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CHAPTER 1

Genera/ /ntrorft/ci/o/i

We are all aware that our ability to concentrate, learn, remember, understand or think

may vary from day to day, even from hour to hour Many factors contribute to fluctuation«

of brain functions such as memory, attention, comprehension and alertness, generally

referred to as cognitive functions Fatigue, hunger or the use of certain psychoactive

substances such as (medicinal) drugs or alcohol are just a few of the factors known to

exert detrimental effects on a persons cognitive abilities. Although such instances of

cognitive decline may prove to be inconvenient, annoying, or even dangerous, they are

generally mild and transient. Other factors, however, are associated with more prolonged

or even permanent cognitive deterioration, for example through drug abuse, brain

trauma, exposure to neurotoxic agents, and. most commonly, presence of disease states

and ageing Conditions of prolonged cognitive deterioration are likely to pose a

substantial long-lasting burden for the affected individual Even a modest but prolonged

cognitive decline can significantly reduce the quality of life, as it interferes with daily

activities and social interactions Therefore, palliative treatment is not only warranted for

severe cognitive dysfunction, as seen in dementia and Alzheimer's Disease, but also for

milder forms of cognitive deterioration during ageing which exist much more prevalently.

For example, in a sample of almost 15 000 persons aged 55 and older, 54% reported

that they had (some) difficulty in remembering things in the past year (Cutler and Grams,

1 9 8 8 ) . ^,,-a, . J ^ P ^ X • ...s-aspfijuis. • .•••

hvo approaches to /he guesr for cognrf/on enhancers
The central theme in this thesis is the search for substances and targets to

pharmacologically enhance cognitive performance Given the broadness of this research

area, this thesis focuses on two aspects, notably serotonergic mechanisms of cognition

and. secondly, the cognitive effects of caffeine These two focal points of the thesis

represent two ways of approaching the issue of pharmacological cognition

enhancement. Caffeine is a psychoactive substance that is already a frequently
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consumed as ingredient of coffee, tea and several soft drinks Its widespread use and

well-known subjectively experienced activating effects have lead to the study of caffeine

• • putative cognition enhancer. In this respect, the explanation of mechanisms

underlying the effects of caffeine, although interestingly, are not of primary concern It is

known that caffeine's main mode of action is antagonism of adenosine and through this

mechanism caffeine may indirectly stimulate multiple neurotransmitters (Nehlig et al.

1992). However, the functional role of these changes in neurotransmission, and the

relation with caffeine's behavioural effects, is yet to be established (Fredholm et al

1999)

Research on the putative role of serotonin (5-hydroxytryptamine. 5-HT) in

cognition enhancement is characterised by a different approach Here, one specific brain

mechanism, serotonergic neurotransmission, is singled out and attempts are made to

unravel its involvement in normal cognitive functioning and cognitive dysfunction. Such

efforts are predominantly triggered by clinical observations of cognitive concomitants to

(presumably) serotonergically mediated pathologies, e.g. depression, and by

experimental studies exploring the cognitive effects of 5-HT manipulations. Theoretically,

once the involvement of 5-HT in cognition is sufficiently charted, specific drugs for

specific deficits, aimed at specific subsystems, can be developed. Furthermore, possible

adverse cognitive side-effects of existing drugs acting on 5-HT neurotransmission, such

as widely prescribed serotonergic antidepressants, may be anticipated and possibly

avoided.

Clearly, both approaches to the quest for pharmacological cognition

enhancement are overlapping and complementary. For example, clinical studies on the

cognitive effects of 5-HT promoting antidepressants suggest that Selective Serotonin

Reuptake Inhibitors (SSRIs) may facilitate cognitive performance, but studies with these

compounds also provide insight into the role of 5-HT in cognition.

In this thesis, cognitive performance is investigated by means of a number of

well-documented and often-used tests and paradigms addressing several aspects of

memory, attentional, and executive functioning.

Serotonin and human cognition

Following its discovery, now more than 50 years ago, serotonin has turned out to be a

fruitful topic of scientific research into numerous functions and illnesses (for a historical

overview see Sjoerdsma and Patfreyman 1990). Despite the fact that only a small
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fraction of the serotonin in the body is found in the brain, its functions in the central

nervous system (CNS) are the most prominent In the CNS, serotonin acts as a

neurotransmitter, transferring information from one nerve cell to another. Brain

serotonergic pathways are extremely widespread, and nerve endings containing

serotonin are found even in the remotest areas of the brain (Meltzer et al. 1998).

Serotonergic involvement in behavioural functions is equally elaborate Serotonin is

thought to play a role in a diverse range of functions, including sleep and wakefulnesa,

appetite, feeding, thermoregulation. cardiovascular function, respiratory activity, sexual

behaviour, mood and cognition (Jacobs and Fornal 1995) Consequently, dysregulation

of CNS serotonin has been implicated in the aetiology of many mental disease states,

such as depression, anxiety, schizophrenia, eating disorders, obsessive compulsive

disorder, and panic disorder

Several clinical and experimental observations have lead to the presumption that

serotonin may play a significant role in human cognitive functioning First, age-related as

well as disease-associated changes in the central serotonergic system may directly

underlie concomitant cognitive changes For example, diminished serotonergic function

is found in post mortem and brain imaging studies in Alzheimer's Disease, and to a

lesser extent during normal ageing (Altman and Normile 1988, McEntee and Crook

1991; Meltzer et al 1998). However, the clinical significance of these 5-HT changes

remain to be established. While they may contribute to reduced cognitive functioning

(Richter-Levin and Segal 1996). it has also been suggested that 5-HT changes are

associated with non-cognitive behavioural changes in AD, e g aggression and

depression (Cross 1990; Meltzer et al. 1998). and. for example, altered sleep in normal

ageing (Meltzer et al 1998) Also, the diminished cognitive capabilities that are often

observed in depression (Burt et al 1995. Siegfried 1989) may arise from reduced 5-HT

function Cognitive deficits in depression may extent to all aspects of cognitive

functioning, from memory functions to attention to complex functions like planning and

abstract thinking In fact, cognitive retardation is among the classic features of major

depression and may be a core aspect of the disease (Widlocher 1983)

More direct evidence for 5-HT modulation of cognitive functioning is available

from numerous experimental animal studies These largely confirm 5-HT involvement In

cognitive behaviour, particularly with regard to memory processes and attentional

functions (Buhot et al 2000. Meneses 1999) However, there is considerable variation in

the results, both in the affected cognitive domains and in the direction of the serotonergic

effects. Moreover, a major flaw in the current evidence on 5-HT and cognition is that

relatively few data are available from experiments with human subjects. Hence, further
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identification of the role of 5-HT, particularly in human subjects, would lead to improved

insights in the fundamental mechanisms of cognitive dysfunction in normal and

pathological conditions, help to prevent prescription drug-induced cognitive impairment,

and provide the tools for development of novel drugs in the treatment of cognitive

disorders.

serofoneTg/c man»pu/afons /n toe present f/?es/s

In the present thesis two serotonergic manipulations, namely 5-HT inhibition by acute

tryptophan depletion (ATD) and 5-HT stimulation by administration of Selective

Serotonin Reuptake Inhibitors (SSRIs) are used Both methods provide safe, transient,

and quit« specific alterations in 5-HT neurotransmission and are readily applicable in

man *

ATD temporarily reduces the synthesis of 5-HT by reducing the availability of its

precursor tryptophan (TRP). This is accomplished by administration of an amino acid

drink lacking TRP, and may thus be considered a nutritional manipulation rather than a

pharmacological intervention. A detailed overview of the methodological aspects of

acute tryptophan depletion method (ATD) is available in several review articles on the

topic (Moore et al. 2000; Van der Does 2000; Reilly et al. 1997). There is little doubt that

administration of a typical ATD mixture actually reduces 5-HT activity (Moore et al.

2000). In humans, a widespread reduction of brain 5-HT synthesis (Nishizawa et al.

1997) as well as diminished levels of TRP and the 5-HT metabolite 5-HIAA have been

demonstrated following ATD (Carpenter et al. 1998; Williams et al. 1999). Given above

considerations, ATD is considered a safe, straightforward and well-tolerated research

paradigm for investigating 5-HT function in man (Moore et al. 2000; Reilly et al. 1997).

Selective serotonin reuptake inhibitors (SSRIs) are among the most frequently

prescribed agents in all of medicine (Stahl 1998b). Although initially introduced as

antidepressants (Goodnick and Goldstein 1998), their therapeutic indications have

expanded to include anxiety disorders, social fobia, panic disorder, obsessive-

compulsive disorder, bulimia nervosa and premenstrual dysphoria (Eriksson and

Walinder 1999; Isaac 1999; Montgomergy and Den Boer 1998). SSRIs' principle mode

of action is blocking of the reuptake of 5-HT into the pre-synaptic neuron, thus enabling

5-HT to exert its effects on post-synaptic receptors for an extented period of time (Stahl

1998b). As a result, serotonergic neurotransmission is stimulated throughout the brain,

including the raphe nuclei, hippocampus, striatum, thalamus and cortex (Fuller 1994).

This effect is maintained for the duration of uptake inhibition (Fuller 1996). 5-HT

neurotransmission may be further enhanced following sub-chronic SSRI administration.
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presumably because of downregulation of inhibitory 5-HT1A somatodenthtic auto-

receptors (Blieret al. 1998. Fuller 1994: Stahl 1998a)

Caffeine intake and cognitive functioning

Caffeine is undoubtedly the most frequently consumed psychoactive compound in the

world (Fredholm et al. 1999). It is usually ingested as a constituent of coffee and tea,

and as an additive to several soft drinks. Because of its widespread use and itt

perceived activating effects, the relation between caffeine and cognitive functions ha«

long been a topic of scientific interest However, following nearly a century of systematic

studies on the cognitive effects of caffeine, peaking in the last two decades, the issue is

still unresolved Although the preponderance of the evidence suggest» • beneficial effect

of caffeine on cognitive functions, it has proven to be extremely difficult to determine

which, how, and to what extent cognitive functions are specifically affected by caffeine

(Riedel and Jolles 1996; Riedel and Johssen 1998; Rogers and Dernoncourt 1998).

If anything, the vast literature on this topic has identified numerous potential

confounders and effect modifiers, which may not only affect the relation between

caffeine and cognition, but which may also interact with each other Possible mediators

may constitute of methodological parameters, such as dosage, time of assessment, type

of vehicle and type of cognitive test. Other putative modifiers are related to the subjects

and include habitual caffeine use, metabolic rate, smoking, menstrual cycle, state of

arousal, mood, expectations and age (Fredholm et al 1999; Nehlig 1999, Nehlig et al.

1992; Riedel and Jorissen 1998; Rogers and Dernoncourt 1998; Smith et al. 1999). The

influence of many of these factors is still very much a subject of debate ' * - ™

The notion that caffeine's cognitive effects may vary with age, and particularly the

fact that caffeine's beneficial effects may be more pronounced in the elderly (Jarvis

1993; Swift and Tiplady 1988), has raised interest for caffeine as a putative cognition

enhancer to combat age-related cognitive decline Generally, coffee consumption

increases with age. peaks during middle-age, and subsequently decreases with old age

(Riedel et al 1995). Therefore, those individuals who may benefit the most from the

cognitive effects of caffeine may be the ones who use it the least Until now. little

experimental data is available on the possible interaction between caffeine and age,

since the majority of caffeine experiments were done using only young subjects.

Therefore, there is a need for experimental studies comparing caffeine's cognitive effects

in different age-groups.
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Outline and alms of this thesis

In the first part of this thesis, consisting of chapters 2 to 6, the effects of serotonergic

manipulations on cognitive functions in healthy human subjects are addressed.

effects of fryptophan dep/ej/on on memory and ofher cogrn/f/ve ft/ncf/ons

In chapter 2 a study is described in which serotonergic functioning was experimentally

reduced by means of the acute tryptophan depletion method A previous investigation

(Riedel et al 1999) had identified memory functioning, and particularly consolidation of

newly learned material, to be sensitive to a lowering of 5-HT activity. In the current study,

specific timing of the induction of tryptophan depletion was used to further dissect the

observed memory deficit in terms of learning, consolidation and retrieval functions In

addition, the effects of lowered serotonergic function on other cognitive domains,

including attention and executive functions, were explored.

In the ensuing chapters the cognitive effects of serotonergic stimulation by SSRI

administration are addressed The results presented in chapters 3, 4 and 5 are derived

from a large study on the cognitive effects of sub-chronic administration of the SSRIs

sertraline and paroxetine in healthy volunteers. Each chapter, however, deals with a

specific component of the study with specific associated hypotheses.

/c cogn/f/Ve effecte ofseroton/n reuprafce /nh/6/fors

C/iapfer 3 is concerned with the cognitive effects of sertraline and paroxetine with

special reference to their different non-serotonergic pharmacological properties.

Although both SSRIs primarily stimulate 5-HT neurotransmission, additional mild

influences on dopaminergic and cholinergic systems, of sertraline and paroxetine

respectively, may invoke cognitive changes as well Healthy volunteers are treated with

paroxetine and sertraline for two weeks. Cognitive performance is assessed using tests

that are specifically selected based on their sensitivity for manipulations of cholinergic

(long-term memory, memory scanning) and dopaminergic neurotransmission (executive

functioning, motor functions).

affenf/ona/ eflbcte assoc/afed w/tf? se/t>ton/n reupfafce /nWb/fvon

CAiaprer 4 specifically focuses on changes in attentional functioning, i.e. vigilance

(sustained attention), divided attention and focussed attention, as a result of

augmentation of serotonergic neurotransmission by serotonergic reuptake inhibitors
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(SSRIs). Previous observations suggested vigilance to be specifically affected by

serotonergic stimulation (O'Hanlon et al 1998; Ramaekers et al. 1995). This was further

investigated by administering two SSRIs. paroxetine and sertraline, to healthy volunteer«

for two weeks each Sertraline's additional dopaminergic properties enabled us to

examine the involvement of serotonergic - dopaminergic interactions in drug-induced

vigilance impairment

serotonerg/c drugs, pup// s/ze and CnWca/ F//c*cer Fus/on

The Critical Flicker Fusion Test (CFF) is frequently used to as««*s sedating or activating

effects of psychoactive drugs However. CFF changes following drug« affecting

serotonergic neurotransmission may be confounded by concomitant change« in pupil

size. Serotonergic stimulation increases pupil diameter and pupillary dilation is known to

independently raise CFF values Therefore, claims of activating effects of several

serotonin reuptake inhibitors based solely on CFF measurements without control for

pupillary changes may be questioned In two studies, described in c^japfers 5 and 6, the

role of pupil size in CFF changes following acute and sub-chronic administration of

SSRIs is investigated Measurements of pupil size and CFF assessments with and

without pupillary control, using different CFF devices, were performed following

treatment with paroxetine, sertraline and citalopram.

In the second part of the thesis two studies are presented on the cognitive effects of

caffeine. In particular, the question whether caffeine exerts different effects, in terms of

strength and direction, in different age-groups was addressed.

cogn/r/Ve e/fecfs of caffe/ne /n young, m/dd/e-aged and o/d sufcyecte

First, in chapter 7, a study is presented in which caffeine, at a dose comparable to three

cups of coffee, is administered to healthy young, middle-aged and elderly subjects.

Performance on a memory test with distraction and a memory scanning task is

subsequently assessed to identify the possible differences in the cognitive effect of

caffeine between the three age-groups.

A subsequent study, described in chapfer 8, focuses on a possible mechanism of

age-related differences to the cognitive effects of caffeine, namely variable levels of

caffeine withdrawal symptoms due to differences in habitual caffeine use between age-

groups. Furthermore, in this study, the nature of the observed cognitive effects in the

previous study is further examined as the effect of caffeine on specific atterrtional and

memory processes is explicitly addressed
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Lastly, in chapter 9 a general discussion of the combined results presented in this thesis

it given.
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7>yptop/?an Dep/ef/on //npa/rs Memory

Co/?so/;dat/on fcüf /mproves Foci/ssed

/n Hea/f/7y young Vo/unfeers

Abstract

Animal and human studies have provided evidence for serotonergic

modulation of cognitive processes However, the exact nature of this

relationship is not clear. We used the Acute Tryptophan Depletion (ATD)

method to investigate the effects of lowered serotonin synthesis on cognitive

functions in 17 healthy young volunteers. The study was conducted

according to a placebo-controlled, double-blind, cross-over design.

Cognitive performance and mood were assessed at baseline and 5 and 9

hours after administration of ATD. A specific impairment of word recognition,

without effects on short-term memory, occurred during ATD No memory

deficits were seen if ATD was induced after acquisition of new words. The

Stroop Test and Dichotic Listening Task demonstrated a modality

independent improvement of focussed attention after ATD. Fluency was also

improved after ATD. ATD did not alter speed of information processing,

divided attention or planning functions. These results indicate that serotonin

is essential in the process of long-term memory consolidation, primarily in the

first 30 minutes after acquisition Improvement of specific cognitive

processes by lowered 5-HT function may be linked to the removal of

inhibitory actions of 5-HT in the cortex.

Jeroen A. J. Schmitt, Branda L. Joriwen, Spcfco Sotxzak. Martin P J van Boxtet. Eef Hogervorti. Nicotaa»
EP. Deute «VWnJ Riedel, ^ m a / o f PSycftopAa/maco/ow. 14(1). 2000
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Introduction

Studies into the role of serotonin (5-hydroxytryptamine, 5-HT) in cognitive functioning

have provided evidence for a serotonergic involvement in cognitive processes such as

memory and attention However, the exact nature of this relationship is not clear. Most

studies in this field are animal studies, which unfortunately have yielded inconsistent

result* For example, it has been found that lowering serotonergic function can either

impair, facilitate or have no effect on memory functions in rats (for reviews see Sirvio et

al.. 1994. Altman & Normile. 1988) These discrepancies, which possibly originate from

inconsistencies in timing and selectivity of the serotonergic manipulation and type of

tests used, make it extremely difficult to reach a uniform conclusion about the role of 5-

HT in cognitive functioning After reviewing the data McEntee & Crook (1991) concluded

that, in general, findings indicate an inhibitory effect of 5-HT on memory functions In

contrast, based on animal experiments, Richter-Levin & Segal (1996) concluded that

reduced serotonergic modulation in the hippocampus contributes to age-associated

memory deficits.

The relationship between 5-HT and cognition is particularly relevant in those

illnesses in which cognitive deficits occur along with changes in 5-HT activity. For

example, diminished serotonin levels have been found in postmortem studies of patients

with Alzheimer's Disease (AD) (Altman & Normile, 1988; Cross, 1990; Bierer et al.,

1995). Decreased serotonergic activity may underlie the cognitive deficits in AD

(Richter-Levin & Segal, 1993), although it has been suggested that these 5-HT changes

relate more closely to the non-cognitive changes associated with the disease, such as

aggression (Palmer & DeKosky, 1993). Also, depressed patients, in whom presumably

5-HT function is lowered, often show diminished cognitive capabilities (Burt et al., 1995).

Treatment with 5-HT re-uptake inhibitors, which increase serotonergic transmission,

often results in improvement of cognitive performance. However, since this improvement

coincides with relief of the depression, it is not clear whether these cognitive changes

are directly due to altered 5-HT function or are secondary to the alleviation of the

depression itself. In healthy human volunteers administration of 5-HT re-uptake inhibitors

in general does not affect cognitive performance (Thompson, 1991; Amado-Boccara et

al., 1995).

One method to study serotonergic function in humans is acute tryptophan

depletion (ATD) (see Reilly et al., 1997, for a review). This manipulation causes a

temporary global reduction of 5-HT synthesis in the brain by decreasing the availability of

the 5-HT precursor L-tryptophan (Trp) in the brain (Young. Smith, Pihl & Ervin, 1985).
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Oral administration of Trp-free ammo acid mixture stimulates protein synthesis, thereby

clearing Trp from the blood. Secondly, it reduces the transport of plasma Trp into the

brain by increasing the amount of Large Neutral Amino Acids (LNAA) which compete

with Trp for the active transport sites across the blood brain barrier Administration of

100 g of a Trp-free amino acid mixture has been shown to cause a significant lowering of

5-HT synthesis throughout the brain after 5 hours in healthy human subjects (Nithizawa

e t a l . 1997)

So far, few studies have focussed on the effects of ATD on cognitive

performance in normal human subjects. Park et al. (1994) reported impairment of

learning and retrieval functions after ATD. whereas Coull et al. (1995) found some

positive effects of ATD, in that it speeded the response to incompatible stimuli Recently

it was found that ATD impaired long-term memory consolidation in a word learning task

This effect was highly specific since no effect was seen on short-term memory function

or performance on perceptual and psychomotor tasks (Riedel et al.. 1999). Since

memory for words was impaired 30 minutes after their presentation, and although a

small non-significant additional decrement was seen 18 hours later, the authors

concluded that ATD most probably interfered with memory consolidation primarily during

the first 30 minutes after acquisition.

The present study was designed to further investigate the specific effects of ATD

on memory functions. If indeed ATD disrupts memory consolidation primarily within 30

minutes after acquisition, the induction of ATD after this 30 minute period should not

influence subsequent memory performance. To test this hypothesis we induced ATD one

hour after presentation of a wordlist (post-learning) and measured free recall and

recognition for these words 5 hours after their presentation We hypothesised that ATD

would have no effect on memory performance at this time Conversely, when ATD it

induced 4 hours before presentation of a new wordlist (pre-learning), we would expect

impaired long-term memory retention 30 minutes after that presentation, without an

effect on immediate recall. Furthermore, no additional decrement in memory

performance would be expected when tested 4 hours after presentation of these words.

The second objective of this study was an exploration of the effects of ATD over

a wide range of cognitive functions. To this end we included several neuropsychological

tests which assess attentional. memory and psychomotor functions in the cognitive tost

battery. Since cognitive performance can depend on mood state, and ATD may affect

mood (Ellenbogen et al., 1996). this may be a confounding factor. To control for this

potential confound we included two visual analogue mood scales in the experiment
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Methods and Materials

Sub/ects

Twenty healthy subjects (10 male. 10 female) were recruited through advertisements

within the university The subjects were aged 20 to 29 years (mean: 23.3 years, sd: 2.6).

Physical and mental health of each subject was assessed by means of a health

questionnaire, medical examination, and routine ECG and urine screening Excluded

were those volunteers who suffered from, or had a history of, cardiac, hepatic, renal.

pulmonary, neurological, gastrointestinal, hematological or psychiatric illness. Other

exclusion criteria were excessive drinking (> 20 units of alcoholic a week) pregnancy or

lactation, use of medication other than oral contraceptives, smoking, use of drugs, and

any sensory or motor deficits which could reasonably be expected to affect test

performance None of the subjects had a family history of depression, as was

established by an interview. The study was approved by the Medical Ethics Committee

of Maastricht University and the Maastricht University Hospital's Board of Directors. All

subjects gave a written informed consent prior to participation. :«,/>(

Des/gn
The study was conducted according to a placebo-controlled, double-blind, cross-over

design. The treatment consisted of administration of a placebo or a Trp deletion mixture

(ATD) (see below). Treatment order was balanced over the two test days, which were at

least 7 days apart.

Am/no ac/d m/xtures

The ATD amino acid mixture (100 g) consisted of fifteen amino acids in the following

composition: 5.5 g L-alanine, 3.2 g glycine, 3.2 g L-histidine, 8.9 g L-lysine, 12.2 g L-

proline, 6.9 g L-serine, 6.5 g L-threonine, 4.9 g L-arginine, 2.7 g L-cysteine, and 3.0 g L-

methionine; LNAA's 8 0 g L-isoleucine, 13.5 g L-leucine, 5.7 g l-phenylalanine. 6.9 L-

tyrosine, 8.9 g L-valine.

Reduced Trp/JLNAA ratio's have been reported after a placebo mixture

containing 2.3 g (Wolfe et al., 1995) and 3.0 g L-tryptophan (Riedel et al. 1999), and this

may underestimate the effect of tryptophan depletion. In order to maintain a constant

Trp/JLNAA ratio during the control condition the amount of L-tryptophan in the placebo

mixture was increased to 4.6 g. After a comparison of various control mixtures Welz in et

al. (1994) found this mixture to be neutral with regard to the Trp/£LNAA ratio.
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To provide caloric energy until lunchtime approximately 20 g MD/fat mixture (33%

sunflower oil and 67% maltodextrin) was added to the amino acid mixture Amino acid

drinks were prepared prior to administration by adding 300 ml tap water to the amino

acid - MD/fat mixture To compensate for the unpalatable taste the mixture was flavored

with either strawberry or banana food flavoring The amino acid mixtures were

administered in two portions The main portion of 90 grams was given at to. Subjects

were instructed to finish their consumption as fast as possible, but at least within two

hours A second portion of 10 g amino aad mixture, which functioned as a maintenance

dose, was administered 6 hours later (t6)

Procedure
All subjects underwent one complete training session to minimize learning effects.

During this training session the entire test battery was completed by each subject On

each test day the subjects arrived at the laboratory at 8 30 a m , after an overnight fast

Subjects were instructed not to use alcohol on the day prior to the experiment, and to

arrive well-rested. Figure 1 shows a schematic overview of a test day. During the test

day the cognitive test battery (see below) was completed three times: one hour before

administration of the amino acid mixture (baseline, tO) and 5 and 9 hours after the AA

mixture (t5 and t9). Each cognitive test battery was preceded by a mood evaluation and

followed by bloodsampling Between measurements the subjects remained in a room

where they could watch videos, read magazines or books, or play boardgames. Water,

decaffeinated coffee and tea, diet softdrinks (but not cola), oranges, apples, grapes and

protein-free candy were available ad libitum. Subjects were served a protein-poor lunch

and dinner. After completion of the test day bananas and pineapple chunks, which are •

rich natural source of L-tryptophan, were served to facilitate a quick recovery from

possible incapacitating effects of ATD.

Cogn/t/Ve Assessment
The cognitive test battery took approximately 50 minutes to complete For each of the

assessments one of six parallel versions of the cognitive tests were used, except for the

Stroop Colour Word Test and Motor Choice Reaction Time The six parallel versions

were balanced over two testdays using a 6 x 6 latin square. A separate parallel version

of each test was used for the training sessions.
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10 (hour»)

t t
9 Amtno add r % Amino acid

Mixtur« (00 o) L / Mixture (10 g)

Figur« 1 Sc/iomef/c reprvsenfaf/on of a f»sr day CCoo • Coontf/Ve fesf battery. M =
Moodsca/as, 8 • B/oodsamp/«;.

Tha V/aua/ Vert»/ L o a m / ^ Tesf (WLT) This test is an adapted version of the Auditory

Verbal Learning Test (Rey, 1964). Thirty words are presented in the same sequence in

three trials on a computer screen. Each trial ends with a free recall of the words

(immediate recall). Thirty minutes after the first trial, the subject is requested to recall as

many words as possible (delayed recall). This is followed by a recognition test,

consisting of 15 previously presented words and 15 other but comparable words, in

which the subject has to respond "YES / NO" as quickly as possible to indicate

recognition of the word (delayed recognition). The proportion of correctly recognised

words (cr) and the proportion of falsely recognised (fr) constitute the nonparametric

sensitivity measure: A' = 1 - 1/4 (fr/cr + (1-cr)/(1-fr)) (Pollack & Norman, 1964). A' is in

fact the proportion of correctly recognised words, corrected for the subject's response

tendency A' is arcsin transformed before it entered statistical analysis because of its

skewed distribution.

In this study wordlists were presented at tO, t5 and t9. After tO, delayed recall and

recognition were assessed twice: once after a delay of 30 minutes (t0->0) and once after

a delay of 5 hours (tO->5). Similarly, for the wordlist presented at t5, delayed recall and

recognition were assessed after 30 minutes (t5-> 5) and again after 4 hours (t5->9).

Delayed recall and recognition for the wordlist presented at t9 was assessed only once,

after a delay of 30 minutes (t9-»9)

Outcome variables were the maximum number of words recalled in either of the

three immediate recall trials as a measure of short-term memory, the number of correct

words on the delayed recall as a measure of retrieval from long-term memory, sensitivity
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measure (A) as a measure of storage in long-term memory, and median reaction time of

correctly recognised target words as a measure of speed of retneval from long-term

memory.

Vert»/ F/uency Test (Luteijn & van der Ploeg. 1983)

The fluency test can be regarded as a measure of strategy-driven retrieval of information

from semantic memory. The subjects are asked to produce as many four-letter words as

possible starting with a given letter, within one minute The number of correct responses

and errors are recorded Nonsense words were not accepted, but names, conjugations

and plurals were allowed. Starting letters were B, H, R. L, P and M These letters yielded

a high and similar number of correct responses (average 10 1 to 1 1 0 words) in a

comparative study with 40 subjects (Jolles and Houx, unpublished data).

Sfroop Co/our IVo/tf Tesf (SCWT) (Stroop. 1935).

The SCWT has often been used to test focussed attention The test consists of three

subtests. First, a card with a hundred colour names must be read as quickly as possible,

followed by a subtest in which the same number of coloured patches must be named. In

the third subtest colour names are printed in incongruously coloured ink. The colour of

the ink must be named, without paying attention to the word itself The outcome

parameters of this test are the time needed to complete each subtest and the

interference measure. The latter denotes the percentage of extra time needed to

complete card III, relative to the average of card I and II : (time card III / ((time card I 4

time card ll)/2))* 100%.

• - v . ' -. ^ •"£-

D/c/jof/c üsten/ng Tas/c. \ .;-.;•,;:• ̂ "f:

Dichotic listening can be used to test both focussed attention and divided attention for

auditory stimuli Subjects receive two different auditory stimuli simultaneously though a

stereo headphone, one stimulus on each side The stimuli are numbers ranging from 1 to

200, presented at random and natural-speech spoken by a male voice. This version of

the test consists of three subtasks in which subjects are instructed to focus on either the

right channel, the left channel or on both channels, and to remember these numbers.

The subtasks in which subjects must focus on one side, while ignoring the other, can be

regarded as a focussed attention task The subtask in which stimuli from both sides have

to be remembered is a divided attention task Each of the three subtasks is made up of

nine trials, in which 2. 3, or 4 stimuli pairs are presented in random order After each trial

the subjects must identify the appropriate numbers from a list of numbers on a computer
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screen. This list is composed of all presented numbers, plus the same amount of other

numbers Outcome variables are the total number of correctly identified stimuli, total

number of stimuli identified from the wrong side, and number of false alarms (numbers

which were not presented) Performance on each subtask is assessed by calculating

sensitivity measures, similar to those used in the W L T

7bwwo7Z.o/7dor». (Shallice, 1982).

The Tower of London Is a test of planning. The test consists of three coloured balls

which must be arranged on three sticks to match a picture with the goal positions. The

complexity of the problem is altered by varying the minimum number of moves to reach

the goal positions Each trial consisted of a 2-, 3-, 4-, 5-, 6-, and 7-move problem Prior

to each problem the subjects are informed about the minimum number of moves in

which the problem can be solved The number of moves, time to solve the problem, and

time between presentation of the goal positions and the first move (decision time), are

recorded. For the Tower of London no baseline measures were taken.

Symbo/ D/g/f Modatt/es Tesr (SDMT) (Smith, 1968).

This test is an often-used measure of the speed of processing of general information.

This version of the SDMT consists of five rows containing, in all, 75 blank squares, each

paired with a randomly assigned symbol. Above these rows is a printed key that pairs

each of the nine different symbols with a number from 1 to 9. The task is to write down

the corresponding number in the blank square below each symbol as quickly as

possible. Each test is preceded by a practice trial on the first 10 blank squares. The time

required to fill the remaining 65 blank spaces and the number of errors are recorded.

Motor Crio/ce Reacfen 7/me (MCRT) (Houx & Jolles, 1993).

Speed of information processing was assessed by measuring reaction times (RT) as a

function of task complexity. The test consists of a simple, choice and incompatible

reaction time test. This yields RTs consisting of an initiation phase (time from stimulus

onset until release of a hold button) and a movement phase (time from release of the

hold button until the response button is pushed). The measures used for analysis are the

median initiation RTs of the simple, the choice and the incompatible condition and the

overall median movement RTs.
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Mood sca/os

Mood was assessed using Bond & Lader Visual Analogue Scales' (Bond & Lader. 1974)

and a visual analogue version of the shortened Dutch 'Profile of Mood States' (POMS)

(McNairetal., 1971).

S/oodsa/np/es

Blood (10 ml) was collected by venipuncture in sodium heparin tubes BloodsamplM

were placed on ice immediately after collection, and centrifuged at 4*C (5 min at 5000

rpm) within 30 minutes Subsequently. 100 pi plasma was mixed with 4 mg sulfasalicyl

acid, frozen in liquid nitrogen and stored at -80 *C until quantitative ammo acid analysis

by high-performance liquid chromatography (Van Eijk et a l , 1993)

Stot/st/ca/ ana/ys/s

Prima/y cogn/f/ve oufcome measure f/>e W L T

Dependent variables of the delayed recall and recognition assessments of the wordlistt

presented at tO and t5 were analysed separately using a repeated measure analysis of

variance (MANOVA using SPSS 6 1 for Macintosh). Within subjects factors were time of

the recall and recognition assessments of each wordlist (t0->0 and t0->5 for the wordlist

at tO, and t5->5 and t5-»9 for the wordlist presented at t5 ), and treatment (placebo,

ATD) Immediate recall at tO, t5 and t9, and delayed recall and recognition assessments

at t9 were analysed using treatment as within subjects factor Sex was entered a« a

between-subjects factor. Since these comparisons were planned, based on previous

findings (Riedel et a l , 1999), no correction for multiple comparisons was made.

