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Increased periodic arousal fluctuations during non-REM
sleep are associated to superior memory
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ADFFACT

Slecp has been implicated in the plastic corebral changes that undorlic leaming and memory. The scientific investigation of people with
exccprional memory has beon relatively neglected. We report the results of a palysemnographic investigation of an individual with superior
memary . The sleep structure, in terms n'sléep indnction and mamtmance, aswell as non-RIEM and REM slecp percentages, were
nomal, The madn finding was an increased nomber of perivdic arousal Auctuations during mem-REM sleep (measursd as cydic alicmating
pattern, CAI) during two consscutive nights (7-8 5.1, units nhove that obsérved in age-maiched controls). Since CAP rate reflocts the
structura] orgatization of non-REM sleep. this observation supports the hypothesis of e link between non-REM sleep and declarative memory

performance.
% 2004 Published by Elsevier Tnc.
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1. Introduction

Behavivral studics of aleep and learting in humans and
animals, and neurocoghitive studies of information process-
ing during slecp provide evidence for a relationship between
slecp, lcaming and mewwory, The fact that some Individ-
vals accomplish extraordinary memory [eats is wall-

The scientific investigation of people with exceptional
memory has beee relatively neglected, with some remark-
able excepuons [27). A recont study of a grotp of wa su-
penor memorizers [12] failed o deteet differences in brain
structure, as assessed with imapnetic resonance imaging mor-
phomeiry, in comparison s maiched controls; however, a
Runctional imaging swdy duing a memory task Indicated
an increased recruitmont of aroas, such as the hippocampal
formation, cngaged in spatial memory.

The - latter finding wus mterpreted as reflecting the use
aof specific stratogics imvolving spatial leurning by superior
memorizers. We have had the opportunity o collabumic
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.wil_h one siperior memorizer in the investigation of the

psychological and nevrological comrelater of his exceptional
performances. Given the evidence for arclationship berween
sleep and memory poerformance [2], as purt of Lhe evaluation
we perlommed a polysomnographic study. In our evaluation
we included tic wrousals that internape sleop continuity. The
scoring of arousals relies on transient EEG changes mostly
charocterized by patterns of wakefulnoss, However, in this
slandsrd scoring the abrupt appearance of slow wave activ-
ides is basically neglected, oven il'it has been demonsirated
that autoaomic changes may occur in concomilance with
thesc EEG changes, lo recent years, some authors have iden-
tified the eyclic alternating patiem (CAP) that is involved in
the structural-orgamization of non-REM slecp. CAP ix iden-
tified by repetitive stereotyped EEG pattems Jasting 10-605
and scparated by timc-cquivalent intervals of beckground
activity [4,23]). CAP corresponds (v a prolonged oscillation
of the arousul level belween two reciprocal functional states
termed phase A (greater arousal; clusters of EEG trunsicnts)
and phase B (losser arousal; inmrval between the successive
clusters); the complementary condition non-CAP is closely
related 10 & degree of stability in slccp depth. We report
here the polysomnographic results obtained in our supcrior
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2, Materials and methods

We evaluated an individual with superior memory perfor-
mance. The participant gave his wrilten informed eonsent
to the study. The main results of the standurd psychometric
dssessment are reported in Table 1.

We were not uble to lind the upper limit of his perfor-
manace 10 short-torm memory (span) ks, His performance
was alko superior in the case of verbal episodic leuming
tasks; only for an incidental visuo-sputial memory test hig
porformance was cornparablc 1o high-scoring controls. -

In our subject polysomnography was performed for wo
consecutive nights. The following signals were recorded ys-
ing the Grass Telefactor Herituge Digital PSG equipment: $

_BEG leads (C3-A2,F3-T3, '[3-01, F3-C3, C3.01), 2 EQOG
leads (ROC-A2, LOC-A2), three EMG lesds (chin, right
andd Tefl tibial), one RCCt derivation. nasal and oral airflow
(through nasy| und oral thermistors), toracic and wbdominal
efforts (lkrough piezoelectric belts).. For the control group,
published data of young adulik (aged 20-39 ycars) have been
considered [15]. The wial recording time for our supsrior
memorizer as wel| as [or the controls was S00 min.

