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Chapter 1  

 

Introduction and aims 

 

Brain function relies heavily on neural communication and connections. Better understanding 

of the mechanisms that are related to maintenance or deterioration of brain function requires 

a technique that takes into account the elaborate nature of the central nervous system 

(CNS). A useful method for that purpose is to assess the brain’s functional connectivity. Brain 

regions are functionally connected to each other when they exhibit correlating activation 

patterns (Friston et al., 1993), illustrating the complex organization of neural networks. 

Interactions between regions and within networks largely depend on chemical transmission 

between neurons. Functional connectivity might therefore also be regarded as representative 

of healthy or affected neural transmission that accompanies aging or neurodegeneration as 

seen in Alzheimer’s disease (AD). The work as described in this thesis is aimed at 

elucidating the neural connections and serotonergic and cholinergic neurotransmitter 

pathways in healthy young and older adults and patients with AD. 

 

Functional brain networks 

Functional magnetic resonance imaging (fMRI) of the brain measures the change in the 

blood-oxygenation-level dependent (BOLD) signal over time for each voxel (Ogawa et al., 

1990). Based on the premise that active neurons consume more oxygen, the BOLD signal is 

considered to correspond to functional activity in these areas. More specifically, increased 

blood flow towards active brain regions alters the ratio of oxygenated to deoxygenated 

haemoglobin, leading to changes in MR images that are sensitive to the level of 

deoxyhaemoglobin (Huettel et al., 2004; Raichle, 2009). The term functional connectivity 

refers to temporal correlations between remote neurophysiological events (Friston et al., 

1993). Resting state fMRI (RS-fMRI) has been discovered as a suitable, non-invasive 

approach to study whole brain functional connections during rest as opposed to during the 

performance of an active task. Investigating resting state networks instead of task-related 

regional changes in activation has several advantages. With a relatively short duration of 

scanning sessions and the absence of complicated task instructions, it is more easily 

employed within specific patient populations and without the danger of different performance 

strategies. In addition, task fMRI is restricted to limited flexibility of designs and does not take 

into account the large-scale and interacting nature of the CNS (Mesulam, 1998). 

 

Covariation of spontaneous low-frequency fluctuations in the BOLD response seems to 

reflect functional network interactions (Fox and Raichle, 2007; Van Dijk et al., 2010; Zhang 
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and Raichle, 2010). Even cortical regions that are spatially distant from each other can 

belong to the same functional network when its intrinsic activity is temporally coherent. 

Several resting state networks have consistently been detected in the brain and related to 

specific functions as visual, auditory and salience processing, motor performance and 

executive control (Beckmann et al., 2005; Smith et al., 2009). A typical resting state network 

is the default mode network (DMN), comprising the precuneus, posterior cingulate, temporal, 

parietal and medial prefrontal cortex (Greicius et al., 2003; Raichle and Snyder, 2007). The 

DMN is one of the most robust resting state networks that shows increased activation during 

rest as opposed to during the performance of active tasks, and is known to be involved in 

self-reference, introspection and episodic memory (Andrews-Hanna, 2012; Spreng et al., 

2009).  

 

Functional connectivity in aging and Alzheimer’s di sease 

Measures of network connectivity are increasingly being implemented as a means to 

distinguish between different populations. Neurologic and psychiatric disease can be 

characterized by altered functional connections (Van Dijk et al., 2010). AD, the most common 

cause of dementia among older adults, is a neurodegenerative disease with a slow onset 

that progressively affects multiple cognitive domains. It is primarily associated with a 

deterioration of memory, with additional loss of functions related to language, orientation in 

time and place, visuospatial and executive functioning as well as changes in personality and 

behavior (McKhann et al., 2011). The increased incidence of AD and the burden it causes on 

the daily life of patients and their proxies (Assoc, 2015) calls for development of early 

diagnostic markers and improved insight into disruption of neural processes. Examination of 

affected connectivity is especially relevant since AD is nowadays recognized as a disorder of 

vanished functional connections (Delbeuck et al., 2003; Seeley et al., 2009). 

 

AD is mainly characterized by reduced hippocampal and DMN connectivity (Hafkemeijer et 

al., 2012; Krajcovicova et al., 2014). A few studies show that frontoparietal, visual, executive, 

sensory, motor, cerebellum/basal ganglia and salience networks are affected in AD as well, 

with evidence for increases as well as decreases in connectivity (Agosta et al., 2012; 

Binnewijzend et al., 2012; Brier et al., 2012; Sheline and Raichle, 2013; Zhou et al., 2010). 

Although exact causal mechanisms are not completely understood, connectivity alterations 

are possibly representative of decrements in metabolism (Horwitz, 1985), white matter 

integrity (Andrews-Hanna et al., 2007; Madden et al., 2012; O'Sullivan et al., 2001), amyloid 

deposition (Aizenstein et al., 2008) and structural atrophy (Frisoni et al., 2010; Seeley et al., 

2009). In line with findings on connectivity disruptions, these hallmarks are frequently found 

at regions within the DMN and the interrelated hippocampus.  
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Functional connectivity abnormalities have also been found in patients suffering from mild 

cognitive impairment (Gardini et al., 2015; He et al., 2014) and healthy subjects with a 

genetic risk for the development of AD (Filippini et al., 2009; Wang et al., 2012). But ‘normal’ 

aging appears to have an influence on DMN coherence as well, as connectivity with anterior 

and posterior components is compromised in healthy older adults (Damoiseaux et al., 2008; 

Hafkemeijer et al., 2012). An age-appropriate degradation in mental functioning might be 

associated with this decline in DMN connectivity (Andrews-Hanna et al., 2007; Damoiseaux 

et al., 2008). Studies on the effect of aging on other functional networks are scarce, but 

indicative of reduced connectivity with dorsal attention, salience, motor, somatosensory and 

visual networks (Allen et al., 2011; Andrews-Hanna et al., 2007; Ferreira and Busatto, 2013; 

Onoda et al., 2012; Tomasi and Volkow, 2012; Wu et al., 2007a).  

 

Neurotransmitter systems in aging and Alzheimer’s d isease 

Apart from a decline in functional connectivity, aging and Alzheimer’s disease are 

characterized by decreased neurotransmitter functioning (Mahncke et al., 2006; Meltzer et 

al., 1998; Selkoe, 2002). Neurotransmission is crucial for communication between neurons 

and consequently affects behavior and mental processes. Two neurotransmitters that are 

implicated in both aging and AD are serotonin (5-hydroxytryptamine; 5-HT) and acetylcholine 

(Bowen et al., 1983). The serotonergic system comprises a complex organization of 

pathways that influences the brain from early development through degeneration with aging. 

With 7 different main classes (5-HT1-7) and 14 subclasses, not only present in the central 

nervous system but also in the digestive tract and blood platelets, serotonin influences a 

wide range of functions and is related to multiple mental, behavioral and physiological states 

(Daubert and Condron, 2010; Nichols and Nichols, 2008). Serotonin is a monoamine that is 

released by the dorsal and ventral raphe nuclei in the midbrain towards a vast part of the 

cortex, limbic areas, hypothalamus, basal ganglia, brain stem and cerebellum (Carr and 

Lucki, 2011; Hoyer et al., 2002). In aging and AD, diminished serotonin activity, as 

demonstrated by reduced pre- and postsynaptic binding, is mostly associated with changes 

in behavior and the increased prevalence of depression and mood disorders (Bowen et al., 

1983; Daubert and Condron, 2010; Meltzer et al., 1998; Ownby et al., 2006). Selective 

serotonin reuptake inhibitors (SSRIs) are commonly used as medication for depression and 

anxiety disorders. SSRIs prevent the natural reuptake of serotonin by presynaptic receptors, 

thereby increasing the available amount of serotonin to postsynaptic terminals that leads to 

prolonged action on adjacent neurons (McRae et al., 2001).  
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The neurotransmitter acetylcholine has been related to changes in cognitive performance in 

both normal aging and AD (Dumas and Newhouse, 2011; Mesulam, 2013). Cholinergic 

receptors are subdivided into the muscarinic (M) and nicotinic (N) families, together 

consisting of 17 subclasses that are located in the central and peripheral nervous system, at 

the neuromuscular junction, the heart and smooth muscles (Caulfield and Birdsall, 1998; 

Kalamida et al., 2007; Millar and Harkness, 2008). In the CNS, acetylcholine is primarily 

synthesized in the basal forebrain and binds to receptors that are present throughout the 

cortex, thalamus, amygdala and hippocampus (Benarroch, 2010; Colovic et al., 2013). A 

reduction of choline acetyltransferase and acetylcholinesterase activity in AD (Bartus et al., 

1982; Herholz et al., 2004; Ruberg et al., 1990) is explained by the notion that basal 

forebrain atrophy and associated neuronal loss leads to reduced transmitter release towards 

the cortex, hippocampus and thalamus, hence affecting memory and attentional processes 

(Perry et al., 1999; Teipel et al., 2005). It is possible that the cholinergic system integrity is 

compromised by the deposition of amyloid-β and formation of tangles in AD, that show a high 

density at locations of neuronal and synaptic loss (Auld et al., 2002; Geula et al., 1998; Kar 

et al., 2004). Acetylcholinesterase inhibitors (AChEIs) inhibit the hydrolysis of acetylcholine 

by the enzyme acetylcholinesterase, thereby increasing acetylcholine levels in the synaptic 

cleft. As treatment of cognitive symptoms, AChEIs are mainly useful in the early stages of AD 

when the decrease of neurotransmitter release is still limited (Campos et al., 2016; Ngo and 

Holroyd-Leduc, 2015). Although the effectiveness of reducing the breakdown of acetylcholine 

(or butyrylcholine) in AD is far from satisfactory, there are currently not many alternatives 

(Farlow and Cummings, 2007; Husain and Mehta, 2011; Kaduszkiewicz et al., 2005). Despite 

the hypothesized cholinergic dysfunction in normal aging, there is minor evidence of 

cognitive improvement by AChEI treatment in elderly without AD (Lanni et al., 2008). 

 

Pharmacological challenge effects on functional bra in connectivity 

The concept of pharmacological challenges implies a promising approach to discover the 

underlying neurobiological mechanisms behind drug action and neurotransmitter-related 

disease (Honey and Bullmore, 2004). This method uses the principles of a pharmacokinetic 

study with dosing of a drug, followed by a series of measurements at intervals predicted to 

be relevant for the particular drug being studied. Challenging the CNS with drugs that 

selectively alter central neurotransmission and are aimed at restoring synaptic connections is 

an efficient procedure to examine the role of neurotransmitters in healthy and pathological 

brain functioning (Gijsman et al., 2004). Resting state networks are representative of 

interactions between different brain areas and therefore sensitive to changes in 

neurotransmission. Using RS-fMRI to measure challenge effects offers the possibility to 

visualize and localize patterns and deficits in neurotransmitter systems by imaging 
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pharmacologically induced alterations of related pathways in the brain. An advantage of RS-

fMRI measurements in pharmacological research is that they can be repeated frequently, 

which allows studies of network variations over limited time periods, with changing drug 

concentrations or diurnal fluctuations. RS-fMRI studies of challenges with dopamine 

(ant)agonists, morphine, ketamine, ∆9-tetrahydrocannabinol (THC) and ethanol have shown 

convincing agent-specific network responses (Cole et al., 2013; Khalili-Mahani et al., 2015; 

Khalili-Mahani et al., 2012; Kleinloog et al., 2015; Klumpers et al., 2012; Niesters et al., 

2012). In this thesis, we used the pharmacological challenge technique to investigate the 

serotonergic and cholinergic neurotransmitter systems by measuring acute SSRI and AChEI 

effects on resting state functional connectivity. 

 

Single-dose and short-term administration of SSRIs has been demonstrated to mainly lower 

connectivity in healthy and depressed young subjects (Li et al., 2013; McCabe and Mishor, 

2011; McCabe et al., 2011; Schaefer et al., 2014; Van de Ven et al., 2013; Van Wingen et 

al., 2014), which is in line with opposite observations of increased connections in depression 

(Sundermann et al., 2014). Most of these studies restricted their analysis to the DMN, 

although Schaefer et al. (2014) also show connectivity change in many cortical and 

subcortical regions outside this network. Long-term treatment with AChEIs in AD patients 

seems to enhance connectivity of DMN and hippocampal areas (Blautzik et al., 2016; 

Goveas et al., 2011; Griffanti et al., 2016; Li et al., 2012; Solé-Padullés et al., 2013; Zaidel et 

al., 2012). Single-dose effects on resting state connectivity and the action of AChEIs on 

functional connections in healthy brains are thus far not investigated but might provide 

additional knowledge on the role of acetylcholine in neural communication and functions. 

Likewise, the effects of SSRIs on resting state connectivity in elderly and AD patients are 

unknown but could improve our understanding of age- and AD-related changes in serotonin 

pathways. Since serotonergic and cholinergic neurotransmitter systems are known to be 

altered in AD, and RS-fMRI is known to be sensitive to pharmacological challenges, 

provoking these neurotransmitter systems with drug challenges combined with RS-fMRI was 

hypothesized to reveal greater differences between AD and non-diseased elderly compared 

to changes in functional connectivity alone. In that case, the challenge approach might even 

lead to a better differentiation of AD from healthy aging and, ideally, to an earlier diagnostic 

tool.  

 

Aims of this thesis 

 

The main objective of this thesis was to investigate the serotonergic and cholinergic systems 

of the brain and the association of older age and AD with changes in neurotransmission and 
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functional connections. The included studies were intended to provide more insight into 

neural trajectories in health and the way these are affected in aging and dementia. For that 

purpose, we examined patterns of functional connectivity using RS-fMRI with and without 

pharmacological challenges in healthy young and older adults, and patients with AD. In all 

studies we implemented a standardized and comprehensive method and design, by 

examining whole brain connectivity and functional change induced by serotonergic and 

cholinergic drugs and/or associated with age or disease. To assess these effects, we used 

RS-fMRI and the computerized NeuroCart® test battery, developed for quantifying CNS 

function with tasks and visual analogue scales measuring mood, alertness, calmness, 

memory, emotional processing, executive functioning and reaction time (Bond and Lader, 

1974; Borland and Nicholson, 1984; Laeng et al., 2005; Lezak, 2004; Lim et al., 2008; Norris, 

1971; Rogers et al., 2004; Stroop, 1935; Wechsler, 1981). In case of pharmacological 

experiments, additional measures of pharmacokinetics, cortisol and prolactin were taken to 

monitor the drugs’ absorption rate and investigate neurotransmitter function based on the 

neuroendocrine response which may also be modulated by SSRIs and AChEIs (Cozanitis et 

al., 1980; Sagud et al., 2002; von Bardeleben et al., 1989). Repeated pharmacodynamic 

measures (RS-fMRI, NeuroCart® and neuroendocrine parameters) after drug or placebo 

administration followed a strict time schedule conform the pharmacokinetic characteristics to 

ensure appropriate and standard measurements, and enable adequate comparison of results 

across and within studies. Several methods exist to measure functional connectivity, such as 

graph theory (Guye et al., 2010) and seed based analyses (van den Heuvel and Pol, 2010). 

In our studies, we applied a standardized approach to study functional network change by 

using ten predefined resting state components as networks of interest (Smith et al., 2009). 

 

Part I: Pharmacological challenge effects on brain connectivity in healthy young adults 

 

The first part of this thesis concerns two pharmacological studies that were executed in 

healthy young subjects. These studies were intended to determine the sensitivity of brain 

connectivity to serotonergic and cholinergic challenges, and to gain more insight into the 

mechanisms of drug action of SSRIs and AChEIs. Chapter 2 describes the randomized, 

double blind, placebo-controlled, crossover study on the SSRI sertraline in 12 young 

volunteers. After drug or placebo intake, RS-fMRI scans and measures of cognitive and 

subjective functioning were repeatedly collected. Multiple blood samples were taken as well 

to define neuroendocrine and pharmacokinetic levels. In chapter 3 , we further investigate 

acute pharmacological effects in young volunteers. The SSRI citalopram and the AChEI 

galantamine were administered to 12 subjects that were matched for age and gender with 

the subject group of chapter 2. A randomized, double blind, placebo-controlled, crossover 
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design was used with repeated measures before and after drug or placebo intake, including 

blood samples, NeuroCart® task performance and RS-fMRI. 

 

Part II: Functional brain connectivity and neurotransmitter systems in older age and 

Alzheimer’s disease 

 

The second part of this thesis was aimed at discovering changes in brain connectivity and 

serotonergic and cholinergic systems in old age and AD. The results of these studies may 

lead to a better understanding of neurotransmitter system decline, and the possible 

rehabilitative effects of SSRs and AChEIs in old age and AD. Chapter 4  includes the 

outcomes of a study that was conducted to investigate differences in resting state functional 

connectivity without pharmacological modulation between 12 young and 12 elderly adults 

and 12 patients with AD. To examine whether functional connectivity changes might be 

(partially) explained by atrophy of brain structure, the results of this study were presented 

with and without correction for local gray matter volume. In the final two chapters, effects of 

an SSRI and AChEI on brain connectivity were compared between young and older adults 

and between older adults and AD patients. In chapter 5 we present the results of a 

randomized, placebo-controlled double blind, crossover study in 12 young and 17 older 

adults. The effects of the SSRI citalopram and the AChEI galantamine on resting state 

connectivity and task performance were compared between young and older adults. 

Outcome measures (blood samples, NeuroCart® task performance and RS-fMRI) were 

repeatedly taken before and after drug or placebo intake. Chapter 6 shows the results of a 

comparison between patients with AD and elderly controls after a serotonergic and 

cholinergic challenge. The design and analysis method were equal to the study as explained 

in chapter 5.  

