, depends on both,
a series of active processes and passive mechanisms, e.g., functional
sensory deafferentation®*® and neural networks changing organi-
zation. Although many signs of active processes have been shown,
there are not enough experimental data to support a final dcasxon
about the relative contribution of passive processes.'¢274>4 How-
evet, both approaches may be partially reconciled conceding that
the deafferentation may be provoked by an inhibitory influence
acting, e.g., upon the ascending activating reticular system.

Our main purpose is to provide an experimental aspect of sen-
sory data analysis, its relation to sleep and the hippocampal theta
thythm as an internal zestgeber (time giver) for auditory and vi-
sual information processing.

The Hippocampal Theta Rhythm

The hippocampal theta rhythm is a well-known feature of the
hippocampal electrogram in humans and other mammals although
its functions remain partially unknown,!>2%3%:4

Since the beginning, attention processes have been associated
to the theta rhythm. Figure 1 shows a classical example on this
matter. When a cat observed himself in a mirror exhibited a theta
rhythm burst in the hippocampus.

Although more prominent in active wakefulness and paradoxi-
cal sleep, the hlppocampal theta can also be observed during slow
wave sleep.'>?! It has been related with phasxc phenomena dur-
ing paradoxical sleep,' "> with movements® and with autonomic
control of the heart rate. 234
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Figure 1. Recording in an awake cat showing enhancement of theta
thythm in the hippocampus when the animal see itself at a mirror (black
bar). (Modified from Grastyan et al, 1959.)

Since the pioneering work of Scoville and Milner,“" almost
five decades of research resulted in the recognition of the hippoc-
ampus as a brain region 1mp11cated in learning and memory pro-
cesses™? in several species including humans.'*> Besides, theta
blocking by septal lesion provokes memory impairment. i3

Moreover, the hlg})ocampus is involved in the neural coding
of spatial position>*®>! necessarily associated with the sensory
input and its processing. As an experimental animal traverses space,
the hippocampal place neurones firing progrcsswely changes to
an earlier phase of the ongoing theta rhythm.?>* This may be
relevant to long-term potentiation which is sensitive to the theta
phase, i.e., potentiation increases at the theta peak while depres-
sion is associated with the throughs.

The theta wave may affect spatially distant neurons by induc-
ing fluctuations in cellular excitability due to membrane poten-
tial oscillations.!"*® Moreover, intracranial recording from hu-
man cortices have revealed theta oscillations in several brain regions
including the neocortex, suggesting that theta waves may not re-
flect volume conduction from the hippocam })us but the exist-
ence of theta generators in the brain surface.!

Our approach was to study the hippocampal theta influences
on the unitary activity of the sensory systems in the context of
wakefulness and sleep. The interactions were present in both, sleep
and waking behaviour.

By studying the unitary activity of several auditory nuclei, the
lateral geniculate visual thalamic neurones and their relationship
to the hippocampal theta, we have found that this rhythm may
play a role as an internal clock. We postulate it constitutes a low
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frequency zestgeber associating a temporal dimension to the pro-
cessing of auditory signals in the lateral sugerior olive,” inferior
colliculus,** primary auditory cortex,>>* and to the visual pro-
cessing in the thalamus.®

Auditory and Visual Neuronal Activity in Sleep
and Wakefulness

Auditory Neurones

Changes in the Discharge Rate

Since sleep is a special physiological condition, it is possible to
maintain that the incoming auditory information- always present-
is differently processed in different states. Accordingly, the brain
will select what input to focus on and determine to what neu-
ronal network sensory neurones are engaged.