Secondary cogn/f/ve otrfcome measures, moxx/ scates and b/oodparameters

Dependent variables were analysed separately in a repeated measures multivariate

analysis of (co)variance. according to a 2 (treatment placebo. ATD) x 2 (time: t5. t9)

factorial model to test the main effect of treatment, time and the treatment by time

interaction, using baseline scores (tO) as covariates. Sex was entered as a between-

subjects factor. In case of a treatment by time interaction the differences between pairs

of treatment conditions at t5 and t9 were examined using paired t-tests (ATD veruw

placebo, after correction for baseline scores).

Initially, order of treatment was included as between-subjects factor in the analysis.

However, since none of the primary outcome parameters showed an effect of treatment
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order or an order interaction with treatment, and since treatment order only influenced

the effect of ATD in 4 of the 32 parameters (Stroop card III. Dichotic Listening right',

Tower of London total time and number of steps) this factor was not considered in the

remaining analyses.

Results

Seventeen subjects (9 males. 8 females) completed the study Three subjects withdrew

from the study on the first test day due to adverse effects of the amino acid mixture,

particularly gastrointestinal discomfort Two of these subjects (one male and one female)

were in the ATD condition, and one female was in the placebo condition.

Primary outcome
The results of the delayed recall and recognition trials are depicted in figure 2, immediate

recall scores and delayed recognition reactiontimes are listed in table 1.

VW. 7. ivorcWsr presented affO ~ -

The ATD group had a significantly lower immediate recall performance before start of the

treatment (F1,15=4.88, p<0.05). Delayed recall showed a main effect of treatment

(F1,15=5.41. p<0.05) and a main effect of time (F1,15=140.96, p<0.001). Delayed recall

in the ATD group was significantly lower than that of the placebo group. Note however,

that ATD was not induced until after delayed recall at tO (t0-»0) Therefore, effects of

ATD can only be observed at t5 (tO->5) and not at tO (t0->0). Consequently, an actual

effect of ATD should generate an interaction between treatment and time. No treatment

by time interaction was found however (F1,15=0.00, ns), indicating that the induction of

ATD had no effect on delayed recall at t5 (t0->5). Delayed recognition performance was

only affected by time (F1,13=15.83, p<0.01), and not by treatment (F1,15=1.15, ns), nor

was there a treatment by time interaction (F1,15=0.20, ns). Reactiontimes of the delayed

recognition showed no effects of treatment (F1,15=0.72, ns), time (F1,15=0.00, ns) or a

treatment by time interaction (F1,15=1.65, ns). ^ ^ 7 , ^ 5 ; ^ . ^ ^ - . , j . ; . , . . . j~r ,^; :„-*>,
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t0-»0 tO-»5 IS->5 16-»« IB-»9
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t
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ammo ( a d mixture

# plscobo
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Figur« 2: Means (S/andard e/rorsj o^ /he de/ayed rsca// and de/ayed r»co0n///on
assessments of (ne W i T af 6ase//ne CfOj and af 5 Cf5> and 9 hours ff9J after ad/run/sfraf/on
of /he am/no ac/d m/x/ura. De/ayed recopn/Z/on perfb/maoce /s dep/c/ed /n /he /op box,
de/ayed reca// /n /he /bwer box. X-ax/s /a/>e/s / x->y deno/e //me of word//«/ prssen/af/or) ("x;
and //me of assessment (y|

Tabl« 1 : Means fs/andard errorsj of /he /mmed/ate reca// and de/ayed /-»cofl/Kf/on rsacf/on
//me of /he VVLT Co/t/mn head/ngs / x->y deno/e /he //me of presen/a//on of /he ivord//a/
M and //me of assessmenf (/)

Troitnwnt tO-»6 t«->S t9-»9

immediate recall (words) placet» 512(2 0) 47 1(2 8) 48 7(2 9)
ATD 46.1(1.9) 43.1(2.8) 49.1(2.5)

recognition RT (msec) placebo 621(12) 640(19) 634(24) 653(22) 638(17)
ATD 658(33) 646(30) 661(23) 663(23) 641(20)



Table 2: Means (standard e/rorsj of (he oirfcome parameters of tfie secondary cogrugive ASMnvsirmHfe and mood sca/es af hmoino fa),
and 5 ( y and 9 f^J nours after start offne /reafmenf, and fne resorts offne /Bpeatod measures analyses f*p<O.OS^ f pOlOf, £

OOO7J

to t5 t9

Measure

FLUENCY
# of word» correct

SCWT
Time card 1 (sec)
Time card II (sec)

Time card III (sec)
Interference (%)
DLT

Left side sensitivity (%)

Right side sensitivity (%)
Both sides sensitivity (%)
MCRT

Simple RT (msec)

Choice RT (msec)
Incompatible RT (msec)
Movement (msec)
SDMT
time (sec)
TOL

Decision time (sac)
Total Urne (sec)

total # of moves
POMS
Depression

Anger

Fatigue
Tension
Vigor

BOND & LADER
Contented ness

Calmness
Alertness

Dlacebo

14.2(1.0)

35.2 (1.2)
44.6(1.9)
64.4 (3.5)
60.5(5.1)

88 9(1.9)
93.3(1.2)
83.6 (0.9)

277(6)
317(5)

393(11)
102(4)

92.7 (3.2)

-
-

0.95(0.11)
0.91 (0.10)
1.33(1.67)
0.98(0.12)

1.33(0.18)

7.41 (0.26)
7.67 (0.30)
7.09 (0.43)

ATD

12.8(1.0)

35.0(1.1)
44.4 (1.6)
63.5 (3.2)
59.0 (4.8)

90.7(1.4)
92.5(1.2)
83.1 (1.1)

283(7)
329(8)

409(17)
103(4)

95.4 (3.5)

-
-

0.92(0.11)
0.93 (0.10)
1.38(0.19)
0.97(0.15)

1.31 (0.16)

6.84 (0.28)
7.56 (0.30)
6.58 (0.39)

Dlacebo

13.4(0.7)

35.7(1.1)
43.8(1.8)
61.4(3.1)
54.4 (5.4)

90.3(1.2)
92.2(1.4)
83.8(1.0)

270(5)
315(5)

379 (12)
104(4)

100.9(3.5)

45.6 (6.3)
122.1 (9.1)
36.8 (2.0)

0.96(0.13)
0.86 (0.08)
1.48(0.16)
0.76(0.11)

1.53(0.17)

7.41 (0.30)
7.52 (0.36)
6.69 (0.39)

ATD

15.6(0.8)

35.1 (1.2)
42.0(1.4)
56.5 (2.7)
46.1 (4.5)

92.7(1.3)
95.4 (0.8)
84.6 (0.8)

270 (6)
324 (9)

395 (16)
100(4)

102.5 (4.3)

37.5 (3.5)
109.6 (9.5)
35.5(1.9)

0.93 (0.12)
0.96(0.12)
1.50(0.15)
0.93(0.12)

1.52(0.17)

7.22 (0.34)
7.35 (0.43)
6.56 (0.43)

Dlacebo

15.8(1.0)

34.7(1.1)
43.6(1.7)
62.5 (2.8)
60.0 (5.7)

91.4(1.6)
93.7 (0.9)
84.0(1.3)

269(5)
314 (5)

383(13)
100(4)

103.0(4.0)

37.7 (4.3)
108.1 (7.1)
35.5(1.5)

0.86 (0.14)
0.83(0.13)
1.24(0.13)
0.79 (0.13)

1.02(0.13)

7.49 (0.38)
8.05 (0.35)
7.35 (0.37)

ATD

15.0(1.0)

33.8(1.0)
42.2(1.5)
58.1 (2.8)
52.4 (4.3)

93.5(1.5)
94.8(1.0)
83.9 (0.9)

272 (5)
317 (6)

400(18)
98(4)

101.6(4.0)

38.1 (4.6)
99.5 (4.8)
34.0(1.5)

0.87(0.12)
0.85(0.11)
1.57(0.19)
0.80(0.13)

1.50(0.19)

7.58 (0.35)
7.69 (0.44)
6.51 (0.46)

treatment

F1.13-2.06

F1.14-2.97
F1.14-7.49*
F1,14=17.83*
F1,14-6.09*

F1,14=3.28
F1,14*5 17*
F1.Um.86

F1,14=0.07
F1.14=0.57
F1,14-0.95
F1,14*3.33

F1.14-0.39

F1,10-2.67
F1.12-0.80
F1,12=0.38

F1.14-0.06
F1.U-0 34
F1,14=0 59
F1,14=0 95
F1,14=1.05

F1.14=012
F1,14=1 45
F1,14=1.33

tkne

F1.14=218

F1.15*2019»
F1.15-0 00
F1.15=3.33
F1.15-6.94*

F1.15=1.23
F1.15=0.04
F1.15-010

F1.15=0 03
F1,15=0 65
F1,15=057
F1.15=6 54*

F1.15-013

F1.10-0.26
F1,12-7.71 •
F1.12-1.55

F1.15-2.2S
F1.15-3.40
F1.15*0.56
F1,15*1.90
F1,15=4 67*

F1.15=1.60
F1,15=2 18
F1.15=2.48

treatment
bvtime

F1.14=4.82*

F1.15-O31
F1.15=0 36
F1.15-O.06
F1.15-0 02

F1.15-0.12
F1.15-0.69
F1.15=0.04

F1.15-0.42
F1.15-1.73
F1.15-0.00
F1.15-0.04

F1.15-0.75

F1.10-7.44 •
F1.12-0.20
F1.12-0.07

F1.15-0.04
F1.15-0.16
F1.15-3.38
F1,15-2.60
F1.15=13.37f

F1,15=1.18
F1,15=4.42
F1.15-0.1

o
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WIT. wwr/fe/ presented af r5.

Treatment did not affect immediate recall performance at t5 (F1,15»3 10, ns) Delayed

recall of the wordlist presented at t5 showed a mam effect of treatment (F1.15*6 03,

p<0 .05) Delayed recall was impaired during ATD A main effect of time (F1,15=39 05,

p<0.001) showed that delayed recall performance at t9 (t5->9) was lower than at t5

(t5->5). No interaction between treatment and time was seen (F1.15-0 03, nt),

indicating that ATD did not cause additional impairment at the t5->9 recall assessment

compared to the t5->5 assessment Similar results were seen for delayed recognition

sensitivity: a main effect of treatment (F1,14=8 98, p<0 01) and time (F1,14-13.71,

p<0 01), and no treatment by time interaction (F1,14=0.69, ns). Reactiontimes of the

delayed recognition were only affected by time (F1,14=6 14, p<0 05), but not by

treatment (F1,14*0.00, ns), and no treatment by time interaction was found.

(F1.14=0.05. ns).

WZ.T. wordtef presenfed af f9.

Immediate recall at t9 was not affected by treatment (F 1,15=0 04, ns) Also, no treatment

effect was seen for delayed recall (F1,15=0 28, ns), delayed recognition sensitivity

(F1,15=0.21, ns) or delayed recognition reactiontimes (F1,15=0 00. ns) of the wordlist

presented at t9.

Secondary outcome measures

The results of the secondary cognitive assessments and details of the repeated

measures analyses are listed in table 2.

F/t/ency 7es/

For one subject baseline data were not available A treatment by time interaction was

present for the number of words produced on the fluency test Subsequent paired t-test

analyses revealed that more words were produced in the ATD condition compared to the

placebo condition (t15=-2 49, p<0 05), but this treatment effect was present only at t5

and not at t9

Sfroop Co/our Word Tesf

A main effect of treatment was seen on the interference measure of the Stroop test.

Subjects in the ATD condition showed less interference compared to the placebo

condition Also, a main effect of time was present on this measure, with less interference

at t5 compared to t9. Improved performance during the ATD condition was also seen for
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card II and card III. Performance on card I was not affected by treatment, but showed

main effect of time, with an improvement at t9 compared to t5 None of the outcome

measures had a treatment by time interaction, and no effects were seen on the number

of errors made on each subtask.

D/c/7Of/c üsfen/flg Tasfc

Performance on subtask right' was significantly improved in the ATD condition. The

same effect appeared to be present for subtask left', but this was not statistically

significant Performance on subtask 'both' did not differ between treatment conditions

and none of the subtasks showed main effects of time effects or treatment by time

interactions.

Tower of" London

Two subjects (ATD / placebo) were excluded from the analyses of all the Tower of

London parameters because of missing data. Data were also missing for an additional

three subjects (one ATD, one placebo, and one in both conditions) for decision time, and

for one subject (ATD) for total time and total number of moves. Total number of moves

did not differ between treatment conditions or test times, and no time by treatment

interaction was present. Total time to solve the problems was only affected by time but

not by treatment, and no treatment by time interaction was found. Decision time was not

affected by treatment or time. A treatment by time interaction was found, however, for

the decision time. At t5 decision time was shorter for the subjects in the ATD condition

compared to the placebo condition (t12 = 2.46, p<0.05), but this effect was not present

att9

Symbo/ D/g/r Moda/tf/es Tesf

Performance on the SDMT was not affected by treatment or time, and no treatment by

time interaction was found.

Motor Cho/ce Reactfon 77me.

Overall movement time showed a main effect of time. Otherwise no effects were seen on

the outcome variables of the MCRT.

Mood sca/es
The results of the mood assessments are summarized in table 2. None of the scales of

the POMS (depression, anger, tension, fatigue or vigour) or Bond & Lader
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(contentedness. calmness, alertness) showed a main effect of treatment The POMS

vigour scale showed main effect of time and a treatment by time interaction At t9 (but

not at t5) subjects in the ATD condition reported to feel more vigourous.

P/as/na / (m/no Ac/d Leve/s

Plasma Trp concentrations and the Trp/JLNAA ratios in the placebo and ATO condition

at the three assessments are depicted in figure 3 No blood samples could be obtained

for one subject at tO (ATD) and one at t9 (placebo), and invalid plasma leucine content

prevented the calculation of the ratio Trp/JLNAA for one subject at t5 (placebo) Analysis

of plasma Trp levels showed a main effect of treatment (F 1.12=89 17, p<0 001), a main

effect of time (F1.13=24 87. p<0 001) and a treatment by time interaction (F1.13-18 81,

p<0 01) The ATD mixture caused a mean drop in plasma Trp concentrations of 63% at

t5, and 64% at t9. relative to baseline values In contrast, plasma Trp concentration in

the placebo condition increased by 80% at t5. but returned to baseline levels at t9

Ratio Trp/XLNAA Plasma Trp
0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

120

100

80

60

40

20

0

0 5 9
time (hours)

0 5 9
time (hours)

-placebo

-ATD

Figure 3 Mean fstandard error? p/asma raf/o 7rp/2XrVAA and p/as/na 77p /eve/5 a/
6ase/;ne (Kty and 5 05; and 9 fr9; noors afler start o/ fr» treatment.
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Plasma ratio Trp/JLNAA showed a main effect of treatment (F1,11=313.21. p<0.001), no

main effect of time (F1,12*1.36, ns), and treatment by time interaction (F1,12=25.43,

p<0 001) In the ATD condition the plasma ratio Trp/JLNAA fell to 21% of baseline at t5

and to 33% of baseline at t9 The placebo mixture caused a 20% increase in ratio

Trp/ILNAA at t5 relative to baseline, but not at t9.

Sex

No sex differences were present for the effects of ATD on cognitive measures, mood

scale« or blood parameters.

Discussion

The primary aim of this study was to investigate the effects of lowered 5-HT synthesis by

ATD on memory functioning. It was hypothesised that ATD would lead to impaired long-

term memory performance due to a disruption of memory consolidation during the first

30 minutes after acquisition of new information. Our data show that the induction of ATD

one hour after presentation of a wordlist (post-learning) did not affect long-term memory

function. Both delayed recall and recognition of those words were not impaired when

tested 5 hours later, during a depleted state, indicating that both retrieval and storage

were unaffected. This is consistent with the notion that ATD interferes with consolidation

primarily within 30 minutes after acquisition. Although unfortunate, the initial values

difference for the immediate recall and 30 minute delayed recall does not essentially

influence the results. Subsequently, we presented a new wordlist five hours after ATD.

ATD impaired both delayed recall and recognition of these words 30 minutes after their

presentation. These effects were not due to impaired learning since no effects were

seen on immediate recall. Although both recall and recognition of these words were still

impaired when tested 4 hours after presentation, no additional impairment was seen

after this 4-hour delay. It thus appears that the detrimental effect of ATD is located

mainly in the period between immediate recall and 30 minute delayed recall and

recognition, ergo within 30 minutes after acquisition. The impairment is then preserved,

but not augmented, over time.

Following this premise, memory tests which do not incorporate delayed

assessment or do not require long-term storage of new information are likely to fail to

detect memory effects of ATD. Park et al. (1994) reported a specific impairment of

learning and retrieval processes after ATD. However, except for paired associates

learning, where ATD increased the number of trials needed to learn the spatial locations,
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none of the memory tests showed an effect of ATD. These memory tests essentially

required immediate retrieval or assessed autobiographical memory, and neither of the

tests involved consolidation of newly learned material over a longer period of time.

Also, it appears that the timing of the manipulation is important when

investigating the role of serotonin in specific memory functions Our data indicate that

reducing central 5-HT activity during or immediately after acquisition would disrupt

memory function, whereas a reduction of 5-HT activity pre-retention would not The

timing of the 5-HT manipulation and its cognitive effects have been an issue of debate in

the literature on animal studies for several years Based on their expenments with 5-HT

antagonists in mice Altman & Normile (1988) concluded that "pretram antagonist

administration may interfere with some postlearning memory process, only if the drugs

were present during or immediately after acquisition" However, as is generally the case

with the studies on serotonin and cognition, the results on this matter are far from

consistent The induction of the 5-HT manipulation at different moments in time provides

a method to discriminate between the specific effects of serotonin on different memory

processes, e g learning, retrieval and consolidation The application of this method in

human studies, combined with more rapid serotonergic manipulations, is needed to

further clarify the role of serotonin in memory functions.

As for the secondary cognitive assessments, the most striking outcome is the

enhancement of focussed attention functions by ATD Performance on the Stroop Test

and the Dichotic Listening Task was improved after ATD, thus showing that the effect

occurred for visual as well as auditory stimuli Findings suggesting a beneficial effect of

ATD on focussed attention functions have been reported previously Stroop performance

was improved after ATD in schizophrenic patients (Rosse et al., 1992) and in normal

subjects (Rowley et al.. 1997) Coull et al (1995) found that ATD speeded the response

to incompatible stimuli by attenuating the interference caused by stimulus - response

incongruity in a focussed attention task However, to our knowledge this study is the first

to demonstrate that ATD enhances focussed attention for auditory stimuli as well. This

independence of modality emphasizes the robustness of the effect and strengthens the

suggestion that central processing rather than perception is augmented by ATD

Planning functions were not affected by ATD. as reflected by an absence of

effects in both accuracy and time needed to solve the problems of the Tower of London

It should be noted, however, that a substantial number of missing data and the lack of

baseline values limited the statistical power of this test Nevertheless, our results are

consistent with those of Park et al (1994), who found no evidence for an effect of Trp

depletion on several tests assessing frontal lobe function, including the Tower of
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London, working memory and attentional set-shifting. In our study, tryptophan depletion

reduced the decision time at t5 without affecting the total time It appears that subjects

started to move the balls sooner but subsequently needed more time to think while

moving the balls. This would be indicative of increased impulsivity, rather than an

improvement in planning function itself At t9 these subjects may have applied a more

cautious strategy, perhaps being aware of the consequences of an early start. In this

•tudy we did however find some evidence for ATD to affect frontal lobe functions. The

verbal fluency test is known to be sensitive to frontal lobe dysfunction (Lezak, 1995) and

performance on this test was improved during ATO, albeit only at t5 Also, since the

frontal cortex is involved in the process of focussed attention (Lezak, 1995). the positive

effects of ATD on the Stroop and Dichotic Listening Task may well be due to frontal

changes Removal of the inhibitory actions of 5-HT on other neurotransmitter systems,

e.g. dopamlne, noradrenaline and acetylcholine, may be involved in this mechanism

(Robbins, 1997).

The plasma amino acid analysis showed that a rapid depletion of plasma

tryptophan was accomplished in all subjects. The effect of the addition of carbohydrates

and fat to the amino acid mixture has been discussed by Riedel et al. (1999) and the

MD/fat mix presumably does not alter the effects of ATD on brain Tip availability. The

reduction in plasma Trp levels (63%) and Trp/JLNAA ratio (79%) at t5 is somewhat

modest compared to the other studies which typically achieve a 75% respectively 90%

reduction. In our study subjects were allowed to spread the consumption of the amino

acid drink over a two hour period and this is likely to cause a more modest but prolonged

state of depletion. Nevertheless, both plasma Trp levels and Trp/£LNAA are

convincingly low to assume a reduction of 5-HT activity due to central tryptophan

depletion. A neutral Trp/JLNAA ratio during the control condition was not accomplished

by increasing the amount of L-Tryptophan to 4.6 g in the placebo mixture. The placebo

mixture produced a 20% rise in Trp/£LNAA ratio at t5 Consequently, elevated

Trp/JTNAA ratios may have increased 5-HT synthesis during the placebo condition,

thereby overestimating the behavioural effects of ATD. One could even pose that this

increase may be linked to some of the observed cognitive changes at t5, notably those

of the word learning test and fluency test, for which the effects disappear at t9 This

would imply that increased 5-HT activity actually improves memory. However, the fact

that ATD was found to produce memory deficits compared to a placebo condition in

which Trp/£LNAA ratios were reduced as well (Riedel, 1999). strongly argues against

this notion. Alternatively, one could speculate that some unknown adaptive response to

a reduction in 5-HT activity or even to reduced precursor availability occurred. Once
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again, this matter emphasizes the importance of a truly neutral control condition for ATD

experiments. As yet we assume that the primary mechanism responsible for the

observed effects is lowered 5-HT function dunng the ATD condition. It has bMH pOMd

that the use of a Trp-free amino acid mixture may independently increase catecholamine

turnover (Danjou et al., 1990) Lowered plasma Tip levels may stimulate the transport of

the catecholamine precursor tyrosine into the brain, due to reduced competition for

mutual transport sites However, in our study the ratio between tyrosine and the

competing amino acids increased only slightly (t5: ±15%, t9: ±14%) in both the ATD and

placebo condition. It is therefore unlikely that elevated catecholaminergic activity was

responsible for the observed differences between treatment conditions. Furthermore,

even substantial tyrosine loading will not necessarily increase catecholamine synthesit

(Young, 1996). The ratios for phenylalanine, which can be converted to tyrosine, alto

remained constant (at 10%) between treatment conditions.

No substantial effects of ATD were seen on mood parameters Although an effect

was present for the vigour scale of the POMS, this existed only at t9, whereas all

observed cognitive changes already occurred at t5 Apparently the observed cognitive

changes were not mediated by alterations in mood state The absence of mood effects

in this study is consistent with the notion that mood-lowering effects of ATD

predominantly occur in genetically vulnerable subgroups (Benkelfat et al, 1994;

Klaassen et al.. in press). Indeed, in the present study none of the subjects had a family

history of depression.

Women have been found to be more susceptible to mood effects of ATD

(Ellenbogen et al, 1996), but little is known about sex differences with regard to cognitive

effects of ATD Our data did not show sex differences in the effects of ATD on the

cognitive functions or mood assessments. However, the present study was not

specifically designed to investigate sex-related differences in the response to ATD, and

failure to detect differences may be due to a type II error as a result of small group size«

(9 men vs. 8 women). Since women show a more pronounced reduction in brain 5-HT

synthesis after ATD (Nishizawa et al., 1998) it is conceivable that women are more

sensitive to the cognitive effects of ATD. Future studies are needed to clarify this. We did

not control for phase of the menstrual cycle during testing, consequently some phase

dependent variation in mood and perhaps cognitive performance may have occurred.

Ideally, female volunteers should be tested in the follicular phase. However, as to

memory performance only modest effects of menstrual cycle are expected in healthy

women (Sherwin, 1994) Also, lack of sex differences on any of the outcome measures

seem to indicate that phase of menstrual cycle did not affect results in a major way.
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In conclusion, this study provides corroborating evidence that lowered 5-HT

function specifically interferes with long-term memory consolidation in an early phase.

Multiple assessments and the induction of ATO after acquisition of new information

enabled us to further specify the nature of the memory deficits seen after ATD. showing

that retrieval and short-term memory functions remain intact. Exploration of the effects of

ATD on other cognitive function particularly identified focussed attention, which showed

a modality independent improvement by ATD, as a promising target for future research

into the relationship between serotonin and cognition.
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CHAPTER 3

SSR/s' P/?armaco/og/ca/ Profif/e

and Cog/?/f/ve Effects

Abstract

The current study was carried out to investigate the cognitive effects of two

serotonin reuptake inhibitors (SSRIs). sertraline and paroxetine, with special

reference to differences in their affinity for other neurotransmitter systems,

i.e anticholinergic activity of paroxetine and putative dopamine reuptake

activity of sertraline The study was conducted according to a double-blind,

3-way cross-over design. During three treatment periods of two weeks,

twenty-four healthy middle-aged (30-50 years) subjects of both sexes

received sertraline (50 mg on day 1-7, 100 mg on day 8-14), paroxetine (20

mg on day 1-7, 40 mg on day 8-14) and placebo Paroxetine specifically

impaired delayed recall in a word learning test at both the 20- and 40-mg

dose. Sertraline did not affect word learning but improved performance on a

verbal fluency task at a dose of 50 and 100 mg Neither drug affected

performance on a short-term memory scanning task These subtle but

significant changes in cognitive performance can be explained by subtle

differences in pharmacological profiles of these SSRIs Paroxetine«

additional anticholinergic effects could account for its induction of long-term

memory impairment. Likewise, sertraline's additional dopaminergic effects

could account for its induction of slightly improved verbal fluency The

impairing and facilitating cognitive effects of paroxetine and sertraline

respectively, may be more pronounced in the elderly depressed patient.

Jaroan AJ . SchmM. Mot*»» J. (Cubing« & V * n J. R M M
Accepted «or puMcaOon, Journal of P«ychophamiacotofly. 2001
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Introduction

Selective serotonin reuptake inhibitors (SSRIs) have been shown to be effective in the

acute treatment of depression Common to all SSRIs is their ability to powerfully block

the reuptake of serotonin into the presynaptic neuron, and this is believed to be the basis

of the therapeutic effect Compared to the older tricyclic antidepressants (TCAs) which

affect multiple neurotransmitter systems, SSRIs target the serotonergic system much

more selectively. However, SSRIs are not entirely devoid of effects on other

neurotransmitter systems, and these additional pharmacological activities may have

Implications for their clinical profile The individual potency to affect other

neurotransmitter systems may be associated with the efficacy of long-term treatment,

treatment of certain subgroups of patients, and the occurrence of unwanted side-effects,

including those related to cognitive functioning (Richelson 1996).

Sertralme and paroxetine are the most potent inhibitors of serotonin reuptake

currently available (Hyttel 1994). Their pharmacological profile with regard to other

neurotransmitter systems, however, is very different. Paroxetine has a relatively high

affinity for muscarinic-receptor blockade compared to other SSRIs. Paroxetine's in vitro

affinity for muscarinic acetylcholine receptors was found to be six times that of sertraline

(Hyttel 1994), comparable to that of the TCA imipramine and higher than that of the TCA

nortriptyline (Richelson 1996). In contrast, sertraline is a inhibitor of dopamine reuptake

compared to other SSRIs, although its dopamine reuptake blocking properties are still

100-fold lower than its serotonin reuptake blockade properties. Sertraline was

demonstrated to inhibit dopamine reuptake in vitro with one-third the potency of d-

amphetamine (Bolden-Watson and Richelson 1993). Sertraline has not been shown to

increase prolactin levels in humans (Gordon et al. 1998). Since prolactine release in

stimulated by serotonergic input but inhibited by dopaminergic input, this may be

indicative of significant dopaminergic stimulation by sertraline /'n wvo in humans.

Improvement of memory functions in depressed patients has often been reported

following antidepressant treatment (Allain et al. 1992; Fudge et al. 1990; Siegfried and

O'Connolly 1986). It is difficult, however, in clinical studies to rule out the effect of

alleviation of depression on memory improvement. In a clinical study we found

improvement of long-term memory starting two weeks after treatment with trazodone.

Improved memory performance, in contrast to improved mood, reverted to its impaired

baseline level, shortly after halting the treatment. This strongly suggested a

pharmacologically mediated improvement of memory performance, putatively associated

with trazodone's specific serotonergic effects (Riedel et al. 1999b). In healthy volunteers,
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the effects of serotonergic manipulations on memory functions are even less well known

Acute tryptophan depletion has been shown to impair learning and memory (Park et al

1994. Riedel et al 1999a, Schmitt et al 2000). whereas putative long-term serotonergic

depletion in ecstasy users is also associated with impaired memory and other higher

cognitive functions (McCann et al. 1999) Augmentation of serotonergic function in

healthy volunteers has few effects on cognitive functions (Amado-Boccara et al., 1995).

Acute effects on memory and learning have hardly been reported and studies of

(sub)chronic administration of serotonergic antidepressants are entirely lacking in th«

literature There is one report however, in which the subchronic administration of the 5-

HT1A agonist flesinoxan to healthy elderly volunteers induced improved memory

performance (Van Harten et al 1996).

Based on the pharmacological distinctions between paroxetine and sertraline one

may predict specific cognitive functions to be affected by these drugs Studies with

scopolamine have shown that transferal of information to long-term memory and its

retrieval during recall is extremely sensitive to muscarinic-receptor blockade (Beatty and

Bierley 1986, Riedel et al. 1997). Therefore, paroxetine's anti-muscarinic affinity may

cause specific retrieval deficits Interestingly, none of the studies on the cognitive effects

of paroxetine have included memory assessments that required storage of new

information into the long-term memory and subsequent retrieval. Impairment of working

memory functions, particularly speed of short-term memory search, has also been

related to muscarinic receptor blockade by scopolamine. A comparison of several

antidepressants revealed a linear relationship between their potency to block muscarinic

receptors and the slope of the memory search function in a memory scanning task

(Riedel et al. 1997).

There is abundant evidence implicating dopamine in executive functions or

cognitive functions which are guided by the prefrontal cortex (Luciana et al. 1998,

Volkow et al. 1998, Marie 1999). The fluency task is considered an executive task which

has been shown to be sensitive to frontal lobe dysfunction (Lezak 1995) Performance

on fluency tasks was found to sensitive to dopaminergic manipulation. For example, low

doses of the O2 dopamine receptor agonists bromocriptine has been shown to improve

fluency performance in subjects with traumatic brain injury, without affecting tasks which

do not require executive control (McDowell et al. 1998). In contrast, reduction of

dopaminergic activity by administration of the D1/D2 receptor antagonist halopendol in

patients with spasmodic torticollis reduced the number of words produced in a verbal

fluency test (Berger et al 1989). Sertraline's dopaminergic activity may thus facilitate

performance on a verbal fluency test. Furthermore, given the involvement of dopamine in
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motor activation (Luciana et al. 1998; Robbins 1997), sertraline may also speed up

reaction times in a memory scanning task by facilitating response selection and

execution. Such an effect would be reflected by a decrease of the intercept of the

memory search function.

The present study was carried out to assess the specific cognitive effects of

subchronic treatment with sertraline and paroxetine, using those tests which are thought

to be most sensitive based on drugs' distinct pharmacological profiles. We hypothesized

that delayed recall performance in a word learning test would be negatively affected by

paroxetine, but not by sertraline In addition, we expected paroxetine and sertraline to

have differential effects on memory scanning performance. Paroxetine was predicted to

reduce the speed of short-term memory search, as would be reflected by an increased

slope, whereas sertraline would decrease the intercept of the memory search function by

facilitating motor activation. Sertraline was further expected to improve performance on a

verbal fluency task. , j ,:,-,- -,-.;. ^,-.;.. -„ -, . - ,„, ,^,T, • -.-

Materials and Methods ^ : ?

Sub/ecto

Twenty-four healthy subjects (13 men, 11 women), aged 30-50 years were recruited

through newspaper advertisements. Subjects underwent extensive medical screening,

including ECG, blood hematology and chemistry, urine tests, and tests for drug abuse

and pregnancy. Subjects were excluded if they suffered from, or had a history of,

cardiac, hepatic, renal, pulmonary, neurological, gastrointestinal, hematological or

psychiatric illness. All subjects scored below the depression threshold (< 50) on the

Zung Depression Scale (Zung 1965). Other exclusion criteria were excessive drinking,

pregnancy or lactation, use of medication other than oral contraceptives, use of drugs,

and any sensory or motor deficits which could reasonably be expected to affect test

performance. The study was approved by the Medical Ethics Committee of Maastricht

University and the Maastricht University Hospital's Board of Directors. All subjects gave

a written informed consent prior to participation.
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Design

The study was conducted according to a randomized, double-blind, placebo-controlled,

3-period cross-over design Treatment periods lasted 14 days and were separated by

wash-out periods of 14 days Treatment order was balanced over the thra« period«.

Tmafmenf

In the respective conditions, subjects were treated with the following medication«:

paroxetine 20 mg on day 1 to 7. followed by paroxetine 40 mg on day 8 to 14; sertraline

50 mg on day 1 to 7. followed by sertraline 100 mg on day 8 to 14, and placebo.

Medication was taken in the morning as one single oral dose consisting of on« (day 1-7)

or two (day 8-14) capsules.

Procedure - *

The subjects underwent three treatment periods of two weeks (figure 1) Approximately

one week prior to the first treatment period the subjects practiced the complete cognitive

test battery to minimize learning effects Assessments were done on the day preceding

each treatment period (day 0). and on days 7 and 14 of each treatment period All

measurements were done between 12 00 p m and 6 00 p.m. Subjects were instructed to

arrive at the laboratory well rested Upon arrival, subjects were seated in a soundproof

test room, where they completed the cognitive test battery Instructions were given

through an intercom installation. During the treatment periods subjects were not allowed

to drink alcoholic beverages. Consumption of alcohol was limited to 2 glasses a day

during the 14-day wash-out period. Female subjects were tested for pregnancy before

the start of each treatment period.