 

To conclude, a summary and general discussion of the presented results and future 

perspectives are provided in chapter 7. 
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Abstract 

The serotonergic system is widely distributed throughout the central nervous system. It is 

well known as a mood regulating system, although it also contributes to many other 

functions. With resting state functional magnetic resonance imaging (RS-fMRI) it is possible 

to investigate whole brain functional connectivity. We used this non-invasive neuroimaging 

technique to measure acute pharmacological effects of the selective serotonin reuptake 

inhibitor sertraline (75 mg) in 12 healthy volunteers. In this randomized, double blind, 

placebo-controlled, crossover study, RS-fMRI scans were repeatedly acquired during both 

visits (at baseline and 3, 5, 7 and 9 h after administering sertraline or placebo). Within-

group comparisons of voxelwise functional connectivity with ten functional networks were 

examined (p < 0.005, corrected) using a mixed effects model with cerebrospinal fluid, white 

matter, motion parameters, heart rate and respiration as covariates. Sertraline induced 

widespread effects on functional connectivity with multiple networks; the default mode 

network, the executive control network, visual networks, the sensorimotor network and the 

auditory network. A common factor among these networks was the involvement of the 

precuneus and posterior cingulate cortex. Cognitive and subjective measures were taken 

as well, but yielded no significant treatment effects, emphasizing the sensitivity of RS-fMRI 

to pharmacological challenges. The results are consistent with the existence of an 

extensive serotonergic system relating to multiple brain functions with a possible key role 

for the precuneus and cingulate. 

 

Keywords: FMRI, functional connectivity, neuropharmacology, resting state networks, 

SSRI, serotonin 

 

 



12 
 

Introduction  

The central serotonergic system plays an important modulatory role and affects diverse 

functions like cognition, mood, appetite, sleep and sensorimotor activity. Different classes 

of serotonin (5-hydroxytryptamine, 5-HT) receptors exist, and they are distributed 

throughout the whole brain, including the cortex, limbic areas, hypothalamus, basal ganglia, 

brain stem and cerebellum (Barnes and Sharp, 1999; Carr and Lucki, 2011; Hoyer et al., 

2002; Jacobs and Azmitia, 1992; Nichols and Nichols, 2008). The selective serotonin 

reuptake inhibitor (SSRI) sertraline increases the concentration of synaptic serotonin and is 

commonly prescribed as a treatment for depression and anxiety disorders (McRae et al., 

2001).  

 

Functional brain imaging shows that SSRIs change brain activation and perfusion in limbic 

and prefrontal regions, which have been identified as important mediators in emotional 

processing. However, SSRIs also influence many other brain structures, including the 

precuneus, basal ganglia, brain stem, cerebellum, hypothalamus, temporal, parietal and 

occipital areas (Anderson et al., 2007; Bruhl et al., 2011; Geday et al., 2005; Klomp et al., 

2012; McKie et al., 2005; Smith et al., 2002; Viviani et al., 2012). 

 

Understanding the mechanism of action of the extensive system of serotonergic neurons 

requires a method for studying large-scale network interactions instead of isolated brain 

regions (Schaefer et al., 2014). The resting state functional magnetic resonance imaging 

(RS-fMRI) technique allows an integral non-invasive investigation of these network 

interactions, taking into account the brain’s comprehensive neural circuit (Fox and Raichle, 

2007; Lu and Stein, 2014).  

 

The main focus of most RS-fMRI studies on SSRIs has been functional connectivity of the 

default mode network (DMN), which includes the posterior cingulate, precuneus and medial 

prefrontal, temporal and parietal regions. The DMN, one of the most consistent networks, is 

affected in multiple mental disorders, including depression (Sundermann et al., 2014). SSRI 

administration shows a reduction in functional DMN connectivity, indicating normalization of 

patterns as seen in depression (Li et al., 2013; McCabe and Mishor, 2011; McCabe et al., 

2011; Van de Ven et al., 2013; Van Wingen et al., 2014). Yet, SSRIs are expected to 

change functional connections in brain regions beyond the DMN too (Schaefer et al., 2014). 

 

Here, we apply a technique of repeated measures RS-fMRI and an analysis of region-to-

network connectivity to study whole brain treatment effects of an SSRI in healthy young 

volunteers. We have shown the sensitivity of this approach for various other 
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pharmacological challenges (Cole et al., 2013; Khalili-Mahani et al., 2015; Khalili-Mahani et 

al., 2012; Klumpers et al., 2012; Niesters et al., 2012). Given the widespread distribution of 

serotonergic receptors in the brain and the involvement of serotonin in many brain 

functions, we hypothesize that a single-dose of the SSRI sertraline will not only affect the 

DMN but various resting state brain networks, related to emotional, sensory, motor, 

cognitive and executive functioning. 
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Materials and methods 

 

Subjects 

Twelve healthy young volunteers (mean age 23.0 ± 2.8, range 19-28; gender ratio 1:1; BMI 

19-24 kg/m2) were recruited to participate in the study. All subjects underwent a thorough 

medical screening at the Centre for Human Drug Research (CHDR) to investigate whether 

they met the inclusion and exclusion criteria. They had a normal history of physical and 

mental health and were able to refrain from using nicotine and caffeine during study days. 

Other exclusion criteria included positive drug or alcohol screen on study days, regular 

excessive consumption of alcohol (>4 units/day), caffeine (>6 units/day) or cigarettes (>5 

cigarettes/day), use of concomitant medication 2 weeks prior to study participation and 

involvement in an investigational drug trial 3 months prior to administration. The study was 

approved by the medical ethics committee of the Leiden University Medical Center (LUMC) 

and the scientific review board of the CHDR. Written informed consent was obtained from 

each subject prior to study participation. 

 

Study design 

This was a single center, double blind, placebo-controlled, crossover study with sertraline 

75 mg. To cover the interval of maximum concentrations of sertraline (Tmax: 5.5-9.5 h, T½: 

26 h), five RS-fMRI scans were acquired during study days, one at baseline and four after 

administering sertraline or placebo (at 3, 5, 7 and 9 h post dosing). Each scan was followed 

by performance of computerized cognitive tasks (taken twice at baseline) on the 

NeuroCart® test battery, developed by the CHDR for quantifying pharmacological effects on 

the central nervous system (CNS). By including multiple measurements during the Tmax 

interval, this repeated measures profile increases the statistical power of the analysis. 

Currently, there are no formal power calculation methods that allow estimating the sample 

size for testing whole brain functional variations. Our sample size was selected based on 

previous studies (Khalili-Mahani et al., 2015; Khalili-Mahani et al., 2012; Klumpers et al., 

2012; Niesters et al., 2012) that demonstrated sufficient power to detect significant effects 

in repeated measures designs with 12 subjects. Sertraline and placebo were administered 

orally as capsules, matched for size and weight. To reduce the most common side effect of 

sertraline (nausea and vomiting), drug treatment was combined with granisetron 2 mg 

tablets on both study days. Multiple blood samples were taken during the course of the day 

to define the pharmacokinetic (PK) profile of sertraline in serum, its active metabolite 

desmethylsertraline and concentrations of cortisol and prolactin. Washout period between 

the two study days was at least 10 days. An overview of the study design is provided in 

Figure 1. 
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Figure 1. Schematic presentation of a study day. At baseline, one RS-fMRI scan was acquired, followed by 

the NeuroCart® CNS test battery (performed twice at baseline). After drug administration, four more RS-fMRI 

scans were acquired at time points T = 3, 5, 7 and 9 h post dosing, each time followed by the NeuroCart® test 

battery. During the day, seven blood samples were taken to measure the concentrations of 

(desmethyl)sertraline, cortisol and prolactin. 

 

Blood sampling 

Pharmacokinetics 

Blood samples were collected in 4 mL serum tubes at baseline and 1.5, 3, 5, 6, 7 and 9 h 

post dosing, centrifuged (2000 g for 10 min) and stored at -40 °C until analysis wi th liquid 

chromatography-tandem mass spectrometry (LC-MS/MS). PK parameters for sertraline and 

its active metabolite desmethylsertraline were calculated using a non-compartmental 

analysis. Maximum serum concentrations (Cmax) and time of Cmax (Tmax) were obtained 

directly from the serum concentration data. The area under the serum concentration vs. 

time curve was calculated from time zero to the time of the last quantifiable serum 

measured concentration, which is equal to the last blood sample of the study day (AUC0-

last). The calculated PK parameters were not used for further analysis but investigated to 

validate the choice of time points of measurements. 

 

Neuroendocrine variables 

Blood samples were also obtained to determine cortisol and prolactin concentrations. 

Serum samples were taken in a 3.5 mL gel tube at baseline and 1.5, 3, 5, 6, 7 and 9 h post 

dosing, centrifuged (2000 g for 10 min) and stored at -40°C until analysis. Se rum 

concentrations were quantitatively determined with electrochemiluminescence 

immunoassay. Cortisol and prolactin concentrations were subsequently used for statistical 

analysis using a mixed effects model with treatment, time, visit and treatment by time as 

fixed effects, subject, subject by treatment and subject by time as random effects and the 

average of the period baseline (pre-dose) values as covariate (SAS for Windows V9.1.3; 

SAS Institute, Inc., Cary, NC, USA). In the Results section, significant treatment effects (at 

p < 0.05) will be discussed. 
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NeuroCart ® test battery  

Each RS-fMRI scan was followed by functional CNS measures outside the scanner using 

the computerized NeuroCart® test battery measuring alertness, mood and calmness (Visual 

Analogue Scales (VAS) Bond & Lader), nausea (VAS Nausea), vigilance and visual motor 

performance (Adaptive Tracking task), reaction time (Simple Reaction Time task), attention, 

short-term memory, psychomotor speed, task switching and inhibition (Symbol Digit 

Substitution Test and Stroop task), working memory (N-back task) and memory imprinting 

and retrieval plus social processing (Face Encoding and Recognition task) (Bond and 

Lader, 1974; Borland and Nicholson, 1984; Laeng et al., 2005; Lezak, 2004; Lim et al., 

2008; Norris, 1971; Rogers et al., 2004; Stroop, 1935; Wechsler, 1981). The Face 

Encoding and Recognition task was only performed twice during each day (at baseline and 

7 h post dosing) because of limited different test versions. Duration of each series of 

NeuroCart® brain function tests was approximately 20 min (except for the baseline series 

when each task was executed twice within approximately 40 min). To minimize learning 

effects, training for the NeuroCart® tasks occurred during the screening visit within 3 weeks 

prior to the first study day.  

 

Analysis 

All post-dose repeatedly measured CNS endpoints were analyzed using a mixed effects 

model with treatment, time, visit and treatment by time as fixed effects, subject, subject by 

treatment and subject by time as random effects and the average of the period baseline 

(pre-dose) values as covariate (SAS for Windows V9.1.3; SAS Institute, Inc., Cary, NC, 

USA). As data of the Simple Reaction Time task were not normally distributed, these data 

were log-transformed before analysis and back transformed after analysis. The data of the 

Face Encoding and Recognition task were analyzed using a mixed effects model with 

treatment as fixed effect and subject as random effect and the baseline value as covariate. 

In the Results section, significant treatment effects (at p < 0.05) will be discussed. 

 

Imaging 

Scanning was performed at the LUMC on a Philips 3.0 Tesla Achieva MRI scanner (Philips 

Medical System, Best, The Netherlands) using a 32-channel head coil. During the RS-fMRI 

scans, all subjects were asked to close their eyes while staying awake. They were also 

instructed not to move their head during the scan. Instructions were given prior to each 

scan on both days. T1-weighted anatomical images were acquired once per visit. To 

facilitate registration to the anatomical image, each RS-fMRI scan was followed by a high-

resolution T2*-weighted echo-planar scan. Duration was approximately 8 min for the RS-
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fMRI scan, 5 min for the anatomical scan and 30 s for the high-resolution scan. Heart rate 

and respiration signals were recorded during each scan. 

 

RS-fMRI data were obtained with T2*-weighted echo-planar imaging (EPI) with the 

following scan parameters: 220 whole brain volumes, repetition time (TR) = 2180 ms; echo 

time (TE) = 30 ms; flip angle = 85°; field-of-view (FOV) = 220 x 220 x 130 mm; in-plane 

voxel resolution = 3.44 x 3.44 mm, slice thickness = 3.44 mm, including 10% interslice gap. 

The next parameters were used to collect T1-weighted anatomical images: TR = 9.7 ms; 

TE = 4.6 ms; flip angle = 8°; FOV = 224 x 177 x 168  mm; in-plane voxel resolution = 1.17 x 

1.17 mm; slice thickness = 1.2 mm. Parameters of high-resolution T2*-weighted EPI scans 

were set to: TR = 2200 ms; TE = 30 ms; flip angle = 80°; FOV = 220 x 220 x 168 mm; in-

plane voxel resolution = 1.96 x 1.96 mm; slice thickness = 2.0 mm.  

 

Analysis 

All analyses were performed using the Functional Magnetic Resonance Imaging of the 

Brain (FMRIB) Software Library (FSL, Oxford, United Kingdom) version 5.0.4 (Jenkinson et 

al., 2012; Smith et al., 2004; Woolrich et al., 2009). Each individual functional EPI image 

was inspected, brain-extracted and corrected for geometrical displacements due to head 

movement with linear (affine) image registration (Jenkinson et al., 2002; Smith, 2002). 

Images were temporally filtered (with a high pass filter of 150 s) and spatially smoothed 

(with a 6 mm full-width half-maximum Gaussian kernel). Thereafter, scans were co-

registered with the brain extracted high resolution T2*-weighted EPI scans (with 6 degrees 

of freedom) and T1 weighted images (using the Boundary-Based-Registration method) 

(Greve and Fischl, 2009; Smith, 2002). The T1-weighted scans were non-linearly registered 

to the MNI 152 standard space (the Montreal Neurological Institute, Montreal, QC, Canada) 

using FMRIB's Non-linear Image Registration Tool. Registration parameters were combined 

to transform fMRI scans into standard space.  

 

After preprocessing, RS-fMRI networks were extracted from each individual RS-fMRI 

dataset (12 subjects x 2 days x 5 scans = 120 datasets) using a dual regression analysis 

(Beckmann et al., 2009; Filippini et al., 2009) based on 10 predefined standard network 

templates. Confound regressors of time series from white matter (measured from the center 

of the corpus callosum) and cerebrospinal fluid (measured from the center of lateral 

ventricles) as well as six motion parameters (the estimated translation along and rotation 

around the x, y and z axes) were included in this analysis to account for non-neuronal 

signal fluctuations (Birn, 2012). The 10 standard templates (see Figure 2) have previously 

been identified using a data-driven approach (Smith et al., 2009) and comprise the 
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following networks: three visual networks (consisting of medial, occipital pole, and lateral 

visual areas), DMN (medial parietal, bilateral inferior–lateral–parietal and ventromedial 

frontal cortex), cerebellar network, sensorimotor network (supplementary motor area, 

sensorimotor cortex, and secondary somatosensory cortex), auditory network (superior 

temporal gyrus, Heschl's gyrus, and posterior insular), executive control network (medial–

frontal areas, including anterior cingulate and paracingulate) and two frontoparietal 

networks (frontoparietal areas left and right). With the dual regression method, spatial maps 

representing voxel-to-network connectivity were estimated for each dataset separately in 

two stages for use in within-group comparisons. First, the weighted network maps were 

used in a spatial regression into each dataset. This stage generated 12 time series per 

dataset that describe the average temporal course of signal fluctuations of the 10 networks 

plus 2 confound regressors (cerebrospinal fluid and white matter). The six motion 

parameters, as estimated during motion correction, were inserted into the output files of this 

first stage for further analysis. Next, these time series were entered in a temporal 

regression into the same dataset. This resulted in a spatial map per network per dataset 

with regression coefficients referring to the weight of each voxel being associated with the 

characteristic signal change of a specific network. The higher the value of the coefficient, 

the stronger the connectivity of this voxel with a given network. These individual statistical 

maps were subsequently used for higher level analysis. 

 

Within-group comparisons for the contrast sertraline relative to placebo of voxelwise 

functional connectivity with each of the 10 functional networks were examined with a mixed 

effects general linear model as used in our previous studies (Khalili-Mahani et al., 2012; 

Klumpers et al., 2012; Niesters et al., 2012). Average heart rate (beats/m) and respiration 

frequency (Hz) per RS-fMRI scan were added to the model as confound regressors, 

indicated as the most robust method to account for physiological variations (Khalili-Mahani 

et al., 2013). In this model, treatment and time are used as fixed within-subject factors and 

subject as a random factor. More specifically, the treatment effect of sertraline vs. placebo 

was tested, with the subjects’ means, and variance across time (each time point post 

dosing vs. baseline) modeled as covariates of no interest. Nonparametric permutation 

testing was used to estimate (with 5000 repeated permutations) for each network whether 

connectivity was significantly different on sertraline relative to placebo days. The resulting 

voxelwise probability map was corrected for the familywise error using threshold-free 

cluster enhancement and by Bonferroni correction for the 10 separately investigated 

networks (by examining the results at p < 0.005) (Smith and Nichols, 2009; Winkler et al., 

2014). 
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Figure 2.  Ten functional resting state networks as identified by Smith et al. (2009) in 36 healthy adults. To 

investigate sertraline effects, subject-wise spatial maps of these 10 networks were estimated using dual 

regression and entered in a mixed effects model for within-group comparisons (p < 0.005, corrected). 
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Results 

 

Pharmacokinetics 

The Tmax of serum sertraline varied between 2.90 and 6.92 h (mean Tmax: 3.93 ± 1.34) and 

between 2.90 and 6.92 h (mean Tmax: 4.01 ± 1.44) for desmethylsertraline. Cmax for 

sertraline was between 14.40 and 52.80 ng/mL (mean Cmax: 31.06 ± 11.84) and for 

desmethylsertraline between 4.50 and 17.10 ng/mL (mean Cmax: 10.08 ± 3.84). AUC0-last 

was between 78.17 and 305.60 ng*h/mL (mean AUC0-last: 173.90 ± 69.62) for sertraline and 

between 5.16 and 98.30 ng*h/mL (mean AUC0-last: 50.75 ± 27.65) for desmethylsertraline 

(see Figure 3 for individual and median sertraline PK time profiles). 