Approximately half of the auditory cortex neurones studied
showed changes in the response to tone bursts in sleep compared
to quiet wakefulness (Fig. 2). Those neurons that changed can be
related to sleep processes still unknown, participating in a differ-
ent neuronal assembly. There has been no auditory unit that
stopped firing as the guinea pig enters sleep, thus, the auditory

system is continuously monitoring the environ-
ment.’-26:30.35,36,47.48
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Figure 2. Neuronal sound evoked activity along the auditory pathway
during different behavioural states in guinea pigs. Pie charts show per-
centages of neuronal firing changes on passing from wakefulness (W) to
slow wave sleep (SWS), and from SWS to paradoxical sleep (PS) at four
auditory loci: auditory cortex (Al), central nucleus of the inferior
colliculus, lateral superior olive and ventral cochlear nucleus. No neu-
rons were recorded that became silent on passing to sleep in the auditory
regions studied (modified from Velluti and Pedemonte, 2002).
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Figure 3. Tone-evoked response of an inferior colliculus neuron during
waking (W), slow wave (SWS) and paradoxical sleep (PS) in guinea pig.
Post-stimulus time histograms showed no significant changes in the
firing rate (Mann-Whitney U-test) on passing from W to sleep phases,
meanwhile the pattern of discharge during 120 ms exhibited differ-
ences. Two peaks present during W decrease in SWS and almost disap-
pear during PS to recover, in the following W control, the same pattern
and firing rate as the initial W. Prereceptorial effects were eliminated by
removing the middle ear ossicles and delivering the sound directly to the
ear. Sound stimulation: tone-burst at the characteristic frequency; in-
tensity of 10 dB above the threshold; 50 ms duration and 5 ms rise-fall
Modified with permission from Morales-Cobas et al. ] Sleep Res 1995;
4:242-251. ©1995 Blackwell Publishing,

Changes in Discharge Pattern

Besides discharge rate, the pattern in which the firing de-
velops may be relevant for the processing. In addition to changes
in the firing rate throughout sleep and waking, a set of neu-
rons exhibited shifts in the pattern of discharge (Fig. 3). Al-
though some neurones showed no significant changes in dis-
charge rate, the temporal distribution of spikes was different
when the animal entered slow wave or paradoxical sleep. The
discharge pattern was recovered in the following waking pe-
riod, used as control.2®

Response to Natural Guinea Pig’s Calls

The study of neuronal response to natural stimuli may intro-
duce to the analysis of their processing during sleep. It is known
that a significant auditory stimulus may awake a person more easily
than a non significant one. Besides, we have carried out stimulation
with non significant natural call by just inverting it in time. Corti-
cal auditory neurons (Al) exhibited firing shifts on passing from
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Figure 4. Visual evoked unitary firing in the lateral geniculate nucleus
during wakefulness (W), slow wave (§SWS) and paradoxical sleep (PS)
in guinea pig. Post-stimulus time histograms showed statistically sig-
nificant changes in the firing rate (Mann-Whitney U-test), both on
passing from W to SWS and from SWS to PS. Light stimulation:
flashes, 2/s, high intensity, 30 cm distance of the animal head, pupils
pharmacologically dilated. The flashes’ intensity and the pupils’ dila-
tion allowed a constant stimulation of the retina even during periods
of eye movements.

wakefulness to slow wave sleep when stimulated with a natural call.
Moreover, the pattern of discharge exhibited differences when the

stimulus was presented direct or inverted in time.*’

Visual Neurones

Unlike the auditory system, which is always relatively “open”
to the environment, the activity in the visual system is expected
to decrease during sleep due to closing of the eyelids. However,
the discharge rate of visual neurones also showed changes during
sleep. Figure 4 exhibits an increase in firing rate during paradoxi-
cal sleep. Visual neurons keep responding to a flash during sleep.

Not only the discharge rate but also the firing pattern may
vary on passing from waking to sleep phases (Fig. 4). The incom-
ing visual information reaches the visual centres differently de-
pending on the current behavioural state. The central nervous
system, acting through its sensory efferent system, may control
its own input (see review ref. 46).

Role of the Theta Rhythm
The theta rhythm may be activated by several physiological vari-

ables, such as attention, movements, etc. Thus, the resulting
cross-correlation may be dependent on the most relevant signal at
a particular time. The changes associated with attention may ap-
pear when the input varies or when an unknown internal factor
becomes relevant. There is a relationship between the theta power
and the presence of phase locking with a sensory neuron, although
other factors could condition such temporal correlation.