Cognitive Assessment ' "^ * ;«2*

For each of the assessments parallel versions of the cognKive tests were used The

parallel versions were balanced over test times using a latin square.
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Sertralmc
Mmg 100 mg
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Paroxetlne
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Figure 1: Scnemat/c rsprvsenfaffon of fh« study tvrf/i an sxsmp/« of a treatment wrter fsen>B//ne-
paroxetme-p/eceto/ For sertra/me and paroxef/ne fne dose was doi/6/ed /n each second week
D/amonds /«präsent the moments of /ne coon///ve assessments, twtn open diamonds

The V/st/a/ Verba/ /.oam/np fest (WZ.17

This teat is an adapted version of the Auditory Verbal Learning Test (Rey 1964). Fifteen

words are pres

ented in the same sequence in three trials on a computer screen. Each trial ends with a

free recall of the words (immediate recall). Thirty minutes after the first trial, the subject is

requested to recall as many words as possible (delayed recall). This is followed by a

recognition test, consisting of the 15 previously presented words and 15 other but

comparable words, in which the subject has to respond "YES / NO" as quickly as

possible to indicate recognition of the word (delayed recognition). The proportion of

correctly recognized words (cr) and the proportion of falsely recognized (fr) constitute the

non-parametric sensitivity measure: A' = 1 -1 /4 (fr/cr + (1-cr)/(1-fr)) (Pollack and Norman

1964). A' is in fact the proportion of correctly recognized words, corrected for the

subject's response tendency. Outcome parameters were the proportion of the maximum

number of words recalled in either of the three immediate recall trials as a measure of

short-term memory, the proportion of the number of correct words on the delayed recall

as a measure of retrieval from long-term memory, and sensitivity measure (A') as a

measure of storage in long-term memory. All outcome parameters are arcsin

transformed before they entered statistical analysis because of their skewed distribution.

Verba/ F/uency Tes/ (Luteijn and van der Ploeg 1983).

The fluency test can be regarded as a measure of strategy-driven retrieval of information

from semantic memory. The subjects are asked to produce as many four-letter words as

possible starting with a given letter, within one minute. The number of correct responses

and errors are recorded. Nonsense words and names were not accepted, but
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conjugations and plurals were allowed Starting letters were B. H, R, L, P. K, D, G and

M. These letters yielded a high and similar number of correct responses (average: 10 1

to 11.0 words) in a comparative study with 40 subjects (Jolles and Houx, unpublished

•)

Memory Scann/ng TasA.

The subjects were briefly shown a set of 1 or 3 letters and told to memorize them This It

called the "memory set" (Sternberg 1969) Subjects then saw a series of 75 letters, each

displayed to them for 1000 msec on a computer screen, followed by another 2000

msec before the next letter appeared Half of the presented letters were part of the

memory set and had to be recognized as targets The subjects' task was to decide and

respond as quickly as possible by pressing either a 'YES' or 'NO' button to indicate

whether or not each successive letter was one of those contained in the memory set.

The median of the correct responses (targets and non-targets) was taken as a

dependent variable Individual RT * set size function were calculated This function is

defined by the equation RT=A*Ss + B, in which A = slope of the function (i.e. the amount

of extra time needed per item in the memory set), Ss = size of the memory set, and B •

intercept with the Y-axis The slope is a measure of the speed of scanning short-term

memory whereas the intercept measures sensohmotor speed.

Statfsf/ca/ ana/ys/s

Outcome variables of the cognitive tests were analyzed using a repeated-measure

ANOVA using baseline scores as covariates Treafmenf (placebo/ sertraline/ paroxetine)

and f/me of assessment (7 days/14 days after start of the treatment) were entered as

within-subjects factors Sex was entered as between-subjects factor to investigate the

main effect of sex and frearmenf by sex interaction In addition, separate drug-placebo

comparisons were carried out, regardless of the outcome of the overall F tests. This Is a

legitimate procedure if the comparisons are built into the design or suggested by the

theoretical basis of the experiment (Winer. 1971). If no significant sex or sex by

freafmenf effects were found in the initial overall analyses the factor sex was omitted in

the subsequent drug-placebo comparisons.
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Results

M/«s/ngr ctote

Twenty-one subjects completed the study Two men withdrew for reasons unrelated to

the study One woman did not continue after paroxetine treatment in the first treatment

period following complaints of nausea and light-headedness. Two of the remaining

twenty-one subjects had incomplete data sets One man could not be tested on day 7 of

the placebo period due to personal circumstances, and no memory scanning data were

available for one man at the baseline assessment for the sertraline period due to

computer failure.

Cogn/f/ve feste

The results of the cognitive assessments are presented in table 1.

V/sua/ Verba/ Leam/ng Tesr

Maximal number of words recalled during immediate recall was not affected by sertraline

or paroxetine treatment at either dose. Thirty minute delayed recall showed a main

treatment effect (F2,35=4.27, p<0.05), but no main effect of time or a treatment by time

interaction. No main effects of sex or sex by treatment interactions were found in either

comparison Separate drug-placebo comparisons revealed that delayed recall

performance was decreased during paroxetine treatment (F1,18=5.26, p<0.05). No

treatment by time interaction effect was found, indicating that this effect was similar for

the 20 mg and 40 mg dose Sertraline, on the other hand, did not affect delayed recall

performance. Delayed recognition showed no treatment effect, no main effect of time, no

treatment by time interaction and no sex differences.

Verfca/ F/uency Tesf

No main effects of treatment, time or sex, or interactions between these factors were

seen in the overall analysis of the Verbal Fluency Test. However, a separate analysis

comparing the effect of sertraline to placebo revealed a main effect of treatment

(F1,18=5.85, p<0 05) The analyses showed no effect of time or a treatment by time

interaction. It appeared that sertraline improved the performance on the fluency task at

both the 50 mg and 100 mg doses Although the data showed a similar pattern for
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paroxetine, a separate comparison of paroxetine and placebo did not yield any

significant main effects of time or treatment or a treatment by time interaction.

Memory Scann/no;

Neither slope nor intercept showed a main effect of treatment or time, or a treatment by

time interaction. No main effects of sex or sex by treatment interactions were found.

Separate drug-placebo comparisons did not reveal significant differences.

Table 1 : Moans (standard deWafons; of outcome parameters of fna Wsua/ g
Tosf (WL7), Vorba/ F/uency and Memory Scanning fesf af £>ase//ne and aftor 7 and f4 days
o/ treatment wrf/i p/acefco. sertra//ne and paroxe(/no ' p<0.05 ys p/acebo

measure treatment ba—Una 7 day« 14 d a v

WLT
immediate recall (# words)

delayed recall (# words)

delayed recognition (%)

Verbal Fluency
# of correct words

Memory Scanning
intercept (msec)

slope (msec x memtoad ')

placebo
sertraline
paroxetine

placebo
sertraline
paroxetine

placebo
sertraline
paroxetine

placebo
sertraline
paroxetine

placebo
sertraline
paroxetine

placebo
sertraline
paroxetine

13.1(1.2)
13.2(1.4)
13.2(1.9)

12.0(2 4)
11.1 (2.6)
11.1 (2.9)

97.8(2 1)
97 0(2 6)
96.5 (3 5)

14.1 (5 3)
14 3(5 3)
13 9(5.8)

355 (55)
369 (45)
364(53)

45 3(19 7)
40 7(16.8)
44 8 (12.4)

13.3(1.3)
13.2(1.6)
134(11)

118(2 6)
118(2 3)
10 5(2 3)*

98 4 (6 4)
97 1 (3 0)
95 5 (4.2)

12 9(4 2)
14 4 (4 0) *
13.9(5 2)

351 (49)
358 (40)
359 (57)

47 3(119)
43 6(18.1)
43 2 (16.2)

13.2(18)
13.3(18)
13 2(1.4)

11.6(2.7)
118(3.3)
110(2 4 ) *

96 4 (3 9)
96 2 (3 7)
96.4 (3.2)

137(4.9)
15 1(4 9 ) *
14 6(4 8)

342(44)
344(44)
354(66)

46 6(13 2)
44.9(15.4)
46 3 (23 8)
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Discussion

In the present study we were able to demonstrate differential and specific cognitive

effect« of sub-chronic sertraline and paroxetine treatment, as was predicted based on

their individual pharmacological profiles. Paroxetine treatment impaired long-term

memory functioning in that it reduced the number of words recalled thirty minutes after

presentation. In contrast, sertraline treatment was associated with improved verbal

fluency performance, but had no effects on performance on the word leaning test The

hypothesised effect of paroxetine on memory scanning performance, namely an

Increase in slope of the memory search function, was not found, nor did we find the

predicted lowering of the intercept of the memory search function by sertraline The

results will be discussed in terms of each drug's affinity for non-serotonergic

neurotransmitter systems, and the clinical implications will be addressed.

Although serotonin has been implicated in memory functions, attention and

executive functioning (Altman and Normile 1988; Sirvio et al. 1994; Buhot 1997; Riedel

et al. 1999a; Schmitt et al. 2000), the observed differences in direction, as well as the

specificity of the cognitive effects of paroxetine and sertraline suggest that these

cognitive changes are not due to their shared action on serotonergic transmission.

Furthermore, the effects do not appear to be mediated indirectly though global

mechanisms, such as sedation or activation, since such a mechanism would most likely

affect multiple cognitive functions in a similar direction. Instead, the observed cognitive

changes appear to be in line with evidence implicating acetylcholine and dopamine in

specific cognitive processes.

Impaired delayed recall performance without effects on delayed recognition is a

typical pattern seen following muscarinic blockade by scopolamine (Hasselmo and

Wyble 1997; Riedel et al. 1997). In the present study paroxetine induced a similar

pattern of impairment on the word learning test, suggesting that the memory effects may

indeed attributable to muscarinic receptor blockade. Paroxetine's affinity for the

muscarinic cholinergic receptor is often qualified as weak and its clinical relevance has

been questioned (Gunasekara et al. 1998; Prakash and Foster 1999). Comparisons of

drugs' /n WJ/o anticholinergic potency may not necessarily reflect the situation ;n v/Vo.

For example, Pollock et al. (1998) found that serum anticholinergic levels in elderly

depressed patients indicated that, at therapeutic plasma concentrations (120 ng/ml),

paroxetine had approximately one-fifth the anticholinergic potential of nortriptyline, while

in wfro data suggested a higher antimuscannic potency of paroxetine (Richelson 1996).



SSRIs' NON-SEROTONERGIC COGNITIVE EFFECTS I 5f

Nonetheless, it has been shown that even low serum anticholinergic levels are

associated with memory impairment, i e. impaired retrieval of newly learned information

from long-term memory, in elderly non-demented subjects (Nebes et al 1997) In fact, in

the present study diminished delayed recall performance could be detected with the

lowest dose (20mg) of paroxetine, emphasizing the sensitivity of long-term memory

function to anticholinergic actions Furthermore, it is important to notice that the memory

effects of paroxetine persisted throughout the treatment period This is consistent with

the notion that, while the sedating effects of histaminergic or noradrenergic blockade are

most pronounced following acute administration and diminish over time due to tolerance,

the direct effects of anticholinergic actions on memory performance are resistant to

tolerance and may occur as long as the treatment continues (Ramaekera 1998;

Thompson 1991).

In the present study detrimental effects of paroxetine on long-term memory

performance were detectable in healthy middle-aged subjects In depressive patients

memory functions are already diminished (Burl et al 1995), and particularly at the

initiation of the treatment before onset of the therapeutic response, detrimental effects of

antidepressant anticholinergic activity will add to the memory deficits (Lane and

O'Hanlon 1999). Furthermore, it has been shown that sensitivity to anticholinergic effects

increase with age (Tariot et al. 1996) The combined effects of age-related and

depression-induced cognitive decline and enhanced vulnerability to anticholinergic

effects of antidepressants may result in more pronounced cognitive deficits than in

younger patients (Knegtering et al. 1994, Lane and O'Hanlon 1999) Furthermore,

elderly depressive patients are more likely to use co-medication that may have

significant anticholinergic properties (Tune et al. 1992). This may lead to significant

cumulative anticholinergic effects Therefore, especially in the treatment of the elderly

depressed patient it is important to avoid anticholinergic action when possible

The observed facilitating effect of sertraline on verbal fluency performance

appears to be consistent with dopaminergic modulation of frontal cortical areas involved

in 'higher' executive functions. In depressed patients, using SPET (Single Proton

Emission Tomography) to assess dopamine D2/D3 receptor binding, it was found that

reduced striatal dopaminergic activity was associated with impaired verbal fluency

performance as well as reduced motor speed (Shah et al 1997) It is unclear whether

the reduction in dopamtnergic activity is directly related to depression itself or the result

of serotonergic antidepressant medication, which reduces extrastriatal dopamine

concentrations (Dewey et al. 1995). However, regardless of the cause, this suggests that

a serotonergic antidepressant with some additional dopamine enhancing properties,
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such as sertraline. may attenuate a 'hypodopaminergic' state and its associated effects -

including those related to cognition - in the depressed patient (Stahl, 1998) The elderly

depressed patient may benefit even more from additional dopamine reuptake since age-

related decreases in dopaminergic activity have been associated with a decline in motor

function and performance on frontal lobe tasks (Volkow et al 1998). The observed

Improvement of fluency performance, however, may not be entirely attributable to

dopaminergic modulation, as paroxetine also was found to cause a considerable, albeit

non-significant, increase in fluency score compared to placebo. Therefore, a direct

serotonergic involvement cannot be ruled out, although such an effect needs further

InvMtlgation.

The memory scanning paradigm has been used in several studies on the

cognitive effects of antidepressants Subchronic sertraline treatment (50 mg increasing

to 200 mg daily) did not affect memory scanning performance in healthy men (Williams

et al. 1996). Similarly, subchronic treatment with paroxetine 30 mg (Hindmarch 1992) or

20 mg (Kerr et al. 1992) was found to have no effect on memory scanning performance

in young and middle-aged respectively elderly healthy subjects. Robbe and O'Hanlon

(Robbe and O'Hanlon 1995), however, found subchronic paroxetine treatment to impair

memory scanning performance only at the 40 mg dose and not at the 20 mg dose. The

effect was small and probably related to reduced sensorimotor function, but it persisted

throughout the 8-day treatment period. It seems that the memory scanning paradigm is

sensitive to significant muscarinic receptor blockade, for example with scopolamine

(Riedel et al. 1995) or amitriptyline (Robbe and O'Hanlon 1995), but may not be able to

show effects of weaker muscarinic receptor blockade by paroxetine. In addition, it

appears that the paroxetine induced impairment of long-term memory performance can

not be explained by concomitant impairment of short-term memory search.

In summary, this is the first study in which SSRIs with different additional

pharmacological properties over and above serotonin reuptake inhibition were shown to

induce detectable and specific cognitive changes. Paroxetine's anticholinergic activity

was most probably related to diminished long-term memory performance, whereas

sertraline facilitated executive functioning. The latter effect may be linked to the drug's

favorable profile regarding dopaminergic transmission. These effects were modest in

healthy volunteers, but there are indications that more pronounced effects may occur in

depressed patients, especially the elderly. This is true for the memory impairing effects

of paroxetine, as well for the cognition enhancing effects of sertraline. ,_„ ,,
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CHAPTER 4

dopa/n/ne reupfafce /n/?/7)/t/on

prevents Wg/7ance decre/nenf /'nduced by

serotonerg/c reupfa/re /n/?/b/f/on /n man
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The current study was designed to investigate the attentional effects of

subchronic treatment with the serotonin reuptake inhibitors (SSRIs)

sertraline and paroxetine. according to a placebo-controlled, double-blind.

3-way cross-over design. Twenty-four healthy middle-aged subjects, of

whom twenty-one completed the study, underwent three treatment periods

of two weeks in which they received sertraline (50 mg on days 1-7, 100 mg

on days 8-14). paroxetine (20 mg on days 1-7, 40 mg on days 8-14) and

placebo. Treatment periods were separated by 14 days washout periods

Vigilance (Mackworth Clock Test) and selective (Stroop, Dichotic Listening)

and divided attention (Dichotic Listening) were assessed at baseline and on

days 7 and 14 of each treatment period Selective and divided attention

were unaffected by SSRI treatment Paroxetine impaired vigilance

performance at both the 20 and 40 mg doses In contrast, no vigilance

impairment was found during sertraline treatment Sertraline is the only

SSRI studied so far with no detrimental effects on vigilance. This may be

due to sertraline's unique ability to inhibit dopamine reuptake This study

and previous research indicates that serotonergic stimulation is associated

with specific reduction of vigilance, which is mediated by serotonergic

Inhibition of doparmnergtc systems.

JsnMn A. J. Schmtt. Johanne« G Ramaeten. MontqiM J KruUnga.
Martin PJ van Boxtoi. Ertc F.P.M Vuurman A VMm J. Rtodtf
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Introduction

The majority of psychoactive medication poses the potential problem of sedation, a

condition generally conceived as decreased or sub-optimal wakefulness. The

maintenance of wakefulness is a brain function that is no longer considered a unitary

construct. Different neuroanatomical, neurochemical and behavioural functions

characterize its multidimensional nature Stimulus-mediated arousal, tonic readiness to

respond, voluntary effort and behavioural inhibition have been outlined as functions

controlling wakefulness, distinctly mediated by noradrenergic, dopaminergic, cholinergic

and serotonergic neurochemical modulation (Robbins and Everitt 1995, Robbins 1997).

Noradrenaline (NA) is mainly involved in rapid but transient changes in cortical arousal in

response to outside stimuli, whereas dopamine (DA) and acetylcholine (Ach) are thought

to be primarily associated with an internally-driven energetic state, which varies more

slowly and is not readily modulated by external stimulation (McGuiness and Pribram

1980; Robbins 1984). Serotonin (5-HT) is thought to dampen the activity of each of

these neurotransmitter systems, hereby promoting behavioural inhibition and cortical de-

arousal (Robbins 1997).

Indeed, augmentation of 5-HT neurotransmission has been shown to impair

human vigilance performance. The specific serotonin reuptake inhibitor (SSRI)

fluoxetine, an antidepressant drug which stimulates 5-HT neurotransmission, was found

to reduce vigilance performance, as assessed with a classical Mackworth Clock Test, in

healthy volunteers at a therapeutic dose of 20 mg throughout the treatment period of

three weeks (Ramaekers et al. 1995). Likewise, in healthy volunteers, a reduction of

vigilance performance on the Mackworth Clock Test was found following sub-chronic

administration of therapeutic doses (75-150 mg) of the antidepressant venlafaxine,

which similarly inhibits 5-HT reuptake (O'Hanlon et al. 1998). The authors of the latter

study concluded that specific serotonergic anxiolytics and antidepressants consistently

impaired vigilance without affecting other attentional functions. The SSRI paroxetine

could not be demonstrated to affect vigilance performance in healthy volunteers (Deijen

et al. 1989). However, in this study 100 mg maprotiline, an antidepressant drug known to

cause subjective drowsiness even at much lower dosages (25 mg) (Amado-Boccara et

al. 1995), did not affect vigilance performance either, suggesting the absence of effects

may be caused by insufficient sensitivity of the 'adapted' (otherwise unspecified)

vigilance task.

Serotonin is known to inhibit activity of various neurotransmitter systems that play

important roles in arousal functions and vigilant behaviour, i.e. noradrenaline.
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acetylcholine and DA (Robbins 1997), and such interactions are likely to underlie 5-HT

induced vigilance impairments However, the mechanism responsible for the 5-HT

induced vigilance impairment has not been fully elucidated Particularly, the relative

contribution of the various 5-HT interactions with each of these other neurotransmitter

systems in inducing the vigilance impairment is largely unknown A reduction of NA

activity does not appear to be a key factor in 5-HT induced vigilance impairment, since

concomitant NA stimulation by the dual action 5-HT/NA re-uptake inhibitor venlafaxine

proved ineffective in attenuating the impairment of vigilance performance by 5-HT

stimulation (O'Hanlon et al. 1998) There now seems to be accumulating evidence from

animal studies that NA is not the critical neurotransmitter specifically associated with the

maintenance of vigilance (Delagrange et al 1993; McGaughy et al 1997) Increased

rate of firing of NA locus coeruleus cells in response to novel stimuli, and subsequent

habituation after repetitive presentations (Jacobs 1987), seem to support McGuiness

and Pnbrams' (1980) notion that NA is involved in stimulus-induced phasic arousal.

Since habituation for the arousing properties of repetitive external stimulation occurs

within minutes, subsequently performance on a 45-minute vigilance tasks would depend

heavily on the internal energetic state. This type of arousal has been primarily

associated with DA systems (McGuiness and Pribram 1980; Robbins 1984). It is well

known that manipulation of DA transmission affects vigilance performance For instance,

DA antagonism by pimozide impaired performance on a sustained attention task in

healthy volunteers, whereas DA stimulation by pemoline improved sustained attention

(Nicholson and Pascoe 1990). Also, stimulation of DA transmission by amphetamine and

methylphenidate was found to facilitate vigilance performance (Koelega 1993). Thus, DA

is a likely candidate as mediator of the vigilance effects of 5-HT stimulation

Sertraline is an SSRI which inhibits 5-HT re-uptake into the presynaptic neuron

and thus stimulates 5-HT neurotransmission. However, in addition to its 5-HT activity, it

also possesses a relatively high affinity (among SSRIs) for the human DA transporter

(Tatsumi et al 1997) and may therefore facilitate DA neurotransmission as well It mutt

be noted that its DA reuptake blocking properties are still 100-fold lower than its 5-HT

reuptake blockade properties Nevertheless, sertraline was demonstrated to inhibit DA

reuptake /n wfro with one- third the potency of d-amphetamine (Bolden-Watson and

Richelson 1993) Furthermore, in contrast to other SSRIs, sertraline does not generally

increase prolactine levels in humans (Gordon et al 1998) Since prolactine release is

stimulated by 5-HT input but inhibited by DA input, sertraline's DA activity may have

attenuated 5-HT effects on prolactine release A similar attenuation of the vigilance

impairing effects of 5-HT may occur rf the vigilance decrement is mediated by lowered
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DA activity. Thus, this dual pharmacodynamic property of sertralme renders it particularly

useful in the investigation of the putative role of DA in the 5-HT induced vigilance

impairment.

The aim of the present study was to confirm and further dissect the 5-HT

mediated reduction of vigilance performance in human volunteers. Based on above

considerations, it was hypothesized that vigilance impairment following 5-HT stimulation

is primarily mediated by concomitant reduction of DA activity, in order to test this

hypothesis, we compared the effects of paroxetine, a SSRI without DA activity, to those

of the sertralme, a SSRI with mild stimulating effects on DA neurotransmission.

Specifically, it was expected that 5-HT stimulation by paroxetine would impair vigilance

performance, whereas sertraline's additional DA activity would attenuate the 5-HT

mj«riiab«r( cjvfci/rtinn .of .vjpilaruv ,-nwrfnrmarv./» 5\A/mnd|v w-A/u jpht .tn jv>nfirm th»

specificity of the effect in terms of attentional functioning. To this end we included two

tests of selective and divided attention, which were recently demonstrated to be sensitive

to 5-HT manipulation by tryptophan depletion (Schmitt et al. 2000). Lastly, since SSRI

administration may alter sleep architecture (Lindsay DeVane 1998), and this in turn may

affect daytime vigilance performance, we measured drug-related changes in sleep

quality to control for this potential confounder.

Materials and Methods

Sub/ecfs

Twenty-four healthy volunteers (13 men, 11 women), aged 30-50 years, were recruited

through advertisements in local newspapers. Mental and physical health of each subject

was assessed by means of a health questionnaire, medical examination, routine ECG,

blood hematology and chemistry, and standard urine screening. A urine test for drug

abuse and, for women, a urine pregnancy test was conducted. Excluded were those

volunteers who suffered from, or had a history of, cardiac, hepatic, renal, pulmonary,

neurological, gastrointestinal, hematological or psychiatric illness. All subjects completed

the Zung Depression Scale (Zung 1965) and scored well below depression threshold

(score < 50). Other exclusion criteria were excessive drinking (> 20 units of alcoholic a

week) pregnancy or lactation, use of medication other than oral contraceptives, use of

drugs, and any sensory or motor deficits which could reasonably be expected to affect

test performance. The study was approved by the Medical Ethics Committee of

Maastricht University and the Maastricht University Hospital's Board of Directors. All

subjects gave a written informed consent prior to participation.
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Des/gn
The study was conducted according to a randomized, double-blind, placebo-controlled.

3-penod cross-over design. Treatment periods lasted 14 days and were separated by

wash-out periods of at least 14 days. Treatment order was balanced over the three

treatment periods

Treat/nenf

In the respective conditions, subjects were treated orally for 14 days with the following

medications paroxetine 20 mg once daily, increasing to paroxetine 40 mg once daily on

the eighth day; sertraline 50 mg once daily, increasing to sertraline 100 mg once daily on

the eighth day; and placebo once daily. Medication was taken in the morning In one

capsule during the first week and two capsules dunng the second week.

Procedure
Approximately one week prior to the first treatment period the subjects practiced the test

to minimize learning effects. Assessments were done on the day preceding each

treatment period (day 0), and on days 7 and 14 of each treatment period All

measurements were done between 12 00 PM and 6 00 PM Subjects were instructed to

arrive at the laboratory well rested. During the treatment period subjects were not

allowed to drink alcoholic beverages. Consumption of alcohol was limited to 2 glasses a

day during the wash-out period Female subjects were tested for pregnancy before the

start of each treatment period.

Upon arrival, subjects completed the Groningen Sleep Quality Scale (see below)

and were then seated in a soundproof test room They first completed a cognitive test

battery, which included the Stroop Color Word Test and Dichotic Listening Task (see

below). Subsequently, vigilance performance was assessed using a 45-minute

Mackworth Clock Test (see below) Finally, a 10 ml Woodsample was taken.

Affent/on tests
Mac*wwtf) Ctoc/t Test.

This test has been extensively used in studies on human vigilance performance

(Mackworth 1961) Subjects were seated in front of a computer screen displaying a

circular arrangement of 60 dots simulating the second marks on a clock Dots were

briefly illuminated in clockwise rotation at a rate of one per 500 milliseconds Usually the

rotation proceeded with a 6-jump Subjects were instructed that at rare, irregular
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intervals the target would proceed with a 12 - jump by skipping one of the dots in the

normal sequence This double jump was the signal to which subjects were required to

respond by pressing a button as quickly as possible A response made within 4 seconds

after the occurrence of a signal was registered as a correct detection A total of 30

signals were presented during the 45-min task. Ten signals occurred within each

successive 15-min period, with intervals ranging from 8 seconds to 7.2 minutes

Outcome measures were the number of correct detections and the corresponding

reaction times, and the number of false detections.

Sfroop Co/or WOTT/ Teat

The Stroop Test has often been used to test selective attention (Stroop 1935). The test

consists of three cards. First, a card with a hundred color names must be read as quickly

as possible, followed by a card in which the same number of colored patches must be

named. On the third card color names are printed in incongruously colored ink. The color

of the ink must be named, without paying attention to the word itself. The outcome

parameters of this test are the time needed to complete each card and the interference

measure. The latter denotes the percentage of extra time needed to complete card III,

relative to the average of card I and II: (time card III / ((time card I + time card ll)/2)) *

100%.

D/c/?of/c /./sfen/ng 7as/c

Dichotic listening can be used to test both selective attention and divided attention for

auditory stimuli. Subjects receive two different auditory stimuli simultaneously though a

stereo headphone, one stimulus on each side. The stimuli are numbers ranging from 1 to

200, presented at random and natural-speech spoken by a male voice. The test consists

of three subtasks in which subjects are instructed to focus on either the right channel,

the left channel or on both channels, and to remember these numbers. The subtasks in

which subjects must focus on one side, while ignoring the other, can be regarded as a

selective attention task. The subtask in which stimuli from both sides have to be

remembered is a divided attention task Each of the three subtasks is made up of nine

trials, in which 2, 3, or 4 stimuli pairs are presented in random order. After each trial the

subjects must identify the appropriate numbers from a list of numbers on a computer

screen. This list is composed of all presented numbers, plus the same amount of other

numbers. Outcome variables are the total number of correctly identified stimuli, total

number of stimuli identified from the wrong side, and number of false alarms (numbers
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which were not presented) Performance on each subtask is assessed by calculating

sensitivity measures, similar to those used in the W I T .

Sub/ectfve S/eep Qu«//(y
Subjective quality of sleep was assessed using the Groningen Sleep Quality

Questionnaire (Mulder Hajonides van der Meulen 1981). This questionnaire consists of

14 statements regarding the quality of sleep over the past week Subjects agreed or

disagreed with each of the statements Maximum score is 14. indicating severely

disturbed sleep, and minimum score is 0, indicating no sleeping problems.

8/ood samp//ng
Blood (10ml) was collected by venipuncture on days 0, 7 and 14 at the end of each

cognitive test battery. Blood samples obtained in the paroxetine and sertraline periods

were assayed for the appropnate drug using a reverse phase high performance liquid

chromatography (HPLC) procedure with ultraviolet detection, with a detection limit of 10

ng/ml for the paroxetine assay and 5 ng/ml for the sertraline assay.

Stof/st/ca/ ana/ys/s

Results of the attention tests and subjective sleep questionnaire were analyzed using

repeated-measures analyses of variance (SPSS 6 1 on an Apple Macintosh) Within

subjects factors were Treafmenf (paroxetine. sertraline, placebo) and Day of assessment

(day 7, day 14). Respective baseline values of each treatment period (day 0) were

entered as co-vanates to correct for pre-treatment level of Performance.

For analyses of the Mackworth Clock Test the additional factor 77me on ras*

(performance at 15, 30 and 45 minutes) was included and the data were tested for a

main effects of 7>me on fasfc and Treafmenf by 77me on fas* interactions Main effects of

Treafmenf (p<0 05) were further investigated using separate comparisons between drug

and placebo and between paroxetine and sertraline In this case, analyses were rerun

using two levels of the factor 77eafmenr (drug, placebo, or paroxetine, sertraline)

Sex was entered as a between-subject factor in each initial overall analysis, but

was omitted in subsequent comparisons if no significant gender differences were

apparent. False detections in the Mackworth Clock Tests were not normally distributed

and were analyzed using Friedman's non-parametric ANOVA. Outcome variables were

not tested for the effects of treatment order Treatment order was fully counterbalanced

for the initial 24 subjects and counterbalancing was not severely compromised by the

withdrawal of the three subjects (see below), who each had a different treatment order.
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Alto, learning effects were minimized by the use of a pre-study training session.

Furthermore, the study design, which incorporates multiple baselines and a placebo

condition, ensured ample control for possible order effects.

Results

Dropout« and m/**/ng
Twenty-one subjects completed the study (table 1). One woman withdrew in the first

period, during paroxetine treatment, with complaints of nausea and light-headedness.

Two men dropped out for reasons unrelated to the study; one man was in the sertraline

condition, the other withdrew before starting the first treatment period The subjects who

completed the study provided complete data, with the exception of one man who could

not be tested on day 7 during placebo because of unforeseen personal circumstances.

Table 1: Demograph/c c/?aracforisf/cs offhe sub/ecfs who compfetec/ fhe sfudy.

n

aae (vrs)

mean (sd) range

height (cm)

mean (sd) range

weight (kg)

mean (sd) range

men 11 36.4(5.6) 30-49
women 10 39.4(6.6) 31-47

179.0(6.7) 171-188
166.5(7.0) 152-177

78.7(9.1) 63-92
64.9(14.6) 50-95

Ättenf /on teste

MacfcwortA) CtocA Tesr

The number of correct detections (figure 1) of the Mackworth Clock Test showed main

effects of Treatment (F2,35=3.49, p<0.05) and Time on task (F2,35=6.04, p<0.01), but

no main effects of Day or Sex. There were no significant interactions. Lack of a

significant Treatment by Time on task interaction lead to the use of the total number of

correct detections over 45 minutes for subsequent analysis of the correct detections.

These drug-placebo comparisons revealed that paroxetine reduced the number of

correct detections (F1,18=7.58, p<0.05), whereas sertraline did not significantly affect

this task parameter. No main effect of Day or a Treatment by Day interaction was found

in either comparison. Also, no main effects or interactions were found in a comparison

between paroxetine and sertraline.
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Reaction times of the correct detections (figure 1) showed a main effect of Time on task

(F 2,35=5 45, p<0 01) In addition, the main effect of Treatment approached a significant

level (F2,35=2 90=0 07) No main effects of Day or Sex were found, and no significant

interactions between Treatment. Time on task. Day and Sex were present The observed

trend for a main effect of treatment lead us to perform additional analyses to explore this

effect. No significant main effects or interactions were found in separate drug-placebo

comparisons However, paroxetine showed a trend to prolong reaction times

(F1.18=4 21, P=0 06). whereas sertralme appeared to speed up responses (F1,18=3 97,

p=0 06) A separate comparison between sertralme and paroxetine revealed a main

effect of Treatment (F1,19=7 03, p<0 05), but no main effect of time or a Treatment by

Day interaction No effects were found for the number of false detections.

Sfroop Co/or Word 7esf

No main effects of Treatment, Day, or Treatment by Day interactions were found for card

I, card II, card III or the interference measure of the Stroop Test None of these analyses

showed a main effect of Sex or a Sex by Treatment interaction.

D/Cf?of/c L/sfen/ng Tasfc

No main effects of Treatment or Time, or Treatment by Time interactions were present

for the performance on subtasks "left" and 'right', or on subtask 'both'. No main effects of

Sex or Sex by Treatment interactions were found.