 

 

Figure 3.  Median (bold line) and individual (thin lines) pharmacokinetic profiles for sertraline concentrations in 

nanograms per milliliter on semi-log scale. Observations below limit of quantification were dismissed. 

 

Cortisol and prolactin 

There was a significant treatment effect on concentrations of cortisol (with F = (1, 10) 17.87, 

p < 0.01). As shown in Figure 4, cortisol concentrations were increased after sertraline, 

relative to placebo. There was no significant treatment effect for prolactin concentrations. 
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Figure 4.  Least squares means percent change from baseline profiles of cortisol concentrations (with standard 

errors of the mean as error bars).  

 

 

NeuroCart ® test battery  

There were no significant treatment effects on measures of cognitive performance. Non-

significant trends were found for the VAS Calmness (with F = (1, 8) 5.11, p = 0.054: 

sertraline < placebo), the VAS Mood (with F = (1, 8) 4.12, p = 0.076: sertraline < placebo) 

and the VAS Nausea (with F = (1, 10) 3.84, p = 0.078: sertraline > placebo). 

 

Imaging 

Functional connectivity changes caused by sertraline were observed in relation to seven 

functional networks (see Figure 5 for statistical maps of the results; p < 0.005, corrected). 

The colors in Figure 5 match the colors of Figure 2 with regard to the defined networks. In 

Figure 2, the network that was investigated is shown, whereas in Figure 5, we show the 

regions in the brain that have altered connectivity with this network. Specifications of effects 

(cluster size and peak t-value of the clusters) are provided in Table 1. Compared to 

placebo, connections with the following networks were altered after administering sertraline: 

 

Default mode network 

Functional connectivity of the anterior cingulate cortex (ACC), posterior cingulate cortex 

(PCC), medial prefrontal cortex and precuneus (orange in Figure 5a) with the DMN (orange 

in Figure 2) was decreased after sertraline compared to placebo.  
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Executive control network 

Functional connectivity of the limbic system (including the ACC, PCC, thalamus, amygdala 

and hippocampus), precuneus, midbrain and medial prefrontal cortex (blue in Figure 5b) 

with the executive control network (blue in Figure 2) was decreased after sertraline 

compared to placebo. 

 

Visual networks  

Functional connectivity of the occipital cortex, ACC, PCC, precuneus, medial prefrontal 

cortex and small parts of the cerebellum (red in Figure 5c) with the three visual networks 

(red in Figure 2) was decreased after sertraline compared to placebo.  

 

Sensorimotor network  

Functional connectivity of the ACC, PCC, precuneus, central gyri and supplementary motor 

cortex (green in Figure 5d) with the sensorimotor network (green in Figure 2) was 

decreased after sertraline compared to placebo. 

 

Auditory network  

Functional connectivity was increased between the precuneus and PCC (pink in Figure 5e) 

and the auditory network (pink in Figure 2) after sertraline compared to placebo. 
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Figure 5. Spatial maps (with coordinates in mm) of sertraline-induced (a) decreases in functional connectivity 

between the ACC, PCC, precuneus and medial prefrontal cortex (orange) and the default mode network; (b) 

decreases in functional connectivity between the limbic system, precuneus, medial prefrontal cortex and 

midbrain (blue) and the executive control network; (c) decreases in functional connectivity between the occipital 

cortex, PCC, ACC, precuneus, medial prefrontal cortex and cerebellum (red) and the visual networks; (d) 

decreases in functional connectivity between the ACC, PCC, precuneus, central gyri and supplementary motor 

cortex (green) and the sensorimotor network; (e) increases in functional connectivity between the PCC and 

precuneus (pink) and the auditory network (p < 0.005, corrected). Coronal and axial slices are displayed in 

radiological convention (left=right). 
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Common regions 

For each of these networks, treatment effects were found in two common areas: the 

precuneus and PCC. In Figure 6 these effects are shown for each network in their 

corresponding color with the precuneus and PCC depicted in pale brown. Regions of effect 

within the precuneus and PCC were chosen to visualize the time profiles of changes in 

connectivity in relation to the networks (Figure 6a-e). 

 

 

 

Figure 6.  Alterations in functional connectivity after sertraline administration within the precuneus and PCC 

(shown in pale purple) for the different networks. Plots visualize the corresponding average time profiles of 

changes in functional connectivity for sertraline (dotted line) and placebo (continuous line) conditions for (a) the 

auditory network; (b) the sensorimotor network; (c) the default mode network; (d) the medial visual network; (e) 

the executive control network (z-values with standard errors of the mean as error bars). Coronal and axial slices 

are displayed in radiological convention (left=right). 
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Table 1. Overview of significant decreases and increases in functional connectivity as estimated with threshold-free cluster enhancement (p < 

0.005, corrected). 

Network  Region (Harvard -Oxford)  t* x y z Cluste r size  

Default mode network  B/M ACC, frontal pole (including frontal medial cortex, paracingulate gyrus) 5.28 16 42 -18 2703 

 R inferior and middle frontal gyrus 5.33 46 26 32 1060 

 R parahippocampal gyrus 4.74 -14 -10 -30 273 

 L ACC, paracingulate gyrus 4.56 -12 46 4 193 

 R PCC, precuneus cortex 5.31 24 -56 6 100 

 R posterior superior temporal gyrus 4.89 66 -26 6 96 

 R pre- and postcentral gyrus 3.96 36 -20 40 90 

 R angular gyrus, posterior supramarginal gyrus  4.57 38 -50 34 83 

 L frontal pole 4.86 -44 40 2 82 

Executive control network  B/M limbic system (including amygdala, hippocampus, thalamus), temporal pole, PCC, midbrain 6.24 52 12 -4 11381 

 L/M superior lateral occipital cortex, cuneal cortex, precuneus cortex 4.13 -18 -62 42 432 

 M ACC, frontal medial cortex 4.4 -2 24 -2 295 

 R PCC, precuneus cortex 4.77 16 -56 32 243 

 L frontal pole (including frontal medial cortex, paracingulate gyrus) 4.65 -8 56 6 140 

Visual network 1  B/M occipital cortex (including fusiform gyrus, lingual gyrus, intra- and supracalcarine cortex, cuneal cortex extending 

into precuneus cortex) 

5.55 -18 -68 -4 6592 

Visual network 2  B/M occipital cortex (including fusiform gyrus, lingual gyrus, calcarine cortex, cuneal cortex) 5.46 -2 -86 -12 1463 

Visual network 3  B lateral occipital, frontal, temporal and parietal cortex, cerebellum, PCC, precuneus cortex, pre- and postcentral 

gyrus 

5.78 20 -80 26 28546 

 B ACC, paracingulate gyrus, subcallosal cortex, frontal medial cortex 5.05 34 42 -2 3757 

 R ACC, PCC, precentral gyrus, (middle and superior) frontal gyrus 4.59 12 -10 38 331 

 L precentral gyrus, (middle and superior) frontal gyrus 4.96 -30 2 46 111 

Sensorimotor network  B/M ACC, PCC, precuneus cortex, supplementary motor area, pre- and postcentral gyrus 7.26 8 2 60 9262 

 L ACC, paracingulate gyrus 4.2 -8 26 26 112 

Auditory network  B PCC, precuneus cortex, pre- and postcentral gyrus 4.48 -6 -44 52 125 

Abbreviations: L = left, R = right, B = bilateral, M = midline, ACC = anterior cingulate cortex, PCC = posterior cingulate cortex. Voxel dimension = 2 mm x 2 mm x 2 mm (voxel 

volume 0.008 mL). * = uncorrected peak t-value within cluster. 
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Discussion 

Sertraline induced widespread alterations in functional connectivity with multiple resting 

state networks in the brain. In line with Schaefer et al. (2014) these alterations were 

primarily decreases in connectivity. Effects in the DMN, executive control network and 

limbic-frontal circuitry are mostly in agreement with earlier RS-fMRI studies on SSRI effects 

(Li et al., 2013; McCabe and Mishor, 2011; McCabe et al., 2011; Van de Ven et al., 2013; 

Van Wingen et al., 2014). New findings were a lowering of connectivity within visual 

networks and alterations in functional connectivity of the sensorimotor and auditory network 

with the cingulate cortex and precuneus. The PK time profile was consistent with our 

repeated measures, taken at appropriate time points when the largest effects could be 

expected. Post hoc investigation of connectivity changes over time suggests that sertraline 

might sometimes suppress regular diurnal fluctuations, similar to the effect we found on 

cortisol. Consistent with other literature, cortisol concentrations were slightly higher after 

SSRI administration (Sagud et al., 2002; von Bardeleben et al., 1989), as opposed to a 

gradual decrease during placebo days. The paucity of effects on cognitive performance 

implies that RS-fMRI is highly sensitive and appropriate as a measure of a serotonergic 

challenge when compared to neuropsychological testing. 

 

Default mode and executive control network  

Connectivity within the DMN (precuneus, ACC, PCC and medial prefrontal cortex) was 

decreased after exposure to sertraline. Furthermore, administration of sertraline led to 

decreased connectivity between the executive control network and the limbic system 

(including cingulate cortex, amygdala, hippocampus and thalamus), medial prefrontal 

cortex and the midbrain. The midbrain’s median and dorsal raphe nuclei are the major 

source of serotonin release to the cerebral cortex, especially to the forebrain (Daubert and 

Condron, 2010; Jacobs and Azmitia, 1992) and are therefore considered to play an 

important role in SSRI enhancement (Adell et al., 2002; Morgane et al., 2005). The 

desirable effects of SSRIs on mood are hypothesized to be mainly due to improved 

functionality and regulation of 5-HT1A (concentrated in the limbic system, especially the 

hippocampus, cortical areas as the cingulate and raphe nuclei) and 5-HT2A/C (represented 

in the limbic system, cortex, basal ganglia and choroid plexus) receptors (Barnes and 

Sharp, 1999; Celada et al., 2013; Daubert and Condron, 2010; Hoyer et al., 2002; McRae 

et al., 2001). Inhibitory 5-HT1A receptors have a higher affinity for 5-HT than excitatory 5-

HT2 receptors (Peroutka and Snyder, 1979). Consequently, the net result of elevation of 

serotonin is a reduction of serotonergic activity at low concentrations, followed by 

stimulation at higher levels. Furthermore, after acute SSRI administration, serotonin 

reuptake inhibition is attenuated by activation of 5-HT1A autoreceptors in the raphe nuclei, 
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causing inhibition of cell firing (Briley and Moret, 1993). The relatively limited 

pharmacological effect of a single 75 mg dose of sertraline could explain the decrease in 

functional connectivity that we found in many parts of the brain. However, compared to our 

healthy subjects, it is likely that the sensitivity of 5-HT receptors differs in depressed 

patients and changes with prolonged antidepressant treatment (Whale et al., 2001). The 

effects on both networks point to alterations in limbic and frontal brain areas. Together, 

these regions have been regarded as related to emotional functioning and processing 

(Joseph, 1992), with deficits in the fronto-limbic circuitry shown in depressed patients 

(Anand et al., 2005; Mayberg, 1997; Seminowicz et al., 2004). Administering SSRIs might 

correct dysfunction of the fronto-limbic pathways as seen in depression (Hensler, 2006), 

thereby influencing emotional and motivational information processing and integration. 

Interestingly, we found changes in connectivity with the precuneus and PCC for all five 

networks, both part of the DMN and mentioned as playing a central role in self-

consciousness and self-reference (Fransson and Marrelec, 2008). The majority of previous 

RS-fMRI studies point to increased connectivity in depression, particularly of cortical 

midline structures as the precuneus, ACC and PCC with prefrontal areas (Sundermann et 

al., 2014). The deviant pattern of the overactivated DMN, supporting internal mentation and 

integration of experiences, might refer to rumination; heightened self-awareness and -

preoccupation during rest (Hamilton et al., 2011; Sheline et al., 2010b; Zhu et al., 2012). 

The effects that we observed include the sub- and perigenual ACC which are particularly 

associated with rumination (Zhu et al., 2012). The posterior parts of the DMN have been 

proposed as specific regions where normalization of abnormal activity and functional 

connectivity takes place after SSRI treatment (Greicius et al., 2007; Kraus et al., 2014; Li et 

al., 2013).  

 

Visual, auditory and sensorimotor networks 

In the cortex, the frontal lobe contains the highest density of 5-HT terminals, but the 

midbrain’s raphe nuclei project to all other cortical areas as well. High cortical 

concentrations of serotonin have been found in the primary visual, auditory and 

somatosensory cortices of primates (Kahkonen et al., 2002; Lidow et al., 1989a; Morrison 

et al., 1982; Thompson et al., 1994). The relative predominance of high affinity 5-HT1A vs. 

low affinity 5-HT2 receptors has been demonstrated in the prefrontal cortex (Amargos-

Bosch et al., 2004; Celada et al., 2013) but also in the visual and motor cortex of rhesus 

monkeys (Lidow et al., 1989b). Again, this might explain the observed decrease in 

functional connectivity of the visual and sensorimotor networks after administering 

sertraline. Evidence for functional involvement of serotonin in the human visual system 

comes from observations in users of ecstasy (or 3,4-methylenedioxy-N-
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methylamphetamine; MDMA). MDMA induces an acute release and reuptake inhibition of 

serotonin, followed by serotonin depletion in the visual cortex, which is associated with 

changes in visual orientation processing (Oliveri and Calvo, 2003). Moreover, the 5-HT 

neuronal activity pattern seems to correspond to and facilitate tonic motor output in animals 

(Jacobs and Fornal, 1999). We found decreased connectivity of the sensorimotor network 

with the central gyri (the sensorimotor region) and the supplementary motor area. 

Improvement of motor behavior after giving SSRIs has been shown with task-related fMRI 

studies, accompanied by enhancement of brain motor activity in the sensorimotor cortex 

and supplementary motor area (Loubinoux et al., 2002a; Loubinoux et al., 2002b). 

Connectivity of the sensorimotor network and visual networks with the precuneus and 

(para)cingulate cortex was decreased in our study. The cingulate motor areas operate in 

concert with the limbic system for spatial orientation and executing voluntary movement 

(Shima and Tanji, 1998; Vogt et al., 1992). The precuneus has been identified as a major 

association area guiding visuo-spatial imagery, execution and preparation of complex motor 

behavior and attentive tracking (Cavanna and Trimble, 2006; Zhang and Li, 2012). 

Connectivity of the precuneus and cingulate cortex with the auditory network was altered as 

well, although this time it concerned an increase instead of a decrease in connectivity. This 

corresponds to reverse findings in depression of Sundermann et al. (2014), who observed 

hypoconnectivity in areas that belong to the auditory network (left temporal cortex, insula). 

SSRIs have been used for treatment of tinnitus, the perception of a phantom sound 

(Robinson, 2007). FMRI studies on resting state connectivity in tinnitus patients illustrate 

the interplay between tinnitus and the auditory network, the DMN and limbic areas (Burton 

et al., 2012; Kim et al., 2012; Maudoux et al., 2012a; b; Ueyama et al., 2013). For example, 

the connectivity pattern of the precuneus/PCC region was discovered as positively 

correlating with emotional distress as measured with the tinnitus handicap inventory 

(Maudoux et al., 2012b).  

 

NeuroCart ® test battery  

Compared to placebo, sertraline did not result in any significant treatment effects on 

neurocognitive tasks of the NeuroCart® battery. There was a trend towards increasing 

nausea, decreasing calmness and decreasing mood on the VAS. The small size of our 

sample might be an explanation for the absence of behavioral effects. However, we did 

detect significant and large-scale effects on resting state connectivity, indicating the 

suitability of this method as a marker of efficacy compared to cognitive measures. These 

results suggest that RS-fMRI could be a useful technique in early CNS drug development, 

which generally requires the use of sensitive methods in relatively small study groups. 

Performance tasks are known to show limited and inconsistent effects after single acute 
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dosing of an SSRI in healthy subjects (Dumont et al., 2005), although we did not include 

tests that are potentially more sensitive to SSRIs as EEG recordings, REM-sleep and flicker 

discrimination tests (Dumont et al., 2005; Rijnbeek et al., 2002). In task-related fMRI 

paradigms it was shown that acute neural changes take place in the limbic system and 

prefrontal circuitry (Bruhl et al., 2010; Del-Ben et al., 2005; Murphy et al., 2009; Outhred et 

al., 2013). Despite the instant neural changes after administration of an SSRI, 

improvements in mood and cognition usually begin only after a few weeks (Frazer and 

Benmansour, 2002; Harmer et al., 2009). One explanation for this apparent discrepancy is 

the acute effect of SSRIs on emotional bias (Bhagwagar et al., 2004; Browning et al., 2007; 

Harmer et al., 2003a; Harmer et al., 2003b), which could increase positive information 

processing, thereby slowly contributing to resolution of the depression (Harmer, 2008). 

Since the Face Encoding and Recognition task involves eliciting emotions, it was expected 

that an SSRI would exert the strongest acute effect on this task. Contrary to previous 

literature, we did not find such an effect in this study. 