- Conceming the polysomnographic data, the traditional pa-
rameters of slecp induction and maintenanye, and of sieep
archilcelure were considered, as well as the sleep microstrue-
ture {CAP). As previously mentioned, CAP comesponds to
# prolonged oscillation of the arousal level between two re-
ciprocal functional stated termed phase A und phasc B. On

Tablo |
Neurepsychalogical asewsment
Neuropeychalogical agessment  Score Range  Comtrol datd
Raven's colored M W 036
Digil o - »5.25
Fevrveare] 1
Rewverse i
Corsi spatial span - 4,4
Forvard 12
Rowverse 12
California verbal Jearning test
Avesape leamning 0 080 4R6 1048
Delayed recall 16 0-16 29 + 3.8
Logical metmocy
Lomumediate recall
Hieracehical scom 0.5 078
Non-hierarelical score 0.5 =32
Delayed recall =145
Hicrarchical scime 55
Man-hieranciical woore 62.5
Loss of information (%)
Hicrarchical seore 0,1 27 (5.4
Roy € Wicrreith™s Ggor
Copy k' 0-16 324
Nelayed mcall 1.5 1474

_‘Ah:rvuﬂ:tmdi-oflhq;mm_
BMean L 5.D. of the control sauple

the basis of their morphological fcalurcs, the phases A in
human sleep are elassificd in subtypes A1 (charuclerized by
EEG synchronized patterny), sublypes A2 (including a bal-
anced mixtire of EEG synchrony and desynchrony), and
subtypes A3 (mostly composed of EEG dexynchronizad fea-
tures). CAP time is the tomporal surc of all CAP requences,
The paccntage ratio of CAP lime to sleep time is relermed
az the CAP male, CAP rate miy be measurcd in the total
non-REM sleep and iu the singlc non-REM stagos,

3. Results

Table 2 shows the rosults obtained for the traditional slevp
parsmeters.

The slecp structure of our subjecl, in terms of sloop in-
duction and mainicnance, as well as nun-REM and REM
ileep duration, were normal.

Table 3 shows the dam obtained by microstructural anal-
ysis of sleep (CAP pammeters).

An inareaved CAP mie was obwerved in two consceutive
nights. The percentage of CAP rate was 7-8 S.D. units above

Tabla 2
Mnereatructurs] aleep findingn

Controls (r — 0] Night 1-Night 2
Slesp lakency 16 (14) 20 12
Totl slecp time 455 (3% B 472
Slecp cfficicney o (7N 80.6 4.4
WASO 17 (/) 187
Stage 1 NREM 21 (12) 14- 25
Stage 2 NREM 29 37 237 113
Stape 1 NREM 36 (13) 12-30
Stage 4 NREM 1 {16 66--T5
REM IRERGT ] 1My 109
REM latency 76 (20) ¥7-53

WASD: wake after slecp onsel. Sandand devinlions in[mmm;ﬁm. Al
varisbica are expresiedd in minutos.
Tabk 3
CAT (misrostructars]) findings thronghout son-KEM slecp
' Controle (m= 10} Night I-Night 2

NREM .

CAP rile (%) 39N 03.2-04.5

CAP cycles (m) 233 (M) 3719384
STAGE 1

CAF mate (%) 3 (16.4) 397 182
STAGE ?

CAD rate {4 2.0 (6.4) 06.5-70.7
STAGE 3
- CAY rte (%) M (161 M3 19
STAGE 4

CAP rate (%) 244115 657 698
Ay mbtypes (% of phases A) 6l.4 642 681
Az whiypes (% of phases A) 179 04-23.8
Ax wbtypes (% of phases A) 107 1471

Standard devintions In parcathoaca.
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thut vbyerved in an age-matched sample of conrols, Possible
causes of sleep fragmentetion with incremed CAP rate. s
slecp upncas or periadic limb mavements (P1.M), have been
excluded..In fact, our subject had a PLM index = 1.8 in the
first night und —1.2 in the sccond night. The apneahyponts
index was 1.4 and 1.1, respectively.