Sub/ectrVe S/eep Qua//ty

Subjective sleep quality showed a main effect of Treatment (F2,37=7 76, p<0 01) but no

main effect of Day or a Treatment by Day interaction The analysis further revealed a

significant Treatment by Sex interaction (figure 2). Consequently, analyses were

conducted for men and women separately It was found that Treatment did not affect

sleep quality of the male subjects, but women's sleep quality showed a main effect of

Treatment (F2,17=10.24, p<0.001). No main effects of Day or Day by Treatment

interactions emerged from these analyses Separate drug-placebo comparisons for

women revealed that paroxetine significantly reduced women's sleep quality compared

to placebo (F1,8=15.44, p<0 01) Sertralme did not significantly affect women's sleep

quality No main effect of Day or Treatment by Day interaction was found for paroxetine

or sertralme A comparison between paroxetine and sertralme revealed a main effect of

treatment (F1,8=7.89, p<0.05) but no main effect of Day or a Treatment by Day

interaction
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Tabl« 2: Mean (s/andarc/ dewaf/onj number of fo/se a/arms of Macfctvort/) C/oc/c Tos*, and
ou/come variaWes of fha S/roop Cotor Word Tesf and D/chote L/sfenmo fas* on day
and a/Jer 7 and f 4 days of rreafmenf wrfh p/acebo. pa/oxef/ne or se/fra/tne

MEASURE

Mackworth Clock T««t

# falta alarms

Stroop Color Word T*st

time card I (tec)

time card II (sec)

time card III (sec)

interference (%)

Dlchotlc Listening Task

left side sensitivity (%)

right side sensitivity (%)

both sides sensitivity (%)

Treatment

placebo
paroxetine
sertralme

ptaostoo
swtralina

paroxetine

placebo
sertralme
paroxetine

placebo
sertralme
paroxetine

placebo
sertraline
paroxetine

placebo
sertraline
paroxetine

placebo
sertraline
paroxetine

placebo
sertraline
paroxetine

davO

2 05 (3 42)
140(190)
100(2 05)

35 6(4 5)
35 4 (4 4)

35.7 (4.9)

42.6 (8.7)
42.1 (7.5)
42.6 (9.0)

61.9(13.4)
64.3(14.7)
62.2(15.8)

57.8 (15.7)
64.9(21.7)
57.8(17.3)

89.4 (6.2)
86.4(9.1)
89.5 (10.2)

91.2(6.2)
91.7(8.3)
91.7(8.1)

84.3 (2.9)
84.0 (2 2)
85.5(2.1)

dav7

100(145)
0 70(103)
0 85(139)

35 5 (6 0)
35 9(5 2)

35.2(5.1)

41.8(7.9)
41.8(7.0)
41.3(7.9)

61.2(13.0)
60.4 (12.4)
60.6(16.2)

58.2(17.3)
55.3 (18.8)
57.4 (20.7)

90.4(7.1)
90.9 (6.2)
90.1 (4.5)

92.7 (5.8)
92.2 (7.6)
93.5 (5.4)

84.6 (2.8)
85.0 (3.3)
84.9 (2.9)

dav14

0 70(1 13)
0.75(125)
0.70 (0.87)

36 2 (6 0)
36 9 (8 8)

36.0 (7.7)

41.1 (7.2)
417(9.8)
42.0 (9.7)

60.2(13.8)
59.6 (12.6)
60.1 (15.5)

55.2 (20.9)
52.2 (14.8)
53.8 (17.6)

90.5(6.1)
91 3(6.1)
91 1 (4.8)

92.8 (7.5)
91.7(9.4)
92.7 (5.4)

85.4 (3.0)
85.3 (3.3)
85.0 (2.7)
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P/wms drug /eve/*
Mean (standard deviation) plasma paroxetine concentrations were 36 7 (24.7) ng/ml on

day 7 and 70 4 (54.2) ng/ml on day 14 Sertrahne concentrations were 17 8 (7 9) ng/ml

on day 7 and 41.8 (23.0) ng/ml on day 14. No detectable drug concentrations were

prtMnt on day 0.

Discussion

The results of the present study show that, in accordance with our hypothesis, vigilance

performance Is adversely affected by subchronic administration of the SSRI paroxetine.

Administration of paroxetine reduced the number of correct detections in the Mackworth

Clock Test by approximately 11% compared to pre-treatment level of performance. In

addition, the speed of the remaining correct detections appeared to be decreased with

paroxetine, although this effect just failed to reach a significant level. A predicted,

sertraline had no significant effect on the number of correct detections, although the data

suggest that a small, non-significant reduction of the number of correct detections

occurred with sertraline as well. However, in contrast to paroxetine, sertraline treatment

was associated with a trend to increase response speed. Neither SSRI affected selective

or divided attention.

A review of the studies conducted in our laboratory show that impaired vigilance

performance following sub-chronic antidepressant administration in healthy volunteers is

consistently found (table 3). A distinction must be made, however, between

antidepressants that target the 5-HT system specifically (SSRIs) and those with

significant affinities for other neurotransmitter systems. Impaired vigilance performance

following mianserin (O'Hanlon et al. 1998) and dothiepin (Ramaekers et al. 1995) is most

probably due to their antihistaminergic respectively anticholinergic actions, causing

general sedation (Riedel et al. 1998) Consequently, these drugs diminish performance

in a wide array of cognitive functions (Fairweather et al. 1997; O'Hanlon et al. 1998;

Weinstein et al. 1996) The cognitive effects of SSRIs, on the other hand, appear to be

limited to a rather specific impairment of vigilance performance In the current study no

effects of paroxetine or sertraline were seen on divided and selective attention. Similarly,

venlafaxine reduced vigilance performance without affecting psychomotor functioning

(O'Hanlon et al 1998). However, despite this apparent specificity for impairing vigilance

performance, it is possible that 5-HT stimulation may in fact induce general sedation

through /'nd/recf inhibition of cholinergic. histaminergic, DA and/or NA activity The net

effect would be similar to that of direct blockade of these neurotransmitter systems by,
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TfcDle 9 : Aftonriona/ effects of anfrdep/assanf drugs anc/ f/wc n«( affects on
m/afed to affenffona/ /i/ncfnns

Atfntlon Neurotrinsmlsslon

Substance

Sertrahne
Paroxetine
Fluoxetme
Venlafaxine
Oothiepin
Mianserin 2

Dnjo Class

SSRI
SSRI
SSRI
SSRI
TCA

"" generation

Sustained

0

Divided

0
0
0
0
l
-

Selective

0
0
X
X
X
X

5-HT

•

NA

0
0
0

DA

•

0
0
0
0
0

Ach

0
.
0
0
.
0

MA

0
0
0
0
.
•

Rahm*»

This study
This study
Ramaakars at al. 1998
O'Hanlon at a l . 1998
Ramaakars at al. 1996
O'Hanlon at a l .19M

SSRI. selective serotonergic reuptake inhibitor; TCA tncycltc antideprassanl; • positive «fleet. •;
negative effect: 0: no effect, x not measured; 5-HT: serotonin, NA: noradeoaltne. OA: dopamlne, Ach;
acetylcholine; HA: histamine

for example, tricyclic antidepressants, namely general sedation, although these effects

may be less pronounced Frequently, drowsiness is reported subjectively, indicating a

potential risk of mild sedation following SSRI administration (Hawley et al 1997;

Hindmarch and Bhatti 1988; Mattila et al. 1988; Robbe and O'Hanlon 1995; Saletu and

Grünberger 1988). Mild sedation was also apparent in Critical Flicker Fusion

assessments following sertraline and citalopram administration, when control was made

for changes in pupil size (Schmitt et al., chapter 6) Certainly, mild de-arousing

properties of 5-HT stimulation are most likely to become evident in a 45-minute

monotonous, low event vigilance task, in which overall performance is known to show a

monotonic relation with an individual's energetic state or arousal. (Warm 1984)

(Parasuraman et al 1998). After reviewing the data on stimulant drugs, Koelega (1993)

concluded that 'vigilance tasks appear to be the most sensitive tasks in test batteries'.

Performance on other, short-term, high-demanding cognitive tests may be expected;

remain relatively intact following mild sedation, due to compensatory effort-related

mechanisms (Sanders 1998) Subjective self-ratings have been shown to be more

sensitive to drug effects than attentional task measures, and this difference may reflect

the ability of subjects to allocate greater or lesser amounts of effort to the task

depending on drug condition or state (Kahneman 1973; Oken et al. 1995). Thus, the

apparent specificity of the 5-HT effect on vigilance performance may merely be the result

of modest sedation combined with high sensitivity of the vigilance task.

In addition to the possibility of general sedative actions of 5-HT stimulation,

daytime arousal (and consequently vigilance performance) may also be
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affected changes in sleep quality (Babkoff et al 1991). an effect often seen with SSRI

treatment (Lindsay DeVane 1998) In the present study paroxetine was found to reduce

sleep quality in women, but not in men Women reported almost twice the number of

complaints than men during paroxetine treatment Sertraline did not significantly modify

sleep quality in men or women However, the absence of significant effects for men and

women separately may be due to insufficient statistical power because of small group

•izet A significant reduction in sleep quality was in fact found for sertraline when data

for men and women were combined Diminished sleep quality may therefore have

influenced daytime vigilance performance It must be noted, however, that men and

women showed similar vigilance impairments with paroxetine. whereas only women's

•leep quality was reduced. Also, despite a similar reduction of sleep quality with

sertraline no significant effects could be detected on vigilance performance. We

therefore feel that it is unlikely that the observed vigilance effects can be entirely

attributed to reduced sleep quality.

The data appear to support the hypothesis of a specific role for DA in mediating

the 5-HT related vigilance decrement. More specifically, additional DA stimulation by

sertraline appeared to be effective in attenuating the 5-HT induced vigilance impairment,

the latter effect being apparent during paroxetine treatment. It could, however, be argued

that differences in vigilance effects between sertraline and paroxetine may arise from

differences in serotonergic potencies between the two drugs. While sertraline and

paroxetine were shown to posses similar /n vrtro potencies for 5-HT reuptake (Hyttel

1994), different pharmacokinetic properties may significantly alter /n wVo potency, /n wvo

activity can be inferred from other factors that are presumably related to 5-HT activity.

The investigated dosages of 50 and 100 mg sertraline versus 20 and 40 mg paroxetine

appear to be comparable in terms of efficacy in major depression (Goodnick and

Goldstein 1998). Furthermore, sertraline and paroxetine were found to cause nearly

identical increases in pupil size (Schmitt et al, chapter 5), and these changes are thought

to be the result of enhanced 5-HT stimulation (Barnett and Osborne 1993; Prow et al.

1996) We therefore assume that, at the dosages used, serotonergic activity of both

drugs is quite comparable. It is also worth mentioning that paroxetine has a relatively

high affinity for muscarinic acetylcholine receptors compared to other SSRIs

Paroxetine's in vitro affinity for muscarinic receptors is approximately six times higher

than that of sertraline (Hyttel 1994). Theoretically, paroxetine's direct anticholinergic

property may have contributed to a reduction of vigilance performance. On the other

hand, vigilance impairment was previously found with fluoxetine and venlafaxine, drugs

without significant anticholinergic effects. Nevertheless, a more specific serotonergic
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drug, for example citalopram (Stahl 1998b). would provide a better reference drug in

future studies on 5-HT and vigilance performance

We propose that SSRI-induced impairment of vigilance performance is primarily

mediated by neural circuits modulated by opposing influences of 5-HT and DA There is

now abundant anatomical and experimental evidence indicating an inhibitory influence of

the 5-HT system on DA activity In short. 5-HT projections arising from the dorsal

nucleus raphe exert a tonic inhibitory influence over the mesocortical DA system,

involved with cognitive functioning, as well as the mgrostnatal DA system, involved in the

modulation of motor behaviour (Kapur and Remington 1996) Likewise, the mesolimbic

DA system, involved in motivation and reward, is under inhibitory influence of 5-HT

neurons from the median nucleus raphe. projecting to the ventral tegmental area

(Bonhomme and Esposito 1998) The inhibitory effects are mediated mainly via 5 - H T J M C

inhibitory receptors on DA cellbodies in the ventral tegmental area and substantia nigra,

and at terminal endings in striatum and cortex.

Thus, augmentation of 5-HT activity by SSRI administration can be expected to

further inhibit DA transmission, thus inducing a pseudo-dopamine deficiency' (Stahl

1998a). Such a 5-HT mediated hypc-dopaminergic state has been proposed to underlie

several of the side-effects of SSRI treatment, i.e. reduced libido (Stahl 1998a) and

extrapyramidal symtoms. such as akathisia, tremor and dystonic reactions (Caley 1997;

Kapur and Remington 1996; Stahl 1998a) However, in the majority of the individuals the

degree of DA inhibition does not cross the threshold for severe adverse effects such as

extrapyramidal symptoms Nevertheless, a reduction in DA function may become evident

from more subtle behavioural changes such as a reduced vigilance performance.

Furthermore, it was found that the a single dose of fluoxetine or citalopram caused a

dose dependent inhibition of firing rate of ventral tegmental area DA cells, but not of DA

cells in the substantia nigra (Bonhomme and Esposito 1998), suggesting that the

cognitive and motivational functions of DA are particularly susceptible to the inhibitory

effects of 5-HT stimulation.

Diminished DA activity may be linked to vigilance impairment via several

pathways First, as was mentioned in the introduction, DA activity is implicated in tonic,

internally-driven arousal, which is particularly important during a long, monotonous

vigilance tasks Second. DA may modulate vigilance performances via its involvement in

incentive motivational processes (Levy and Hobbes 1996) During a vigilance test

energetic levels inevitably fall below the level required to maintain optimal task

performance (O'Hanlon 1981) At this point additional effort is required to compensate

for insuffident energetic levels Motivational state is thought to be the pnmary modulator
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of compensatory effort (Sanders 1998), and motivational mechanism are specifically

linked to the mesolimbic DA system, arising from the ventral tegmental area (Kapur and

Remington 1996; Robbins and Everitt 1996). Interestingly, in rats, short-term

administration of several SSRIs, including fluoxetine, sertraline and paroxetine, was

found to cause a slight but significant decrease in the basal firing rate of DA neurons in

the ventral tegmental area (Bonhomme and Esposito 1998; Di Mascio et al 1998) This

Implies • reduction of mesolimbic DA activity by 5-HT stimulation and provides a neural

basis for the role of motivation, and indirectly effort, in SSRI-induced vigilance

impairment Inadequate levels of compensatory effort are proposed to underlie the

performance decrements over time in vigilance tasks (Sanders 1998). Thus, diminished

motivation (leading to insufficient compensatory effort) would be expected to produce an

exacerbation of the normal performance decrement over time. Our data do show

treatment related differences on time-on-task effects, but it must be noted that our time-

on-task analyses are based on 15-mmute blocks. Because performance decrements are

most pronounced during the first 15 minutes of a vigilance test (Warm 1984), time-on-

task differences between treatments may have occurred mainly within the first 15-minute

period. Indeed, our time-on-task data show that major differences were already present

after 15 minutes.

DA, particularly the nigrostriatal system, is also involved in motor preparation and

execution (Robbins 1997). The tendency for paroxetine to increase reaction times and

for sertraline to decrease reaction times certainly is in line with DA involvement via this

system. On the other hand, changes in reaction time can originate from increased or

decreased efficiency of any of the various stages in the information processing chain

(Sanders 1998). Thus, mesocortical DA projections to prefrontal cortex and anterior

cingulate (Robbins 1997), the latter being implicated in response selection (Posner and

Raichle 1994), may be involved as well. DA manipulation has been suggested to mainly

affect response readiness (Iversen and Iversen 1975; Nicholson and Pascoe 1990;

Ramaekers et al 1999). which appears to be primarily associated with response

selection and motor activation. Interestingly, according to the cognitive-energetics model

by Sanders (1998), target detection and motor preparation are modulated by effort

respectively activation (tonic arousal), hereby providing a link between DA mediated

global processes and DA s putative influence on specific information processing stages

The relative contribution of each of the proposed mechanisms to the vigilance enhancing

effects of DA stimulation is unknown. As is often the case, it is most likely that the

behavioural output is the resultant of a combined set of neural mechanisms.
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In conclusion, the results of the present study confirm the notion that 5-HT

stimulation produces a specific reduction of vigilance performance This effect has now

been demonstrated in three separate studies with three different 5-HT stimulants,

namely venlafaxme. fluoxetine and now paroxetine Moreover, it was shown that 5-HT

mediated vigilance reduction can be effectively attenuated by simultaneous stimulation

of DA neurotransmission. as was the case with sertraline We propose that the 5-HT

induced vigilance impairment is primarily due to serotonergic inhibition of DA activity.

Associated deficits in DA-mediated energetic processes, reduced motivation and

possibly reduced target detection and motor activation are speculated to underlie

diminished vigilance performance. However, it is clear that the putative role of each of

these mechanisms needs to be established in future studies Also, the relativ«

contribution of 5-HT interactions with other neurotransmitter systems, e g acetylcnoline,

needs to be investigated. Furthermore, assessments of the vigilance effects of non-

serotonergic antidepressants, such as reboxetine and bupropion which target NA and

DA systems (Lindsay Devane. 1998) are needed to verify the specific role of 5-HT in

reducing vigilance.

Acfcnow/edgements
This study was supported by an unrestricted grant from Pfizer Inc New Yorfc. We wish to

thank Suzanne Theunisse for her assistance during data collection

References

Amado-Boccara I, Gougoulis N, Poirier Littre MF, Galinowski A, Loo H (1995) Effects of
Antidepressants on Cognitive Functions A Review Neuroscience and Biobehavioral
Reviews 19 479-493

Babkoff M. Caspy T, Mikulmcer M (1991) Subjective sleep ratings: the effects of sleep
deprivation, arcadian rhythmicity and cognitive performance Sleep 14 534-539

Barnett NL, Osborne NN (1993) The effect of serotonin on the rabbit isolated iris sphincter
muscle Curr Eye Res 12 655-73

Bolden-Watson C. Rchelson E (1993) Blockade by newly-developed antidepressants of biogenic
amine uptake into rat brain synaptosomes Life Sa 52: 1023-9

Bonhomme N. Esposito E (1998) Involvement of serotonin and dopamine in the mechanism of
action of novel antidepressant drugs a review J Clin Psychopharmacol 18 447-54

Caley CF (1997) Extrapyramidal reactions and the selective serotonin reuptake inhibitors Ann
Pharmacother31: 1481-1489

Deijen JB. Loriaux SM, Ortebeke JF, De Vnes J (1989) Effects of paroxetine and maprotiline on
mood, perceptual motor skills and eye movements in healthy volunteers Journal of
Psychopharmacotogy 3:148-155



74 I CHAPTER 4

Delagrange P, Canu MH, Rougeul A, Buser P, Bouyer JJ (1993) Effects of locus coeruleus
lesions on vigilance and attentive behaviour in cat Behav Brain Res 53 155-65

01 Masclo M. Di Giovanni G, Di Matteo V, Prisco S, Esposito E (1996) Selective serotonin
rauptak« inhibitors reduce spontaneous activity of dopaminergic neurons in the ventral
tagmanta) a r m Brain RMMrch Bulletin 46 547-554

Fairweather DB, DalPozzo C, Kerr JS, Lafferty SV. Hindmarch I (1997) Citalopram compared to
dothlepln and placebo Effects on cognitive function and psychomotor performance
Human Psychopharmacology Clinical and Experimental 12: 119-126

Ooodnick PJ, Goldstein BJ (1998) Selective serotonin reuptake inhibitors in affective disorders-ll
Efficacy and quality of life J Psychopharmacol 12 S21-54

Gordon C, Whale R. Cowen PJ (1998) Sertraline treatment does not increase plasma prolactine
levels in healthy subjects Psychopharmacology 137: 201-202

Hawley CJ. McPhee S, Smith VRH (1997) A review of the psychomotor effects of paroxetine.
International Clinical Psychopharmacology 12 13-18

Hindmarch I, Bhatti JZ (1988) Psychopharmacological effects of sertraline in normal, healthy
volunteers. Eur J Clin Pharmacol 35: 221-3

Hyttel J (1994) Pharmacological characterization of selective serotonin reuptake inhibitors
(SSRIs). Int. Clin. Psychopharmacol. 9: 19-26

Iversen SD, Iversen LL (1975) Behavioural pharmacology. Oxford University Press, Oxford
University Press

Jacobs BL (1987) Brain monoammergic acivity in behaving animals. In: Epstein AN, Morrison AR
(eds) Progress in psychobiology and physiological psychology. Academic Press, New
York, pp 171-206

Kahneman D (1973) Attention and effort. Prentice Hall, Prentice Hall

Kapur S, Remington G (1996) Serotonin-dopamine interaction and its relevance to schizophrenia.
Am J Psychiatry 153: 466-76

Koelega HS (1993) Stimulant drugs and vigilance performance: A review. Psychopharmacology
111: 1-16

Levy F, Hobbes G (1996) Does haloperidol block methylphenidate? Motivation or attention?
Psychopharmacology 126: 70-74

Lindsay DeVane C (1998) Differential pharmacology of newer antidepressants Journal of Clinical
Psychiatry 59: 85-93

Mackworth NH (1961) Researches on the measurement of human performance. In: Sinaiko HW
(ed) Selected papers on human factors in the design and use of control systems. Dover,
New York, pp 174-331

Mattila MJ, Saarialho-Kere U, Mattila M (1988) Acute effects of sertraline. amitnptyline, and
placebo on the psychomotor performance to healthy subjects over 50 years of age. J Clin
Psychiatry 49: 52-58

McGaughy J. Sandstrom M, Ruland S. Bruno JP, Sarter M (1997) Lack of effects of lesions of the
dorsal noradrenergic bundle on behavioral vigilance. Behav Neurosci 111: 646-52

McGuiness D, Pribram K (1980) The neuropsychology of attention. In: Witrock MC (ed) The brain
and psychology. Academic Press, New York

Mulder Hajonides van der Meulen WREH (1981) Measurement of subjective sleep quality
International European Sleep Conference, Amsterdam The Netherlands



SSRIs AND VIGILANCE | 75

Nicholson AN. Pascoe PA (1990) Dopaminergic transmission and the sleep-wakefulnett
continuum in man Neuropharmacotogy 29 411-7

O'Hanlon J. Robbe HWJ. Vermeeren A. VanLeeuwen C. Oanjou PE (1998) Venlafaxine's •«•<*»
on healthy volunteers' driving, psychomotor. and vigilance performance during 15-day fixed
and incremental dosing regimens Joumal of Clinical Psychopharmacotogy 18: 212-221

O'Hanlon JF (1981) Boredom practical consequences and a theory Acta Psychology 49 53-82

Oken BS, Kishiyama SS. Salinsky MC (1995) Pharmacologically Induced changes in arousal:
effects on behavioral and electrophysiologic measures of alertness and attention.
Electroencephalogr Clin Neurophysiol 95 359-71

Parasuraman R, Warm JS. See JE (1998) Brain systems of vigilance In Parasuraman R (ed)
The attentive brain MIT press. Cambridge (MA), pp 221-256

Posner Ml. Raichle ME (1994) Images of mind Scientific American Library. Scientific American
Library

Prow MR. Martin KF. Heal DJ (1996) 8-OH-DPAT-induced mydriasis in mice a pharmaootoglcat
characterisation Eur J. Pharmacol 317 21-8

Ramaekers JG, Louwerens JW, Muntjewerff ND, Milius H, de Bie A. Rosenzweig P, Patat A,
O'Hanlon JF (1999) Psychomotor, Cognitive, extrapyramidal, and affective functions of
healthy volunteers during treatment with an atypical (amisulpride) and a classic
(haloperidol) antipsychotic J Clin Psychopharmacol 19: 209-21

Ramaekers JG, Muntjewerff ND. O'Hanlon JF (1995) A comparative study of acute and
subchronic effects of dothiepin, fluoxetine and placebo on psychomotor and actual driving
performance British Joumal of Clinical Pharmacology 39 397-404

Riedel WJ, Vermeeren A, Van Boxtel MPJ. Vuurman EFPM. Vorhey FRJ, Jolles J, Ramaeker»
JG (1998) Mechanisms of Drug-Induced Driving Impairment: A Dimensional Approach.
Human Psychophamnacology 13: S49-63

Robbe HWJ, O'Hanlon JF (1995) Acute and subchronic effects of paroxetme 20 and 40 mg on
actual driving, psychomotor performance and subjective assessments in healthy
volunteers European Neuropsychopharmacology 5: 35-42

Robbins T. Everrtt B (1995) Arousal Systems and Attention In Gazzantga M (ed) The Cognitive
Neurosciences MIT Press, Cambridge MA (USA), pp 703-720

Robbins T, Everitt B (1996) Neurobehavioural mechanisms of reward and motivation. Current
Opinion in Neurobictfogy 6: 228-236

Robbins TW (1984) Cortical noradrenaline. attention and arousal Psycho) Med 14: 13-14

Robbins TW (1997) Arousal Systems and AttenOonal Processes Biological Psychology 45 57-71

Saletu B. Grünberger J (1988) Drug Profiling by computed electroencephalography and brain
maps, with special consideration of sertraline and its psychometric effects Joumal of
Clinical Psychiatry 49 59-71

Sanders AF (1998) Energetics. Stress and Sustained Attention In Sanders AF (ad) Elemente of
Human Performance Lawrence Erlbaum Associates. New Jersey, pp 394-451

Schmitt JA. Jorissen BL Sobczak S van Boxtel MP. Hogervorst E. Deutz NE. Riedel WJ (2000)
Tryptophan depletion impairs memory consolidation but improves focussed attention in
healthy young volunteers Joumal of Psychopharmacotogy 14: 21-29

Stahl SM (1998a) Basic paychopharmacology of antidepressants. part 1: Antidapraaaants hava
seven distinct mechaniam of action J Chn Psychiatry 59 5-14



70 I CHAPTER 4

Stahl SM (1998b) Not to »elective serotonin reuptake inhibitors. J Clin Psychiatry 59: 343-4

Stroop JR (1935) Studies of interference in serial verbal reactions Journal of Experimental
Psychology 18 643-662

Tatsumi M, Groshan K, Blakely RD, Richelson E (1997) Pharmacological profile of
antidepressants and related compounds at human monoamine transporters. Eur J
Pharmacol 340 249-58

Warm JS (1984) An introduction to vigilance In Warm JS (ed) Sustained Attention in Human
Performance John Wiley & Sons, pp 1-13

Weinstein A, Wilton S, Bailey J. Nutt D (1996) Sedative Antidepressants Impair Visual Detection
Mechanisms In Humans Journal Of Psychopharmacotogy 10: 141-145

Zung WWK (1965) A self rating depression scale Archives of General Psychiatry 12 63-70



CHAPTER 5

Paroxef/ne's and serf ra//ne's e/fecfs on

Crrt/ca/ F//c/cer Fi/s/on and fne /nf/uence of

concon?/fanf changes /n pup// s/ze

Abstract

The antidepressants paroxetine and sertraline have been shown to elevata

Critical Flicker Fusion (CFF) thresholds However, this may not necessarily

reflect an activating effect of the drugs, as CFF may also rise due to drug-

induced increases in pupil diameter (mydriasis) We investigated the effect«

of paroxetine and sertraline on CFF and pupil size, and their possible

interaction, in a double blind, crossover study involving 24 healthy, middle-

aged volunteers. Paroxetine and sertraline were respectively administered

for 14 days in doses of 20 mg and 50 mg for the first seven days, and in

doses of 40mg and 100mg for the remaining days Pupillary diameter and

CFF were assessed with and without the use of an 2-mm artificial pupil (to

control for pupillary changes) on baseline and on days 7 and 14 of each

treatment period. Sertraline and paroxetine induced significant mydriasis. In

case of paroxetine the mydriatic effect was also dose related Paroxetine

and sertraline did not affect CFF threshold, either with or without artificial

pupil Overall, mean CFF decreased by 1.5 Hz lower when an artificial pupil

was used It is concluded that the effects of both paroxetine and sertraline

on CFF are neutral. In our CFF device, there was no evidence that SSRI-

induced mydriasis affected CFF threshold. However, it is argued that the

influence of mydriasis may depend on the CFF apparatus used, and cannot

be entirely dismissed as modulator of SSRI-induced CFF changes.

Jenen Schmitt. Wim Riedel, Eile Vuurman. Monique Kruzinsa & Johanne* Ramaalurs
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Introduction

Intermittent light is perceived as flicker, but as the frequency increases, the flicker

sensation becomes gradually less distinct until successive flicker sensations fuse This

point of fusion, where a flickering light gives the subjective sensation of a steady light, is

known as the Critical Flicker Fusion (CFF) threshold Test devices for measuring CFF

have been frequently used in human psychopharmacology for establishing the effects of

a wide range of psychotropic drugs on the functioning of the central nervous system

(Smith and Misiak 1976, Curran 1990) In general, sedative drugs have been found to

decrease CFF in healthy volunteers and patients, whereas stimulants significantly

Increase CFF. This observation underlies the now commonly held belief that drug

induced changes in CFF, reflect a drug's activating or sedating effect on overall CNS

arousal and information processing capacity.

Antidepressants are one class of drugs that have been extensively investigated

using CFF methodology. Sedative agents such as the tricyclic antidepressants (TCAs)

were repeatedly found to decrease CFF in a dose related fashion (Holmberg 1981;

Amado Boccara et al. 1994). TCAs are antagonists of cholinergic, histaminergic and

adrenergic receptors, which may cause cognitive impairment and sedation. Selective

serotonin reuptake inhibitors (SSRI) are a different class of antidepressants that have no

or little affinity for these receptors. Consequently, SSRIs are generally regarded as

behaviourally safe drugs that do not adversely affect cognitive function. In fact, the SSRI

paroxetine (20-30 mg) was found to increase CFFT performance in healthy young

volunteers (Kerr et al. 1992; Warrington et al. 1989), healthy elderly (Hindmarch 1992)

and also in depressive outpatients (Hindmarch 1992). Similarly, an immediate and dose-

related increase in CFFT was found following treatment with the SSRI sertraline (50, 75

and 100mg) in healthy young subjects (Hindmarch and Bhatti 1988). Elevation of CFFT

after sertraline have been reported in healthy elderly in one study (Mattila et al. 1988)

but not in another (Hindmarch et al. 1990) Saletu and Grunberger (1988) reported

increased CFFT scores after 100 to 400 mg sertraline in healthy volunteers, although the

effect was stronger for the lower doses On the basis of these results, it was concluded

that paroxetine and sertraline exert an "excitatory" rather than a sedative effect

(Hindmarch 1995).

CFF threshold, however, can be influenced by a large number of variables.

These variables include light intensity of the stimulus, luminance of the surrounding area,

stimulus colour, dark adaptation, circadian rhythm, age, and retinal location, method of

assessment and even eye colour (Curran 1990; Curran and Wattis 1998) Many of these
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variables can be easily controlled by choosing the appropnate test apparatus and study

design In psychopharmacologica! research, some factors are of particular importance

CFF has been shown to be sensitive to changes in pupillary diameter since these result

in changes in retinal illumination (Davson. 1976) Many psychotropic drugs alter pupillary

diameter and cause either pupillary miosis or mydriasis It is therefore imperative for any

investigator in CFF as a measure of CNS functioning to control for variations in pupillary

diameter. One of the simplest means of assunng control over this factor is through the

use of an artificial pupil That apparatus is constructed so that subjects view the flickering

light through an aperture (2mm) which is close to smallest pupillary diameter possible In

most of the studies above, no control for pupil size was used when measuring the effect

of SSRIs on CFF threshold Yet, it has been repeatedly demonstrated that several

SSRIs, e g . paroxetine, fluoxetine and sertralme, may cause about 2 mm mydnasis in

subjects receiving acute or subchronic treatment (Saletu and Grunberger 1988;

Raptopoulos and McClelland, 1989; Deijen et al. 1989; McGuirk and Silverstone 1990)

The possibility therefore exists that many of the reported elevations in CFF following

SSRIs resulted from drug induced changes in pupil size rather than from drug induced

changes in arousal. It is noteworthy in this respect that investigators who did control

pupillary diameter when measuring the effect of SSRIs on CFF, failed to measure a

threshold elevation (Mattila et al. 1988; Ramaekers et al. 1995).

The current study was designed to determine the effect of two SSRIs. I.e.

paroxetine and sertraline. and placebo on CFF when measured with and without an

artificial pupil We hypothesised that the CFF elevations following SSRI administration

are mediated by increases in pupil size Thus, it was predicted that CFF threshold would

change as a function of pupil size, and that the latter would increase after administration

of paroxetine and sertraline.

Material and methods

Sub/ects

Twenty-four healthy volunteers, 13 males and 11 females, aged 30-50 years, were

recruited through newspaper advertisements. Initial screening was done by means of a

health questionnaire and a telephone interview Qualified volunteers subsequently

underwent a medical examination, which included routine ECG, blood haematology and

chemistry, standard unne screening, a urine test for drug abuse and. for women, a urine

pregnancy test. Exclusion criteria were the presence or a history of, cardiac, hepatic,

renal, pulmonary, neurological, gastrointestinal, haematological or psychiatric illness,



80 I CHAPTER 5

symptoms severity associated with a score < 50 on the Zung Depression Scale (Zung

1965), excessive drinking (> 20 units of alcoholic a week) pregnancy or lactation, use of

medication other than oral contraceptives, use of drugs, and any sensory or motor

deficits which could reasonably be expected to affect test performance. The study was

approved by the standing Medical Ethics Committee of Maastricht University, and carried

out in accordance with the Declaration of Helsinki (Hong Kong Modification, 1989) All

subjects gave a written informed consent prior to participation.

DM/0/I and treatments
The study was conducted according to a randomised, double blind, placebo-controlled,

3-period crossover design. Treatment periods lasted 14 days and were separated by

washout periods of 14 days. Treatment order was balanced over the three periods.