 

Limitations  

Sertraline can be considered as one of the most selective SSRIs. Nevertheless, it still 

modulates catecholaminergic neurotransmission to some extent and noradrenergic and 

dopaminergic influences on functional connectivity cannot be ruled out. Sertraline is 

especially known for a low relative selectivity for 5-HT over dopamine (Carrasco and 

Sandner, 2005). The most common side effect during sertraline study days was nausea, 

which was reported by 50% of the subjects and lasted between 1.5 and 5 h, although this 

was never severe enough to lead to vomiting. This coincides with a non-significant trend 

towards experienced nausea on the VAS. Granisetron was added to prevent nausea and 

vomiting (Jacobs et al., 2010a), which as a side effect of sertraline could have altered the 

network responses or reduced the tolerability of the procedures (Jacobs et al., 2010b). To 

balance the study, granisetron was also administrated on placebo days. However, 

granisetron, being a very selective 5-HT3 receptor antagonist, might have affected some 

central serotonergic effects of sertraline that are specifically related to 5-HT3 functions 

(Jacobs and Azmitia, 1992). Cortisol influences functional connectivity between the 

amygdala and medial prefrontal cortex, which might have confounded the results as well 

(Veer et al., 2012). It is possible that the effects that were found in these areas are partially 

secondary to the small but significant increase in cortisol concentrations. Moreover, SSRIs 

potentially affect constriction of blood vessels (Reynell and Harris, 2013) and as a 

consequence induce blood oxygen level dependent signal changes. This study cannot 

resolve the question whether observed fMRI effects reflect true neural changes or altered 

neurovascular coupling (Rack-Gomer et al., 2009; Rack-Gomer and Liu, 2012; Wong et al., 
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2012). Yet, SSRIs do not typically influence the hemodynamic response (Feczko et al., 

2012) and in our study we did not find significant effects of sertraline on heart rate and 

respiration frequency, which would be considered the main source of causing vascular 

artifacts. 

 

Conclusions and future perspectives  

Using 10 different networks in a well-powered repeated measures design allowed us to 

confirm both earlier established hypotheses and to discover new, uninvestigated effects of 

SSRIs on resting state connectivity. The results verify that serotonergic tracts cover a 

substantial part of the brain and suggest that serotonin is implicated in processing 

emotional information, conscious coordination of motor behavior and higher-level 

perception of the environment, possibly with a central role for the precuneus and cingulate. 

Many network effects of sertraline showed a striking overlap with opposing connectivity 

changes that are reported in depression (Sundermann et al., 2014). Confirmation of these 

outcomes will strengthen the confidence in this technique as a highly sensitive and specific 

method of drug investigation, which in the future may also be used to characterize new 

drugs under development.  
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Abstract 

 

Psychopharmacological research, if properly designed, may offer insight into both timing 

and area of effect, increasing our understanding of the brain’s neurotransmitter systems. 

For that purpose, the acute influence of the selective serotonin reuptake inhibitor citalopram 

(30 mg) and the acetylcholinesterase inhibitor galantamine (8 mg) was repeatedly 

measured in 12 healthy young volunteers with resting state functional magnetic resonance 

imaging (RS-fMRI). Eighteen RS-fMRI scans were acquired per subject during this 

randomized, double blind, placebo-controlled, crossover study. Within-group comparisons 

of voxelwise functional connectivity with 10 functional networks were examined (p < 0.05, 

FWE-corrected) using a non-parametric multivariate approach with cerebrospinal fluid, 

white matter, heart rate and baseline measurements as covariates. Although both 

compounds did not change cognitive performance on several tests, significant effects were 

found on connectivity with multiple resting state networks. Serotonergic stimulation primarily 

reduced connectivity with the sensorimotor network and structures that are related to self-

referential mechanisms, whereas galantamine affected networks and regions that are more 

involved in learning, memory, and visual perception and processing. These results are 

consistent with the serotonergic and cholinergic trajectories and their functional relevance. 

In addition, this study demonstrates the power of using repeated measures after drug 

administration, which offers the chance to explore both combined and time specific effects. 

 

Key words: AChEI, SSRI, acetylcholine, citalopram, functional connectivity, galantamine, 

psychopharmacology, resting state fMRI, resting state network, serotonin 
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Introduction  

 

Drugs acting on serotonin (5-hydroxytryptamine; 5-HT) and acetylcholine (ACh) are known 

for their regulating influence on behavior and cognition. Selective serotonin reuptake 

inhibitors (SSRIs) are accepted for their mood altering properties and usually prescribed to 

treat depression and anxiety disorders (Carr and Lucki, 2011; Jacobs and Azmitia, 1992). 

Acetylcholinesterase inhibitors (AChEIs) are found to be beneficial in neurodegenerative 

disorders (Alzheimer’s disease (AD), dementia with Lewy bodies and Parkinson’s disease) 

due to their effect on attention, learning and memory (Perry et al., 1999; Soreq and Seidman, 

2001).  

 

The brain's serotonergic axonal pathways originate in the midbrain’s medial and dorsal raphe 

nuclei. In the central nervous system (CNS), a particularly high density of 5-HT receptors is 

observed in the cerebral cortex, limbic structures, basal ganglia and brain stem regions 

(Daubert and Condron, 2010; Tork, 1990). For ACh, the major source is the basal forebrain, 

with fibers diffusing to the cortex, amygdala and hippocampus (Benarroch, 2010). The finding 

that specific neurotransmitters like 5-HT and ACh also act as neuromodulators, has led to the 

formation of distributed computational network models (Baxter et al., 1999; Doya, 2002; 

Marder and Thirumalai, 2002). Consequently, studies of cholinergic or serotonergic drug 

effects also need to consider their extensive modulatory effects (Bargmann, 2012). This is 

possible with resting state functional magnetic resonance imaging (RS-fMRI) in the context of 

pharmacological stimulation (Fox and Raichle, 2007; Khalili-Mahani et al., 2014).  

 

Evidence is growing on the sensitivity of resting state networks, consisting of regions with 

coherent blood-oxygen-level-dependent fluctuations, to pharmacological challenges (Cole et 

al., 2013; Khalili-Mahani et al., 2015; Khalili-Mahani et al., 2012; Klumpers et al., 2012; 

Niesters et al., 2012). These networks have consistently been found in healthy and clinical 

conditions, and are related to specific functions of the brain (i.e. motor, auditory, visual, 

emotional and executive function) (Beckmann et al., 2005; Damoiseaux et al., 2006; Seeley 

et al., 2007; Smith et al., 2009). Disruptions of functional networks have been demonstrated 

in both depressed and demented patients, especially for the default mode network (DMN) 

(Hafkemeijer et al., 2012; Sundermann et al., 2014; Wang et al., 2006). Several studies point 

to normalization of DMN connectivity in depression after SSRI administration (McCabe and 

Mishor, 2011; McCabe et al., 2011; Van de Ven et al., 2013; Van Wingen et al., 2014). Yet, 

there is also proof of more extensive effects of SSRIs on brain connectivity (Klaassens et al., 

2015; Schaefer et al., 2014). In AD patients, cholinergic stimulation induces alterations in 

connectivity for DMN regions (Goveas et al., 2011; Li et al., 2012; Solé-Padullés et al., 2013), 
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as well as networks involved in attention, control and salience processing (Wang et al., 

2014). 

 

Characteristically, neuromodulators support the processing of sensory information, 

coordination of motor output and higher order cognitive functioning (Foehring and Lorenzon, 

1999; Gu, 2002; Hasselmo, 1995). In line with the diverse and widespread patterns of effect 

of both transmitters we investigated the direct influence of the SSRI citalopram 30 mg and 

the AChEI galantamine 8 mg on various brain networks. Both RS-fMRI and functional 

(cognitive and neuroendocrine) responses were examined in 12 healthy young volunteers in 

a repeated measures fashion. Galantamine was hypothesized to mainly affect connectivity 

with brain structures that are involved in learning and memory mechanisms. Based on our 

previous study with the SSRI sertraline 75 mg, we expected to see widespread decreases in 

connectivity immediately after citalopram administration in the absence of cognitive change.  
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Method 

 

Subjects 

Twelve healthy young volunteers (mean age 22.1 ± 2.7, range 18-27; gender ratio 1:1, BMI 

21-28 kg/m2) were recruited to participate in the study. All subjects underwent a thorough 

medical screening at the Centre for Human Drug Research (CHDR) to investigate whether 

they met the inclusion and exclusion criteria. They had a normal history of physical and 

mental health and were able to refrain from using nicotine and caffeine during study days. 

Exclusion criteria included positive drug or alcohol screen on study days, regular excessive 

consumption of alcohol (>4 units/day), caffeine (>6 units/day) or cigarettes (>5 

cigarettes/day), use of concomitant medication 2 weeks prior to study participation and 

involvement in an investigational drug trial 3 months prior to administration. The study was 

approved by the medical ethics committee of the Leiden University Medical Center (LUMC) 

and the scientific review board of the CHDR. Written informed consent was obtained from 

each subject prior to study participation. 

 

Study design 

This was a single center, double blind, placebo-controlled, crossover study with citalopram 

30 mg and galantamine 8 mg. Each subject received citalopram, galantamine and placebo 

on three different occasions with a washout period in between of at least 7 days. Citalopram 

has an average time point of maximum concentration (Tmax) of 2-4 h, with a half-life (T½) of 36 

h. For galantamine, Tmax = 1-2 h and T½ = 7-8 h. To correct for the different pharmacokinetic 

(PK) profiles of the compounds, citalopram 20 mg was administered at T = 0 h, followed by a 

second dose of 10 mg at T = 1 h (if the first dose was tolerated and subjects did not become 

too nauseous). Galantamine was given as a single 8 mg dose at T = 2 h. Blinding was 

maintained by concomitant administration of double-dummy placebo's at all three time 

points. All subjects also received an unblinded dose of granisetron 2 mg at T = -0.5 h, to 

prevent the most common drug-induced adverse effects of nausea and vomiting. 

 

Six RS-fMRI scans were acquired during study days, two at baseline and four after 

administering citalopram, galantamine or placebo (at T = 2.5, 3.5, 4.5 and 6 h post dosing). 

Each scan was followed by performance of computerized cognitive tasks (taken twice at 

baseline) on the NeuroCart® test battery, developed by the CHDR for quantifying 

pharmacological effects on the CNS (Dumont et al., 2005; Gijsman et al., 2002; Liem-

Moolenaar et al., 2011). By including multiple measurements during the Tmax interval, this 

repeated measures profile increases the statistical power of the analysis and allows for 

identification of time related effects, associated with changing serum concentrations. Nine 
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blood samples were taken during the course of the day to define the PK profile of citalopram, 

citalopram’s active metabolite desmethylcitalopram, galantamine and concentrations of 

cortisol and prolactin (Jacobs et al., 2010b; Umegaki et al., 2009). An overview of the study 

design is provided in Figure 1. 
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Figure 1. Schematic overview of a study day. Each subject received citalopram, galantamine and placebo on 

three different days. At baseline, two RS-fMRI scans were acquired, followed by the NeuroCart® CNS test battery. 

After drug administration, four more RS-fMRI scans were acquired at time points T = 2.5, 3.5, 4.5 and 6 h post 

dosing, each time followed by the NeuroCart® test battery. During the day, nine blood samples were taken to 

measure the concentrations of citalopram, desmethylcitalopram, galantamine, cortisol and prolactin. On each 

study day there were three moments of administration. The second administration only took place when subjects 

tolerated the first dose well (did not vomit or feel too nauseous): 

 

Galantamine study day:  T = 0) placebo   T = 1) placebo   T = 2) galantamine 8 mg 

Citalopram study day:  T = 0) citalopram 20 mg  T = 1) citalopram 10 mg  T = 2) placebo 

Placebo study day:  T = 0) placebo   T = 1) placebo   T = 2) placebo 

 

Blood sampling 

Pharmacokinetics 

Blood samples were collected in 4 mL EDTA plasma tubes at baseline and 1, 2, 2.5, 3, 3.5, 

4.5 and 6 h post dosing, centrifuged (2000 g for 10 min) and stored at -40°C until analysis 

with liquid chromatography-tandem mass spectrometry (LC-MS/MS). PK parameters for 

citalopram, galantamine and citalopram’s active metabolite desmethylcitalopram were 

calculated using a non-compartmental analysis. Maximum plasma concentrations (Cmax) 

and time of Cmax (Tmax) were obtained directly from the plasma concentration data. The area 

under the plasma concentration vs. time curve was calculated from time zero to the time of 

the last quantifiable measured plasma concentration, which is equal to the last blood 

sample of the study day (AUC0-last). The calculated PK parameters were not used for further 

analysis but investigated to validate the choice of time points of measurements. 

 

Neuroendocrine variables 

Blood samples were also obtained to determine cortisol and prolactin concentrations. 

Serum samples were taken in a 3.5 mL gel tube at baseline (twice) and 1, 2, 2.5, 3.5, 4.5 

and 6 h post dosing, centrifuged (2000 g for 10 min) and stored at -40°C until analysis. 
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Serum concentrations were quantitatively determined with electrochemiluminescence 

immunoassay. Cortisol and prolactin concentrations were subsequently used for statistical 

analysis using a mixed effects model with treatment, time, visit and treatment by time as 

fixed effects, subject, subject by treatment and subject by time as random effects and the 

average of the period baseline (pre-dose) values as covariate (SAS for Windows V9.4; SAS 

Institute, Inc., Cary, NC). 

 

NeuroCart ® test battery  

Each RS-fMRI scan was followed by functional CNS measures outside the scanner using 

the computerized NeuroCart® test battery measuring alertness, mood and calmness (Visual 

Analogue Scales (VAS) Bond & Lader), nausea (VAS Nausea), vigilance and visual motor 

performance (Adaptive Tracking task), reaction time (Simple Reaction Time task), attention, 

short-term memory, psychomotor speed, task switching and inhibition (Symbol Digit 

Substitution Test and Stroop task), working memory (N-back task) and memory imprinting 

and retrieval (Visual Verbal Learning Test) (Bond and Lader, 1974; Borland and Nicholson, 

1984; Laeng et al., 2005; Lezak, 2004; Lim et al., 2008; Norris, 1971; Rogers et al., 2004; 

Stroop, 1935; Wechsler, 1981). The Visual Verbal Learning Test was only performed once 

during each day (at 3 and 4 h post dosing) as the test itself consists of different trials 

(imprinting and retrieval). Duration of each series of NeuroCart® brain function tests was 

approximately 20 min. To minimize learning effects, training for the NeuroCart® tasks 

occurred during the screening visit within 3 weeks prior to the first study day.  

 

Analysis 

All within period repeatedly measured CNS endpoints were analyzed using a mixed effects 

model with treatment, time, visit and treatment by time as fixed effects, subject, subject by 

treatment and subject by time as random effects and the average of the period baseline (pre-

dose) values as covariate (SAS for Windows V9.4; SAS Institute, Inc., Cary, NC). As data of 

the Simple Reaction Time task were not normally distributed, these data were log-

transformed before analysis and back transformed after analysis. The data of the Visual 

Verbal Learning test were analyzed using a mixed effects model with treatment and visit as 

fixed effects and subject as random effect. Treatment effects were considered significant at p 

< 0.05 (uncorrected). 

 

Imaging  

Scanning was performed at the LUMC on a Philips 3.0 Tesla Achieva MRI scanner (Philips 

Medical System, Best, The Netherlands) using a 32-channel head coil. During the RS-fMRI 

scans, all subjects were asked to close their eyes while staying awake. They were also 
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instructed not to move their head during the scan. Instructions were given prior to each 

scan on all study days. T1-weighted anatomical images were acquired once per visit. To 

facilitate registration to the anatomical image, each RS-fMRI scan was followed by a high-

resolution T2*-weighted echo-planar scan. Duration was approximately 8 min for the RS-

fMRI scan, 5 min for the anatomical scan and 30 s for the high-resolution scan. Heart rate 

signals were recorded during each scan. 

 

RS-fMRI data were obtained with T2*-weighted echo-planar imaging (EPI) with the 

following scan parameters: 220 whole brain volumes, repetition time (TR) = 2180 ms; echo 

time (TE) = 30 ms; flip angle = 85o; field-of-view (FOV) = 220 x 220 x 130 mm; in-plane 

voxel resolution = 3.44 x 3.44 mm, slice thickness = 3.44 mm, including 10% interslice gap. 

The next parameters were used to collect T1-weighted anatomical images: TR = 9.7 ms; 

TE = 4.6 ms; flip angle = 8o; FOV = 224 x 177 x 168 mm; in-plane voxel resolution = 1.17 x 

1.17 mm; slice thickness = 1.2 mm. Parameters of high-resolution T2*-weighted EPI scans 

were set to: TR = 2200 ms; TE = 30 ms; flip angle = 80o; FOV = 220 x 220 x 168 mm; in-

plane voxel resolution = 1.96 x 1.96 mm; slice thickness = 2.0 mm.  

 

Analysis 

All analyses were performed using the Functional Magnetic Resonance Imaging of the 

Brain (FMRIB) Software Library (FSL, Oxford, United Kingdom) version 5.0.7 (Jenkinson et 

al., 2012; Smith et al., 2004; Woolrich et al., 2009). Each individual functional EPI image 

was inspected, brain-extracted and corrected for geometrical displacements due to head 

movement with linear (affine) image registration (Jenkinson et al., 2002; Smith, 2002). 

Images were spatially smoothed with a 6 mm full-width half-maximum Gaussian kernel and 

co-registered with the brain extracted high resolution T2*-weighted EPI scans (with 6 

degrees of freedom) and T1 weighted images (using the Boundary-Based-Registration 

method) (Greve and Fischl, 2009; Smith, 2002). The T1-weighted scans were non-linearly 

registered to the MNI 152 standard space (the Montreal Neurological Institute, Montreal, 

QC, Canada) using FMRIB's Non-linear Image Registration Tool. Registration parameters 

were estimated on non-smoothed data to transform fMRI scans into standard space. 

Automatic Removal of Motion Artifacts based on Independent Component Analysis (ICA-

AROMA vs0.3-beta) was used to detect and remove motion related artifacts. ICA 

decomposes the data into independent components that are either noise related or pertain 

to functional networks. ICA-AROMA attempts to identify noise components by investigating 

its temporal and spatial properties and removes these components from the data that are 

classified as motion related. Registration was thereafter applied on the denoised functional 

data with registration parameters as derived from non-smoothed data. As recommended, 
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high pass temporal filtering (with a high pass filter of 150 s) was applied after denoising the 

fMRI data with ICA-AROMA (Pruim et al., 2015a; Pruim et al., 2015b). 