In the cvaluation of the distribution of the different phasc
A subtypes, the contribution of phasc A1 was rclatively in-
creased. ’

4, Discussion

Soveral smdies have investipnted the hypothesis that
sleep may promotc lcaming' and memory [6,10,11,19],
There wre cxperimental rcsuls suggesting a role for sleep
in synaptic plasticity [1]. Neuronul sctivily in REM slcep is
substantially similar wthat observed in waking [9]: neocor-

tical pyramidal neurons, as well as hippocampal neurons,
arc lonically depolarised. In non-REM sleep, neteorlical
pyramidal neurons are less active and responsive than in
waking or REM sleep. They nre generully firing single ac-
lon potentials or bursts at fairly regular intervals, with 2
E;:]:g’m after-hyperpolunization following each depolaris.lum

Sovernl investigators have reported REM-sleep wugmen-
tation in animals following a varicty of lcaming or exposure
to enriched environments tasks [1.8]. Animal studies have
algo shown changes in non-REM sloccp amounts and archi-
tecture in the same expen conditionz. An increased
nurcber of ¢pisodes with transition of non-REM slecp to

" REM sleep (transitional slcep states) positively correlated
with task acquisition [13,20].

uman studics, bascd on different methodologics, have in
general supported the relationship between sleep and mem-
ory performance[14). Both REM and hon-REM slecp have
been shown to be imvolved in human memory fimetion [16],
[n particular, it has been claimed that curly slecp, dominated

by the slow wave slecp (SWS, stage 3 and 4 non-REM), is
specifically linked to the somsolidation of declarative mem-
vry. while latc sleep, in whith REM prevails, is nocessary
for non-declarative (proccdural) memory [17.18]. Recent
evidence provides partial suppod to this distineuon. For
instance, increased EEG spindles have been reported after
extensive training on @ verbal lcaming task [7). However, a
vlwssic procedural task such ar maze leaming has also been
shown to increase stage 2 non-REM and EEG spindles in
subsewjucnt slecp[ 16]. Further, Walker ot al[26] reported that
stage 2 non-REM. which is particularly rich in EEG spin-
dles, is pomtmcly comelated with the acquisition of a motor
wkill,

Takentogsther, these Jdula underline the imporant con.
tribution of non-REM sleep to memory performance, The
quantitative evaluation of spentancous periodic sleep EEC

oscillations represcnls an important contribution of hyman

clinical newrophysiology to the investigation of non-REM

slecp. The classical approach th slecp macrostucture may
fail to recognize these EEG microstructural changes. In re-
cent years, some authors have identificd the CAT that is jn-
valved.in the structural organization of non-REM slecp [23].
QOur study shows the possible role of sleep microstructure
in individuals with superior memory and provides further
support to the link between noo-REM slccp and declarative
memory. The large increase in CAP rate io our subjoct pro
vides further evidence for the link between non-REM sleep
und memory. In the evaluation of the distribution of the dif-
fercnt phase A subtypes, the contribution of phasc Al, the

~compenent of CAP related to the achievement and mainte-

nance ol slow wave sleep [5], was relatively increased in our
supetior metmorizer, Slow wave and sleep spindles during
non-REM sleep seem. 10 genwrate coaditions for increasing
the synaptic cfiicacy by inducing long-tern potentiation and:
for consolidating memory traces acquired during wakelul-
nesx [22]. Sequences of K-complexes and slow wave bumsts

- characterice the Al subtypes of CAT. The Al subtypes co

incide with the slow oscillstions inducing progrossive am-
plitude incrowse of the EEG sigoal linked to the build-up sad
maintenance of devp non-REM slecp [3]. Our daa relnforce
the evidence of the important contribution of non-REM sleep
w memory performance, by meaus ol the various types of
SWS oscillations lavoring brain plasticity [14].

The relationship betweva aon-REM slecp and memory
performance is also supported by pharmacological evidence

in humans. The majority of snlidopressant drigs, which

drasticully reduce the amount of REM sicep, do not induce
any deleterious effcel on memary [25]. Interestingly, hyp-
notic compounds that reduce the periodic arousal fluctun.
tions measurcd as CAT, affect memory and leamiog [24].

In conclusion, the present investigation adds unyther line
of cvidence, derived from the unusual arca of “exceptional™
abilities. The vbservation leads itsalf to different interpreta-
tions: the unusually high CAP rate may be considered as »
neurophysiological signature of an increased consolidation
load, or as cvidence fora peculiar organizstion of bruin pro-
cesses in & superior memorizer. The scientific investigation
of cxceptionally pifted individeals may represent a privi-
leged avenue into these basic questions.  *
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