Subjects received the following treatment regimens during respective treatment periods:

paroxetine 20-40 mg, sertraline 50-100 mg and placebo. Subjects received 20 mg of

paroxetine and 50 mg of sertraline during the first 7 days of treatment, and respectively

40 and 100 mg during subsequent days. Drugs and placebo were always taken at fixed

times in the morning. ^•t.'̂ ig«^-"ss*?-'-v.'" '̂>-*vw««rii«iv..̂  # ^.,^^j^v.i j ^ . . ^ .'.-,
• * ? . • • • " " " . . . . . . . . . .

Tesf/ng procedure
CFF tests were conducted on days 0 (baseline), 7 and 14 of each treatment period. Prior

to treatments all subjects were individually trained to conduct the CFF tests. Subjects

were not allowed to drink alcoholic beverages during each treatment period and were

instructed to arrive at the laboratory well rested. Female subjects were tested for

pregnancy before the start of each treatment period. On test days subjects arrived

between 12.00 and 18.00 p.m. CFF was assessed in two successive repetitions of the

test. During the first session the CFF was measured without a correction for pupil size.

During the second session, the subjects' CFF was measured while viewing through an

artificial pupil. Pupil size was measured following the second session. Together, CFF

and pupil size measurements took approximately 20 minutes.

CFF threshold was measured in a computer-controlled system using a

combination of the psychophysical Methods of Limits and Successive Approximations.

The subject was seated looking into a visual tunnel that displayed a red light source in

Maxwellian perspective. In trials with pupillary control, the visual tunnel covered was an

'artificial pupil' that permitted subjects to view the CFF stimulus through an aperture of 2

mm. To begin, the computer alternatively increased and decreased the source flicker

frequency (1:1 light/dark ratio) and the subject responded by pressing separate buttons
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whenever his perception changed from one state to the other. After three complete

cycles, the approximate location of the subject's CFF was defined according to the

Method of Limits. At that point, the program identified two frequencies in 1 Hz steps

above, two below and one at the suspected threshold Each of the five stimuli was

shown six times in separate, randomised presentations lasting 3 seconds each The

subject was instructed to withhold responding during the presentation period, and then

give one of two responses indicating the perception of flicker or fusion The proportions

of each type of response were used to calculate intersecting linear functions in the

frequency domain.

Pupil diameter was recorded using a head-mounted eye tracking system

(4000SU eye tracker. Applied Science Laboratories) The beam from an infrared light

source illuminates the eye and an optical system focuses an image of the pupil onto a

solid state eye camera Both the illumination beam and the image of the eye are

reflected from a helmet visor, which is coated to be reflective in the near infrared region

and transitive to visible light. The illuminator, optics and camera are all helmet mounted.

Pupil and corneal reflection outlines and centroids are displayed on a pupil monitor over

the video image of the eye. Pupillary diameter was recorded for approximately 10

seconds at a rate of 50 measurements per second Median pupil diameter is taken as

the dependent variable. • - ̂  :^* %-• -

Stof/sf/ca/ ana/ys/s
Dependent variables were analysed using a repeated measures, multivariate analysis of

variance (MANOVA) adjusted for initial differences at baseline (covariate) Within

subjects factors were Treafmenfs, Days and Pup///ary Confro/. In addition, CFF was

tested for the overall effect of Pup///ary Confro/ without covariate adjustment, but with

baseline scores added as a third level to the factor Days. Univariate, repeated measures

analysis for comparing data obtained after sertraline and paroxetine separately with

placebo were carried out if the initial analysis revealed an overall effect of Treatment«.

Results

M/ss/ngdato *= ** ««», *

Three subjects withdrew from the study for reasons unrelated to study drugs Data sets

of four subjects were incomplete due to technical malfunctions during time of testing

Only complete data sets (N=17) were used for statistical analysis
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Pup// d/amefer
Mean (SE), uncorrected pupil size in each treatment condition and day of treatment is

shown in Figure 1 MANOVA revealed significant overall effects of Treatments

(F2.31=40 15, p<0001) and Treatments by Days (F2,15=3.81, p=0.046). Separate drug-

placebo comparisons showed that both paroxetine and sertraline significantly increased

pupil size as compared to placebo (F1,15=55.58 & 33.05, p<0.001). Paroxetine affected

pupil size in a dose related manner, as indicated by a significant Treatments x Days

interaction (F1,16=6 72, p=0 02) Pupil size after sertraline appeared similarly dose

related, but in this case the Treatments x Days interaction just failed to reach statistical

significance (F 1,16-3 39, p= 084)

Crft/ca/ F//c/cer Fos/on Thras/ io/d

Mean (SE) CFF threshold in each treatment period and day of treatment, with and

without pupillary control is shown in Table 1. Overall analysis using baseline values as

covariate revealed no significant main effects of Treatments, Days or Pupillary Control,

nor were there significant interactions between these factors. With baseline scores

included as additional level of the factor Days, the overall effect of Pupillary Control

(F1,16=36.65, p<0.001) on CFF reached statistical significance. The former reflects the

general finding that CFF values in trials with an artificial pupil were lower as compared to

those in trials without (Figure 2).

Table 1 : Mean (stenc/art/ error) CFF scores w/fh and tv/fnouf pup///ary confro/, af fcase/me (day Oj
and af days 7 and f 4 of freafmenf wrth p/aceto, sertrs//ne orparoxef/ne.

CFF scores - vWf/iout art/ftc/a/ pup//

Treatment Day 0 Day 7 Day 14

Placebo

Sertraline

Paroxetine

40.5 (0.9)

40.8 (0.7)

39.7 (0.8)

40.2 (0.7)

39.4 (0 8)

39.7 (0.9)

39.3 (0.8)

40.5 (0.8)

40.2 (0.6)

CFF scores - tv/t/> artfffc/a/ pup//

Treatment DavO Day 7 Day 14

Placebo

Sertraline

Paroxetine

38.6 (0.7)

38.1(1.0)

39.8 (0 8)

38.6 (0.8)

38.1 (0.7)

37.4 (0.9)

38.5 (0 9)

38.4 (0.9)

38.4 (0.6)
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Discussion

Both paroxetine and sertraline significantly increased pupil size. In the case of

paroxetine. the effect on pupil size was dose related Mydriasis was apparent in the first

week of treatment with 20mg, and more so after treatment with the double dose in the

second week. A similar dose related increase was observed for sertraline, but that just

failed to reach statistical significance The degrees of mydriasis following paroxetine and

sertraline were quite comparable Relative to baseline, both treatments produced about

1.3 and 1 5 mm increase in pupil size in the first and second week respectively

Together, these observations largely confirm results from earlier studies that

demonstrated the mydriatic effect of SSRIs (see Introduction).

The role of a serotonergic mechanism in the control of pupillary diameter has also

been suggested by the actions of serotonergic drugs other than SSRIs. It has been

reported that 5HT2 receptor antagonists (Millson et al. 1991; 1992) and 5HT3 receptor

antagonists (Rizzi et al. 1993) cause miosis. In contrast, fenfluramme, m-

chlorophenylpiperazine (m-CPP) and 5 - H T , A receptor agonists were shown to increase

pupil size (Kramer et al 1973; Prow et al. 1996; Benjamin et al. 1997; Broocks et al.

1998). The mydriatic response is probably mediated by enhanced serotonergic

stimulation of 5 H T , A receptors located on cilliary muscles that regulate pupillary diameter

(Barnett and Osborne 1993), and of central 5 H T , A receptors evoking the release of

noradrenaline on alpha2-adrenoreceptors which produces mydriasis (Prow et al. 1996).

Mean CFF threshold was unaffected by sertraline or paroxetine treatment,

regardless of the presence or absence of pupillary control. These results are in sharp

contrast with those from studies that demonstrated marked elevations of CFF thresholds

following paroxetine (Warrington et al, 1989; Kerr et al., 1992; Hindmarch, 1988) and

sertraline (Hindmarch, 1988, Mattilla et al., 1988; Saletu and Grunberger, 1988) in

healthy volunteers. Consequently, our data do not support the view that paroxetine and

sertraline exert an activating' or excitatory' effect, as was concluded based on these

CFF elevations (Hindmarch, 1995). However, our hypothesis that the previously

observed CFF elevations following SSRI administration are secondary to drug-induced

mydriasis. can not be confirmed based on the present results either. Particularly the

finding that CFF without pupillary control remained unchanged following sertraline and

paroxetine, despite a substantial increase (± 35%) in pupil size, suggests that CFF

thresholds following SSRI treatment are not significantly influenced by mydriatic effects

of the drugs. Nevertheless, for reasons which will be discussed below, we feel that such

a mechanism can not be entirely dismissed.
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The effect of pupillary diameter on CFF threshold is well known As it stated by

the Ferry-Porter law (Davson, 1976). CFF is directly proportional to the logarithm of th«

light intensity. As a consequence, CFF thresholds will rise following mydhasis and fall

following miosis The effect has been demonstrated using pilocarpine 2% and

homatropine 1 % eyedrops to produce miosis and mydhasis. respectively (Lawrence et

al., 1984) These investigators found that increases in pupil size from 2 to 8 mm

produced a steady rise in CFF threshold, which varied between individuals but ranged

from 2-9 Hz. In the current study, the CFF measurements gathered with the use of a 2-

mm artificial pupil were on average 1 5 Hz lower than those obtained without pupillary

control, suggesting that a reduction of pupil size indeed decrease« CFF thresholds Pupil

size was held constant (2mm) in tnals with artificial pupil, whereas mean values without

pupillary control were as large as 5.7 mm. However, in principle, factors other than pupil

size may be responsible for the differences in CFF thresholds between the two methods

Because CFF assessments without pupillary control always preceded those with

pupillary control, fatigue may have depressed CFF thresholds during the latter

measurements However, the entire procedure lasted 20 minutes at most, making it

unlikely that fatigue can fully explain the observed differences

Given the theoretical and experimental evidence of the relationship between pupil

size and CFF, it is rather puzzling that we did not find an elevation of CFF due to drug

induced mydriasis The fact that pupillary diameters and CFF were not measured

simultaneously may provide a possible explanation Pupillary diameter was measured

after completion of the CFF tests Pupil size during these CFF tests may not have been

influenced by treatments only, but also by the light intensity of the CFF stimuli The latter

by itself might automatically invoke an adaptive miotic response of the pupil depending

on its magnitude or brightness. In that case the actual pupil size during CFF tests would

be the net result of a drug induced mydriatic effect and miosis caused by the viewing at

CFF stimuli It is therefore possible that present values of pupil size that were obtained

after CFF tests are an overestimation of the actual size of the pupil during the tests

It is important to notice that virtually all studies have used the Leeds Psychomotor

Tester to assess CFF changes after SSRIs The Leeds Psychomotor Tester differs from

our apparatus in several aspects Most importantly, the Leeds Tester yields CFF

thresholds which are typically 10-15 Hz below those obtained with the current apparatus.

This difference is probably due to a lower light intensity of the CFF stimuli generated by

the Leeds Psychomotor Tester If so, attenuation of SSRI induced mydriasis by an

adaptive miotic response would be less pronounced using the Leeds Tester as

compared to the current CFF apparatus The Leeds Psychomotor Tester, was indeed
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shown to be highly sensitive to changes in pupil size (Lawrence et al 1984) and given

the dosages, subjects and study design, there is no reason to assume that drug-induced

mydnasis did not also occur in previous studies Consequently, it can not be ruled out

that drug-induced mydriasis underlay the previous reports of CFF elevations with

Mrtraline and paroxetine using the Leeds Psychomotor Tester

In conclusion, we did not find evidence for an activating effect of sertraline or

paroxetine, nor did we find that drug-induced mydriasis affected CFF threshold in a

significant way However, we propose that the effects of SSRI induced mydriasis on CFF

may be modulated by other factors, i.e. stimulus brightness, and may be dependent

upon the type of CFF apparatus used A future study investigating the CFF effects of

SSRI administration in the Euclid device as well as the Leeds Psychomotor Tester, and

examining the influence of adaptive miotic responses to light on SSRI-induced mydriasis,

will be needed to clarify this matter. At this moment, the possibility that concomitant

mydriatic effects of SSRI administration have influenced CFF assessments, cannot be

fully excluded. Therefore, claims of activating effects of drugs, particularly SSRIs, based

solely on CFF elevations should be made cautiously, especially when putative

confounding factors, e.g. changes in pupil size, are not fully controlled for.
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CHAPTER 6

Aforfu/af/on of f/ie Crif/ca/ F//c/cer Fi/s/on

effects of sertra//ne and c/fa/opram

•. by pi/p/7/a/y changes

Abstract

The effects of the SSRIs sertraline and citalopram on Critical Flicker Fusion

and pupil diameter were investigated in a double blind, cross-over study.

During three periods of 15 days, 21 healthy middle-aged (30-50 years)

subjects of both sexes received sertraline (50 mg on days 1-8, 100 mg on

days 9-15), citalopram (20 mg on days 1-8. 40 mg on days 9-15) and

placebo Assessments were done on days 1, 8 and 15 and consisted of

pupillary measurements in a high and low ambient light condition, and CFF

with and without pupillary control (a 2-mm artificial pupil) with two different

devices; the Leeds Psychomotor tester (LPT) and the Euclid device. Both

SSRIs induced an acute and steady increase in pupil diameters, which was

similar under high and low ambient light conditions. Sertraline and

citalopram did not affect any of CFF measures obtained with the Euclid

device. The assessments with the LPT showed reduced CFF thresholds

after acute administration of sertraline and citalopram, but only when

control was made for pupil size No effects were seen at day 8, but CFF

was again reduced at day 15, with and without control for pupil size The

results indicate that sertraline and citalopram exert a mild detrimental effect

on CNS activation and that the effect may be masked by concomitant

mydnabc effects of sertraline and citalopram, particularly during acute CFF

assessments.

Jeroen Schmitt. VWn Riedel, Eric Vuurman, & Johanne» Ramaekert



»0 I CHAPTERS

Introduction

The Critical Flicker Fusion threshold (CFF) is the frequency at which a flickering light is

perceived as a steady light source. Changes in CFF are indicative of changes in CNS

activation (Curran 1990) and have been used extensively to assess the cognitive (side)

effects of drugs Serotonin reuptake inhibitors (SSRIs), a class of antidepressant drugs,

were repeatedly shown to increase CFF thresholds (for reviews see Hindmarch 1995;

Hindmarch 1999) However, SSRIs also increase pupil size (Deijen et al 1989;

Ramaekers et al 1995; Saletu and Grünberger 1988; see also chapter 5) and pupil

diameter i« a well-known independent determinant of CFF threshold (Hart 1992) Hence,

the SSRI-induced CFF elevations may have due to enlarged pupils rather than

increased CNS activation (Ramaekers et al. 1995; Warrington et al. 1989).

It has been argued that CFF should be included as a primary measure in clinical

trails of antidepressants (Hindmarch 1987), and CFF changes have been repeatedly

used to rank the behavioural toxicity of antidepressant drugs (Hindmarch 1995;

Hindmarch 1998; Hindmarch 1999; Kerr et al. 1991). However, it is clear that the

possible confounding effects of pupil size need to be identified and eliminated before

CFF can be a valid measure of CNS activation. CFF assessments without control for

pupil size may lead to wrongful conclusions regarding the cognitive side effect profile of

a drug. Notably, mydriatic effects may lead to a wrongful favourable representation of a

drugs cognitive profile, or may even mask a drug's detrimental effect on CNS activation,

whereas miotic effects may be misinterpreted as sedative actions. The need for pupillary

control in CFF testing, particularly in psychopharmacology research, has been frequently

pointed out (Danjou et al. 1992; Lawrence et al. 1982; Smith and Misiak 1976).

Nevertheless, pupillary control is rarely used in studies measuring the CFF effects of

psychoactive drugs, despite the fact that an effective control for pupillary changes is

fairly easy implemented by the use of a 2-mm artificial pupil (Smith and Misiak 1976).

A previous study attempting to identify the role of pupillary changes in the CFF

effects of two SSRIs, sertraline and paroxetine, has produced indeterminate results (see

chapter 5) While it was found that both SSRIs induced a marked increase (± 1 5mm, ±

35%) in pupil size, CFF thresholds, obtained with and without a 2-mm artificial pupil,

were unaffected by either SSRI The absence of CFF elevation, in contrast to various

previous reports (see Hindmarch 1995) and despite a significant increase in pupil size,

may be explained by the specific method of CFF assessment in this study. More

precisely, CFF in this study was measured using a Euclid' device (Euclid Instruments,

Maastricht), whereas most other CFF studies, including those reporting SSRI-induced
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and pupil related CFF elevations, used a different device: the Leeds Psychomotor

Taster*. It was speculated that an adaptive miotic response to the relatively bright CFF

stimuli of the Euclid device (but not with the Leeds Psychomotor Tester) may have

counteracted the SSRI-induced mydnasis and associated CFF elevation If so. CFF

measurements with the Euclid device would reflect the drugs' true effects on CNS

arousal Alternatively, the Euclid device may have lacked sensitivity in general, and may

not have been able to detect a presumably modest CFF effect of paroxetine and

sertraline.

The present experiment was carried out to further elucidate the role of pupillary

changes in CFF changes following SSRI administration More specifically, the acute and

sub-chronic effects of the SSRIs sertraline and citalopram on CFF threshold and pupil

size, and a possible interaction, were examined. CFF assessments were done using the

Euclid tester as well as the Leeds Psychomotor Tester. This enabled us to compare CFF

effects in the two devices and identify differential effects. To establish the role of pupil

size, CFF was assessed with and without pupillary control (a 2-mm artificial pupil) in both

devices. Pupil size itself was measured with two ambient light intensities (high, low) to

investigate a possible interaction between the effects of light and drugs on pupil size.

The general hypothesis was that CFF elevations following SSRI administration are

directly due to concomitant mydnasis Thus, sertraline and citalopram are expected to

increase pupil size and consequently elevate CFF without pupillary control, but no

effects are predicted when CFF is assessed with a control for pupil size Secondly, the

CFF effects of sertraline and citalopram are predicted to be more pronounced with the

Leeds Psychomotor Tester than with the Euclid Tester Finally, it was predicted that pupil

size would be inversely related to the ambient light intensity, and that the miotic

response to light would counteract drug-induced mydnasis, diminishing pupillary

differences between placebo and SRRI conditions.

Materials and Methods

Twenty-four healthy subjects. 12 men and 12 women, aged 30-50 years, were recruited

through newspaper advertisements Screening included a telephonic interview, health

questionnaire, electrocardiogram, laboratory tests (blood haematology and chemistry,

urinalysis. drug and pregnancy screening) and a routine medical examination. Exclusion

criteria were the presence or a history of, cardiac, hepatic, renal, pulmonary.
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neurological, gastrointestinal, haematological or psychiatric illness, symptoms excessive

drinking (> 20 units of alcoholic a week) pregnancy or lactation, use of medication other

than oral contraceptives, use of drugs, and any sensory or motor deficits which could

reasonably be expected to affect test performance All subjects scored below

depression threshold (< 50) on the Zung Depression Scale (Zung 1965) The study was

approved by the standing Medical Ethics Committee of Maastricht University, and carried

out in accordance with the Declaration of Helsinki (Hong Kong Modification. 1989).

Written informed consent was obtained from each subject prior to participation.

Oes/0/i

The study was conducted according to a randomised, double blind, placebo-controlled 3-

period cross-over design. Nested within this design are two levels of pupil assessments,

as well as two (apparatus) by two (pupillary control) levels of CFF assessment.

Treatment orders were randomly assigned and double-blind. Treatment periods lasted

15 days and were separated by 14-day washout periods. Treatment regimens consisted

of sertraline 50 mg on days 1 to 8, followed by sertraline 100 mg on days 9 to 15;

citalopram 20 mg on days 1 to 8, followed by citalopram 40 mg on days 9 to 15, or

placebo. Medication was taken at fixed times in the morning.

Tesf/ng procedure
Assessments were done on days 1, 8 and 15 of each treatment period on a fixed time

between 12.00 and 18.00 p.m. The acute measurements on day 1 were done 5 hours

after the first drug administration. Before the start of the study, all subjects were

individually trained to conduct the CFF tests. Consumption of alcoholic beverages during

the treatment periods was prohibited and subjects were instructed to arrive at the

laboratory well rested Female subjects were tested for pregnancy before the start of

each the three treatment periods CFF assessments were always done in the following

sequence: Euclid apparatus without artificial pupil - Euclid apparatus with artificial pupil

- LPT without artificial pupil - LPT with artificial pupil. Pupil diameter was subsequently

measured with a high ambient light intensity, followed by a low ambient light intensity.

The entire procedure lasted approximately 15 minutes.
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Criöca/ Ftfcfcer Fus/on assessment

Critical Fusion was assessed with the Euclid device and the Leeds Psychomotor Tester.

Measurements with both devices were performed with and without a 2-mm artificial pupil

to control for pupillary changes.

Leeds Psyc/xvnotor fester (Leeds Psychomotor Services. York)

Critical Flicker Fusion threshold was ascertained using four red light-emitting diodes in a

binocular foveal fixation, positioned at eye level, with dimmed ambient illumination.

Reponses were made through a push button, which was attached to the emitting device

by a 1- meter long wire This ensured that the subject viewed the stimuli from standard

distance The psychophysical method of limits was used to determine CFF thresholds,

with three alternating ascending and descending trials In the ascending mode, flicker

was increased with 1 Hz/s and subjects had to press the button when they no longer

could detect flickering. In the descending mode, the flicker frequency was gradually

decreased by 1 Hz/s and responded when they just started to see a flickering The mean

of the six measurements was taken as dependent variable indicating CFF threshold In

the condition with pupillary control, the subjects wore closed eyeglasses with two 2-mm

apertures, which could be adjusted to match the position of each subject's eyes.

Euc//d apparatus (Euclid Instruments. Maastricht)

Subjects were seated looking into a visual tunnel that displayed a red light source in a

Maxwellian perspective. CFF was assessed using the Method of Limits measurement as

was described above, providing optimal comparability between the method of CFF

assessment in the two test devices. In trials with pupillary control, the visual tunnels were

covered with 'artificial pupils' consisting of two plates with a 2-mm aperture.

Pup/7 d/amefer

Pupil diameter was measured with two intensities of surrounding light In the 'low

ambient light intensity' condition the test cabin was lit by one indirect light (15 watt),

similar to the condition in which CFF measurements took place In the high ambient light

intensity' condition the room was directly lit by three TL-lamps, located at the ceiling.

Pupil diameter was recorded using a head-mounted eye tracking system (4000SU eye

tracker, Applied Science Laboratories). The beam from an infrared light source

Uluminates the eye and an optical system focuses an image of the pupil onto a solid

state eye camera Both the illumination beam and the image of the eye are reflected

from a helmet visor, which is coated to be reflective in the near infrared region and
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transitive to visible light. The illuminator, optics and camera are all helmet mounted.

Pupil and corneal reflection outlines and centroids are displayed on a pupil monitor over

the video image of the eye. Pupillary diameter was recorded for approximately 10

seconds at a rate of 50 measurements per second Median pupil diameter is taken as

the dependent variable.

Sfaf/sf/ca/ Ana/yses

Pupil diameters were analysed in a multivariate, repeated-measures analysis of variance

(MANOVA) according to a 3 x 3 x 2 factorial design Within-subjects factors were

77»afmen/ (placebo, sertraline, citalopram), 77m© (days 1, 8, 15) and Amb/enf //g/»f

/ntens/fy (high, low) CFF thresholds were analysed using a MANOVA according to a 3 x

3 x 2 x 2 factorial design, with rreafmenr (placebo, sertraline, crta(opram), ftirne (days f,

8, 15), ^ppara/us (Euclid, Leeds Psychomotor Tester) and Pup///a/y confro/ (present,

absent) as within-subjects factors. Significant (p<0.05) main effects involving factors with

more than two levels (i.e. 7rear/nenr and T/me) or interaction effects were further

investigated using separate comparisons (MANOVAs or paired t-tests) between the

appropriate levels to identify the exact nature of the differences. These analyses were

also performed when effects approached a significant level (p<0.07).

Results

M/ss/ng date
Three subjects (one man, two women) withdrew from the study after experiencing

nausea and diarrhoea following administration of citalopram. Data from the remaining

twenty-one subjects were analysed and are reported below.

Pup/7 d/amefer
Results of the pupil measurements are depicted in figure 1. Overall analysis of pupillary

diameters showed main effects of 4mb;enf L/ghf /ntens/ry (F1,20=150.69, p<0.001) and

Treafmenfs (F2,19=39.96, p<0.001). As expected, a high ambient light intensity reduced

pupil diameters whereas treatment with both SSRIs caused mydriasis. No main effect of

77me or interaction effects between the factors Amb/en/ L/ghf /nfens/fy, Treafmenfs and

77me were found. Separate drug-placebo and drug-drug comparisons revealed that

sertraline and citalopram induced a significant increase of pupil diameter compared to

placebo at both high (sertraline: F1,20=38.73, p<0.001; citalopram: F1.20=51.47,

p<0.001) an low (sertraline: F1,20=32.27, p<0.001; citalopram: F1,20=88.89, p<0 001)
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ambient light intensity. However, pupil diameters did not differ between sertraline and

citalopram. None of the analyses showed a main effect of Tifme or a Treatment by 7wn»

interaction.

Crftica/ F//c*c«r Fus /on

Results of the CFF assessments are presented in table 1 and figure 2 Overall analysis

of the CFF data showed a main effect of Apparaft/s (F1,20=485 86, p<0 001) and

Pup/7/ary Confro/ (F1,20=364 62, p<0 001), but no effect of Ireafmenf or 77me. A

significant interaction was present between Apparatus and Pup/tfary Confro/

(F1,20=755.40, p<0.001) indicating that the effect of pupillary control on CFF differed

between the two test devices CFF values obtained with the Leeds Psychomotor Tester

were generally lower than those gathered with the Euclid device, and although the

artificial pupil depressed CFF values in both test devices, the decline was much more

robust with the Leeds Psychomotor Tester. No other significant interactions were found,

but the Apparatus by 7rearmert/s interaction approached significance (F2,19*3.06,

p<0.07) suggesting a differential effect of treatments between CFF devices.

Subsequent separate analyses for each apparatus revealed that CFF data

obtained with the Euclid device showed a main effect of Pup/7/ary Confro/ (F1,20=140.74,

p<0.001) but no main effect of 7"reafmenf or 77me, or interactions between the three

factors. CFF thresholds with the Leeds Psychomotor Tester showed a main effect of

Pup/7/ary Contra/ (F1,20=208.82, p<0.001) and a main effect of Trearmen/ (F2,19=6 68,

p<0 01), whereas the main effect of 7/me approached significance (F2,19=3.36, p<0 06).

No interaction effects were found

In order to specify the effect of the treatments on CFF obtained with the Leeds

Psychomotor Tester paired t-tests were used to compare drugs to placebo, with and

without artificial pupil, at the three time points At day 1, sertraline (t20=2 59, p<0 05)

and citalopram (t20=2 67, p<0 05) significantly reduced CFF when assessed vWth

pupillary control, but no such reduction was found in the CFF assessment tv/t/rouf

pupillary control. At day 8, no effects of either drug were seen, with or without pupillary

control. At day 15, citalopram decreased CFF obtained with (t20=2.24, p<0.05) and

without (t20=2 72, p<0 05) pupillary control. Similarly, sertraline reduced CFF without

pupillary control (t20=2 41 , p<0 05), whereas the reduction of CFF with pupillary control

just failed to reach significance (t20=1 90, p=0.07).
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n placebo
ysertraline
(crtalopram

no pupillary pupillary no pupillary pupillary no pupillary pupillary
control control control control control control

day 1 day 8 day 15

Figure 1: Mean (standard error,) pup// d/ameter after f, 8 and 75 days of freafme/rt vwfn p/acebo,
serfre//ne and c/ta/opram, measured vv/fn h/gth and /ow amö/enf //gn/ /n(ens/fy.

Tablo 1: Mean fsfandard dewafcnj CFF fnresho/ds as measured w/fh fhe Euc//d deWce, wrth and
wifAiouf a 2-mm art/ffcm/ pup// to confro/ for pup// s/ze.

Euclid device - tv/f/iouf pupillary control

DavJ Day 8 Dav 15
Placebo
Sertralme
Citaloprarn

36.2 (3.2)
36.6 (3.4)
35.9 (2.9)

36.3(3.1)
36.4 (3.0)
36.7 (2.9)

36.1 (3.5)
36.0(2.7)
36.3 (2.7)

Euclid device - vWtf* pupillary control

Day 1 Day 8 Dav 15
Placebo
Sertralme
Citalopram

34.2 (3.2)
34.2 (2.6)
34.1 (3.3)

33.6(3.1)
34.1 (2.9)
34 2 (3.0)

34.3 (3.6)
34.2 (3.3)
34.1 (2.6)
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7.0

6.5

6.0

5.5

1 5.0
4.5

4.0

3.5

3.0

low ambient
light intensity

high ambient
light intensity

- placebo
- sertraline
- citalopram

15 1

day of assessment

15

Figure 2 Mean fsfandard error) pup/7 d/ame/or after f, 8 and f5 days of freafmen/ vvrt/i
sertra//ne and c/fa/opram, measured wrtn h/gh and tow amiwen/ /^W in/ensrty.

Discussion

As was hypothesised, pupil diameter increased significantly during treatment with

sertraline and citalopram. Mydnasis occurred quite rapidly following a single acute dote

of both SSRIs. already reaching a maximum 5 hours after first administration

Subsequently, mydriasis remained stable at this level throughout the treatment period

Mydriasis following sertraline administration has been previously found (Saletu and

Grünberger 1988; chapter 5) and is most likely directly linked to serotonergic stimulation

(Barnett and Osborne 1993) Therefore, mydnatic effects of citalopram are expected

given the drugs' serotonergic mode of action However, this is the first study to actually

demonstrate the occurrence of mydnasis with citalopram As expected, pupil diameters

were smaller with high ambient light intensity, but, contrary to the hypothesis, the miotic

response to light was similar in placebo and SSRI groups. Thus, exposure to bright light

did not alter the differences in pupil size between SSRI and placebo group».

Comparing the two CFF devices, there were marked differences in the outcome

of the CFF measurements First. CFF thresholds obtained with the Leeds Psychomotor

Tester were generally 10-15 Hz lower than those obtained with the Euclid device. This is
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a common finding, which is most probably attributable to the lower light intensity of the

Leeds Psychomotor Tester. Secondly, it was found that the Leeds Psychomotor Tester

is more responsive to the use of an artificial pupil. With the Euclid device, the use of an

artificial pupil decreased CFF thresholds by ± 2-3 Hz (± 8%), whereas a decrease of ± 6

Hz (± 22%) was seen with the Leeds Psychomotor Tester. More importantly, it appears

that the Leeds Psychomotor Tester is considerably more sensitive to changes in CFF

threshold following SSRI treatment. SSRI administration caused significant changes in

CFF with the Leeds Psychomotor tester (discussed below), whereas no changes were

seen with the Euclid device

A similar absence of CFF effects with the Euclid device was seen in our previous

study with sertraline and paroxetine. The pupillary assessments in the present study

show that miotic responses to light were similar in SSRI and placebo groups, although it

must be noted that ambient light conditions were rather crude as no actual

measurements of light intensity were made. Nevertheless, the data strongly suggest

differences in pupil sizes between drug and placebo conditions were present while

measuring CFF thresholds with the Euclid device. Hence, according to the Ferry-Porter

Law (Davson 1976) CFF elevations are expected without the artificial pupil due to

increased retinal illumination. Absence of such elevation suggests relative low sensitivity

of the Euclid device, although it must be noted that the Euclid device was able to detect

CFF elevations following levoprotilline administration (Robbe et al. 1991), as well as CFF

decrements following mizolastine (Vuurman et al. 1994), alprazolam and lorazepam

(Vermeeren et al. 1995) in healthy volunteers.

The results of CFF assessments with the Leeds Psychomotor Tester are quite

diverse and suggest a complex interaction between the relative contribution of pupillary

changes, habituation effects and an effect of drug dose. The data show that an acute

dose of sertraline and citalopram decreases CFF thresholds when a control is made for

pupil size This indicates that both SSRIs reduce CNS arousal. No such a decrease is

seen in the CFF assessment w/fhouf pupillary control, suggesting that the concomitant

increase in pupil size has attenuated the performance decrement. Rather unexpectedly,

the effects of both drugs disappear following one week of treatment. At this time, CFF

thresholds with and without pupillary control show no drug effects. Subsequently, one

week of treatment with a double dose (sertraline 100 mg, citalopram 40 mg) results in a

decline in CFF. both with and without pupillary control.

The differences in CFF results at different time points cannot be readily explained

by variations in pupil diameter since pupils remained steadily enlarged during the full

length of SSRI treatment periods. It must be noted that, although the influence of pupil
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diameter of CFF is clearly established, there is no experimental data concerning the

long-term effects of increased or decreased pupil diameters. A prolonged increase in

retinal illumination due to mydriasis may have conceivably induced an adaptive response

in subsequent sensory mechanisms For example, it was found that long-term exposure

to bright ambient light produced morphological and biochemical adaptations of the retina

in rats to 'regulate the number of photons captured a day and protect against light

damage' (reviewed by Penn and Anderson 1991). Adaptation to luminance might be

expected to disturb the relation between pupil size and CFF (Ripps and Weale 1976).