 

RS-fMRI networks were thereafter extracted from each individual denoised RS-fMRI 

dataset (12 subjects x 3 days x 6 scans = 216 datasets) applying a dual regression analysis 

(Beckmann et al., 2009; Filippini et al., 2009) based on 10 predefined standard network 

templates as used in our previous research (Klaassens et al., 2015). Confound regressors 

of time series from white matter (measured from the center of the corpus callosum) and 

cerebrospinal fluid (measured from the center of lateral ventricles) were included in this 

analysis to account for non-neuronal signal fluctuations (Birn, 2012). The 10 standard 

templates have previously been identified using a data-driven approach (Smith et al., 2009) 

and comprise the following networks: three visual networks (consisting of medial, occipital 

pole, and lateral visual areas), DMN (medial parietal (precuneus and posterior cingulate), 

bilateral inferior–lateral–parietal and ventromedial frontal cortex), cerebellar network, 

sensorimotor network (supplementary motor area, sensorimotor cortex and secondary 

somatosensory cortex), auditory network (superior temporal gyrus, Heschl's gyrus and 

posterior insular), executive control network (medial–frontal areas, including anterior 

cingulate and paracingulate) and two frontoparietal networks (frontoparietal areas left and 

right). With the dual regression method, spatial maps representing voxel-to-network 

connectivity were estimated for each dataset separately in two stages for use in within-

group comparisons. First, the weighted network maps were simultaneously used in a 

spatial regression into each dataset. This stage generated 12 time series per dataset that 

describe the average temporal course of signal fluctuations of the 10 networks plus 2 

confound regressors (cerebrospinal fluid and white matter). Next, this combination of time 

series was entered in a temporal regression into the same dataset. This resulted in a 

spatial map per network per dataset with regression coefficients referring to the weight of 

each voxel being associated with the characteristic signal change of a specific network. The 

higher the value of the coefficient, the stronger the connectivity of this voxel with a given 

network. These individual statistical maps were subsequently used for higher level analysis. 

 

To infer treatment effects of citalopram and galantamine vs. placebo across time as well as 

for each time point separately we used non-parametric combination (NPC) as provided by 

FSL’s Permutation Analysis for Linear Models tool (PALM vs65-alpha) (Pesarin, 1990; 

Winkler et al., 2016b). NPC is a multivariate method that offers the possibility to combine 

data of separate, possibly non-independent tests, such as our multiple time points, and 

investigate the presence of joint effects across time points, in a test that has fewer 

assumptions and is more powerful than repeated-measurements analysis of variance 



40 
 

(ANOVA) or multivariate analysis of variance (MANOVA). NPC testing was used in two 

phases to estimate for each network whether connectivity was significantly different on drug 

relative to placebo days. First, tests were performed for each time point using 5000 

synchronized permutations. More specifically, to investigate changes in voxelwise 

functional connectivity with each of the 10 functional networks, four t-tests (drug vs. 

placebo) were performed for all post-dose time points (T = 2.5, 3.5, 4.5 and 6 h), with 

average heart rate (beats/m) per RS-fMRI scan as confound regressor (Khalili-Mahani et 

al., 2013). The average of the two baseline RS-fMRI scans was used as covariate as well, 

by adding the coefficient spatial map as a voxel-dependent regressor in the model. Second, 

tests for the four time points were combined non-parametrically via NPC using Fisher’s 

combining function (Fisher, 1932) and the same set of synchronized permutations as 

mentioned above. Threshold-free cluster enhancement was applied to the tests at each 

time point and after the combination, and the resulting voxelwise statistical maps were 

corrected for the familywise error rate using the distribution of the maximum statistic (Smith 

and Nichols, 2009; Winkler et al., 2014). Voxels were considered significant at p-values < 

0.05, corrected. 
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Results 

 

Pharmacokinetics 

The time to reach maximum plasma concentrations (Tmax) was highly variable for both 

citalopram and galantamine (see Figure 2 for individual and median PK time profiles). 

Maximum plasma concentrations of citalopram were reached between 1.93 and 6 h after the 

first dose (mean Tmax: 2.99 ± 1.18) and between 2.48 and 6.05 h (mean Tmax: 4.92 ± 1.33) for 

desmethylcitalopram. Cmax for citalopram was between 20.4 and 42.4 ng/mL (mean Cmax: 

35.8 ± 6.34) and between 1.45 and 4.7 ng/mL (mean Cmax: 2.95 ± 1.07) for 

desmethylcitalopram. AUC0-last was between 86.8 and 186 ng*h/mL (mean AUC0-last: 146 ± 

25.2) for citalopram and between 5.43 and 18.6 ng*h/mL (mean AUC0-last: 11.7 ± 4.78) for 

desmethylcitalopram. Maximum plasma concentrations of galantamine were reached 

between 0.5 and 4 h (mean Tmax: 2.67 ± 1.11). Consequently, maximum concentrations were 

reached between 2.5 and 6 h post zero point (mean Tmax: 4.67 ± 1.11). Cmax for galantamine 

was between 25.6 and 61.4 ng/mL (mean Cmax: 40.7 ± 10.4). AUC0-last was between 49.1 and 

152 ng*h/mL (mean AUC0-last: 95.1 ± 27.7). 

 

 

Figure 2.  Median (bold line) and individual (thin lines) pharmacokinetic profiles for citalopram (left) and 

galantamine (right) concentrations in nanograms per milliliter on semi-log scale. Grey bars illustrate moments of 

RS-fMRI acquisition post drug administration. Observations below limit of quantification were dismissed. 
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Figure 3.  Least squares means percent 

change from baseline profiles of cortisol and 

prolactin concentrations and nausea as 

measured with the Visual Analogue Scales 

(with standard errors of the mean as error 

bars). 

 

Cortisol and prolactin  

As shown in Figure 3a/b, concentrations of 

cortisol and prolactin increased after 

citalopram, relative to placebo (p < 0.01). 

There was no significant treatment effect of 

galantamine on either neuroendocrine 

hormone concentration. 

 

NeuroCart ® test battery 

There were no significant treatment effects 

of citalopram and galantamine on 

measures of cognitive performance. 

Compared with placebo, galantamine 

increased the level of nausea as measured 

with the VAS Nausea (p < 0.05). 

Citalopram did not cause significant 

nausea (see Figure 3c). The effects of 

citalopram and galantamine on all cognitive 

and subjective NeuroCart® measures are 

summarized in the Supporting Information. 
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Imaging 

Citalopram: combined test 

Combining the data of all post-dose time points, there was a decrease in connectivity after 

administering citalopram compared with placebo (Figure 4a) between (1) the sensorimotor 

network and the pre- and postcentral gyri, supplementary motor area (SMA), precuneus, 

posterior and anterior cingulate cortex (PCC/ACC), medial prefrontal cortex and cerebellum, 

and (2) the right frontoparietal network and brain stem. 

 

Citalopram: partial tests 

Time specific effects of citalopram compared with placebo were explored by investigating 

changes in connectivity for each partial test (each time point post dosing) that contributed to 

the combined test (see Figure 4b).  

 

At T = 2.5 h after citalopram administration there were no significant changes in connectivity.  

 

At T = 3.5 h after citalopram administration there was a decrease in connectivity between the 

right frontoparietal network and the insula and Heschl’s gyrus.  

 

At T = 4.5 h after citalopram administration there was a decrease in connectivity between (1) 

the default mode network and the precuneus, PCC, ACC, cerebellum and left temporal lobe, 

(2) the sensorimotor network and the pre- and postcentral gyri, SMA, precuneus, PCC, ACC, 

medial prefrontal cortex, planum temporale and Heschl’s gyrus, and (3) the right 

frontoparietal network and brain stem.  

 

At T = 6 h after citalopram administration there was a decrease in connectivity between the 

executive control network and the middle and superior frontal gyrus. 

 

Specifications of citalopram’s combined and partial effects (sizes of significant regions and 

peak z-values) are provided in Table I. 
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Figure 4. Statistical maps of citalopram induced decreases in functional connectivity. Networks are shown in 

green with decreases in connectivity with the network in blue (at p < 0.05, corrected). Figure (a) shows significant 

alterations in connectivity for all time points post dosing combined (with coordinates in mm). Figure (b) shows 

significant alterations in connectivity for each time point separately. Plots visualize the corresponding average 

time profiles of changes in functional connectivity for citalopram (dotted line) and placebo (continuous line) 

conditions (z-values with standard errors of the mean as error bars). Coronal and axial slices are displayed in 

radiological convention (left = right). 
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Table I. Overview of significant decreases in functional connectivity after citalopram as estimated with threshold-free cluster enhancement  

(p < 0.05, corrected). 

Network  NPC/T Region (Harvard -Oxford)  z* x y z # voxels  

Sensorimotor network  NPC L/R/M ACC, PCC, precuneus, SMA, post- and precentral gyrus, medial and orbital frontal 

cortex 

5.23 -22 50 -16 27308 

  L/R/M Cerebellum 4.28 0 -72 -30 1696 

  L/M Lateral occipital cortex, inferior and superior division 4.20 -14 -92 20 585 

  R Cerebellum and temporal occipital fusiform cortex 3.92 36 -78 -22 530 

  R/M Occipital pole and lingual gyrus 3.28 8 -96 -6 92 

  L Superior frontal gyrus 3.25 -18 32 28 91 

Sensorimotor network  T = 4.5 L/R/M ACC, PCC, precuneus, SMA, brain stem, post- and precentral gyrus, orbital frontal   

cortex and cerebellum, lateral occipital cortex, inferior and superior division 

5.03 -14 -92 20 46242 

  L Insular cortex, temporal and frontal opercular cortex 4.91 -38 16 -4 498 

  M Thalamus 4.72 2 -12 18 212 

Frontoparietal network right  NPC M Brain stem 4.42 2 -26 -16 55 

Frontoparietal network right  T = 3.5 R Insular and central opercular cortex 5.22 40 4 4 41 

  R Insular cortex and Heschl’s gyrus 4.53 40 -16 4 11 

Frontoparietal network right  T = 4.5 L/R/M Brain stem and cerebellum 4.43 8 -44 -18 1655 

  L Frontal orbital cortex 3.72 -26 8 -14 45 

  L Parietal opercular cortex 3.78 -32 -44 28 34 

 

 

        

Default mode network  T = 4.5 L/R Cerebellum 5.14 -22 -78 -24 5374 

  L/M Precuneus, PCC, hippocampus, temporal and supramarginal gyrus 4.56 -36 -58 28 2407 

  L Lateral occipital cortex, inferior and superior division 4.40 -28 -82 8 134 

Executive control network  T = 6 R Precentral gyrus, Inferior and middle frontal gyrus 4.63 42 16 20 302 

  R Superior and middle frontal gyrus 4.48 28 2 58 213 

  R Lateral occipital cortex, inferior and superior division 3.91 56 -70 -4 187 
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  R Inferior temporal gyrus 4.07 54 -44 -24 37 

  R Parietal operculum cortex 5.21 36 -36 20 19 

  R Precentral gyrus 4.18 42 0 32 15 

Abbreviations: L = left, R = right, M = midline, ACC = anterior cingulate cortex, PCC = posterior cingulate cortex, SMA = supplementary motor area. Voxel dimension = 2 mm x 

2 mm x 2 mm (voxel volume 0.008 mL). * = standardized z-value of the uncorrected peak Fisher- (NPC) or t-statistic (partial tests) within regions. 
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Galantamine: combined test 

Combining the data of all post-dose time points, there was an increase in connectivity after 

administering galantamine compared with placebo (Figure 5a) between visual network 2 

(occipital pole) and the left and right hippocampus, precuneus, thalamus, fusiform gyrus, 

precentral and superior frontal gyrus, PCC and cerebellum. 

 

Galantamine: partial tests 

Time specific effects of galantamine compared with placebo were explored by investigating 

changes in connectivity for each partial test (each time point post dosing) that contributed to 

the combined test (see Figure 5b).  

 

At T = 2.5 h after galantamine administration there was a decrease in connectivity between 

the default mode network and precuneus, PCC and calcarine cortex.  

 

At T = 3.5 h after galantamine administration there was (1) a decrease in connectivity 

between visual network 1 (medial visual areas) and the right hippocampus, PCC and ACC, 

and (2) an increase in connectivity between visual network 2 (occipital pole) and the 

cerebellum.  

 

At T = 4.5 h after galantamine administration there was a decrease in connectivity between 

the left frontoparietal network and the medial prefrontal cortex, precuneus, PCC and ACC.  

 

At T = 6 h after galantamine administration there was an increase in connectivity between (1) 

visual network 2 (occipital pole) and the hippocampus, brain stem, cerebellum and fusiform 

cortex, and (2) the auditory network and PCC, precuneus, and pre- and postcentral gyri. 

 

Specifications of galantamine’s combined and partial effects (sizes of significant regions and 

peak z-values) are provided in Table II. 
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Figure 5.  Statistical maps of galantamine induced increases and decreases in functional connectivity. Networks 

are shown in green with increases in connectivity with the network in red and decreases in connectivity in blue (at 

p < 0.05, corrected). Figure (a) shows significant alterations in connectivity for all time points post dosing 

combined (with coordinates in mm). Figure (b) shows significant alterations in connectivity for each time point 

separately. Plots visualize the corresponding average time profiles of changes in functional connectivity for 

galantamine (dotted line) and placebo (continuous line) conditions (z-values with standard errors of the mean as 

error bars). Coronal and axial slices are displayed in radiological convention (left = right). 



49 
 

Table II. Overview of significant decreases (↓) and increases (↑) in functional connectivity after galantamine as estimated with threshold-free 

cluster enhancement (p < 0.05, corrected). 

Network  NPC/T Region (Harvard -Oxford)  z* x y z # voxels  

Visual network 2 (↑) NPC L/R/M Hippocampus, thalamus, precuneus, PCC, lateral occipital cortex, brain stem, fusiform 

gyrus, superior frontal gyrus, precentral gyrus and cerebellum 

4.84 2 -62 -26 10765 

  L/M Cerebellum and brain stem 4.21 8 -48 -44 1249 

  M Precuneus and PCC 3.10 -8 -40 54 147 

  R Frontal orbital cortex 4.09 34 32 0 31 

  R Inferior frontal gyrus 3.56 48 14 14 25 

  R Frontal operculum cortex 3.40 50 10 -2 16 

Default mode network ( ↓) T = 2.5 R/M Precuneus, PCC and calcarine cortex 4.36 10 -58 26 210 

  R Lateral occipital cortex, superior division 4.34 40 -72 28 74 

  M Lingual gyrus 3.70 4 -54 2 15 

Visual network 1 ( ↓) T = 3.5 M ACC and paracingulate gyrus 4.41 8 22 18 246 

  R Precuneus and PCC 3.64 14 -56 16 210 

  R Superior temporal gyrus, Heschl’s gyrus and planum polare 4.06 48 -26 0 105 

  R/M ACC, paracingulate gyrus, superior and inferior frontal gyrus 3.65 14 8 38 93 

  L Lingual gyrus, parahippocampal gyrus 3.46 -18 -46 -12 91 

  R Pallidum, amygala and putamen 4.54 18 2 -8 76 

Visual network 2 ( ↑) T = 3.5 R Cerebellum 4.79 24 -66 -36 14 

         

Visual network 2 ( ↑) T = 6 L/R/M Hippocampus, parahippocampal gyrus, cerebellum, brain stem, temporal occipital      

fusiform cortex and inferior temporal gyrus 

5.01 8 -48 -44 4876 

  R Lateral occipital cortex, superior division  4.24 28 -62 52 677 

  R Precentral gyrus, superior and middle frontal gyrus 3.85 32 -8 38 470 

  R PCC, precuneus and precentral gyrus 4.32 14 -24 44 372 

  L Precuneus and lateral occipital cortex, superior division 3.66 -18 -68 52 152 

  R Lateral occipital cortex, superior division 3.62 42 -76 30 146 
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Frontoparietal network left ( ↓) T = 4.5 L/R/M Frontal medial cortex and ACC 5.25 -2 52 -2 630 

  R Precuneus and PCC 4.12 16 -50 12 110 

  R Parahippocampal gyrus, posterior division 4.53 12 -30 -16 44 

  R Temporal occipital fusiform cortex and lingual gyrus 3.44 36 -42 -10 14 

Auditory network (↑) T = 6 L/M PCC, precuneus and precentral gyrus 4.83 -4 -32 48 188 

  L Postcentral gyrus 4.65 -46 -28 50 23 

Abbreviations: L = left, R = right, M = midline, ACC = anterior cingulate cortex, PCC = posterior cingulate cortex. Voxel dimension = 2 mm x 2 mm x 2 mm (voxel volume 

0.008 mL). * = standardized z-value of the uncorrected peak Fisher- (NPC) or t-statistic (partial tests) within regions. 
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Discussion 

 

Single-dose SSRI and AChEI administration is usually not sufficient to alter cognitive and 

behavioral states in depression or dementia (Burke et al., 2002; Dumont et al., 2005; Lanctot 

et al., 2003; Repantis et al., 2010; Wagner et al., 2004). Pharmacological research and 

development is therefore often restricted to clinical trials that last for weeks or even months. 

However, considering the acute elevations of synaptic neurotransmitters, it is expected that 

changes will already take place on a neural level, well before this results in improved 

performance and clinical outcome. In our study, both agents altered resting state functional 

connectivity within our time frame of measurements. The results of our study replicate the 

finding that SSRIs can have an immediate and widespread diminishing impact on 

interactions of the healthy neural system (Klaassens et al., 2015; Murphy et al., 2009; 

Schaefer et al., 2014). In conjunction with other SSRIs, citalopram had clear neuroendocrine 

effects (Seifritz et al., 1996), but did not induce cognitive or subjective changes as measured 

with the NeuroCart® battery. Network effects of galantamine were more discrete and variable 

over time. The relatively low dose and highly variable PK properties of this drug in our study 

and an unexpected delay in onset of galantamine’s Tmax, which may in hindsight be related to 

a food interaction with lunch, may have obscured the detection of more subtle fMRI effects 

and time-related changes. Galantamine increased nausea but did not alter cognitive or 

behavioral states.  