Auditory neurones from the lateral superior olive and central
nucleus of the inferior colliculus exhibited phase locking to the
hippocampal theta rhythm.? Although being nonrhythmic, the
spontaneous activity of inferior colliculus neurones analysed dur-
ing wakefulness exhibited phase locking to the hippocampal theta
(Fig. 5). When the same unit was stimulated with a continuous
pure tone at the neurone’s characteristic frequency—adding a spe-
cific evoked activity—the neurone become more synchronized
with the theta rhythm’s frequency. Since there was no significant
increase in the firing number (n=287 vs. n=289), it means that
the theta thythm input was, in this case, a relevant influence re-
sulting in a spike autocorrelation increased rhythmicity.?! This
led us to conclude that the temporal correlation between both
the rhythm and the unit is functionally significant.
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Figure 5. Temporal correlation between hippocampal theta rhythm
(Hipp) and the spontaneous activity of an inferior colliculus neurone.in
an awake guinea pig. The correlation of the spikes with the thetarhythm
was studied with spike-triggered averaging of the hippocampal electro-
gram. Both, spontaneous and evoked activity showed temporal correla-
tion with hippocampal theta rhythm (bipolarly recorded). The
cross-correlation was considered positive when it became flat after “shuf-
fling” the spikes series included in the data.® The autocorrelation histo-
grams showed that the almost nonrhythmic discharge pattern during
spontaneous activity (upper recording) becomes rhythmic at theta fre-
quency during the evoked activity (fower recording), thus stressing the
relevance of theta input onto the auditory cell. Sound stimulation: con-
tinuous tone at the unit’s characteristic frequency (1.1 kHz), 10 dB
above threshold (modified from Pedemonte et al, 1996).

Since visual information includes temporal cues, our analysis
was centred on the correlation between hippocampal theta thythm
and lateral geniculate activity.'® Phase-relationships between hip-
pocampal theta and unitary firing were found with both spontane-
ous and light evoked activity during wakefulness, slow wave and
paradoxical sleep. This temporal correlation was dynamic, exhibit-
ing changes related to the sleep-waking cycle and perhaps to atten-
tion shifts, e.g., in Figure 6 (right) the cross-correlation appeared
when the flash stimulation ceased during a slow wave sleep epoch.

Auditory and visual units exhibited temporal correlation with
the hippocampal theta rhythm during wakefulness, slow wave
and paradoxical sleep.’® An interesting finding is that the phase
locking with hippocampal theta may be provoked by changes in
the sensory input. We have found that auditory as well as visual
neurones, may change from a nonphase-locked condition into a
phase locked one after a change in its sensory input.

Figure 6 shows an example of an auditory cortex (Al) neu-
rone (left) and a visual geniculate neuron (right), that became
phase locked to theta when the stimulus changed during a slow
wave sleep period.

The following experimental approach included guinea pig’s
natural call (“whistle”, 700 ms duration). During thythmic and
random presentations of natural calls, most Al neurones exhib-
ited phase locking to the hippocampal theta waves in wakeful-
ness, slow wave and paradoxical sleep. The theta phase locking
was also observed when the sound (natural call) was presented in
reverse, i.e., inverted in time.’



Sleep Hippocampal Theta Rhythm and Sensory Processing

13

Auditory Cortical Unit

|!I;Ih'. i i

Slow Wave Sleep

Visual Lateral Geniculate Unit

P =
4

Figure 6. Firing and cross-correlation of two sensory unit- auditory and visual- when their input is changed during slow wave sleep. Top, single
recordings of the hippocampus (Hipp), the unitary discharge and the digitised signals. Sound and flash stimulation (Stim) represent the synchro-
nizing pulses. Bottom, four cross-correlations performed on the data sets limited by vertical lines in the above traces. Both are showing a change
from the no phase locked condition to a temporal correlation (phase locking) with the hippocampal theta thythm, when a shift in the sensory input
occurred. Whereas the auditory cortical unit (A1) phase locked to the hippocampal theta only when the sound stimulation began, the visual neurone
showed the opposite phenomenon. The lateral geniculate neuron exhibited no phase locking to the theta when the flashes of light were present.
With the flashes off, the correlation with hippocampal theta appeared (modified from Velluti and Pedemonte, 2002).