Indeed, pupil size showed no relation with CFF performance in subjects with naturally

wide or small pupils (Miles 1950) Interestingly, all CFF elevations following sertrahne

were found in acute studies (Hindmarch and Bhatti 1988; Mattila et al 1988; Saletu and

Grunberger 1988) whereas no change was detected is following sub-chronic treatment

(Hindmarch et al. 1990; Williams et al. 1996). Similarly, the only study to date on the

effect of citalopram on CFF showed an elevation of CFF following an acute single (20-

mg) dose (Nathan et al. 2000). With the influence of mydriasis diminishing over time, the

central mechanism, i.e. CNS activation/arousal, becomes the predominant determinant

of CFF threshold during sub-chronic assessments. Thus, the disappearance of CFF

effects after one week can be explained by behavioural habitation to the mild CNS de-

activating effects of both SSRIs. Increasing the dose may have triggered the

reappearance of detrimental effects at week two, but since no acute effect of the

doubled dose was measured, this explanation is rather tentative and needs to be

confirmed in future studies.

In terms of behavioural toxicity of sertraline and citalopram, the current results of

the pupil-controlled CFF assessments indicate that both sertraline and citalopram exert a

mild detrimental effect on CNS activation This is in line with a previous finding of slightly

reduced vigilance, as assessed with the Mackworth Clock Test, following sertraline

administration (Schmitt and Riedel 1999) Furthermore, vigilance assessments in the

present study (results to be published elsewhere) appears to be in perfect accordance

with the CFF results when controlled for pupil size Both sertraline and citalopram

reduced vigilance performance following a single acute dose, subsequently, vigilance

returned to placebo level after one week of treatment and again decreases after an

additional week with the double dose A similar association between a decline in CFF

(controlled for pupil size) and reduction of vigilance was observed with the SSRI

fluoxetine (Ramaekers et al. 1995). Also, sertraline was repeatedly found to increase

CFF thresholds (obtained without control for pupil size) while the same subjects reported

increased feelings of drowsiness (Hindmarch and Bhatti 1988, Mattila et al 1988; Saletu
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and GrOnberger 1988) Together, these observations support the notion that CFF is a

valid indicator of the effects of SSRIs on CNS arousal on/y when an effective control is

made for changes in pupil size

In conclusion, the present study demonstrated that concomitant mydhatic effects

of sertraline and citalopram can indeed significantly modify the outcome of CFF

assessments. Our data show that concurrent mydriasis masked the detrimental effects

of both SSRIs on CFF, particularly during the acute assessments with the Leeds

Psychomotor Tester. Similar confounding is likely to occur with other SSRIs, and indeed

with all drugs which intrinsically alter pupil size. Future CFF studies should include an

effective control for pupil size or at least take in account the putative effect of pupillary

Changes following drug administration when interpreting the results Our results raises

questions regarding the validity of the assessment of the behavioural toxicity of SSRIs

based on CFF measurements without ample control for pupil size, especially when these

concern acute measurements. A critical reappraisal of the data, for example by

comparing CFF results with other measures of CNS arousal and sedation, may be

warranted. ' ' ' .'%«•«•=••:>*«;••"
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CHAPTER 7

Ca/fe/ne improves memory performance

di/r/ng rf/sfracf/on /n m/dd/e-agec/,

/>i/f nof /n young or o/d sufr/ects

Abstract

The present study evaluated the effect of caffeine (225 mg) on cognitive

performance in young, middle-aged, and old subjects in a placebo-

controlled parallel groups design (n=60) Groups were matched for level of

education and sex. Positive effects of caffeine, as compared to placebo,

were found in middle-aged subjects in the first trial of the word learning test

In contrast, caffeine had negative effects on the speed of searching short-

term memory in young subjects Caffeine had no effect on the intercept,

which is an indicator for sensorimotor speed, of a memory scanning task.

The middle-aged subjects appeared to regularly consume twice as much

caffeine as the young and old subjects These results were similar to earlier

findings in a large population study. Although statistical analyses with

habitual caffeine consumption as a covanate did not yield different results,

a caffeine withdrawal effect was hypothesized to be responsible for the

reduced cognitive performance of middle-aged subjects receiving placebo

The habitual use of large amounts of caffeine by middle-aged subjects may

be a means to overcome the age-related decrease in cognitive functioning

that is caused by changes in information processing

E. Hogwvont W J Riedel. J A J Sdvntt. A J Jots*
Humen Peyctwphennecology. 13.227-284 (1098)
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Introduction

Caffeine is thought to act as a central stimulant and to have effects on cognitive

functioning by enhancing alertness and vigilance (Goldstein & Kaizer, 1969; Lieberman,

Wurtman, Emde. Roberts. & Coviella. 1987) Although it has been reported that caffeine

has no direct effects on memory functions (Loke, 1988), it was recently found that 250

mg of caffeine could attenuate scopolamine-induced memory dysfunction without

increasing psychomotor speed (Riedel. Hogervorst. Leboux, Verhey, van Praag, &

Jolles, 1995) This is of interest for studies of cognitive aging, in view of the decrease in

memory functioning with age and the development of cognition enhancers.

The present study evaluated the effects of caffeine on memory and memory-

related processes in a cross-sectional study involving three age groups (young, middle-

aged, and old). Effects of caffeine in middle-aged subjects are especially interesting

because of known differences in habitual caffeine use between cohorts (Riedel,

Hogervorst, & Jolles, 1995) and because cognitive performance has been found to be

diminished in the fourth and fifth decades of life (Houx, Vreeling, & Jolles, 1991; Jolles,

Houx, vanBoxtel, & Ponds, 1995) Moreover, most studies generally compare young and

old subjects. There have been relatively few studies of the effect of caffeine in ageing

subjects. In a large population study of 7414 subjects, improved performance was

associated with higher levels of caffeine consumption. Elderly subjects appeared more

susceptible to the performance improving effects of caffeine on memory, visuospatial

reasoning, and reaction time tasks (Jarvis, 1993). Yu, Maskray. Jackson, Swift and

Tiplady (1991) found that the performance of elderly subjects on a continuous attention

test improved with caffeine relative to placebo. The elderly subjects also felt more alert,

energetic, and interested with caffeine Another study (Swift & Tiplady. 1988) reported

that young and old subjects responded differently to caffeine The authors suggested

that the beneficial effects of caffeine in elderly subjects were possibly due to central

mechanisms, as reflected by a decrease in the number of errors on cognitive tasks. The

beneficial effects were not mediated by an increase in psychomotor speed, as they were

in the younger subjects Lorist, Snel, Mulder, and Kok (1995) however, did not find

substantial differences between the effects of caffeine on cognitive functions in elderly

and young subjects. They found that caffeine could only partly counteract the decreased

energetical resources of elderly subjects during task performance, in that caffeine

counteracted the age-related performance decrement related to perceptual processes

However, caffeine had a similar beneficial effect in young, well rested subjects on
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stimulus evaluation Caffeine did not affect central processes, i.e. the speed of searching

short term memory.

It is thus currently unclear whether caffeine has a different effect in young or old

subjects and at which levels of information processing caffeine acts In the present

study, the effect of 225 mg of caffeine on sensonmotor and memory functions was

investigated in young, middle-aged, and old subjects Extreme care was taken to include

only healthy subjects in view of the studies of Houx and Jolles that health-related factors

influence neurocognitive performance in otherwise healthy subjects (Houx, Vreeling, &

Jolles, 1991; Houx & Jolles, 1993, Jolles, Verhey, Riedel. & Houx. 1995) Because we

were mainly interested in the performance of middle-aged subjects, we used a newly

developed word learning test with distraction in which subjects had to ignore distracting

auditory information. This test was used because it is potentially more sensitive for

detecting subtle effects in middle aged subjects as compared to the young subjects We

expected caffeine to have different effects in the three age groups

Method

Subjects

Sixty healthy subjects were recruited by means of an advertisement in a local

newspaper. The mean age of the young group (n=20) was 29 4 (range: 26-34 years), the

mean age of the middle aged group (n=20) was 49.6 (range: 46-54 years), and the mean

age of the eldest subjects (n=20) was 69.1 (range: 66-74 years) Subjects were pre-

selected over the telephone. Only subjects without any previous adverse health-related

factors were included (Houx et al, 1991; 1993) Factors screened for were treatment by a

neurologist / neurological disorders (e.g. cerebrovascular attacks, epilepsy. Parkinson'«

Disease, Multiple Sclerosis, or any other muscle or nerve disease, severe head trauma,

encephalitis, or meningitis); cardiovascular disease (e.g. hypertension, arrythmia);

internal disease e g cancer, diabetes, thyroid disease, and renal dialysis); treatment by

a psychiatrist and/or the presence of severe psychiatric disturbances (e.g. depression

and electroshock treatment); the use of medication liable to induce cognitive deficits; and

the excessive use of alcohol (> 40 consumptions/ week) or the use of addictive drugs

Lastly, subjects who had sensory and/or motor impairments which could be expected to

affect psychomotor performance were excluded Groups were matched for sex and level

of occupational ability (LOA). Each group contained 10 males and 10 females. The LOA

may be a better estimator of intelligence than education, especially in older subjects For

this purpose, occupation was given a four-digit code, based on a detailed functional
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description (CBS, 1985) that was transformed to a 7-point score, which ranged from 1

(simple labour requiring no education or a low level of skills) to 7 (highly specialized

labour at an academic level) (van den Brandt, Goldbohm, van't Veer, Volovics, Hermus,

& Sturmans, 1985) The LOA was derived from the Directorate General for Employment

Policies in the Netherlands (1989) Each group contained subjects with 10 low and 10

high LOAs, the average LOA was 4 5 Subjects were asked how much coffee or tea they

consumed a day Caffeine consumption for each age group is shown in fig 1.

2-3 4-5 6-7 8-9 > 10

caffeine intake (# cups/day)

Figur« 1 : Caflb/ne infafce /n cups per day /n young, mtdd/e-aged and o/d subyecf

Procedure

The study was a double blind, placebo controlled design, matched for sex and LOA.

Groups were order balanced for time of testing to avoid the influence of circadian factors.

All testing was done in the morning. The entire procedure took 1.5 hours. Subjects were

asked not to drink any alcohol containing beverages 24 hours preceding testing

procedures and to arrive at the laboratory well rested Subjects were asked not to drink

any beverages containing caffeine or related substances, such as theophylline (coffee,

chocolate, tea, or coca cola) on the morning of testing. On arrival in the laboratory, a

saliva sample was collected and subjects were instructed to drink 225 mg of caffeine in a

total of 3 cups of coffee in 15 min. For the placebo condition, 225 mg of decaffeinated
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coffee was used After half an hour there was a 15-min training session Thereafter,

subjects started the test procedure, which took approximately 30 min Subjects went

seated in front of an IBM compatible computer in a sound proof room Standardized

instructions were given through an intercom After the experiment, subjects rinsed their

mouth with water and a saliva sample was collected

Sa//va cafTe/ne ana/ys/s

Saliva samples were taken before and after (about 75 min after caffeine consumption)

experimental sessions Samples were stored at -220 C Saliva caffeine concentration

was analysed using a high-performance liquid chromatography method

Psycho/og/ca/ resting

Two cognitive tests that are sensitive to the effects of ageing were used

V/sua/ Vertba/ Leam/ng Tesf wW> ̂ ud/to^y Dfefracffon

One of twelve parallel lists of 15 monosyllabic meaningful nouns, matched across word

frequency, was presented on a computer screen connected to an IBM compatible

computer at a rate of 2 seconds per word (Brand & Jolles, 1985). Simultaneously. 15

similar but different nouns were presented auditorily. Subjects were asked to verbally

recall as many of the visually presented words as possible after the presentation had

stopped, ignoring the (distracting) auditory words. The first trial was followed by four

more trials in which the same words were repeated in the same order The number of

correctly recalled words was noted after each trial. The first trail was taken as an index of

short term memory. The trial with the maximum number of recalled words is also taken

as an dependent variable (immediate recall) Twenty min after completion of the fifth

trial, subjects were asked to recall as many of the previously learned words that were

presented visually as possible (delayed recall or long term memory).

Afe/nory Scann/ng.

Subjects were briefly shown a set of unrelated consonants and told to memorise them.

This is called the "memory set" (Sternberg, 1969; Brand & Jolles, 1988) Subjects then

looked at a series of 48 letters displayed for 1000 ms on a computer screen, connected

to an IBM compatible computer; after 2000 ms the next letter appeared Half of the

presented letters were part of the memory set and had to be recognised as targets The

subjects' task was to respond as rapidly as possible by pressing either YES' or NO' to

indicate whether or not each successive letter was one of those from the memory set.
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The median of the response time (RT) for correct responses (on targets and non targets)

was taken as a dependent parameter This task was performed with memory sets

consisting of 1, 2, and 3 letters, respectively Individual RT x set size functions were

calculated This function is defined by the equation RT=A*Ss+B, in which: A = slope of

the function (i.e. the amount of extra time needed per item in the memory set), Ss = size

of the memory set, and B = intercept with the Y-axis The slope is a measure of the

speed of scanning short term memory, and the intercept is a measure of sensorimotor

speed

Sfatf*f/cs
The results were analysed using a two-way analysis of variance (ANOVA) with the factor

Drug (caffeine, placebo) and (he factor Age (young, middle-aged, old). For habrtuaJ

caffeine use non-parametric analyses (resp. Kruskal-Wallis and Mann-Whitney runs test)

were carried out. All analyses were done with the SPSS-PC statistics package for Apple

Macintosh. The cognitive test performance of the various groups is given in table 1.

Table 1: Oofcome (mean and SDJ of fesf preformance in young (n=20| m/dd/e-aged (n=f 7,), and
e/deny suiyecte (>J=20J wrfn caflfeine (n= 70J orp/acebo (n=f 0|

TMt-«UbtMt

WLT-tr1al1

Immediate recall

Delayed recall

Memory Scanning

Meaaure

# words

«words

# words

Intercept

Slop*

Young

Caffeine

5.0(1.7)

12.6(13)

10 6(1 5)

425(47)

56(15)

Placebo

6.0(1.5)

12.9(1.1)

11.3(1 8)

433(38)*

38(17)t

Middle-aged

Caffeine

5.3(1.1)*

12.2(1.7)*

9.8(1.8)*

466(40)t

41(15)t

Placebo

4.0(1.1)t

11.5(1 2)t
9.0(30)t

455(46)t

53(17)t

old

Caffeine

4.3(1 8)

11.4(1.7)

8.7(2.8)

510(72)

47(15)

Placebo

4.1(1.2)

11.3(1.7)

98(2.4)

502(71)

57(18)

* n«9, t n-8

Results

Sa//va caffo/ne concentrat ions

Three (one caffeine, two placebo) subjects in the middle-aged group had pre-treatment

saliva caffeine concentrations slightly over 2.0 mg/L, which suggested that they had not

adhered to the abstinence instructions. Data for these subjects, who had an average

habitual caffeine use, were not used in the analyses. The overall average pre-treatment

saliva caffeine concentration in the remaining subjects was .34 mg/L (SD= .44), which
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was not different between conditions (CAF:M> 37 (SD.45). PLAC M« 31 (SD 43),

F1,54=0.32. p=n s ] Saliva caffeine concentrations were higher in the subjects that had

received caffeine containing coffee (M= 3 12 mg/L. SD* 1 47) than the subjects who had

received decaffeinated coffee (M= 33 mg/L. SD= 46) (F1.54»93 2. p< 0001]

Perfoimance

A 2 (drug) x 3 (age) analysis of vanance of performance on the WLT-D revealed a main

effect of age on the number of words recalled during the first tnal (F2.51-4 10, p<0.05).

There was no significant main effect of caffeine (F1,51=0 09, p»ns) There was a trend

significant interaction effect of age and caffeine on tnal 1 (F2.51=2 99, p>0 06) Figure 2

shows that the middle-aged subjects receiving placebo stored less words in short-term

memory than did the subjects receiving caffeine. <

There was a significant main effect of age on the maximum number of words

recalled over the 5 trials (F2,51 =4.57, p<0.05) (table 1) Caffeine had no main effect on

the maximum number of words recalled (F1,51=0.14, p=n s ) Also, no interaction effects

were seen between age and caffeine on the maximum number of words recalled

(F2,51=0 55, p=n.s.) There was a significant main effect of age on the delayed recall

(F2,51= 3.32, p<0 05) (table 1). Caffeine did not have a main effect on delayed recall

(F1,51 =0.44, p=n.s.) and also no interaction effect between age x caffeine could be

detected (F2,51 =0.85, p=n.s.)

No main effect of age (F2.47=0.53, p=n.s.) was seen on the slope of the

Memory Scanning Task. Hence, age did not affect the speed of searching short-term

memory. In addition, no main effect of caffeine was detected (F1,47=0.12, p=n.«.).

However, there was a significant interaction effect between age and caffeine on the

slope (F2,47=4.58, p<0 05) Figure 3 shows that in the young group, the slope was

significantly lower for the subjects who received placebo than for the subjects who

received caffeine. Age clearly affected sensorimotor speed, as a 3 (age) x 2

(caf/placebo) ANOVA on the 1-intercept showed (F2,49=9 67, p<0 001) However,

caffeine did not affect sensorimotor speed (F1,49=0 05, p=n s ) and no interaction effect

of age and caffeine was detected (F2,49=0 15, p=n.s.).

Hab/fua/ use

The three age groups differed in the average amount of caffeine consumed per day

(Chi*(57)=10.89, p<0.005) Young subjects consumed 3.2 (median: 2 8, SD=2 6) cups of

coffee/ day. middle-aged subjects consumed 5.4 (median: 5.3, SD= 2 8) cups of

cofee/day. and old subjects consumed 2.6 (median: 2.1, SD=2 0) cups of coffee/day.
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The mean amount of caffeine was similar for the young and old subjects (2-3 cups of

coffee/day, Z=- 69, p=ns) and significantly lower than that of the middle-aged subjects

(vt young: Z=-2 60, p<01; old: Z=3.06, p<005).

70
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40

30

20

10

0
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7

6

|
. ^ 5

3

* 3

2

1

0
26-34 46-54 66 - 74

age group

-caffeine
- placebo

26-34 46-54 66-74

age group

Figure 2 (left): A/u/nber of wonys reca//edon
fria/ f o/" /he VVL f w»Mi caffe/ne and p/acebo
over age groups. *f(J5^=2.5f, p<0.05

Discussion

Figure 3 (right): Speed ofseach ;n short-
term memory or" fhe memory scanning fasfc
wrth caffeine orp/acebo over age groups,

f, p<0.05

' ^ ->'v' ^f" ft .

The objective of the present study was to evaluate the effects of caffeine on cognitive

functions in three age groups: young, middle-aged, and old healthy subjects. The results

show that caffeine had selective effects on cognitive performance in the three age

groups. First, as expected, age affected performance in the verbal learning test with

distraction and also clearly affected sensorimotor speed, as measured from the intercept
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of the memory scanning task Age did not affect the speed of searching short-term

memory, as measured from the slope of the memory scanning task Furthermore, young

subjects who drank caffeine-containing coffee needed significantly more time to search

short-term memory than did young subjects who drank decaffeinated coffee (placebo)

By contrast, in the middle-aged subjects, caffeine had a positive effect on short-term

memory functions, as measured with the first trial of the word list task More words were

retained in memory after consumption of caffeine than after consumption of

decaffeinated coffee. Caffeine did not affect maximum and delayed recall of the word list

task, or the sensorimotor speed parameters of a memory scanning task

There are various factors which may explain the different effects of caffeine on

short term memory functions in the three age groups In the first place, since the

pharmacokinetics of caffeine do not change with age (Blanchard & Sawers, 1982), the

difference in the response to caffeine in the different age groups is thought to have a

pharmacodynamic basis. However, there was a difference in habitual use of caffeine in

the three age groups. The middle-aged subjects drank almost twice as much coffee a

day as the young and old subjects. The groups were not a priori matched for habitual

caffeine consumption in order to conform to standard procedures in cross-sectional

studies in cognitive ageing research, where caffeine use is not a matching criterion.

Similar cohort differences in the regular use of caffeine have been reported earlier

(Riedel, Hogervorst, & Jolles, 1995), where young subjects were seen to drink on

average 3 cups of coffee / day, middle aged 5 cups, and old subjects 3,5 cups Cohort

differences in the use of nicotine have also been found (Hogervorst, Riedel. & Jolles,

1995). These differences are usually controlled by statistical procedures We also

performed statistical analyses with the number of cups of coffee consumed per day as a

covariate. The results remained essentially the same and F-values remained in the same

order. This can be taken to indicate that inter-subject differences in habitual caffeine

consumption were not the major determinant of differences in the effects of caffeine

found in the present study. Yet, habitual caffeine use has been shown to affect the

outcome of tasks which measure memory or memory-related processes Loke (1988),

for example, found that regular caffeine users (388-928 mg/week) recalled more words

after a delay than very low caffeine (<178 mg) users Likewise, Smith, Rafferty,

Lindgren, Smith, and Nespor (1991) reported that moderate to high habitual users of

caffeine (> 200 mg/day) had increased sensttivrty on a vigilance task. This may explain

the absence of effects in our low caffeine consuming elderly subjects.

Further, a high habitual use may also render subjects more sensitive to caffeine

withdrawal effects This could be a second explanation for the findings of the present
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study. However, the effect of caffeine withdrawal on cognitive functions is disputed

(James. 1994). The performance of habitual caffeine consumers on simple tasks is

reported to decrease during caffeine deprivation (Silverman, Evans, Strain, & Griffiths,

1992) Furthermore, in coffee-drinking managers (Streufert, Pogash, Miller, Gingrich,

Landis, Lonardi. Severs, & Roache. 1995) cognitive effectiveness during complex task

performance was diminished during caffeine deprivation Lieberman, Wurtman, Emde,

Robert*, & Coviella (1987) showed that even very low doses of caffeine (32 mg)

enhanced cognitive function (vigilance and RT) after caffeine abstinence for 12 h. Some

dispute whether caffeine deprivation in habitual caffeine consumers is the only

explanation for the enhancing effect of caffeine on cognitive functions (Rogers,

Richardson, & Dernoncourt, 1995; Warburton, 1995) In the study performed by

Warburton (1995) the affect of low doses of caffeine (75 and 150 mg) was investigated

after a minimal caffeine abstinence of 1 h. Attention, problem solving, and delayed recall

were improved but immediate recall and short-term memory were not. However,

performance in the placebo condition was close to the maximum, giving little margin for

improvement. Hence, even without caffeine deprivation, subjects in the caffeine

condition still improved their cognitive performance. Yet, in view of the fact that our

middle-aged subjects used nearly twice as much caffeine as the young and the old

subjects, the effect of caffeine withdrawal was probably much more pronounced in the

middle-aged subjects than in the other subjects. This is interesting because it may

provide clues as to the mechanisms of action of changes in cognition in relation to age.

Young subjects, for example, have an optimal cognitive performance and it is possible

that middle-aged subjects use coffee to compensate for the deterioration of cognitive

functions with age. Also, many studies have shown that a decline in cognitive

performance is already evident in the fourth decade (Jolles et al, 1995; Houx et al, 1991;

1993). This hypothesis is currently being tested in the Maastricht Aging Study, which is a

large scale longitudinal study involving 1980 subjects aged 25 to 80 (Jolles et al, 1995).

The effect of caffeine taken together with the deterioration of information

processing resources with age may explain the differences in caffeine/age effects in the

present study Salthouse (1988) suggested that the age-related decrease in short-term

memory capacity reflects the decrease in resources available with advancing age.

According to the model of Hasher & Zacks (1979). sensitivity to difficult tasks which

require effortful information processing, increases with age because these tasks require

attention and energetic capacity, or resources. Moreover, elderly subjects are more

sensitive to distracting information and find it difficult to actively suppress irrelevant

information (Carlson, Hasher, Zacks. & Connelly, 1995; Kane, Hasher. Stoltzfus. Zacks,
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& Connelly, 1994) Caffeine positively affects the ability to focus attention (Lonst. Snel,

Kok. and Mulder. 1994. Lorist. Snel. Mulder. & Kok. 1995) The model of Hasher &

Zacks combined with the positive effect that caffeine has on selective attention may

explain why caffeine had an effect on performance in the first trial of the word list in

middle-aged subjects, but not in young subjects Caffeine increased the number of

words recalled by reducing the susceptibility to the distracting, auditorily presented

words, but only in the middle-aged subjects because these subjects are more sensitiv«

to distraction and will profit from the effect of caffeine on selective or focused attention.

The more structural deficits (loss of neural connections) of elderly subjects may explain

the absence of positive effects of caffeine in this age-group A third explanation of our

findings thus involves the known effects of caffeine on attentional functions (Lorist, Snel,

Kok. A Mulder. 10CM, N*hlig. Daval. A n*hry. 1003) Similarly to our finding oth»rm hav»

reported negative effects of caffeine on the slope of a memory scanning task performed

by young subjects (Anderson, Revelle, & Lynch, 1989). However, caffeine has also been

reported to have significant positive effects on sensorimotor speed (intercept) (Anderson,

Revelle, & Lynch. 1989; Lorist, Snel. Kok. and Mulder. 1994; Lorist, Snel, Mulder. & Kok,

1995). The absence of intercept effects in the present study may be because our task

was of short duration and caffeine is known to increase the ability to sustain attention or

to maintain vigilance (Nehlig. Daval. & Debry, 1992; Pons. Trenque, Bielecki, Moulin. &

Potier, 1987; Yu, Maskray. Jackson, Swift & Tiplady, 1991) Furthermore, as for the

effects of caffeine on other aspects of information processing, in the present study

caffeine did not affect maximum and delayed recall Hence, these data suggest that

caffeine does not affect storage and consolidation functions.

In sum, age-related changes in information processing may thus underlie the

effects of caffeine on cognitive performance It remains to be established whether there

is a dose-dependent relationship in this respect There is convincing evidence that in

young subjects caffeine does not affect performance in a linear dose-dependent manner

Rather, the dose-response relationship follows an inverted U-shaped curve analogous to

the relation of performance and arousal which is described by the Yerkes-Dodson law

(1908) For instance. Loke (1988) reported in her literature review that memory span

increases with low (eg 162 mg) but not with high (325 mg) doses of caffeine In the

present study, 225 mg of caffeine had a negative effect on the short-term memory

performance of young subjects, but did not affect delayed recall Anderson et al (1989),

who showed a negative effect of caffeine on short-term memory functions, UMd a

comparable dose of 4 mg/kg caffeine Interestingly, delayed recall has been shown to

increase with 200 mg but to decrease with 400 mg of caffeine, while 325 mg had no
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effect (see also: Smith, Kendrick, & Maben, 1992; Terry & Phifer, 1986). It may be the

case that, because arousal decreases with age, the Yerkes-Dodson curve moves to a

position more to the right This would explain why caffeine had negative effects in young

subject«, positive effects in our middle-aged subjects and no effect in the elderly

subjects.

Concluding, results show that age has subtle effects on memory functions under

conditions of distraction. In addition, caffeine has different effects on cognitive

performance in different age-groups The decreased performance in the middle-aged

subjects who drank decaffeinated coffee may be due to a caffeine withdrawal effect,

which Is stronger than in subjects of other ages because the habitual caffeine

consumption in middle-aged subjects was twice as high. The present findings are

important for cognitive ageing research in view of the fact that cross-sectional studies

usually do not control for caffeine use. In addition, the neurocognitive paradigm used

(measurement of memory performance under distraction) may prove relevant to

cognitive ageing research. The habitual use of large amounts of caffeine by middle-aged

subjects may be a means to overcome the age-related decrease in cognitive functioning

that is caused by changes in information processing.
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Loiv dose of caffe/ne does nof affect

/ne/no/y ft//icf/ons or focussed attenf/on in

m/dd/e-aged or

Abstract

The cognitive effects of a low dose (100 mg) of caffeine in middle-aged and

elderly subjects were investigated according to a double blind cross-over

design. Sixteen middle-aged (45-60 years) and fourteen elderly (60-75

years) healthy men and women, who were regular caffeine consumers,

received 100 mg caffeine or placebo on two separate days. A cognitive test

battery was administered 30 minutes later Caffeine did not affect short-

term memory span or speed, or long-term memory retrieval functions, as

was assessed with a word learning test, digit span test and memory

scanning test. Although caffeine improved performance on card II of the

Stroop Colour Word Test, performance on other sub-tests or the Stroop

interference measure were unchanged, showing caffeine did not affect

focussed attention. Cognitive performance and effects of caffeine did not

differ between middle-aged and old subjects Also, habitual caffeine use did

not influence cognitive performance as such, nor did it alter the effects of

caffeine in either age-group The results indicate that caffeine withdrawal

does not substantially affect (short-duration) cognitive performance, even in

subjects who normally consume relatively large amounts of caffein«.

Absence of cognitive effects of caffeine administration may be due to the

relatively low dose (100mg), which may not be effective in middle-aged and

elderly subjects.

Jwoan AJ. Schrritt. Eef Hogervoc«. Eric F.P.M Vuurman J«te Joie» & Wrni J Riad«!



CHAPTER 8

Introduction

Despite several decades of extensive experimental research, the precise and distinct

effects of caffeine on cognitive functioning remain quite elusive. Attempts to relate

caffeine actions to specific cognitive domains, such as learning and memory, are

hampered by inconsistent and contradicting results (for reviews see Fredholm et al

1999; Riedel and Jorissen 1998; Rogers and Demoncourt 1998) While there are some

indications that caffeine, under certain conditions, can influence specific functions, for

example long-term memory (Riedel et al. 1995), it appears that caffeine's most

consistent effect is an increase in arousal (Herz 1999; Kenemans and Lorist 1995;

Watters et al. 1997). Thus, caffeine can be considered a non-specific stimulant

(Kenemans and Verbaten 1998) that can indirectly improve human cognitive

performance by increasing alertness.

Traditionally, the effect of a non-specific stimulant is seen as reducing the amount

of cues that are being utilised while performing a certain task (Easterbrook 1959). Thus,

caffeine and other stimulant drugs may be expected to increase selectivity of information

processing, in other words, induce a 'narrowing' of attention and reduce distractibility to

irrelevant stimuli (Anderson et al. 1989; Kenemans and Lorist 1995; Kenemans and

Verbaten 1998). Experimental studies with caffeine have provided evidence supporting

such a view (Kenemans et al. 1999; Kenemans and Lorist 1995; Lorist et al. 1994; Lorist

et al. 1995). This effect of caffeine is particularly interesting with regard to the results of

our previous study, in which caffeine improved performance on a word learning task with

distraction (Hogervorst et al. 1998) The effect was interpreted in terms of improved

selective attentional processing, i.e. caffeine improved the subjects' ability to focus on

the (visually presented) target words, and reduced distraction by the auditory distractor

words. However, in a conventional word learning task (without distraction) the affected

task parameter, i.e. number of words recalled after one presentation trial, can be seen as

an indicator of short-term memory span (Lezak 1995). Thus, an increase in short-term

memory span may also underlie the effect Indeed, caffeine has recently been shown to

improve performance on a digit span test (Rees et al 1999)

Another issue in caffeine research, one that was specifically addressed in our

previous study, is a possible interaction between age and the effects of caffeine. The

cognitive effects of caffeine may be more pronounced in elderly subjects (Jarvis 1993;

Rees et al. 1999; Swift and Tiplady 1988, Yu et al. 1991). although age-related

differences in the cognitive effects of caffeine were not always apparent (Hameleers et

al. 2000; Lorist et al. 1995; Rogers and Demoncourt 1998; Smith et al 1999). In our
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previous study (Hogervorst et al 1998) it was found that 250 mg caffeine diminished

speed of short-term memory search in young subjects only, whereas an improvement

was seen of short-term memory span in middle-aged subjects We proposed that

differences in habitual caffeine consumption between age-groups may have caused the

differential caffeine effects Specifically, we hypothesised that the high caffeine

consumption in the middle-aged group may have rendered them particularly vulnerable

to caffeine withdrawal effects in the placebo condition, and this may have lead to poor

cognitive performance.

The present study was designed to further investigate the above Issues The aim

of the present study was threefold First, we sought to establish whether the previously

observed performance increment in the word learning task was due to an increase In

short term memory span or was alternatively caused by narrowing of attention. To this

end, we measured the effects of caffeine on a similar word learning task w/Yftouf

distraction, as well as on a specific short-term memory span test (digit span) We also

included the Stroop Colour Word Test to specifically assess selective attention It was

hypothesised that caffeine would not affect performance on either memory test, but

would improve performance on the Stroop Test. Second, we wanted to investigate

whether the observed differences in performance between middle-aged and old subjects

were due to differences in habitual caffeine consumption. Therefore, we matched our

age-groups to a level of habitual caffeine use that was similar to that of the middle-aged

group in the previous study It was explicitly decided nor to try to avoid putative

withdrawal effects by using only non-caffeine users Instead, we aimed to induce similar

caffeine withdrawal effects in both age-groups, as it was hypothesised that withdrawal

effects were (at least partly) responsible for our previous findings Also, it would be

expected that the facilitating effect of caffeine would be similar in magnitude with a lower

dose of caffeine (100 mg) since even small doses are effective in relieving withdrawal

effects (Mitchell et al 1995) Finally, in our previous study there was some indication that

caffeine may reduce the slope of the memory scanning function in middle-aged and old

subjects, but no significant effect could be detected In the present study the effects of

caffeine on this task were re-investigated according to a cross-over design, which may

be more sensitive to detect effects In addition, stimulus quality in the memory scanning

task was modulated to specifically investigate the effect of caffeine on the perceptual

processes.
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Methods and Materials

Sutyects
Thirty healthy subjects were recruited from a pool of subjects that had responded to

newspaper advertisements requesting volunteers for scientific reseach. The group

consisted of 16 middle-aged subjects, aged 46 to 60 years, and 14 old subjects, aged 60

to 74 years (see table 1 for subject characteristics). Subjects were pre-selected over the

telephone They reported to feel healthy (on average 4 on a 5-point scale ranging from

1: 'not healthy at all' to 5: 'very healthy') and not to use any medication or drugs liable to

influence cognitive functioning. Subjects with excessive alcohol consumption (2 5 drinks

a day) were excluded. Groups were matched for sex, intelligence, and habitual caffeine

consumption (in mg/day). Intelligence was inferred from LOA (Level of Occupational

Ability).