 

Citalopram 

In congruence with both task-related (Bruhl and Herwig, 2009; Murphy et al., 2009) and 

resting-state fMRI paradigms with SSRIs (Klaassens et al., 2015; Schaefer et al., 2014), 

citalopram rapidly lowered connectivity in several cortical and subcortical regions. This is 

consistent with the numerous afferent and efferent serotonergic fibers originating from the 

brain stem’s raphe nuclei (Baumgarten and Grozdanovic, 1995). Compared with our recent 

results on the SSRI sertraline (Klaassens et al., 2015), there was considerable overlap 

between the two SSRIs in direction (decreased connectivity) and regions (ACC, PCC, 

precuneus, prefrontal cortex, midbrain and motor cortex) of effect, especially with respect to 

other pharmacological compounds that usually show more restricted responses (Khalili-

Mahani et al., 2012; Klumpers et al., 2012; Niesters et al., 2012). Part of these findings is in 

line with RS-fMRI studies in depressed patients who exhibit hyperconnectivity of cortical 

midline structures (ACC, PCC, precuneus and medial prefrontal regions) that are related to 

emotion regulation and modulated by serotonin transmission (Kupfer et al., 2012; 

Sundermann et al., 2014). It has been hypothesized that this increase in connectivity in 

depression is representative of disruptions in self-consciousness and rumination of negative 
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thoughts (Hamilton et al., 2011; Zhu et al., 2012). An explanation of the overall inhibitory 

effect of acute SSRI exposure is the relative predominance of inhibitory 5-HT1 vs. stimulatory 

5-HT2 receptor subtypes (Peroutka and Snyder, 1979) that has been demonstrated 

throughout the cortex (Amargos-Bosch et al., 2004; Barnes and Sharp, 1999; Celada et al., 

2013; Lidow et al., 1989b). Most outstanding was the citalopram induced decrease in 

connectivity with the sensorimotor network, mainly due to alterations at T = 4.5 h. Citalopram 

also increased cortisol and prolactin levels, most noticeable at one time point as well (T = 2.5 

h for cortisol and T = 3.5 h for prolactin). Although this took place before appearance of the 

largest alterations in connectivity, it postulates an apex in the pharmacodynamic effect of 

citalopram. Equal SSRI effects for the sensorimotor network (decreased connectivity with the 

sensorimotor region, supplementary motor area, precuneus and cingulate cortex) have been 

found earlier (Klaassens et al., 2015). The primary motor and somatosensory cortex are both 

characterized by a high 5-HT axon density (Wilson and Molliver, 1991) and serotonin is 

recognized to be important for motor behavior in animals and humans (Geyer, 1996; 

Hindmarch, 1995). This is demonstrated by enhanced motor area activity during improved 

motor performance after SSRI administration (Loubinoux et al., 2002a; Loubinoux et al., 

2002b). The precuneus and cingulate cortex are presumed to support voluntary and complex 

motor control (Cavanna and Trimble, 2006; Shima and Tanji, 1998) and seem to play a 

central role in SSRI enhancement (Klaassens et al., 2015). While the effect was more focal, 

connectivity between the midbrain and right fronto-parietal network was decreased as well. 

This matches observations that acute blockade of serotonin reuptake activates 5-HT1A 

autoreceptors in the midbrain’s median and dorsal raphe nuclei (Briley and Moret, 1993; 

Daubert and Condron, 2010; Jacobs and Azmitia, 1992), in turn leading to reduced 5-HT 

release in particularly the forebrain (Adell et al., 2002; Bel and Artigas, 1992). 

 

Nevertheless, comparing effects of citalopram and sertraline, we did not find alterations in 

relation to exact identical functional networks. No differences have been found on the 

antidepressant efficacy of both SSRIs (Ekselius et al., 1997; Stahl, 2000), although sertraline 

induces more gastrointestinal side effects than citalopram (Ekselius et al., 1997; Stahl, 

2000). This corresponds to our finding that sertraline significantly increased the level of 

nausea, whereas this did not occur in our current study group. Citalopram is also known as 

the most selective SSRI; sertraline has more affinity for dopamine, noradrenaline and σ-

receptors than citalopram (Carrasco and Sandner, 2005), which in turn modulate N-methyl-

D-aspartate and glutamate receptors as well (Urani et al., 2002). Citalopram, on the other 

hand, has a high affinity on histamine H1 receptors (Carrasco and Sandner, 2005). It is 

possible that these properties may account for differences in network changes between the 

two SSRIs (Cole et al., 2013; Villemagne et al., 1991). However, it is yet to be established 
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what the value is of specific network vs. region effects in connectivity analyses. Considering 

the resemblance in direction and location of effect we presume that sertraline and citalopram 

induce quite comparable connectivity alterations.  

 

Galantamine 

The cholinergic system is mostly related to aging and aging related diseases, as cholinergic 

malfunction, especially in the hippocampus, cortex, the entorhinal area, the ventral striatum, 

and the basal forebrain, plays a key role in associated functional degeneration (Kasa et al., 

1997; Schliebs and Arendt, 2011). Combining fMRI data of all time points, we found an 

increase in connectivity with the visual network which was mostly associated with effects on 

T = 6 h. The medial and lateral cholinergic pathways, originating from Meynert's basal 

nucleus, supply a large portion of the brain and merge in the posterior occipital lobe (Selden 

et al., 1998). In dementia and schizophrenia, it is hypothesized that cholinergic dysregulation 

is responsible for psychotic manifestations and AChEIs have been successfully used for 

treatment of visual hallucinations (Bentley et al., 2008; Sarter and Bruno, 1998). ACh release 

in the primary visual cortex is increased during visual stimulation pointing to ACh as 

influencing visual processing and learning mechanisms (Dotigny et al., 2008; Kang et al., 

2014). It has been proposed that cholinergic enhancement facilitates bottom-up visual 

attention and perception by increasing activity in the extrastriate cortex (Bentley et al., 2004; 

Bentley et al., 2003). More importantly, galantamine altered connectivity with areas that are 

highly relevant in learning and memory: the left and right hippocampus and thalamus. 

Changes in cholinergic markers such as choline acetyltransferase, acetylcholinesterase and 

muscarinic and nicotinic acetylcholine receptor availability in hippocampal regions is typical 

for AD and normal aging (Schliebs and Arendt, 2011). In patients with AD, hippocampal 

volume loss appears to slow down during treatment with donezepil (Hashimoto et al., 2005) 

and cholinergic enhancement even improved visual and verbal episodic memory and long-

term visual episodic recall in healthy young subjects, memory domains that are specifically 

related to hippocampal functioning (Gron et al., 2005). Cholinergic treatment aided the 

processing of novel faces in AD patients, which was accompanied by normalization in the 

fusiform gyrus (Kircher et al., 2005; Rombouts et al., 2002), where we found connectivity 

changes as well. In addition, acute exposure to cholinergic stimulation increased activation in 

occipital and hippocampal regions of patients with AD and mild cognitive impairment (MCI) 

during a visual memory task (Goekoop et al., 2004; Goekoop et al., 2006). The thalamus, 

considered to be a gate for sensory information, contains various nuclei that receive 

excitatory cholinergic input (McCance et al., 1968), including the lateral geniculate nucleus 

that has feedback connections with the primary visual cortex (Phillis et al., 1967; Sillito et al., 

2006). Results for this network are compatible with previous studies (Furey et al., 2000; 
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Murphy and Sillito, 1991), indicating that cholinergic enhancement benefits memory 

performance and visual stimulation orientation by selective perceptual processing.  

 

Repeated measures 

Collecting multiple scans per day increases the power of the statistical test and decreases 

individual variability, which reduces the need for large sample sizes. The observed variation 

in connectivity on placebo days emphasizes the importance of a placebo-controlled design 

with repeated measures, providing insight into potential diurnal fluctuations. Furthermore, it 

offers possibilities to investigate effects on different time points and relate these effects to 

other pharmacodynamic and PK profiles. NPC groups the data of all time points to test one 

joint null hypothesis without the necessity to explicitly model their dependence (Pesarin, 

1990; Winkler et al., 2016b), ending up with effects among them that are statistically most 

robust. In addition, univariate partial tests allow for inference per time point. For citalopram, it 

might have been sufficient to acquire scans at one time point (T = 4.5 h). However, it is 

largely impossible to predict beforehand at which specific moment we can expect the most 

stable and ‘real’ drug effect, since the peak effect does not appear to coincide directly with 

the observed Tmax in plasma and neuroendocrine responses. Effects at other time points may 

not reach significance but still contribute to the net result. The combined outcome therefore 

tends to be more reliable and powerful in defining pharmacological effects that are variable 

over time, as it will grasp the strongest effects without the risk of missing out on important 

information (Fisher, 1932). This does not imply that the partial (time specific) effects are 

meaningless. A decrease in connectivity at T = 4.5 h between the default mode network and 

precuneus, PCC and ACC is in line with earlier results (Klaassens et al., 2015; McCabe and 

Mishor, 2011; McCabe et al., 2011; Van de Ven et al., 2013; Van Wingen et al., 2014) and in 

agreement with opposite features in depression, which is characterized by increased 

connectivity of DMN components (Sundermann et al., 2014). Especially the posterior part of 

the DMN, where citalopram effects were most prevalent, has been implicated in SSRI 

efficacy in depression (Greicius et al., 2007; Li et al., 2013). Furthermore, consistent with an 

increased cerebellar-DMN connectivity in depression (Sundermann et al., 2014), citalopram 

reduced connectivity between the DMN and cerebellum. The cerebellum is primarily known 

for its service in motor control, illustrating our findings for the sensorimotor network, but 

influences mood regulation as well (Schmahmann, 2004; Schmahmann and Sherman, 

1998). 

 

In contrast to citalopram, the effects of galantamine were more focal, less related to a 

specific network or point in time and less uniform with regard to direction of effect. This 

heterogeneity in effect possibly reflects the large kinetic variability in this study. Although the 
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variation in timing of Tmax did not clearly differ between citalopram and galantamine, the 

variance of galantamine’s Cmax (ranging from 25.6 to 61.4 ng/mL) was high compared with 

citalopram and desmethylcitalopram. Since the combined effect mainly depended on the last 

time point it is possible that the impact of galantamine does not follow a time course that 

equals the PK profile or that effects might have become larger and more stable later in time. 

This is congruent with the unanticipated delay in onset of galantamine’s Tmax in our study 

group, resulting in a less powerful aggregation of data, in which especially the value of 

measurements at T = 2.5 is questionable. Although galantamine is known for a Tmax of 1-2 h 

after dosing, the mean Tmax in our sample was 2.67 h (4.67 h after zero point), whereas 

citalopram, known for a Tmax between 2 and 4 h, did reach its maximum concentration at 2.99 

h post dosing. Furthermore, the relatively low dose and variable kinetic time profile of 

galantamine might have contributed to the absence of a larger response on functional 

connectivity and neuroendocrine parameters. A larger sample size, a higher dose of 

galantamine (16-32 mg), and earlier drug administration might have reduced this variability in 

response. The outcomes of our partial tests reveal additional information beyond the 

combined approach as well. There is a tendency towards diminished DMN activity in normal 

aging, MCI and dementia, pointing to reduced integrity of structures that are vulnerable to 

atrophy, beta amyloid deposition and reduced glucose metabolism (Hafkemeijer et al., 2012). 

Studies that are performed on the resting state fMRI response to cholinergic interventions 

are restricted to AD patients and mainly indicate an increase in connectivity with DMN areas 

(Goveas et al., 2011; Li et al., 2012; Solé-Padullés et al., 2013). In another study, no effect 

on the DMN was found in both APOE ε4 carriers and non-carriers (Wang et al., 2014). Acute 

exposure to cholinergic stimulation decreased DMN connectivity with the precuneus and 

occipital cortex in our study group at T = 2.5 h. This direction of effect might be the 

consequence of investigating cholinergic responses in healthy young adults instead of 

subjects with impaired cholinergic systems. It is possible that when neural cholinergic 

processes are still intact, ceiling effects may prevent further activation and excessive 

stimulation may actually impair optimal connectivity. Moreover, these studies all used AChEI 

treatment for several weeks, instead of our single-dose administration. More research is 

needed to unravel differential cholinergic responses among specific populations and 

treatment designs. 

 

Limitations 

Agents that enhance the cholinergic and serotonergic system commonly elicit gastrointestinal 

adverse events, which is attributable to their peripheral influences (Gauthier, 2001; Trindade 

et al., 1998). In order to prevent these adverse effects, we administered granisetron on both 

drug- and placebo study days before study drug administration. RS-fMRI effects of selective 
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5-HT3 receptor antagonists as granisetron are lacking, but need to be taken into 

consideration when interpreting the results (Jacobs and Azmitia, 1992). However, 

intolerability to our intensive study procedures would have been undesirable (Jacobs et al., 

2010a) and vomiting might have altered brain connectivity as well. To reduce nausea, we 

also decided to administer citalopram in two doses, and to skip the second dose in case of 

tolerability issues. For citalopram, our measures were adequate, and all subjects received 

both doses without significant nausea. For the same reasons, a relatively low dose of 

galantamine was chosen. However, increased nausea was present after administering 

galantamine compared with placebo, primarily at the end of the day, which may also have 

influenced some of the observed network effects but justifies our decision to limit the dose of 

galantamine. This also emphasizes the mismatch of our repeated measurements and 

galantamine’s absorption rate. Despite our attempt to equalize the PK responses of 

citalopram and galantamine during the course of the day, both drugs did not reach their 

maximum concentration at the same time point, which hampers comparability. Currently, no 

accepted methods are available to include individual drug concentrations in the network 

analysis. Further, fMRI effects, especially in pharmacological research, are potentially the 

result of vasodilation, and hence to changes in neurovascular coupling instead of true neural 

activity (Rack-Gomer and Liu, 2012; Wong et al., 2012). Although SSRIs do not typically alter 

the hemodynamic response (Feczko et al., 2012), AChEIs could increase vessel tone by 

contraction of the smooth muscles of blood vessels (Rosengarten et al., 2009; Stephenson 

and Kolka, 1990). Yet, there was no significant treatment effect of either drug on heart rate 

frequency, which minimizes the probability of cardiac artifacts. Besides, vessel dilation would 

more likely alter connections throughout the entire brain instead of inducing the network-

specific effects that we observed. Future studies with appropriate protocols are needed to 

specify these processes more accurately. 

 

Summary 

This study provides further support for RS-fMRI as a sensitive method for investigating 

instant neural processes after pharmacological challenges. The results on the SSRI 

citalopram and AChEI galantamine identify their neuromodulating role in cognitive and 

sensory systems. Citalopram altered connectivity with networks and regions that are mostly 

implied in sensorimotor functioning and self-reference, whereas the results of galantamine 

show acetylcholine’s relation to visual processing and learning mechanisms. Our findings 

also encourage the use of repeated measurements after single-dose administration, leading 

to a more powerful and reliable picture of pharmacological effects. Results may have been 

partially obscured by the variability of individual PK characteristics, which was larger than 

expected. A future challenge therefore is to develop appropriate statistical models (PK/PD-



57 
 

modeling) to investigate concentration-dependent modulation of resting state functional 

connectivity. 
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Supporting Information.  Summary of treatment effects of citalopram and galantamine on the NeuroCart® cognitive test battery.  

 Least Squares Means  Contrasts 

Parameter Placebo Citalopram Galantamine 
Treatment  

p-value 
Citalopram vs. Placebo Galantamine vs. Placebo Cita lopram vs. Galantamine 

VAS Alertness (mm) 49.3 48.3 47.3 0.329 -0.9 (-3.7, 1.8) p=0.485 -2.0 (-4.6, 0.7) p=0.141 1.0 (-1.7, 3.7) p=0.443 

VAS Calmness (mm) 52.9 51.5 52.9 0.326 -1.4 (-3.7, 0.9) p=0.217 0.0 (-2.3, 2.4) p=0.976 -1.4 (-3.6, 0.8) p=0.188 

VAS Mood (mm) 53.5 51.2 52.3 0.169 -2.3 (-4.7, 0.1) p=0.0632 -1.2 (-3.7, 1.2) p=0.310 -1.1 (-3.5, 1.3) p=0.359 

VAS Nausea log (mm) 0.32 0.37 0.49 0.084 0.048 (-0.104, 0.200) p=0.519 0.169 (0.015, 0.323) p=0.0331 -.121 (-.272, 0.030) p=0.109 

Adaptive tracking (%) 24.7 23.4 23.4 0.219 -1.32 (-3.09, 0.46) p=0.137 -1.34 (-3.11,0.43) p=0.129 0.02 (-1.75, 1.80) p=0.977 

Simple reaction time task (s) 265.16 275.04 268.09 0.265 3.7% (-1.0%, 8.7%) p=0.117 1.1% (-3.5%, 5.9%) p=0.627 2.6% (-2.1%, 7.5%) p=0.264 

Stroop mean RT Incongruent-Congruent (ms) 62.2 85.4 69.9 0.433 23.2 (-14.6, 61.0) p=0.214 7.7 (-30.4, 45.8) p=0.678 15.5 (-21.2, 52.2) p=0.387 

Stroop Correct Congruent-Incongruent 0.1 0.3 0.1 0.573 0.2 (-0.3, 0.6) p=0.444 -0.0 (-0.5, 0.4) p=0.830 0.2 (-0.2, 0.7) p=0.318 

SDST Correct Responses 63.3 63.1 63.1 0.762 -0.2 (-0.8, 0.4) p=0.517 -0.2 (-0.8, 0.4) p=0.553 -0.0 (-0.7, 0.6) p=0.928 

SDST Average Reaction Time (ms) 1468.53 1541.28 1538.40 0.093 72.75 (-1.60, 147.1) p=0.0552 69.87 (-4.50, 144.2) p=0.0642 2.88 (-71.5, 77.25) p=0.935 

N-back mean RT 0 back (ms) 401 403 394 0.654 2 (-19, 23) p=0.838 -7 (-29, 15) p=0.497 9 (-13, 31) p=0.384 