Conclusions

Our experimental approaches have assessed different aspects
of the neuronal activity that give us an insight on how sensory
information processing and sleep mechanisms reciprocally affect
each other, participating in the processing and/or in sleep pro-
moting functions. The neuronal discharge level and pattern of
discharge changes in response to constant stimuli indicate that
the CNS is modulating (selecting?) and perhaps distributing the
incoming auditory information according to its current state.
Auditory,46 somatoscnsory,3 8,41 2nd visual neurones studied®?32>
exhibited changes in their firing rates in correlation with stages of
sleep and wakefulness. This is consistent with the hypothesis of a
general shift in the neuronal networks involved in sensory pro-
cessing during sleep that may participate in the switch to a sleep-
ing mode of cell assemblies. A number of neurones at different
auditory locz, from brain stem to the cortex itself, presented sig-
nificant quantitative and qualitative changes in their evoked fir-
ing rates and pattern. On the other hand, another group of
neurones, recorded in every nucleus of the pathway, did not show
behavioural related changes in firing rates on passing to sleep.
Moreover, no neuron belonging to any pathway level or cortex
was observed to stop firing on passing to sleep.

A close temporal correlation between hippocampal theta
rthythm and unitary firing was also demonstrated at several stages
in the auditory pathway,?33478 and in visual neurons at the
thalamic lateral geniculate nucleus.!® At a neural population scale,
this phase-locking may result in a composite final signal that could
be used in processes like attention, movements, and, in particular
auditory/visual sensory input processing. Furthermore, we hy-
pothesize that the phase locking to the hippocampal theta adds a
temporal dimension to the sensory processing, perhaps necessary
for time related perception also during sleep. Given that every
stimulus develops in time, the CNS must have a way to encode
this parameter. Hippocampal theta, being one of the most regu-
lar brain-generated low frequency rhythms, may participate in
this internal clock.

The temporal relationship between the sensory neuronal fir-
ing and the hippocampal theta field activity is a changing phe-
nomenon whose variation may depend on the interaction of a set
of signals: (a) the hippocampal theta rhythm amplitude and fre-
quency, (b) the current state of the brain, awake or asleep, and (c)
the incoming sensory information. A neuronal assembly may shift
its discharge pattern by changing the interaction between these
three input signals, e.g., facing a novel stimulus may change the
brain condition evoking a new phase locking with a higher power
of hippocampal theta waves.

The parallel recording of hippocampal theta field activity and
cortical auditory multiunit firing revealed a precise temporal orga-
nization of population events during wakefulness, slow wave and
paradoxical sleep. The notion of a discontinuous exchange of in-
formation between hippocampus and cortical areas is supported
by the data. The phasc locking of cortical auditory units and hip-
pocampal theta mainly occurs when a novel stimulus or an on/off
condition of the same one are applied during wakefulness, slow
wave or paradoxical sleep, indicative of a “top down” theta action.”

Corollaries

a. The auditory units that did not change firing in sleep may be
related to the environmental monitoring during sleep.

b. Those units that shift their firing may be related to unknown
processes during sleep, or perhaps, act as active signals in sleep
related neuronal networks.

c. The auditory neurons that keep responding during sleep, as well
as those exhibiting theta phase-locking, convey information that
could be the first step in the complex auditory learning func-
tion, which is consistent with a recent report of learning during
sleep in human newborns.6

d. The activity-dependent development of the brain during eatly
life may not only occur during wakefulness.?* We suggest that it
also occurs associated to auditory and visual incoming informa-
tion during the long periods of sleep in newborns and infants.
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During early ontogenetic development, and maybe in adults, the

sensory information reaches the CNS not only during wakefulness
but also during sleep. This continuous sensory input may “sculpt”
the brain and participate in the adaptation to novel conditions.
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