The LOA is based on a detailed functional description (Centraal Bureau voor de

Statistiek 1985), each subjects' occupation was transformed to a score that ranged from

1 (simple labour requiring no education or low level of skills) to 7 (highly specialised

labour at an academic level) (Directoraat-Generaal voor de arbeidsvoorziening 1989).

The LOA may be a better estimator of intelligence in older subjects than years of

education.

Habitual caffeine intake was calculated on reported weekly consumption of

caffeinated coffee, tea and soft drinks, in cups (150ml), mugs (175 ml), glasses (150 ml)

or cans (330 ml). Habitual use in milligrams of caffeine a day was calculated using the

following average caffeine contents in the Netherlands: coffee: 85 mg/ 150 ml, tea: 30

mg/150 ml, cola: 20 mg/150 ml (Willems 1986-Voeding in de praktijk-VII-B6-l)

Table 1 : Sutyecr cftaracferisttcs fmesn and sfancfancf cfewafrön <n brecfcefsj of Age, Leve/ of
Occupaf/'ona/ .Aörfrty (tOA,), Habrtua/ Caffe/ne consumpf/on ;n mgr/day f/nc/. tea and co/a/

MIDDLE-AGED OLD
Age
LOA(1-
Caffeine
N

7)
(mg /day)

546
4.1
427

(37)
(1.8)
(180)
16

67.7
4 5
349

(5.1)
(1.3)
(175)
14
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Design and procedure
The study was conducted according to a double-blind, cross-over design Treatment

orders (caffeine-placebo, placebo-caffeine) were balanced for each age-group over the

two test days One week before the experiment started, subjects were trained to perform

the cognitive tests. During this training session each subject completed the full test

battery Subjects were instructed not to dnnk any alcohol containing beverages 24 hour«

preceding testing procedures, and to arrive at the lab well rested Also, subjects war«

asked not to drink any beverages containing caffeine or related structures (coffee,

chocolate milk or tea) on evening before and the morning of testing. All tatting was done

in the morning to reduce abstaining effects of caffeine.

Upon the subjects arrival, two capsules containing either placebo or a total of

100 mg caffeine were dissolved in one cup of decaffeinated coffee. Subjects were

instructed to finish the drink within a period of 5 min. Cognitive tests were performed

thirty minutes after finishing the drink. The test battery took approximately 25 minutes to

complete. Subjects were seated in front of a computer screen and were given

standardised instructions by the same experimenter After one week, subjects returned

for another session that was similar except for the content of the drink. Subjects were

paid f 25, - for their participation.

Cognft/ve Assessments
Two parallel versions of the Word learning Test and Digit Span test were used for the

experiment A third version of the tests was used for each training session The order of

the two experimental versions was balanced over test days. A single version of the

Stroop Colour Word Test was used in all assessments.

D/g/f Span

The Digit Span test is a sub-test of the Wechsler Adult Intelligence Scale (Wechsler

1981) and is used to test working memory storage capacity or memory span (Lezak

1995). A sequence of 3 randomly chosen and unique digits (from 1 to 9) is slowly read

aloud to the subject This is usually well produced, and a second set of 3 digits it

presented. If this is also correctly reproduced, the examiner augments the set with one

digit If the subject failed at two consecutive items, the memory span was assumed to be

the last sequence that was correctly produced.
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liVond Leam/ng fesr (WLT)

A list of 15 monosyllabic meaningful nouns matched across word frequency is presented

on a computer screen connected to an IBM compatible computer with a rate of one word

per two seconds. Subjects are asked to verbally recall as many of the presented words

• • possible as soon as the presentation had stopped (Brand and Jolles 1985). This first

immediate recall trial was followed by two more trials in which the same words were

repeated in the same order. The number of correctly recalled words was noted after

each trial. The first trial was taken as the dependent variable for storage capacity in

working memory. When the third trial was completed, subjects performed subsequent

activities. Twenty minutes after the last presentation, subjects were asked to recall the

previously learned words; the delayed recall, which was taken as a measure of long term

memory.

7/je Sfroop Co/our Wore/ tesf (Stroop 1935)

The Stroop is a well-known test for the ease of shifting perceptual sets to conform to

changing task requirements (Lezak 1995). The test consists of three subtests (Bohnen et

al. 1992). In subtest I, 10 rows by 10 colums of color names (red, blue, green, and

yellow) are printed in black on white cardboard. In subtest II, the same number of

correspondingly colored patches are printed, whereas subtest III contains a number of

color names, printed in incongruously colored ink. For instance, the word "red" can be

printed in green. The protocol for administering the test in this study was as follows. For

subtest I (Color Word Reading'), the subject was requested to "read the color names

row by row, as fast as you can, without making any mistakes". The time needed to

complete the whole card was recorded with a stopwatch in sec. For the second subtest

('Color Naming") the instruction was to "name the colored patches". The third subtest

('Color-Word Interference') involved naming the color of the ink the color words were

printed in, without paying attention to the word itself. Time to complete each card is

recorded, as well as number of the errors. The susceptibility to interference is computed

with the formula: (Time to read card III - (Time card I + card II) / 2) and can be regarded

as a measure of focused attention.

Memory Scann/ng

Subjects were briefly shown a set of unrelated consonants and told to memorise them.

This is called the "memory set" (Sternberg 1969). Subjects then looked at a series of 120

letters displayed on a computer screen, connected to an IBM compatible computer Half

of the presented letters were part of the memory set and had to be recognised as
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Figur« 1; /An examp/s of a norms/ (toff; and degraded
scanning fesf

5f/mu/us /n fn» mamory

targets Half of the targets and non-targets were degraded by the addition of speckled

noise to the letters in a graphics programme (see figure 1). The subjects' task was to

respond as rapidly as possible by pressing either a YES' or NO' button to indicate

whether or not each successive letter was one of those from the memory set The mean

of the response time (RT) for correct responses (on targets and non targets) for

degraded and non-degraded stimuli separate was taken as a dependent parameter. This

task was performed with memory sets consisting of 2 and 4 letters, respectively.

Stat/sf/ca/ ana/ys/s

The outcome variables of the word learning test. Digit Span and Stroop test were

analysed with a 2 x 2 repeated measures Analysis of Variance (MANOVA) according to

a 2 (treatment) x 2 (age-group) factorial model to test the effect of treatment (caffeine

100mg / placebo), the effect of age (middle-aged / old) and the interaction effect*

between caffeine and age-group Two additional within-factors were added to the

analysis of the Memory Scanning task These were memory load (2 letter, 4 letters) and

stimulus quality (degraded, non-degraded) Since habitual caffeine intake was not

entirely identical in both age-groups this variable was included as covariate in the above

manova's. In order to test the effect of habitual use on the effect of treatment and th«

interaction between age and treatment, individual differences in performance in the

caffeine and placebo conditions were calculated Differences were then analysed using

a one-way analysis of co-variance (ANCOVA) with age-group as main factor and

habitual caffeine intake as co-variate. All analyses were done with the SPSS 6.0

statistics package for Apple Macintosh.
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Results

The results of the cognitive assessments are summarised in table 2. The outcome

measures of the word learning test, i.e. number of words in trial 1, immediate recall and

delayed recall, showed no main effects of age-group or treatment, or an interaction

between age-group and treatment. Similarly, digit span performance showed no main

effects of age-group or treatment, and there was no treatment by age-group interaction.

Performance on Card I of the Stroop test showed no main effects of age-group or

treatment, or an age-group by treatment interaction. A main effect of treatment was

found for card II (F1,28=4 50. p<0 05), but no effect of age-group or an interaction was

found. Caffeine reduced the time needed to complete card II in both age-groups. Time to

complete card III and the interference measure showed no main effects of age or

treatment or an interaction between treatment and age. The error rate was very low and

was not statistically tested The mean number of errors (card I + II -Mil) was less than

one during caffeine and placebo conditions in both age-groups.

Analysis of the memory scanning revealed a main effect of memory load

(F1,28)=79 53, p<0 001), as well as a main effect of stimulus quality (F1,28)=6.88,

p<0.05). As is to be expected, responses slowed as memory load increased, and

responses were also slower for degraded stimuli as compared to non-degraded stimuli.

There was no interaction between memory load and stimulus type. No main effects of

treatment or age-group were seen for the memory scanning test, and no significant

interactions between factors were found.

Covariance analysis to establish the effect of habitual caffeine intake revealed

that habitual caffeine explained a significant amount of variance of the main effect of

age-group on Digit span performance. However, correction for habitual caffeine intake

did not alter the results, i.e. the effect of age-group remained non-significant. Results of

other cognitive assessments were unaffected by the inclusion of habitual caffeine intake

as covanate in the analyses.

Discussion

In the present study, we examined the effects of 100 mg of caffeine and placebo on

memory functions and selective attention in middle-aged and old subjects. Caffeine was

found not to affect short-term memory span or speed, or long-term memory retrieval

functions, as was assessed with a word learning test, digit span test and memory
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Table 2: Means (sterKte/rf dew/s/wnsj o/ fhe oufcome vanabtes of fne cogn/ftve assessments,
broken down öy age-yroup and freafmenf Resu/fs printed /n /fa/ic snotv a main effiscf of
caffeine

Meaeure

MIDDLE-AGED

caffeine placebo

OLD

caffeine placebo

Ward Leam/ng Tesf
WLT 1 (# words)
Immediate recall (# words)
Delayed recall (# words)

Diorfspan <# digits)

Stroop Co/our Wwd Tesf
card I (sec)
card II (sec)
card III (sec)
Interference (%)

Memory Scann/'ng
Memory load 2 letters

Degraded stimuli RT
Non-degraded stimuli RT

Memory load 4 letters
Degraded stimuli RT
Non-degraded stimuli RT

6.9 (21) 6.6 (2 1)
28 8 (6 0) 281 (5.9)

9 6 (2 8) 9 2 (2 8)

6.4 (1.7) 6 4 (1.5)
26.4 (5 7) 263 (5 3)

83 (28) 85 (29)

5.6 (1.2) 5.5 (0.8) 57 (14) 6.6 (1.1)

434 (55) 44.8 (6 0)
54.4 (8.8) 57.4 (9.7;
845 (15.3) 879 (150)
72.4 (18.8) 71.7 (17.5)

567 (64) 585 (64)
562 (56) 567 (73)

726 (150) 681 (116)
721 (191) 655 (100)

444 (6.7) 448 (6 3)
54 9 (TO 8; 55 9 (tO 4)
90.4 (23.2) 91 0 (22 0)
81.5 (339) 80.4 (31 0)

620 (150) 587 (62)
594 (61) 578 (78)

720 (91) 717 (92)
669 (95) 663 (90)

scanning test Caffeine improved performance on card II of the Stroop Colour Word Test,

but no caffeine effects were seen on other sub-test or on the Stroop interference

measure. Cognitive performance and effects of caffeine did not differ between middle-

aged and old subjects Also, habitual caffeine use was found not to influence the

cognitive performance as such, nor did it alter the effects of caffeine in either age-group

In general, cognitive performance was not different in the caffeine and placebo

groups. This suggest that no withdrawal effects, as to cognitive functioning, occurred

under placebo in our study groups, despite relatively high habitual caffeine intake

Adverse effects following short-term caffeine deprivation are well known, and these

consist mostly of headache, drowsiness and reduced mood (Griffiths and Mumford 1995;

Rogers and Dernoncourt 1998) However, caffeine withdrawal effects are lest

consistency found on objective measures of cognitive performance, especially on short
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duration tasks (Lane 1997; Phillips-Bute and Lane 1998; Rogers and Dernoncourt 1998).

Cognitive withdrawal effects appear to be most pronounced in long duration vigilance-

like tests (Lane and Phillips-Bute 1998) and perhaps after longer (48 hours) caffeine

deprivation periods (Fredholm et al. 1999). The present results seem to fit this general

idea.

Based on the present results, we cannot confirm that improvement of memory

test performance in the middle-aged group in our previous study was caused by

withdrawal effects due to relatively high habitual caffeine intake in this group. Habitual

caffeine intake in the present middle-aged group (± 425 mg/day) was comparable to that

of the middle-age group in the previous study (± 450 mg/day), while the intake in our

current old group was somewhat lower than that (± 350 mg/day) Despite the fact that

caffeine consumption in our previous study may be an underestimation because

caffeine-containing soft drinks were not included» in the calculation, similar withdrawal

effects may still be expected to occur in the present study, at least in the middle aged

group. It must be noted that, because no baseline measurements are taken, withdrawal

effects could only be inferred by comparison of performance under placebo versus

caffeine. Hence, it can be argued that withdrawal effects indeed occurred in the present

study, but the lower caffeine dose of 100 mg was less effective in removing this effect

than the 225 mg dose that was used in our previous study. However, Mitchell et al.

(1995) have shown that doses of caffeine that are low compared to habitual caffeine

intake are sufficient to prevent withdrawal symptoms. Therefore, we assume that if

withdrawal effects were present, administration of 100 mg would have effectively

removed these effects, resulting in a better performance under caffeine. We conclude

that we found no evidence for caffeine withdrawal effects occurring in the placebo

condition, even in subjects with relatively high habitual caffeine use.

Consequently, if differences in habitual caffeine intake cannot explain the

differential effect of caffeine in the middle-aged and old group in our previous study, this

may have reflected a true age-related difference in cognitive response to caffeine.

However, in our present study, we found no evidence for such a age by caffeine

interaction either. The existence of an age-related difference in the effect of caffeine on

cognitive function is indeed disputed (Amendola et al. 1998; Smith et al. 1999).

However, in the present study methodological factors may be considered to underlie the

lack of an age by caffeine interaction We used contiguous age-groups, whereas in our

former study age-groups were separated by ten years. Average difference between the

middle-aged and old group in the present study was approximately 13 years, whereas

age-groups differed nearly 20 years in the previous study. The fact that that age-groups
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in the present study were less distinct may have made it more difficult to detect age-

related differences. This is supported by the fact that test performance showed no

effects of age itself, despite the fact that performance on each of the current tests hat

been shown to decline with age (Houx et al 1993; Kausler 1991; La Rue 1992) It mutt

be noted that the absence of age effects is not likely to be the result of insufficient

sensitivity due to procedural factors, since the well known task-related effects on the

memory scanning task, i.e. effects of memory load and stimulus quality (Stemberg,

1969) were shown to occur. The relatively low dose of caffeine (100 mg) may also be

held responsible for the absence of cognitive effects of caffeine, particularly since

caffeine withdrawal effects were not apparent However, doses of caffeine below 100 mg

have been reported to facilitate vigilance performance (Lieberman et al 1987) as well as

attention and memory (Durlach 1998; Smith et al 1999). and even in the absence of

withdrawal effects (Warburton 1995). However, these effects were observed in relatively

young subjects (<40 years), whereas older subjects may benefit more from higher doses

(Hogervorst et al. 1998).

The specific results of the current cognitive assessments need to be interpreted

with caution, given the general issues addressed above Caffeine was found to affect

neither short-term memory (first immediate recall trial, digit span) nor focussed attention

(Stroop interference) measures. It is clear that this implies that no statement can be

made regarding the nature of the previously observed improvement of the first

immediate recall trial in the previous study. As was discussed, absence of the proposed

withdrawal effects, in combination with differences in subject characteristics and dosage,

compromises a valid comparison between the present study and our former study. The

literature shows that, in young subjects, stroop interference may be increased (Foreman

et al 1989), decreased (Kenemans et al 1999) or unchanged (Edwards et al 1996) by

an acute dose of 250 mg caffeine. No studies on the effects of caffeine on Stroop

performance were done using older subjects It has been suggested that, since elderly

may be more sensitive to distraction and have more difficulty suppressing irrelevant

information (Carlson et al. 1995), they may be particularly sensitive to possible

facilitating effects of caffeine on focussed attention (Hogervorst et al 1998) In the

present study, the dose may have been too low to influence focussed attention, although

performance on card II (colour naming) was improved under caffeine. Interestingly, in a

study by Rees et al. (1999) 250 mg caffeine was seen to act differently in young (20-25)

and old (50-65) subjects on a number of tests In young subjects tapping and response

time on a rapid processing task was improved under caffeine, whereas caffeine elevated

digit span and focussed attention (as measured with a digit cancellation test) in the
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elderly subjects Important in this respect was that subjects were allowed to consume

their normal caffeine intake until 1.5 to 2 hours before the experiment, hereby minimising

any possible withdrawal effects These data are in line with our current and previous

findings, suggesting that elderly may benefit from a higher dose of caffeine (250 mg)

particularly on span and/or focussed attention tasks, independent of withdrawal effects.

In conclusion, results of this study indicate that caffeine withdrawal does not

substantially affect (short-duration) cognitive performance, even in subjects who

normally consume relatively large amounts of caffeine. Certainly, lack of cognitive

withdrawal effects needs to be confirmed by incorporation of a baseline measure during

which performance is tested under normal caffeine intake. Also, it would be interesting to

investigate putative withdrawal effects during prolonged cognitive testing, as this would

perhaps reflect a more realistic situation. Secondly, the present results suggest that

lower doses of caffeine may be less potent in terms of cognitive effects in elderly

subjects. It would be interesting to investigate the effects of higher caffeine dosages in

elderly subjects, particularly with regard to focussed attention and short-term memory

span.
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CHAPTER 9

Genera/ rf/scuss/on

In this thesis, the cognitive effects of caffeine and role of serotonin (5-HT) in human

cognition were investigated by means of pharmacological manipulations in healthy

subjects Rather than presenting a chapter to chapter account of the outcomes and a

discussion of their implications, in this final chapter an attempt is made to present a

viewpoint spanning multiple chapters. In other words: how do the current results

converge into an overall picture regarding the three main elements in this thesis:

serotonin, caffeine and cognition. However, in addressing these issues an initial

distinction is made between the association between serotonin and cognition, and that of

caffeine and cognition. In the final section of this chapter, for both associations some

shared aspects will be discussed, notably their potential as cognition enhancing

properties.

Serotonin and cognition: general and specific effects

Serofon/7i a n d arousa/

The combined results of the studies presented in the current thesis indicate that

stimulation of 5-HT neurotransmission induces mild sedation. It is proposed that these

mild sedating effects are, in general, easily counteracted by compensatory mechanisms,

presumably by the investment of additional effort. Consequently, 5-HT induced sedation

is not readily observable in short duration tests, but surfaces only in situations in which

the role of additional effort as compensatory mechanism is somehow diminished or even

excluded. The experimental evidence supporting this notion, consisting of three main

observations, will now be discussed. i * t ^ ^ -• ;, .

The terms sedation' and activation' will be used to indicate decreases and

increases in arousal respectively. Arousal is defined as a non-specific energetic state of

a subject which may vary along a continuum, ranging from deep sleep to high alertness

and excitement (Anderson et al. 1989). However, arousal should not be considered as
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an all-encompassing unitary construct. Several theories and models have been put

forward in which a passive low-level energetic construct can be modulated by a higher-

level cognitive arousal system. This second system will actively compensate for

fluctuations in the low-level arousal system in order to maintain an optimum energetic

state for the performance on a specific task (Broadbent 1971; Pribram and McGuinness

1975; Sanders 1996)

serotonwg/c sf/mu/af/'on and arousa/

Stimulation of 5-HT appears to be associated with a selective and consistent reduction of

performance on a vigilance test. The studies presented in chapters 3 and 4, but also

previously reported studies (O'Hanlon et al. 1998, Ramaekers et al. 1995), show that

impaired vigilance emerges following 5-HT stimulation by several drugs, and in the

absence of 5-HT induced deficits in other attentional measures, memory or psychomotor

functions. As was discussed in chapter 3, cognitive changes that did occur after

sertraline and paroxetine administration, i.e. improved verbal fluency and reduced long-

term memory respectively, can be ascribed to non-serotonergic actions of both drugs. As

for vigilance, it is well known that overall performance on a vigilance test is strongly

related to arousal levels (Parasuraman et al 1998; Warm 1984). Although additional

effort may be initially allocated to attenuate arousal related performance decrements, as

time proceeds such compensatory actions cannot be maintained (Sanders 1998). With

the diminishing contribution of effort the de-activating and thus performance impairing

actions of 5-HT become apparent Hence, as was discussed in more detail in chapter 4,

vigilance is particularly sensitive to the mild sedative effects of 5-HT stimulation.

Secondly, it appears that if performance is assessed in a way in which

compensatory effort cannot affect the outcome, the detrimental effects of 5-HT on

arousal can be objectified in short tests as well This is demonstrated by the

assessments of the critical flicker fusion threshold (CFF). as described in chapters 5 and

6. It was shown that 5-HT stimulation reduced CFF thresholds, which are indicative of

reduced CNS arousal and sedation. Importantly, this effect only became apparent

following the elimination of the modifying influence of concomitant changes in pupil size

on CFF results.

Thirdly, the mild sedative effect of 5-HT stimulation is also apparent in

subjectively reported changes in arousal / activation While such measurements were

not taken in the current studies on 5-HT stimulation, studies reporting increased

subjective drowsiness following 5-HT stimulation through SSRI administration are

abundant (Hawley et al. 1997; Hindmarch and Bhatti 1988; Mattila et al 1988; Robbe
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and O'Hanlon 1995; Saletu and Grünberger 1988) The specific role of 5-HT in this effect

is underlined by preliminary data showing drowsiness is also evident in subjective

measures following 5-HT stimulation by L-tryptophan loading (Cleare and Bond 1995;

Sobczak et al in preparation-a) Thus subjective measures appear to be sensitive to

such mild de-arousing effects (Oken et al 1995). presumably because they include

feelings of increased difficulty (effort) to maintain a certain level of performance in the

laboratory, but also, and perhaps foremost, in daily activities.

serotonerg/c /nn/b/f/on and arousa/

If 5-HT stimulation has mild sedative effects, it may be expected that inhibition of 5-HT

may exert the opposite effect, notably activation However, mild activation is likely to be

even more difficult to detect than mild sedation. Nevertheless, the results of the

tryptophan depletion study in chapter 2 presents some evidence to support such a

notion. It must be noted that since the presumed effects of 5-HT on arousal are mild, the

concomitant cognitive effects may not always present themselves in a clear and concise

manner, such as an overall improvement of performance Again, subjective measures

appear to be most sensitive to changes in arousal Tryptophan depletion was associated

with increased vigour ratings of a subjective mood scale. The effect emerged at the end

of the lengthy test day (following a stay of almost 10 hours in the laboratory), suggesting

that diminished 5-HT activity had attenuated fatigue

It may also be argued that the activating effects of a 5-HT reduction may have

underlaid the observed improvement of performance on selective attention tasks in that

same study According to Easterbrook's theory of cue utilisation (Easterbrook 1959), the

amount of cues (units of information) that is used during performance on a certain task

shows a direct negative relation with the level of arousal Thus, as arousal increases the

number of cues that are used is reduced. In what way this affects performance, in terms

of improvement of impairment, strongly depends on the characteristics of the particular

task Under circumstances requiring attention to be directed to several information

sources at once, a narrowing of attentional focus is likely to adversely affect

performance By contrast, in specific focussed attention tasks, as were used in the TRP

depletion study, limited utilisation of the distracting cues (by elevated arousal) facilitates

task performance due to reduced distractibility.

senoton/n and steep

One of the many processes in which serotonin is implicated is sleep On first sight, the

notion of sedative actions of 5-HT stimulation appears to be in contradiction with a
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reduction of sleep quality following SSRI administration (Chapter 4, (Lindsay DeVane

1998; Obemdorfer et al 2000) However, the role of serotonin in the sleep / wake cycle

is still quite equivocal Inhibition of 5-HT activity (by lesions, neurotoxins of inhibition of

synthesis by PCPA) results in loss of sleep in animals, whereas sleep is restored by

small doses of the 5-HT precursors 5-hydroxytryptophan and L-tryptophan (see Portas et

al. 2000 for a review). However, the view of serotonin as sleep inducing substance is

contradicted by the fact that the activity of 5-HT neurones in the nucleus raphe is most

pronounced during waking, considerably lower during slow-wave sleep, and completely

abolished during rapid eye movement (REM) sleep (Portas et al. 2000) However, it has

been hypothesised that these changes in 5-HT firing are associated with the

suppression of tonic motor behaviour during REM sleep (Jacobs and Fornal 1995),

rather than reflecting arousal changes. Decrements in REM sleep are indeed most

consistently found following SSRI administration (Lindsay DeVane 1998; Obemdorfer et

al 2000). It may be tentatively hypothesised that 5-HT related disturbance of REM sleep

may be secondary to insufficient suppression of motor activity, as involuntary

movements may produce sleep interruptions.

Serofon/n and memory funct/on/ng
One obvious counterpoint to the foregoing discussion is the rather robust impairment of

long-term memory consolidation seen following tryptophan depletion. The impairing

effects of 5-HT inactivation on storage of information in long-term memory have now

been repeatedly found (Riedel et al 1999a; Rubinsztein et al. in press; Schmitt et al

2000; Sobczak et al. 2000). While such an effect is hard to reconcile with mild activation,

it is quite well possible that serotonin's arousal effects and those relating to memory

reflect two distinct and separate modes of 5-HT involvement in cognition. It is well known

that a specific neurotransmitier may exert different functions depending on the target

localisation in the brain and differential interactions with other neurotransmitters The

hippocampus has long been associated with memory functioning (Hasselmo and Wyble

1997) as is the neurotransmitter acetylcholme (Decker and McGaugh 1991; Riedel et al.

1997; Hasselmo 1999) Thus, the hippocampus and the functional interaction between

serotonin and cholinergic pathways is of particular interest when addressing 5-HT

involvement in memory functions (Richter-Levin and Segal 1996, Steckler and Sahgal

1995).

There is little doubt that the serotonergic and cholinergic systems display

important functional interactions in memory functioning (Buhot et al. 2000. Cassel and

Jeltsch 1995; Steckler and Sahgal 1995) Serotonin is able to modulate cholinergic
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septo-hippocampal neurones both directly as well as indirectly by interacting with

GABAergic interneurones (Cassel and Jeltsch 1995; Richter-Levin and Segal 1096).

This dual mechanism has important implications since dtrecf 5-HT actions would /n/i/b/f

cholinergic activity, whereas 5-HT may /nd/'recf/y sf/mu/afe cholinergic activity by

reducing inhibitory actions of GABA interneurones. The latter mechanism has been

suggested to be predominant at the level of the hippocampus (Richter-Levin and Segal

1996) Hence, it has been proposed that a reduction of serotonergic modulation of

hippocampal interneuron activity may contribute to age-related cognitive deficits

(Richter-Levin and Segal 1996)

Experimental data, mostly derived from animal studies, support the notion that

serotonin is particularly implicated in memory functions (Altman and Normile 1988)

(Buhot 1997; Buhot et al. 2000; Meneses 1999; Meneses and Hong 1997) However, the

present data do not permit a clear-cut conclusion as no clear pattern of effects has as

yet emerged. This is illustrated by the fact that some authors have concluded that 5-HT

generally inhibits memory functioning (Buhot et al 2000) (McEntee and Crook 1991),

whereas others provide evidence supporting the opposite conclusion (Meneses 1999;

Richter-Levin and Segal 1996). Inconsistencies may partially be explained by

methodological issues, e g differences in type of cognitive tests, the selectivity of the

intervention, the timing of the 5-HT manipulation, the targeted brain area, various

dosages, subjects characteristics (Buhot 1997; Meneses and Hong 1997) Furthermore,

the nature of the 5-HT system, with its wide-spread innervations, interactions with

multiple neurotransmitters systems (Cassel and Jeltsch 1995; Mongeau et al 1997;

Robbins 1997; Steckler and Sahgal 1995), and a wide range of heterogeneously

distributed auto- and heteroreceptor subtypes (Buhot 1997; Roth 1994) adds to the

complexity of the issue Nevertheless, recent human experiments employing TRP

depletion have quite consistently demonstrated that long-term memory functioning,

particularly storage and consolidation of new information, is compromised following

global 5-HT inhibition by TRP depletion The robustness of the effect is underlined by the

observed impairments in the storage of new words (Riedel et al 1999a; Schmitt et al.

2000; Sobczak et at 2000), pictures (Sobczak et al. in preparation-b) as well as abstract

visual patterns (Rubinsztein et al. in press).

Sum/nary

In summary, the results presented in the current thesis provide evidence for two distinct

mechanisms of 5-HT involvement in cognitive functioning One may assume that both

mechanisms are based on relatively specific neural pathways and interactions with
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distinct neurotransmitter systems. First, serotonin exerts a general inhibitory influence on

behavioural activation and arousal levels Consequently, stimulation of 5-HT results in

de-activation, or mild sedation, whereas inhibition of 5-HT activity induces mild activating

affects. Evidence for such a premise is found in impaired performance on vigilance

tasks, reduction of CFF thresholds and subjective ratings of increased drowsiness

following 5-HT stimulation, and attenuation of fatigue and possible narrowing of attention

following 5-HT inhibition. Diffuse inhibition of the neurotransmitter systems maintaining

arousal, i.e cholinergic. noradrenergic and dopaminergic systems, by 5-HT (Robbins

1997) may explain the de-arousing properties of 5-HT. As was discussed in chapter 4,

particularly inhibition of mesocorticolimbic dopaminergic activity is hypothesised to play a

major role in the observed vigilance impairment following 5-HT stimulation.

Secondly, 5-HT modulates long-term memory functioning, particularly

consolidation of new information, which is impaired after 5-HT inhibition. This is apparent

from the study described in chapter 2, as well as other studies (see above) showing

decreased performance on various long-term memory tasks. These specific memory

effects of 5-HT may be related to interactions with cholinergic neurones in the

hippocampus.

Caffeine, age and cognition: a general hypothesis

The two closing experimental chapters in this thesis focussed on the cognitive effects of

caffeine and how these may vary across the human life span. In chapter 7 the cognitive

effects of caffeine were explored and compared across three groups with subjects of 26

to 74 years of age. A subsequent chapter focused on the elderly portion of this range

consisting of middle-aged and elderly subjects. It is this part of the population that

exhibits the preponderance of cognitive complaints and actual impairments and would

therefore benefit most from facilitation of cognitive functioning by for example caffeine.

Although hope was raised by initial observations of a more pronounced effect of caffeine

in the elderly (Jarvis 1993; Swift and Tiplady 1988; Yu et al. 1991) - an effect which

moreover appeared to mediated by pharmacodynamic rather than pharmacokinetic

mechanisms (Massey 1998) - an unequivocal confirmation of such an effect is yet to be

demonstrated. In fact, recent evidence appears to argue against a differential effect of

caffeine with age (Amendola et al 1998; Hameleers et al 2000; Smith et al 1999)

However, as is quite characteristic for the quest for mapping caffeine's cognitive effects,

results on the matter are quite inconsistent
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attenuation of/aftgue

One intriguing explanation for previous findings of more pronounced effects of caffeine in

elderly is the possibility of a complex interaction between age. fatigue, duration of

cognitive testing, task complexity and caffeine Caffeine's stimulating effect« are thought

to be most pronounced when arousal is low (Herz 1999; Mitchell and Redman 1992).

While completing a series of cognitive tests, elderly subjects may be fatigued at an

earlier point in time than younger subjects (Rees et al 1999) Therefore, at this point In

time, elderly may benefit more from caffeine than younger subjects Consequently, the

temporal position of a particular cognitive test in a test battery may not only determine

the effect of caffeine on performance on that test, but may also produce an interaction

between age and the effect of caffeine on task performance Since the temporal position

of a test in a test battery is not generally incorporated in the analyses or considered In

the interpretation of the effects, this is likely to be a source of inconsistent and

contradicting effects

Some recent experimental evidence supports the above hypothesis. It was found

that the beneficial effects of a low dose of caffeine was greatest towards the end of the

test session (Smith et al. 1999). This may be taken to indicate that caffeine's cognitive

effects are most prominent in fatigued subjects, although pharmacokinetic differences

(time to absorb and metabolise caffeine) or sensitivity of particular tests cannot be ruled

out. Comparing different age-groups, Rees et al (1999) showed that caffeine particularly

facilitated cognitive performance in the elderly subjects, but that this primarily reflected

an attenuation of performance decrements over time.

poss/b/e /nfluence of tesfc d/fficu/fy

The matter may be further complicated by the theorised differences in optimal arousal

levels for different cognitive tasks According to the Yerkes-Dodson law (Yerkes and

Dodson 1908) arousal and task performance follows a negative quadratic relationship

(inverted-U hypothesis) and the optimal arousal level for simpler tasks is higher than that

of a more complex task (task-difficulty hypothesis) Experiments using caffeine to

manipulate arousal have provided support for the inverted U-curve hypothesis as small

doses improve performance and higher doses may reduce performance below a

subject's baseline level (see (Watters et al 1997). The task difficulty hypothesis has been

proven to be more difficult to confirm, not in the least because it is quite difficult to justify

the labelling of a task as difficult' or easy' (Neiss. 1988; Anderson, 1994).

Nevertheless, conform the task drfficutty hypothesis, performance on simpler tasks, such

as reaction time tests, is more likely to benefit from the activating effects of caffeine,
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whereas caffeine may diminish performance in more complex tasks due to over-arousal.

Hence, the stimulating actions of caffeine may reduce performance on a complex task in

both young and old subjects when the test is administered at the beg/nn/ng of a test

battery (when arousal is high), but improve performance only in fatigued elderly (in

whom arousal is low) when the same test is administered at the end of a lengthy test

battery. Conversely, simple task performance is expected to improve with caffeine in

both old and young subjects, and at the beginning as well as the end of a test battery.

This would account for the fact that caffeine's facilitating effects are mostly found on

reaction time tests and vigilance tasks (Amendola et al. 1998; Bryant et al. 1998; Mitchell

and Redman 1992), whereas more complex functioning is much more variably

influenced by caffeine (Riedel and Jonssen 1998).