N-back mean RT 1 back (ms) 432 431 416 0.266 -1 (-22, 21) p=0.930 -15 (-37, 6) p=0.152 14 (-7, 36) p=0.173 

N-back mean RT 2 back (ms) 510 517 504 0.832 7 (-37, 51) p=0.732 -5 (-49, 39) p=0.797 13 (-31, 57) p=0.551 

N-back correct-incorrect/total 0 back 0.95 0.96 0.95 0.812 0.01 (-0.03, 0.05) p=0.602 -0.00 (-0.04, 0.04) p=0.956 0.01 (-0.03, 0.05) p=0.564 

N-back correct-incorrect /total 1 back 0.96 0.96 0.95 0.583 0.00 (-0.04, 0.05) p=0.895 -0.02 (-0.06, 0.03) p=0.422 0.02 (-0.02, 0.06) p=0.345 

N-back correct-incorrect /total 2 back 0.92 0.91 0.92 0.913 -0.01 (-0.06, 0.04) p=0.719 0.00 (-0.05, 0.05), p=0.997 -0.01 (-0.06, 0.04) p=0.709 

VVLT Recall 1 correct 11.4 10.7 12 0.484 -0.8 (-3.0, 1.5) p=0.499 0.6 (-1.7, 2.9) p=0.598 -1.3 (-3.6, 0.9) p=0.235 

VVLT Recall 2 correct 16.9 16.8 16.8 0.993 -0.1 (-1.8, 1.6) p=0.920 -0.1 (-1.8, 1.6) p=0.920 -0.0 (-1.7, 1.7) p=1.000 

VVLT Recall 3 correct 19.8 19.9 19.6 0.944 0.1 (-2.1, 2.2) p=0.936 -0.2 (-2.4, 1.9) p=0.809 0.3 (-1.8, 2.5) p=0.748 

VVLT Delayed Recall correct 18.4 17.0 18.1 0.329 -1.4 (-3.4, 0.6) p=0.158 -0.3 (-2.3, 1.7) p=0.734 -1.1 (-3.1, 0.9) p=0.275 

VVLT Delayed Recognition correct 25.7 26.2 26.9 0.506 0.6 (-1.6, 2.8) p=0.586 1.3 (-0.9, 3.4) p=0.249 -0.7 (-2.9, 1.5) p=0.534 

VVLT Delayed Recognition RT correct (ms) 894.3 860.8 836.3 0.241 -33.6 (-103, 35.9) p=0.326 -58.0 (-128, 11.5) p=0.0972 24.4 (-45.1, 93.9) p=0.472 

1Significant at p < 0.05; 2non-significant trend (0.05 < p > 1.0)  
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Abstract 

 

Both normal aging and Alzheimer’s disease (AD) have been associated with a reduction in 

functional brain connectivity. It is unknown how connectivity patterns due to aging and AD 

compare. Here, we investigate functional brain connectivity in 12 young adults (mean age 

22.8 ± 2.8), 12 older adults (mean age 73.1 ± 5.2) and 12 AD patients (mean age 74.0 ± 5.2; 

mean MMSE 22.3 ± 2.5). Participants were scanned during 6 different sessions with resting 

state functional magnetic resonance imaging (RS-fMRI), resulting in 72 scans per group. 

Voxelwise connectivity with 10 functional networks was compared between groups (p < 0.05, 

corrected). Normal aging was characterized by widespread decreases in connectivity with 

multiple brain networks, whereas AD only affected connectivity between the default mode 

network (DMN) and precuneus. The preponderance of effects was associated with regional 

gray matter volume. Our findings indicate that aging has a major effect on functional brain 

interactions throughout the entire brain, whereas AD is distinguished by additional diminished 

posterior DMN-precuneus coherence. 

 

Keywords: Alzheimer’s disease, dementia, aging, brain connectivity, functional network, 

resting state fMRI, functional connectivity 
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Introduction  

 

When age progresses, the brain is subjected to many changes that are related to 

deterioration of sensory, motor and intellectual functioning (Fandakova et al., 2014; Li and 

Lindenberger, 2002; Salthouse, 1996). In Alzheimer’s disease (AD), a gradual worsening in 

memory and other cognitive domains occurs, accompanied by a notable reduction in 

independency and daily life functioning (McKhann et al., 2011). This age and dementia 

related decline in function is likely to be associated with a loss of integrity of large-scale brain 

networks (Mesulam, 1998). Accordingly, functional network connectivity as measured with 

functional magnetic resonance imaging (fMRI) is diminished in normal aging and AD 

(Barkhof et al., 2014; Betzel et al., 2014; Ferreira and Busatto, 2013; Hafkemeijer et al., 

2012; Sala-Llonch et al., 2015; Sperling, 2011).  

 

The default mode network (DMN) has been preferentially studied, as its core regions 

(precuneus, posterior cingulate cortex) are relevant for episodic memory retrieval (Greicius et 

al., 2004; Lundstrom et al., 2005) and susceptible to accumulation of β-amyloid (Buckner et 

al., 2005) in older adults and patients with AD. Both aging and AD are most prominently 

characterized by a reduction in DMN connectivity (Biswal et al., 2010; Damoiseaux et al., 

2008; Dennis and Thompson, 2014; Ferreira and Busatto, 2013; Greicius et al., 2004; 

Hafkemeijer et al., 2012; Koch et al., 2010; Pievani et al., 2011; Zhang et al., 2010).  

 

There are also indications for connectivity change in other brain networks in aging (Allen et 

al., 2011; Andrews-Hanna et al., 2007; Mowinckel et al., 2012; Onoda et al., 2012; Tomasi 

and Volkow, 2012; Wu et al., 2007a; Wu et al., 2007b; Yan et al., 2011) and AD (Agosta et 

al., 2012; Binnewijzend et al., 2012; Brier et al., 2012; Sheline and Raichle, 2013; Zhou et al., 

2010). However, this has been studied less well and results tend to be mixed. For example, 

contradicting results have been found for the visual system in older adults (Allen et al., 2011; 

Andrews-Hanna et al., 2007; Mowinckel et al., 2012; Onoda et al., 2012; Yan et al., 2011). 

 

Although previous work suggests overlap and differences in functional connectivity patterns 

in normal aging and AD, it has not yet been investigated how changes due to older age 

relate to changes as seen in AD. Here, we compare voxelwise connectivity between young 

and older adults and between older adults and patients with AD with 10 standard functional 

networks as obtained by imaging 36 subjects at rest (Smith et al., 2009). Since aging and AD 

are primarily characterized by gray matter atrophy (Sluimer et al., 2009), it is encouraged to 

evaluate whether group differences in connectivity are explained by underlying gray matter 
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loss (Oakes et al., 2007). We therefore present our results with and without correction for 

regional gray matter volume. 
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Methods 

 

Subjects and design  

We included 12 young subjects, 12 older adults and 12 AD patients in this single center 

study (see Table 1 for demographics and Supplementary Figure 1 for additional background 

information on cognitive performance on the computerized NeuroCart® test battery). The 

clinical diagnosis of probable AD was established according to the revised criteria of the 

National Institute of Neurological and Communicative Disorders and Stroke and the 

Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) (McKhann et al., 

2011), including clinical and neuropsychological assessment. All AD patients participating in 

this study were recently diagnosed and had mild to moderate cognitive deficits with a Mini 

Mental State Examination (MMSE) score of at least 18 (Burns, 1998). Furthermore, they 

were assessed by a physician (i.e. neurologist, geriatrician) as mentally capable of 

understanding the implications of study participation. 

 

 

Table 1. Demographics of young and older adults and AD patients. 

 Young adults  Older adults  AD patients  

n 12 12 12 

Age (mean ± SD) 22.8 ± 2.8 73.1 ± 5.2 74.0 ± 5.2 

Age range 18-27 64-79 65-81 

Male/female 6/6 6/6 6/6 

MMSE (mean ± SD) 29.9 ± 0.3 29.3 ± 0.9 22.3 ± 2.5 

 

 

All subjects underwent a thorough medical screening to investigate whether they met the 

inclusion and exclusion criteria. They had a normal history of physical health and were able 

to refrain from using nicotine and caffeine during study days. Exclusion criteria included 

positive drug or alcohol screen on study days, regular excessive consumption of alcohol (>4 

units/day), caffeine (>6 units/day) or cigarettes (>5 cigarettes/day) and use of 

benzodiazepines, selective serotonin reuptake inhibitors, cholinesterase inhibitors, 

monoamine oxidase inhibitors or other medication that is likely to alter resting state 

connectivity. The study was approved by the medical ethics committee of the Leiden 

University Medical Center (LUMC). Written informed consent was obtained from each subject 

prior to study participation. To compensate for the small sample sizes and increase the 

statistical power, six resting state fMRI (RS-fMRI) scans were analyzed per subject, giving 72 

RS-fMRI scan series per group. Subjects were scanned two times (with 1 h in between) on 

three different occasions within 2 weeks. These data concern the baseline measurements 
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that were acquired as part of a project in which the same subjects were measured before 

and after an intervention. The results of this intervention study will be published elsewhere. 

 

Imaging  

“Scanning was performed at the LUMC on a Philips 3.0 Tesla Achieva MRI scanner (Philips 

Medical System, Best, The Netherlands) using a 32-channel head coil. During the RS-fMRI 

scans, all subjects were asked to close their eyes while staying awake. They were also 

instructed not to move their head during the scan. Instructions were given prior to each 

scan on all study days. T1-weighted anatomical images were acquired once per visit. To 

facilitate registration to the anatomical image, each RS-fMRI scan was followed by a high-

resolution T2*-weighted echo-planar scan. Duration was approximately 8 min for the RS-

fMRI scan, 5 min for the anatomical scan and 30 s for the high-resolution scan. 

 

RS-fMRI data were obtained with T2*-weighted echo-planar imaging (EPI) with the 

following scan parameters: 220 whole brain volumes, repetition time (TR) = 2180 ms; echo 

time (TE) = 30 ms; flip angle = 85o; field-of-view (FOV) = 220 x 220 x 130 mm; in-plane 

voxel resolution = 3.44 x 3.44 mm, slice thickness = 3.44 mm, including 10% interslice gap. 

The next parameters were used to collect T1-weighted anatomical images: TR = 9.7 ms; 

TE = 4.6 ms; flip angle = 8o; FOV = 224 x 177 x 168 mm; in-plane voxel resolution = 1.17 x 

1.17 mm; slice thickness = 1.2 mm. Parameters of high-resolution T2*-weighted EPI scans 

were set to: TR = 2200 ms; TE = 30 ms; flip angle = 80o; FOV = 220 x 220 x 168 mm; in-

plane voxel resolution = 1.96 x 1.96 mm; slice thickness = 2.0 mm.” (Klaassens et al., 

2017a, p.311). 

 

Functional connectivity analysis  

 

Data preprocessing 

All analyses were performed using the Functional Magnetic Resonance Imaging of the 

Brain (FMRIB) Software Library (FSL, Oxford, United Kingdom) version 5.0.7 (Jenkinson et 

al., 2012; Smith et al., 2004; Woolrich et al., 2009). “Each individual functional EPI image 

was inspected, brain-extracted and corrected for geometrical displacements due to head 

movement with linear (affine) image registration (Smith, 2002). Images were spatially 

smoothed with a 6 mm full-width half-maximum Gaussian kernel. Registration parameters 

for non-smoothed data were estimated to transform fMRI scans into standard space and 

co-registered with the brain extracted high resolution T2*-weighted EPI scans (with 6 

degrees of freedom) and T1 weighted images (using the Boundary-Based-Registration 

method) (Greve and Fischl, 2009). The T1-weighted scans were non-linearly registered to 
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the MNI 152 standard space (the Montreal Neurological Institute, Montreal, QC, Canada) 

using FMRIB's Non-linear Image Registration Tool. Registration parameters were estimated 

on non-smoothed data to transform fMRI scans into standard space. Automatic Removal Of 

Motion Artifacts based on Independent Component Analysis (ICA-AROMA vs0.3-beta) was 

used to detect and remove motion-related artifacts. ICA decomposes the data into 

independent components that are either noise-related or pertain to functional networks. 

ICA-AROMA attempts to identify noise components by investigating its temporal and spatial 

properties and removes these components from the data that are classified as motion-

related. Registration was thereafter applied on the denoised functional data with registration 

as derived from non-smoothed data. As recommended, high pass temporal filtering (with a 

high pass filter of 150 s) was applied after denoising the fMRI data with ICA-AROMA (Pruim 

et al., 2015a; Pruim et al., 2015b).” (Klaassens et al., 2017a, p.311). 

 

Estimation of network connectivity 

RS-fMRI networks were thereafter extracted from each individual denoised RS-fMRI 

dataset (12 subjects x 3 groups x 6 scans = 216 datasets) applying a dual regression 

analysis (Beckmann et al., 2009; Filippini et al., 2009) based on 10 predefined standard 

network templates as used in our previous research (Klaassens et al., 2015, p. 442): 

“These standard templates have previously been identified using a data-driven approach 

(Smith et al., 2009) and comprise the following networks: three visual networks (consisting 

of medial, occipital pole, and lateral visual areas), DMN (medial parietal, bilateral inferior–

lateral–parietal and ventromedial frontal cortex), cerebellar network, sensorimotor network 

(supplementary motor area, sensorimotor cortex and secondary somatosensory cortex), 

auditory network (superior temporal gyrus, Heschl's gyrus and posterior insular), executive 

control network (medial–frontal areas, including anterior cingulate and paracingulate) and 

two frontoparietal networks (frontoparietal areas left and right). In addition, time series of 

white matter (measured from the center of the corpus callosum) and cerebrospinal fluid 

(measured from the center of lateral ventricles) were included as confound regressors in 

this analysis to account for non-neuronal signal fluctuations (Birn, 2012). With the dual 

regression method, spatial maps representing voxel-to-network connectivity were estimated 

for each dataset separately in two stages for use in group comparisons. First, the weighted 

network maps were used in a spatial regression into each dataset. This stage generated 12 

time series per dataset that describe the average temporal course of signal fluctuations of 

the 10 networks plus 2 confound regressors (cerebrospinal fluid and white matter). Next, 

these time series were entered in a temporal regression into the same dataset. This 

resulted in a spatial map per network per dataset with regression coefficients referring to 

the weight of each voxel being associated with the characteristic signal change of a specific 
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network. The higher the value of the coefficient, the stronger the connectivity of this voxel 

with a given network. These individual statistical maps were subsequently used for higher 

level analysis.” 

 

Higher level analysis 

To investigate whether voxel wise functional connectivity with each of the 10 functional 

networks differed between groups, ANOVA F-tests were performed on four contrasts of 

interest (young > older adults, older > young adults, older adults > AD patients and AD 

patients > older adults). Networks with a significant outcome were followed by post-hoc 

unpaired two-sample t-tests to investigate the four contrasts separately. These tests were 

performed with and without correction for gray matter (GM) volume. For correction, a 

voxelwise partial volume estimate map of GM, as calculated from T1-weighted images with 

FMRIB's Automated Segmentation Tool (FAST) (Zhang et al., 2001), was added as 

nuisance regressor. As the results of this analysis may depend on the selection of the 10 

functional networks derived from 36 healthy adults (mean age 28.5) as spatial regressors 

(Smith et al., 2009), we also explored a number of data driven extracted networks with 

Independent Component Analysis using FSL’s MELODIC vs3.14. Of 70 extracted networks, 

the 20 networks that correlated highest with the 10 networks of Smith et al. (2009) were 

chosen for group analyses in order to compare these with the results of the 10 functional 

networks. Therefore, these 20 networks were entered in a dual regression analysis to 

obtain spatial connectivity maps per network per dataset followed by higher level analysis 

as described below.  

 

To test for differences in connectivity between young and older adults and between AD 

patients and older adults across the six repeated measures per subject we used non-

parametric combination (NPC) as provided by FSL’s Permutation Analysis for Linear 

Models tool (PALM vs94-alpha) (Pesarin, 1990; Winkler et al., 2014; Winkler et al., 2016b). 

NPC is a multivariate method that offers the possibility to combine data of separate, 

possibly non-independent tests, such as our repeated measures (six scans per subject), 

and investigate the presence of joint effects across them, in a test that has fewer 

assumptions and is more powerful than repeated-measurements analysis of variance 

(ANOVA) or multivariate analysis of variance (MANOVA). To measure these joint effects 

(combining the six scans per subject to one composite variable), NPC testing first performs 

an independent test for each repeated measure using 5000 synchronized permutations. 

These tests are then combined non-parametrically via NPC using Fisher’s combining 

function (Fisher, 1932) and the same set of synchronized permutations. A liberal mask was 

used to investigate voxels of gray and white matter within the MNI template, excluding 
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voxels belonging to cerebrospinal fluid. Threshold-free cluster enhancement was applied to 

each independent test and after the combination, and the resulting voxelwise statistical 

maps were corrected for the familywise error rate using the distribution of the maximum 

statistic (Smith and Nichols, 2009; Winkler et al., 2014). Voxels were considered significant 

at p-values < 0.05, corrected. 
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Results 

 

Significant F-test results pointed to differences in connectivity in AD patients vs. elderly 

controls and in older vs. young adults for all networks, except the cerebellar network. 

 

Resting state connectivity without correction for G M volume 

Differences in resting state functional connectivity were most apparent between young and 

older adults (see Figure 1A). For all functional networks, except the cerebellar network, 

connectivity was decreased in the older compared to the young adults, involving most 

cortical and subcortical regions. AD patients and elderly controls differed in connectivity with 

the DMN, that showed lower connectivity with the precuneus in AD patients compared to 

older adults (see Figure 2A). None of the networks showed higher connectivity in the older as 

opposed to young adults or in AD patients as opposed to the elderly controls. Specifications 

of effects (sizes of significant regions and peak z-values) are provided in Table 2. These 

results using 10 pre-defined networks as spatial regressors were largely similar to the results 

using independent component analysis to extract 70 networks from the current data, of which 

20 were used as spatial regressors (see methods). 