Concluding remarks: serotonergic drugs and/or caffeine as
cognition enhancers ?

Given the results of the 5-HT studies presented in this thesis, one may be inclined to

uphold a rather pessimistic view regarding the putative role of serotonergic drugs as

cognition enhancers. After all, both 5-HT reduction and stimulation were associated with

diminished performance at specific cognitive tasks. Moreover, there was little evidence

of improvement of these same tasks with the opposite manipulation. For example,

Inhibition of 5-HT induced memory deficits (chapter 2) but memory function was not

improved when 5-HT activity was stimulated (chapter 3). A narrowing of attention was

found following a 5-HT reduction by TRP depletion (chapter 2). However, such an effect

can be beneficial or detrimental, depending on the specific requirements of the situation.

It should be kept in mind, however, that all experiments were done using healthy

subjects, who may have performed at or close to their maximum. Therefore, in such

subjects, there may have been little room for improvement. Indeed, it is in this context

that the notion of cognition enhancement must be viewed. Drugs or manipulations that

turn us all into geniuses, are unlikely to be ever discovered. However, in situations in

which an individual's cognitive capabilities are somehow compromised, interventions

may be able to restore diminished cognitive abilities, whereas other interventions may

help prevent cognitive deterioration, for example during ageing Therefore, rather than

'cognition enhancers', such drugs may be better referred to as cognition restorers' or

'cognition maintainers'

There are indications that pro-serotonergic drugs may indeed be useful as

cognition restorers depending on the specifics of the situation. As it was shown that
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decreased 5-HT neurotransmission is associated with memory deficits, serotonergic

stimulation is likely to be effective in elevating memory dysfunction in conditions of

lowered 5-HT function. Recently, it was shown that in patients with depression long-term

memory functioning was improved following treatment with trazodone, which potently

stimulates serotonergic neurotransmission (Riedel et al 1999b) The effect appeared to

be independent of mood, since cessation of the treatment resulted a decline of memory

function to baseline levels, whereas mood continued to be improved Less encouraging

cognitive results are obtained following SSRI administration in patients with Alzheimer«

Disease ((Meltzer et al 1998) However, the development of more specific 5-HT drugs,

for example targeting post-synaptic 5-HT,, receptors in the hippocampus (Menesm

1999), may prove a useful strategy in the facilitation of diminished memory functioning

As for caffeine, its potential as cognition restorer is probably mainly associated to

a temporary relief of a state of lowered arousal, due to caffeine's actions as a non-

specific stimulant. However, caffeine may have more specific cognitive effects, as it was

found to attenuate diminished long-term memory function following cholinergic blockade

with scopolamine in humans (Riedel et al 1995) Furthermore, since it was found that

high daily caffeine consumption was positively related to cognitive performance and this

was most pronounced in the elderly (Jarvis 1993), habitual caffeine intake may exert a

protective influence on age-related cognitive decline.
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Sum/nary

The central theme in this thesis is the search for substances and targets to

pharmacologically enhance cognitive performance The thesis focuses on two aspects of

this vast research area First, the role of serotonin in human cognitive performance Is

investigated Manipulation of serotonergic neurotransmission may prove to b« a

successful approach in the quest for cognitive enhancing strategies The cognitive

effects of caffeine, the most widely used psychoactive substance, and possible

differences in these effects between different age groups, comprise the second part of

this thesis.

In chapter 7 the rationale and general structure of the thesis is given Several clinical

and experimental observations have lead to the presumption that serotonin may play an

important role in human cognitive functioning Diminished serotonergic function in for

example depression and Alzheimer's Disease may be directly associated with the

concurrent cognitive deficits. Animal studies generally confirm a relationship between

serotonin and cognition, especially with regard to memory and attentional functions

However, human studies on this topic are scarce and therefore necessary By contrast,

the effects of caffeine on human cognitive performance have been investigated

abundantly. Nevertheless, it has proven to be extremely difficult to determine which, how

and to what extent cognitive functions are specifically affected by caffeine Numerous

potential confounders and effect modifiers to the effects of caffeine have been identified,

including age The cognitive effects of caffeine may be more pronounced in the ekJerty,

making caffeine a putative cognition enhancer to combat age-related cognitive decline.

As of yet, however, few studies have focussed on the possible interaction between age

and the cognitive effects of caffeine. Chapters 2 to 6 describe several studies on the role

of serotonin in human cognitive functioning, whereas chapters 7 and 8 address the

interaction between age and the cognitive effects of caffeine

In chapter 2, serotonergic activity in healthy human subjects was temporarily reduced by

acute tryptophan depletion (ATD). A previous study had shown that consolidation of
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newly learned material was specifically impaired by ATD. In the current study, this effect

was further investigated by selective timing of the serotonergic manipulation and

subsequent memory assessments Also, the effects of ATD on other cognitive domains

and mood were tested. According to a double-blind cross-over design, 17 healthy, young

subjects received 100 g of an amino acid mixture with tryptophan (placebo mixture) or

without tryptophan (active mixture). Memory, attention, executive functioning,

psychomotor functions, information processing and mood were assessed before intake

of the amino acid mixture, and 5 and 9 hour after intake. ATD impaired 30-minute

delayed recognition of previously learned words without affecting learning capability

itself. No effects of ATD on word recall or recognition were found when the mixture was

administered 1 hour after acquisition of a wordlist. Focussed attention for visual (Stroop

Colour Word test) as well as auditory stimuli (Oichotic Listening), and performance on a

verbal fluency task was improved during ATD. No effects were found on speed of

information processing, divided attention, planning or mood. The results suggest an

essential role for serotonin in the consolidation of newly learned words in the long-term

memory, particularly in the first 30 minutes after acquisition. Serotonergic modulation of

focussed attention is a promising target for future research in this area.

In chapters 3, 4 and 5 the cognitive effects of serotonergic stimulation by SSRI

administration are addressed. SSRIs are antidepressant drugs that selectively inhibit the

reuptake of serotonin into the pre-synaptic neuron and thus stimulate serotonergic

neurotransmission. The chapters describe the results of a large study on the cognitive

effects of sub-chronic administration of the SSRIs sertraline and paroxetine in healthy

volunteers. Each chapter deals with a specific component of the study with specific

associated hypotheses During three treatment periods of two weeks, separated by

wash-out periods of two weeks, twenty-four healthy middle-aged (30-50 years) subjects

of both sexes received sertraline (50 mg on day 1-7, 100 mg on day 8-14), paroxetine

(20 mg on day 1-7, 40 mg on day 8-14) and placebo, according to a double-blind 3-way

cross-over design.

In cftapfer 3, the cognitive effects of sertraline and paroxetine with special reference to

their different non-serotonergic pharmacological properties are addressed. Although

both SSRIs primarily stimulate 5-HT neurotransmission. additional mild influences on

dopaminergic and cholinergic systems of sertraline and paroxetine respectively, may

invoke cognitive changes as well Cognitive performance was assessed using tests that

are specifically selected based on their sensitivity for manipulations of cholinergic (long-
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term memory, memory scanning) and dopaminergic neurotransmission (executive

functioning, motor functions) The SSRIs induced specific detectable (albeit mild)

cognitive changes Paroxetine specifically impaired delayed recall of a previously

learned wordlist Sertraline did not affect memory functions but improved performance

on a verbal fluency task. Neither SSRI affected speed of searching the short term-

memory or sensorimotor speed, as was measured using a memory scanning task. The

results are discussed in terms of anticholinergic and pro-dopaminergic effects of

paroxetine and sertraline respectively It is further agued that, while the observed

cognitive effects are relatively small in the investigated group of healthy middle-aged

subjects, the effects may be more pronounced in the elderly depressed patient.

Chapter 4 specifically focuses on SSRI-induced changes in attentional functioning, I.«,

vigilance (sustained attention), divided attention and focussed attention Previous

observations suggested vigilance to be specifically diminished by serotonergic

stimulation. In the present study the selectivity of the effect was examined by measuring

several different attentional functions. Moreover, sertraline's additional dopaminergic

properties enabled us to examine the involvement of serotonergic - dopaminergic

interactions in SSRI-induced vigilance impairment by comparison of sertraline's (mild

dopaminergic stimulation) effect with that of paroxetine (no effect on dopamine).

Changes in sleep quality, a possible confounder for changes in day-time alertness, were

also recorded Paroxetine and sertraline did not affect focussed attention (Stroop Colour

Word Test) or divided attention (Dichotic Listening) However, paroxetine was found to

reduce vigilance, which was assessed using a 45-minute Mackworth Clock Test

Sertraline had no effect of vigilance, and even appeared to speed up responses in the

Mackworth Clock Test Both SSRIs reduced sleep quality, but this did not appear to be

related to diminished vigilance performance This study and previous research indicates

that serotonergic stimulation is associated with mild sedation, which is mediated by

serotonergic inhibition of dopaminergic systems, resulting in a specific impairment of

tasks requiring prolonged attention

The Critical Flicker Fusion Test (CFF) is frequently used to assess sedating or activating

effects of psychoactive drugs. SSRIs. including paroxetine and sertraline. have been

attributed activating' effects based on their ability to raise CFF values However, CFF

changes following drugs affecting serotonergic neurotransmission may be confounded

by concomitant changes in pupil size Serotonergic stimulation increases pupil diameter

and pupillary dilation is known to independently raise CFF values. Therefore, claims of
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activating effects of several serotonin reuptake inhibitors based solely on CFF

measurements without control for pupillary changes may be questioned. The role of

pupillary changes in the CFF effects of SSRIs is examined in chapters 5 and 6.

In chapter 5, the effects of sertraline and paroxetine on pupil diameter and CFF are

described. CFF was measured with and without a 2-mm artificial pupil to control for

possible changes in pupil diameter. The results show that both SSRIs indeed invoked a

significant increase in pupil diameter. Nevertheless, the accompanying CFF

assessments - both with and without pupillary control - showed no effects of sertraline

or paroxetine treatment It was concluded that the influence of sertraline and paroxetine

is essentially neutral and that the results provide no evidence for CFF to be influenced

by pupillary changes. However, it was also argued that the influence of pupillary

Changes on CFF may depend on the type of CFF apparatus.

In order to further clarify this matter a subsequent study was undertaken, described in

chapfer 6. During three periods of 15 days, twenty-four healthy middle-aged men and

women received the SSRIs sertraline (50 mg on days 1-8, 100 mg on days 9 -15) and

Citalopram (20 mg on days 1-8, 40 mg on days 9-15), and placebo. In this study an acute

measurement was done 5 hours after the first drug administration in each treatment

period. Subsequent measurements were performed on days 8 and 15 of each treatment

period Pupil diameter was assessed under a high and low ambient light condition, and

CFF was measured with and without a 2-mm artificial pupil using the same device as in

the previous study (Euclid device). In addition, identical CFF measurements were

obtained using a another often-used device; the Leeds Psychomotor tester (LPT) The

latter device was used in all studies reporting elevated CFF thresholds following SSRI

administration The results from the current study showed that sertraline and citalopram

induced an acute and steady increase in pupil diameters, which was similar under high

and low ambient light conditions. In accordance with the results of the previous study,

CFF thresholds obtained with the Euclid device remained unchanged by treatment. By

contrast, the assessments with the LPT showed reduced CFF thresholds after acute

administration of sertraline and citalopram, but only when control was made for pupil

size No effects were seen at day 8, but CFF was again reduced at day 15. with and

without control for pupil size The results indicate that sertraline and citalopram exert a

mild detrimental effect on CNS activation During the acute CFF assessments this effect

appeared to be masked by concomitant mydnatic effects of both SSRIs The data also

suggest habituation to the detrimental effects after one week, but subsequent re-
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appearance of the effects following the dose increments Although mydriasis was stilt

present at this point, this did not appear to affect the CFF values since similar effect«

were found with and without pupillary control The latter may be due to an unknown

adaptive response to prolonged light exposure due to enlarged pupils The results raise

questions regarding the validity of the assessment of the behavioural toxicity of SSRIs

based on CFF measurements without ample control for pupil size, especially when these

concern acute measurements.

Chapters 7 and 8 relate to the cognitive effects of caffeine and their interaction with age.

In c/iapfer 7. a study is presented in which caffeine, at a dose comparable to three cups

of coffee, is administered to healthy young, middle-aged and elderly subjects (n«80),

according to a double-blind placebo-controlled parallel groups design. The age groups

were matched for level of education and sex Positive effects of caffeine, as compared to

placebo, were found in middle-aged subjects in the first trial of the word learning test In

contrast, caffeine had negative effects on the speed of searching short-term memory in

young subjects Caffeine had no effect on the intercept, which is an indicator for

sensonmotor speed, of a memory scanning task. Habitual caffeine intake in the middle-

aged group was twice as high as in the young and old group Although statistical

analyses with habitual caffeine consumption as a covariate did not yield different results,

a caffeine withdrawal effect was hypothesized to be responsible for the reduced

cognitive performance of middle-aged subjects receiving placebo The habitual use of

large amounts of caffeine by middle-aged subjects may be a means to overcome the

age-related decrease in cognitive functioning that is caused by changes in information

processing.

A subsequent study, described in cftapfer 8. focuses on a possible mechanism of age-

related differences to the cognitive effects of caffeine, namely variable levels of caffeine

withdrawal symptoms due to differences in habitual caffeine use between age-groups.

Furthermore, the nature of the observed cognitive effects in the previous study, in termt

of attention and memory functions, is further examined A low dose (100 mg) of caffeine

and placebo were administered to 16 healthy middle-aged (45-60 years) and 14 elderly

(60-75 years) men and women, according to a double blind cross-over design Habitual

caffeine intake in both age groups was similar and comparable to that of the middle-

aged group in the previous study Caffeine did not affect short-term memory span or

speed, or long-term memory retrieval functions, as was assessed with a word learning

test, digit span test and memory scanning test. Although caffeine improved performance
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on card II of the Stroop Colour Word Test, performance on other sub-tests or the Stroop

interference measure were unchanged, showing caffeine did not affect focussed

attention. Cognitive performance and effects of caffeine did not differ between middle-

aged and old subjects. Also, habitual caffeine use did not influence cognitive

performance as such, nor did it alter the effects of caffeine in either age-group. The

results indicate that caffeine withdrawal does not substantially affect (short-duration)

cognitive performance, even in subjects who normally consume relatively large amounts

of caffeine. Absence of cognitive effects of caffeine administration may be due to the

relatively low dose (100mg), which may not be effective in middle-aged and elderly

subjects.

In C/?apfer 9 a general discussion of the combined results of this thesis is given. The

current studies provide evidence for two distinct mechanisms of serotonergic

involvement in cognition. First, serotonin appears to exert a mild sedating effect. It is

proposed that this mild reduction of arousal can be temporarily overcome by the

investment of additional compensatory effort. Consequently. 5-HT induced sedation is

not readily observable in short duration tests, but surfaces only in situations in which the

role of additional effort as compensatory mechanism is somehow diminished or even

excluded. Evidence for such a premise is found in impaired performance on vigilance

tasks, reduction of CFF thresholds and subjective ratings of increased drowsiness

following 5-HT stimulation, and attenuation of fatigue and possible narrowing of attention

following 5-HT inhibition. Diffuse inhibition of the neurotransmitter systems maintaining

arousal, i.e. cholinergic, noradrenergic and presumably particularly dopaminergic

systems, by serotonin may explain the de-arousing properties of serotonin. Secondly,

serotonin appears to play a essential role in the consolidation of newly learned

information in the long-term memory, as is apparent from deficits in this particular

memory function after tryptophan depletion. It is proposed that this may be linked to

serotonergic - cholinergic interactions in the hippocampus. The results from the caffeine

studies indicate that caffeine improves short-term memory functions in middle-aged

subjects It further appears that the effect is not due to withdrawal effects during placebo

A beneficial cognitive effect of caffeine in middle-aged and elderly subjects may be

detectable only at higher (>100 mg) caffeine doses. The putative role of serotonergic

substances and caffeine as cognition enhancers is probably limited to restoring sub-

optimal task performance in specific situations.
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Het thema van dit proefschrift is de identificatie van Stoffen an mogelijke

aanknopingspunten waarmee via farmacologisch interventie het cogmtief functioneren

van de mens kan worden verbeterd Het proefschrift rieht zieh op twee aspecten van dit

brede onderzoeksterrein Ten eerste wordt de rol van de neurotransmitter serotonine in

het menselijk cognitief functioneren onderzocht Manipulate van de serotonerge

neurotransmissie is mogelijk een aangnjpingspunt voor de ontwikkeling van nieuwe

cognitieverbeterende Stoffen. De cognitieve effecten van de meest gebruikte

psychoactieve stof cafeine, en mogelijke verschillen hierin tussen verschillende

leeftijdsgroepen, vormen het tweede aspect van dit proefschrift

In Hoofc/sfufc 7 wordt de rationale en opbouw van het proefschrift weergegeven.

Klinische en experimentele gegevens suggereren dat serotonine een belangrijke rol

speelt in processen zoals geheugen en aandacht. Een verminderd functioneren van het

serotonerge systeem bij bepaalde aandoeningen. zoals depressie en de ziekte van

Alzheimer, is mogelijk direct gerelateerd aan de geassocieerde cognitieve stoornissen.

Dierexperimenteel onderzoek bevestigt het bestaan van een relatie tussen serotonine en

cognitie, maar humaan onderzoek op dit gebied is vooralsnog schaars en dus

noodzakelijk. Wat betreft de mogelijke invloed van cafeTne op cognitie is reeds veel

humaan onderzoek verricht, maar het in kaart brengen van de specifieke effecten is

moeilijk gebleken, met name door het grote aantal variabelen dat verstorend of

modificerend zou kunnen werken Een van deze variabelen is leeftijd Bij ouderen it d«

positieve invloed van cafeine mogelijk het sterkst en cafeine is daarom interessant si«

mogelijke cognitie-verbeterende stof bij leeftijdsgerelateerde cognitieve achteruitgang.

De invloed van leeftijd op het effect van cafeine is tot op heden echter nog weinig

onderzocht Hoofdstuk 2 tot en met 6 rieht zieh op de relatie tussen serotonine en

cognitie. terwijl hoofdstuk 7 en 8 de invloed van cafeTne bij verschillende leeftijdsgroepen

behandelt

In de Studie urt AiooWs^u* 2 werd door middel van de tryptofaan depletie methode

de serotonerge actrviteit bij gezonde mensen tijdelijk geremd Eerder onderzoek had
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aangetoond dat met name het consolideren van nieuwe informatie in het lange-termijn

geheugen gestoord was na tryptofaan depletie. Dit effect werd in het huidige onderzoek

uitgediept door selectieve timing van de tryptofaan depletie en bovendien werd het effect

van tryptofaan op een groot aantal andere cognitieve functies en op stemming

onderzocht

In een dubbel-blind cross-over experiment werd aan 17 gezonde, jonge

proefpersonen op twee verschillende dagen 100 gram aminozuur mengsel zonder

tryptofaan (actief mengsel) of met tryptofaan (placebo mengsel) toegediend. Geheugen,

aandacht, executieve functies, psychomotoriek, informatieverwerking en stemming

werden gemeten voor inname van het mengsel, en na 5 en 9 uur na inname. Tryptofaan

depletie verstoorde de herkenning van 30 minuten daarvoor geleerde woorden, zonder

het leren op zieh te beinvloeden. Er waren echter geen effecten op het terughalen of

herkennen van woorden wanneer tryptofaan depletie na het leren van die woorden werd

geVnduceerd. Selectieve aandacht, zowel voor visuele (Stroop test) als auditieve stimuli

(dichotische luistertaak), en prestatie op een verbale fluency taak bleken verbeterd

tijdens tryptofaan depletie. Geen effect werd gevonden op snelheid van informatie

verwerking, verdeelde aandacht, planning of stemming. Deze resultaten tonen aan dat

serotonine essentieel is voor de consolidatie van nieuw geleerde woorden in het lange-

termijn geheugen, met name in de eerste 30 minuten na de acquisitie. Bovendien is met

name de rol van serotonine in selectieve aandachtsfuncties een interessant onderwerp

voor toekomstig onderzoek.

In de hoofdstukken 3, 4, 5 staan de cognitieve effecten van de twee SSRIs (Selective

Serotonin Reuptake Inhibitors) sertraline en paroxetine centraal. SSRIs remmen de

heropname van serotonine in het neuron en stimuleren daardoor de serotonerge

neurotransmissie. De drie betreffende hoofdstukken beschrijven de resultaten van een

uitgebreid onderzoek naar de subchronische effecten van sertraline en paroxetine bij

gezonde vrijwilligers. leder hoofdstuk behandelt een specifiek aspect van de Studie, elk

met e«n specifieke onderzoeksvraagstelling en geassocieerde hypothesen Tijdens het

betreffende onderzoek werd sertraline, paroxetine en placebo elk twee weken lang

toegediend aan 24 gezonde mannen en vrouwen (waarvan 21 het complete onderzoek

doorliepen) in de leeftijd van 30 tot 50 jaar, volgens een dubbel-blind. cross-over design.

De proefpersonen ontvingen dagelijks 50 mg sertraline. 20 mg paroxetine in de eerste

week van elke medicatie periode en vervolgens dagelijks respectievelijk 100 mg

sertraline en 40 mg paroxetine in de tweede week, of placebo De metingen vonden
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plaats vöör aanvang van elke medicatieperiode, en op dag 7 en 14 dagen Tussen d«

medicatie penoden was steeds een wash-out penode van twee weken ingeiMt

In HooWsfu/t 3 worden eerst de cognitieve effecten van sertrahne en paroxetine die

gerelateerd kunnen worden aan hun niet-serotonerge farmacologische eigenschappen

behandeld Hoewel beide SSRIs voornamelijk serotonerge neurotransmissie stimuleren,

hebben ze additionele, zij net relatief milde, effecten op andere neurotransmltter

Systemen. Sertraline heeft een licht stimulerende invloed op dopaminerge

neurotransmissie, terwijl paroxetine een licht anti-cholinerge working heeft Cognitieve

functies die verondersteld zijn gevoelig te zijn voor dopamlnerge (executieve functles,

motor functies) en cholinerge (lange-termijn geheugen. memory scanning) manipulatiM

werden getest Beide SSRIs veroorzaakten verschillende. subtiele maar detecteerbare,

cognitive veranderingen. Paroxetine verminderde het terughalen van eerder geleerde

woorden uit het lange-termijn geheugen. Sertraline verbeterde de prestatie op een

verbale fluency test. De zoeksnelheid in het korte termijn geheugen en de basale

sensonmotorische snelheid, zoals gemeten met een memory scanning taak, was

onveranderd onder invloed van sertraline of paroxetine De resultaten worden besproken

in termen van de anticholinerge en pro-dopaminerge effecten van respectievelijk

paroxetine en sertraline. Verder wordt beargumenteerd dat, hoewel de gevonden

effecten in gezonde vrijwilligers subtiel zijn, deze bij depressieve patienten, en met name

bij de ouderen onder hen, in versterkte mate kunnen optreden

Woofdsfufc 4 rieht zieh op de effecten van sertraline en paroxetine op verschillende

aandachtsfuncties, met name vigilantie (volgehouden aandacht), selectieve aandacht en

verdeelde aandacht. Voorgaande onderzoeken hadden een specifieke daling in

vigilantie geconstateerd na behandeling met SSRIs In het huidige onderzoek werd de

selectiviteit van dit effect verder onderzocht door de effecten van sertraline en

paroxetine op verschillende aandachtsfuncties te vergelijken Bovendien, kon de rol van

serotonerge- dopaminerge interacties in dit effect onderzocht worden door de effecten

van paroxetine (geen effect op dopamine) en sertraline (milde stimulatie van dopamine)

vergelijken. Veranderingen in slaapkwaliteit, als mogelijke confounder voor de

veranderingen in waakzaamheid gedurende de dag, werden eveneens bepaald.

Paroxetine en sertraline hadden geen effect op selectieve of verdeelde

aandachtsfuncties, gemeten door middel van de Stroop test en Dichotische Luistertaak.

Paroxetine verminderde de prestatie op de vigilantie taak, een 45-minuten durende

Mackworth Clock Test Sertraline had geen negatief effect op vigilantie, en leek zelfs de
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reactiesnelheid te verbeteren Hoewel beide SSRIs de slaapkwaliteit verminderden, leek

dit niet samen te hangen met de prestatie op de vigilantie taak Deze resultaten

suggereren dat serotonerge stimulatie, mogelijk via inhibitie van het dopamine systeem,

milde sedatie kan veroorzaken, hetgeen vooral tot uiting komt bij langdunge taken.

De 'Critical Flicker Fusion' (CFF) test is een veelgebruikte methode om de sederende of

activerende effecten van psychoactieve middelen te meten. Een verandermg van CFF is

een indicator voor verandering in activatie van het centrale zenuwstelsel (CZS). Van

SSRIs wordt beweerd dat zij een activerende working hebben, een claim voornamelijk

gebaseerd op SSRI geinduceerde verhogingen van CFF waarden. Echter, serotonerge

stimulatie verwijdt de pupil en pupilverwijding kan de CFF onafhankelijk verhogen.

Verhoogde CFF waarde na SSRI toediening is dus mogelijk een vals positief resultaat.

De mogelijke invioed van pupilverwijding op CFF veranderingen na SSRI toediening is

het onderwerp van hoofdstuk 5 en 6.

In ftooft/sfu/r 5 worden de effecten van sertraline en paroxetine op de pupildiameter en

CFF beschreven. CFF werd gemeten met en zonder een 2-mm artificiele pupil als

controle voor mogelijke veranderingen in pupil diameter. Er werd gevonden dat sertraline

en paroxetine een significante pupilverwijding veroorzaakten. Desalniettemin, de CFF

metingen, zowel met als zonder artificiele pupil, vertoonden geen verandering onder

invioed van sertraline of paroxetine. Geconcludeerd werd dat het effect van sertraline en

paroxetine op CFF neutraal is en er geen bewijs gevonden kon worden dat

pupilveranderingen de CFF resultaten na SSRI toediening belnvloeden Echter,

•veneens werd geopperd dat de invioed van pupilverwijding mogelijk afhankelijk is van

het specifieke apparaat dat gebruikt wordt om CFF te meten.

In een vervolgstudie. beschreven in hoo/äsMc 6. werd deze materie verder onderzocht.

Gedurende dhe penoden van 15 dagen ontvingen 24 gezonde mannen en vrouwen, in

de leeftijd van 30 tot 50 jaar. sertraline (50 mg op dag 1-8. 100 mg op dag 9 - 1 5 ) ,

citalopram (20 mg op dag 1-8. 40 mg op dag 9-15) en placebo Deze keer werd

•vwiMns een acute meting verricht. 5 uur na inname van de eerste capsule Vervolgens

werd gemeten op dag 8 en 15 van elke medicatiepenode. De metingen bestonden uit

een bepaling van de pupildiameter in omgevmgslicht met een hoge en läge

lichtintensiteit. en CFF bepalingen met en zonder 2-mm kunstmatige pupil met het

apparaat zoals dat in de vorige Studie was gebruikt (Euclid device). Dezelfde CFF

metingen werden eveneens uitgevoerd met een ander veelgebruikt apparaat. de Leeds
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Psychomotor Tester (LPT) Alle studies waarbij een verhoging van CFF na SSRI

toediening werd gevonden maakten gebruik van de LPT De huldige Studie toonde aan

dat sertraline en crtalopram de pupildiameter significant vergrootten Oe grootte van het

effect was gelijk onder beide lichtcondities Evenals in de vorige Studie werden geen

veranderingen gevonden in CFF waarden gemeten met het Euclid device. Echter, de

CFF resultaten met de LPT lieten een daling zien na acute toediening van sertraline an

citalopram, maar a//een wanneer gecontroleerd werd voor pupilgrootte. Op dag 8 werd

geen effect gevonden, maar CFF was wederom vertaagd op dag 15, dit keer zowel met

als zonder kunstmatige pupil Deze resultaten tonen aan dat sertraline en citalopram een

milde daling van CZS activatie veroorzaken en dat dit effect gemaskeerd kan worden

door gelijktijdige pupilverwijding onder invloed van deze SSRIs. met name tijdent acute

metingen. De invloed van pupilverwijding op CFF lijkt te verminderen bij subchronische

toediening, mogelijk als gevolg van een vooralsnog onbekend adaptief mechanism«.

De hoofdstukken 7 en 8 richten zieh op het effect van cafeine op cognitieve functies, en

een mogelijke interactie met leeftijd. In froofdsrofc 7 worden de resultaten beschreven

van een studie waarin het effect van cafeTne (225 mg) op cognitief functioneren in jonge,

middelbare en oudere personen, wordt onderzocht. De studie werd uitgevoerd volgens

een placebo-gecontroleerd dubbel-blind parallelle groepen design (n=60) De drie

leeftijdsgroepen (jong; 26-34 jaar, middelbaar; 46-54 jaar, oud; 66-74 jaar) waren

gematched voor opleiding en geslacht Cafetne verbeterde de prestatie op de eertte

immediate recall trial van een woordenleertaak met distractie bij middelbare

proefpersonen. Bij jonge proefpersonen had cafeTne een negatief effect op de

zoeksnelheid in het korte termijn geheugen. Cafeine had geen effect op basale

sensonmotonsche snelheid, zoals bleek uit de Memory Scanning taak In deze studie

was de habituele cafeine opname in de middelbare leeftijdsgroep ongeveer twee keer zo

hoog als dat in de jonge of oude groep. Met optreden van onttrekkingsverschijnselen

tijdens de placebo conditie zou mogelijk een daling van de prestatie in de middelbare

groep kunnen verklaren.

In hoofc/sfufc 8 wordt een studie gepresenteerd waarin, via een cross-over design, het

effect van 100 mg cafefne op geheugen en selectieve aandacht bij 16 middelbare (45-60

jaar) en 14 oude (60-75 jaar) gezonde mannen en vrouwen werd onderzocht In deze

studie was het habttueel cafeinegebruik zoveet mogelijk gelijk gehouden tussen de twee

leeftijdsgroepen, en dit lag op een niveau dat overeenkwam met dat van de middelbare

leeftijdsgroep in hoofdstuk 7. Cafeine had geen effect op korte of lange termijn



754 I SAMENVATTING

geheugenfuncties, gemeten met een woordenleertaak, digit span taak, en een memory

scanning taak, of op selectieve aandacht gemeten met een Stroop test. Er was geen

verschil in de cognitieve prestatie of het cafeTne effect tussen de leeftijdsgroepen, noch

was er een invloed van habitueel cafeinegebruik De resultaten tonen aan dat

onttrekkings-verschijnselen geen substantieel negatief effect uitoefenen op

(kortdurende) cognitieve prestaties, zelfs niet bij een relatief hoge dagelijkse cafeTne

inname. Het uitblijven van cognitieve effecten in de huidige Studie suggereert dat een

läge dosis cafeTne (100 mg) minder effectief is bij middelbare en oudere proefpersonen.

Hootos/ufc 9 eindigt dit proefschrift met een algemene discussie van de in dit proefschrift

beschreven resultaten. De resultaten leveren aanwijzingen dat serotonine het cognitief

functioneren in ieder geval via twee mechanismen kan moduleren. Ten eerste heeft

serotonine een algemene remmende invloed op arousal niveaus. Op kortdurende taken

kan deze milde vermindering van arousal tijdelijk gecompenseerd worden door de inzet

van extra inspanning (effort). Vermindering van arousal kan verklaard worden door een

diffuse inhibitie van andere neurotransmitter Systemen, met name cholinerge,

noradrenerge en mogelijk vooral dopaminerge Systemen, door serotonine. Ten tweede

lijkt serotonine vooral betrokken te zijn bij de opslag en consolidatie van nieuw geleerd

materiaal in het lange-termijn geheugen. Dit effect is mogelijk gekoppeld aan interacties

met cholinerge neuronen in de hippocampus Wat betreft cafeTne is gebleken dat deze

stof met name korte-termijn geheugenfuncties lijkt te verbeteren in mensen van

middelbare leeftijd, dat dit effect niet gerelateerd is aan habitueel cafeinegebruik en

geassocieerde onttrekkingsverschijnselen. en dat dit effect mogelijk pas hogere een

hogere dosis cafeTne (>100 mg) bereikt wordt. Het potentieel van cafeTne en

serotonerge Stoffen als cognitieverbeteraars is waarschijnlijk beperkt tot het opheffen

van een suboptimaal prestatieniveau in specifieke situaties.



DanJrwoorGf
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Serotonin, caffeine and cognition
tfychopharmacological studies in human cognitive functioning

I pill that enhances our ability to concentrate, think, remember and under-

stand, a cure tor cognitive incapacitating illnesses such as dementia or even

mild age-related cognitive decline, the availability ot pure' psychoactive

medication without adverse cognitive effects. Although presently none or the

above notions .in- .1 reality, they may and probably will be in a not too dis-

tant future, Research efforts on this area are extensive and still expanding.

I'll is thesis' main theme is the quest for substances and targets to pharmaco-

logically enhance cognitive performance, (liven the broadness ot this

research area, two main toial points are singled out. These topics are the

function of the neurotransmitter serotonin in human cognitive functioning

and, secondly, (he influence of caffeine intake on human cognitive perform-

ance. In this book, in a total ot seven chapters, experimental findings in

human subjects on these issues are described. Manipulations of serotonergic

aclivily .itu! the consequent cognitive effects provide insight in the role of

serotonin in cognitive processes. Such insights aid the development ot new

.iiul viler drugs. Caffeine is the most widely consumed psychoactive sub-

stance. The putative role ol catlcine as cognitive enhancer, particularly in the

elderly population, is investigated in two experimental studies. The main,

findings and implications are discussed in the concluding chapter. •
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