 

Figure 3 shows connectivity for all three groups, where Figure 3A corresponds to the mean 

connectivity of significant voxels across all networks in Figure 1A (young vs older adults). 

This illustrates that the average connectivity in these regions is significantly different between 

young and older adults but not between elderly controls and AD patients. Figure 3A 

corresponds to the mean connectivity of significant voxels for the DMN in Figure 2A (elderly 

controls vs AD patients). This illustrates that the average connectivity in this region (posterior 

precuneus) is significantly different between AD patients and elderly controls but not between 

young and older adults. 
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Figure 1. Differences in network connectivity betwe en young and older adults. (A)  Reduced functional 

connectivity in older compared to young adults between the default mode network, three visual networks, the 

auditory network, the sensorimotor network, the left and right frontoparietal network and the executive control 

network (shown in green) and regions as shown in red-yellow (at p < 0.05, corrected).  (B) Reduced functional 

connectivity in older compared to young adults when including regional gray matter volume as regressor. 
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Resting state connectivity after regional correctio n for GM volume 

After correction for regional GM volume, differences in resting state functional connectivity 

between young and older adults were less profound with a reduction in the number of 

significant voxels of 58.9% (see Figure 1b). Reduced connectivity with the same functional 

networks in the group of older compared to young adults mainly involved midline regions 

(posterior and anterior cingulate cortex, precuneus), occipital, temporal and frontal areas. 

The difference between elderly controls and AD patients was more restricted after correction 

as well (reduction of 65.8% in the number of significant voxels) but still involved a decrease 

in connectivity of the DMN with the precuneus in AD patients (see Figure 2b). Specifications 

of effects (sizes of significant regions and peak z-values) are provided in Table 3. 

 

 

 

Figure 2. Differences in network connectivity betwe en AD patients and elderly controls. (A) Reduced 

functional connectivity in AD patients compared to elderly controls between the default mode network (shown in 

green) and the precuneus (shown in red-yellow at p < 0.05, corrected). (B) Reduced functional connectivity in AD 

patients compared to elderly controls when including regional gray matter volume as regressor. 
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Figure 3 . Boxplots of the average functional connectivity (z-values) in young and older adults and AD patients 

between (A) regions and networks as shown in Figure 1a with reduced connectivity in elderly compared to young 

subjects; (B) the precuneus and DMN as shown in Figure 2a with reduced connectivity in AD patients compared 

to elderly controls. Asterisks indicate a significant difference between groups (at p < 0.05, corrected).
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Table 2. Overview of significant differences in functional connectivity without gray matter correction as estimated with threshold-free cluster 

enhancement (p < 0.05, corrected). 

Network  Contrast  Region  (Harvard -Oxford)  z* x y z # 

voxels 

Default  mode  network  Older < Young adults L/R/M Precuneus, PCC, ACC, cuneal cortex, lingual gyrus, supracalcarine cortex, 

lateral occipital cortex, parahippocampal gyrus, hippocampus 

9.60 0 -42 20 7814 

  M Frontal pole, frontal medial cortex, ACC, paracingulate gyrus 9.27 4 56 -6 2600 

  R Middle and superior temporal gyrus, parietal operculum cortex, central opercular 

cortex, insular cortex, Heschl’s gyrus, pre- and postcentral gyrus 

6.95 50 -20 12 2382 

  R Lateral occipital cortex 7.04 -38 -70 54 1436 

  R Middle and superior temporal gyrus 7.60 56 -8 -26 561 

  L Middle and superior temporal gyrus 6.97 -58 -34 -8 328 

  L Middle and inferior temporal gyrus 7.43 -58 -10 -18 299 

  R Parahippocampal gyrus, temporal fusiform cortex 5.48 20 -40 -14 154 

  R Temporal pole 5.71 50 20 -22 102 

Default  mode  network  AD patients < controls M Precuneus, PCC 7.39 0 -70 44 415 

Executive  control  network  Older < Young adults L/R/M Frontal pole, ACC, PCC, precuneus, thalamus, putamen, SMA, post- and 

precentral gyrus, temporal pole, frontal orbital cortex, superior frontal gyrus 

10.90 0 -28 28 21857 

  M Precuneus, lateral occipital cortex 6.84 8 -78 52 735 

  R Lateral occipital cortex, occipital fusiform gyrus 5.94 42 -82 4 323 

  R Cerebellum 5.65 40 -54 -36 153 

  R Pre- and postcentral gyrus, precuneus, PCC 5.48 -12 -36 46 103 

Sensorimotor  network  Older < Young adults L/R/M PCC, precuneus, lingual gyrus, paracingulate gyrus, pre- and postcentral gyrus, 

SMA, central opercular cortex, caudate, thalamus 

7.66 64 -10 42 32668 

  R Frontal pole, middle frontal gyrus 6.18 38 46 32 442 

Visual  network  1 Older < Young adults L/R/M Intracalcarine cortex, supracalcarine cortex, occipital pole, precuneus, 

cerebellum, PCC, pre- and postcentral gyrus, brain stem, thalamus, 

parahippocampal gyrus, planum temporale, Heschl’s gyrus, middle and inferior 

7.81 14 -42 -6 35606 
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temporal gyrus 

  R Frontal pole 8.88 38 48 28 869 

Visual  network  2 Older < Young adults M Frontal pole, paracingulate gyrus 6.75 2 56 32 1143 

  M Occipital pole, intracalcarine cortex, lingual gyrus 7.62 8 -94 6 258 

Visual  network  3  Older < Young adults R Supramarginal gyrus, pre- and postcentral gyrus, superior and middle temporal 

gyrus, temporal occipital fusiform cortex,  

6.86 46 -32 40 8644 

  L Supramarginal gyrus, superior and middle temporal gyrus, temporal occipital 

fusiform cortex, hippocampus 

7.55 -18 -94 4 4065 

  L/R/M Putamen, accumbens, frontal orbitol and medial cortex 7.35 16 22 -6 1160 

  L Postcentral gyrus 6.62 -30 -50 72 838 

Auditory  network  Older < Young adults L/R/M Heschl’s gyrus, planum polare, supracalcarine cortex, caudate, putamen, 

hippocampus, parahippocampal gyrus, precuneus, middle and superior temporal 

gyrus, insular cortex, inferior and middle frontal gyrus 

8.69 66 -30 20 31540 

  M Precuneus, lateral occipital cortex 6.85 12 -76 56 1082 

  R Superior parietal lobule, angular gyrus 7.73 46 -48 54 399 

  M PCC, ACC 7.00 8 -8 26 138 

Frontoparietal  network  R Older < Young adults R Frontal pole, middle and superior frontal gyrus, precentral gyrus,  8.80 38 50 23 9850 

  R/M Angular gyrus, superior parietal lobule, supramarginal gyrus, precuneus 8.13 48 -52 52 5209 

  L Planum temporale, precentral gyrus, Heschl’s gyrus 5.72 -58 -2 2 621 

  M Occipital fusiform gyrus, cerebellum 5.82 -14 -84 -26 549 

  M Superior parietal lobule, supramarginal gyrus 6.43 -42 -50 54 451 

  M PCC, ACC 4.98 -22 -36 36 182 

  R Middle and superior temporal gyrus 4.83 62 -26 -12 142 

  R Planum temporale 5.73 60 -20 12 136 

Frontoparietal  network  L Older < Young adults L/R/M Middle, inferior and superior frontal gyrus, ACC, caudate, thalamus, pre- and 

postcentral gyrus 

8.83 -4 34 62 17586 

  R Pre- and postcentral gyrus 5.73 42 8 24 2362 

  M Middle and inferior temporal gyrus 7.16 -66 -54 -2 1460 

  R Frontal pole, middle frontal gyrus 6.65 42 48 26 1052 
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  M Frontal orbitol cortex, insular cortex 6.30 -30 20 -26 455 

Abbreviations: L = left, R = right, M = midline, ACC = anterior cingulate cortex, PCC = posterior cingulate cortex, SMA = supplementary motor area. Voxel dimension = 2 mm x 

2 mm x 2 mm (voxel volume 0.008 mL). * = standardized z-value of the uncorrected peak Fisher (NPC) within regions (for regions with > 100 voxels).  
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Table 3. Overview of significant differences in functional connectivity with gray matter correction as estimated with threshold-free cluster 

enhancement (p < 0.05, corrected). 

Network  Contrast  Region  (Harvard -Oxford)  z* x y z # 

voxels 

Default  mode  network  Older < Young adults M PCC, precuneus, lingual gyrus 7.92 -2 -40 20 3214 

  L Lateral occipital cortex 8.08 -48 -58 42 244 

  L Lateral occipital cortex 6.31 -42 -64 58 113 

Default  mode  network  AD patients < controls M Precuneus, PCC 7.52 0 -70 44 142 

Executive  control  network  Older < Young adults L/R/M Frontal pole, middle frontal gyrus, ACC, PCC, precuneus, thalamus, SMA 10.70 0 -28 28 14548 

  M Lateral occipital cortex, precuneus 5.94 10 -78 50 161 

Sensorimotor  network  Older < Young adults L/R/M PCC, precuneus, lingual gyrus, paracingulate gyrus, pre- and postcentral gyrus, 

SMA, central opercular cortex, caudate, thalamus 

7.40 4 -38 24 12667 

  L Postcentral gyrus 7.83 -62 -12 46 525 

Visual  network  1 Older < Young adults L/R/M Precuneus, PCC, lateral occipital cortex, precentral gyrus, supramarginal gyrus, 

lingual gyrus, parahippocampal gyrus, hippocampus, thalamus 

7.42 24 -54 -2 16775 

  L Frontal pole 7.68 -34 50 30 664 

  R Frontal pole 8.21 36 48 28 205 

Visual  network  2 Older < Young adults M Frontal pole, superior frontal gyrus 6.66 6 48 46 167 

  M Occipital pole 7.86 8 -94 6 103 

Visual  network  3  Older < Young adults R Temporal occipital fusiform cortex, lateral occipital cortex, cerebellum 7.37 44 -42 -16 3016 

  L Temporal occipital fusiform cortex, inferior temporal gyrus, cerebellum 6.18 -46 -54 -24 1207 

  L Occipital pole 7.49 -18 -94 4 1013 

  R Supramarginal gyrus 5.82 52 -26 32 289 

  L Subcallosal cortex, medial frontal cortex 6.66 -10 26 -6 270 

  R Cerebellum 5.74 32 -58 -42 250 

  R Frontal orbital cortex 6.27 16 24 -8 242 

  L Supramarginal gyrus 5.60 -58 -36 34 151 

Auditory  network  Older < Young adults R Superior temporal gyrus, planum temporale, Heschl’s gyrus, supramarginal 7.58 66 -30 10 7741 
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gyrus, insular cortex, inferior frontal gyrus 

  L Parietal operculum cortex, Heschl’s gyrus, supramarginal gyrus, insular cortex, 

middle and inferior temporal gyrus 

7.86 -54 -26 16 6219 

  L Lingual gyrus, PCC, parahippocampal gyrus 5.55 -22 -62 -2 603 

  R Lingual gyrus, precuneus, PCC, parahippocampal gyrus 5.55 22 -44 -4 471 

  M Precuneus, lateral occipital cortex 6.34 0 -74 50 361 

  M PCC, ACC 7.04 8 -8 26 134 

  R Temporal occipital fusiform cortex 4.62 36 -46 -20 100 

Frontoparietal  network  R Older < Young adults R Frontal pole, middle frontal gyrus 8.54 42 50 28 3948 

  R/M Postcentral gyrus, PCC, precuneus, superior parietal lobule 5.5 36 -26 42 1153 

  R Angular gyrus 6.56 50 -48 50 505 

  R Temporal pole, inferior frontal gyrus 8.21 54 18 -10 353 

  R/M Lateral occipital cortex, precuneus 5.71 10 -76 56 104 

Frontoparietal  network  L Older < Young adults M Precuneus, PCC, caudate, thalamus 5.97 0 -62 42 1115 

  L Frontal pole 6.74 -20 66 16 1070 

  R Frontal pole 6.44 42 48 26 277 

  R Occipital pole 6.71 10 -92 -4 228 

  L Inferior temporal gyrus, temporal occipital fusiform cortex 6.44 -48 -56 -12 194 

  M ACC 5.91 6 2 32 134 

  L Lateral occipital cortex, superior division 7.01 -28 -74 56 122 

Abbreviations: L = left, R = right, M = midline, ACC = anterior cingulate cortex, PCC = posterior cingulate cortex, SMA = supplementary motor area. Voxel dimension = 2 mm x 

2 mm x 2 mm (voxel volume 0.008 mL). * = standardized z-value of the uncorrected peak Fisher (NPC) within regions (for regions with > 100 voxels). 
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Discussion 

 

We investigated how functional brain connectivity patterns in aging relate to connectivity as 

seen in AD. Brain connectivity as measured with RS-fMRI was most profoundly different 

between young and older adults. In contrast to the widespread disruptions in connectivity due 

to normal aging, the only altered network in the group of AD patients was the DMN, showing 

a decline in connectivity with the precuneus. This connotes that on top of reductions due to 

normal aging, there was an additional decrease in connectivity between the DMN and 

precuneus in our AD sample. A comparable effect (reduced precuneus-DMN connectivity) 

was found in our older adults compared to young subjects, even after GM volume control, 

indicating that both aging and, to a greater extent, AD compromise DMN-precuneus 

connectivity. The precuneus area that showed differences between groups did not exactly 

overlap for both comparisons. This is illustrated by Figure 3B, showing that DMN-precuneus 

connectivity for this specific part of the precuneus significantly differs between AD patients 

and older control adults but not between older and young adults. In AD patients vs. elderly 

controls, the effect was located more posteriorly than for the older vs. young subjects. 

Correspondingly, it is especially the posterior part of the precuneus that seems to be 

implicated in episodic memory retrieval (Cavanna and Trimble, 2006). However, considering 

the small sample size and possible disease specific reorganization of cortical boundaries 

(Sohn et al., 2015), this lack of overlap does not conclusively point to AD specific connectivity 

alterations. 

 

Although there are some indications for connectivity change in frontoparietal, executive 

(Agosta et al., 2012), visual sensory, cerebellum/basal ganglia (Binnewijzend et al., 2012), 

dorsal attention, sensory-motor, control and salience (Brier et al., 2012; Zhou et al., 2010) 

networks, the most consistent and frequent finding in AD is a reduction in DMN connectivity 

(Greicius et al., 2004; Hafkemeijer et al., 2012; Pievani et al., 2011; Zhang et al., 2010). Brier 

et al. (2012) showed that more networks become affected with increasing disease severity, 

which might declare the lack of alterations in networks beyond the DMN in our mild AD 

group. The relevance of the DMN in AD is explained by its core regions (precuneus, posterior 

cingulate cortex) being the target of β-amyloid deposition, one of the hallmarks of dementia 

(Adriaanse et al., 2014; Buckner et al., 2005). The precuneus comprises a central region of 

the DMN (Utevsky et al., 2014), with the highest metabolic response during rest (Gusnard 

and Raichle, 2001) and strong connections with adjacent and remote regions (Achard et al., 

2006). Altered connectivity with the precuneus in AD patients has frequently been observed 

(Binnewijzend et al., 2012; Damoiseaux et al., 2012; He et al., 2007; Kim et al., 2013; 

Sheline et al., 2010a; Tahmasian et al., 2015; Wang et al., 2006; Zhou et al., 2010). The 
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precuneus seems to play a significant role in episodic memory retrieval, self-consciousness 

and visual-spatial imagery (Cavanna and Trimble, 2006; Zhang and Li, 2012) and structural 

and task-related functional MRI studies have shown its association with memory problems 

and visual-spatial symptoms in AD (Karas et al., 2007; Rombouts et al., 2005; Sperling et al., 

2010). Involvement of the precuneus in early AD has also been demonstrated by inflated 

uptake of Pittsburgh compound B ([11C]PIB) in this area during positron emission tomography 

(PET), indicating increased levels of beta amyloid compared to nondemented subjects 

(Mintun et al., 2006). Studies that investigated pharmacological effects in AD show the 

importance of precuneus connectivity in AD as well. Memantine, an N-methyl-d-aspartate 

(NMDA) receptor antagonist and galantamine, a cholinesterase inhibitor, both used for 

treatment of early AD symptoms, increased resting-state functional connectivity between the 

DMN and precuneus in AD (Blautzik et al., 2016; Lorenzi et al., 2011), pointing to a 

normalizing effect of these compounds on AD symptomatology. 

 

In contrast to the restricted DMN-precuneus disconnections in AD, aging effects on 

connectivity were extensive, involving multiple networks and regions. These findings indicate 

that functional network coherence is more sensitive to aging than AD. Reduced connectivity 

in the older adults was demonstrated for networks that pertain to language, attention, visual, 

auditory, motor and executive functioning as well as the DMN. The widespread decreases in 

connectivity in the older adults compared to the young group may be representative of age-

related cognitive, sensory and motor decline. Hearing, vision and balance-gait problems 

arise and a gradual decrease in processing speed, episodic and working memory takes 

place during the process of normal aging (Fandakova et al., 2014; Li and Lindenberger, 

2002; Salthouse, 1996). The effects for the sensorimotor and frontoparietal networks are in 

line with studies of Allen et al. (2011), Andrews-Hanna et al. (2007), Tomasi & Volkow (2012) 

and Wu et al. (2007a; 2007b), showing an age-related decrease of connectivity between and 

within motor and attention networks. The cognitive function of the DMN is not fully 

understood, but diminished connectivity of this network is likely accompanied by a general 

disturbance in switching to higher-order cognitive processes as (autobiographical) episodic 

memory, introspection and attention (Grady et al., 2010; Mevel et al., 2011). The reduced 

coherence of DMN regions might reflect an inability to shift from a task-negative to a task-

positive mode and hence hinder cognitive performance. This is concordant with results of 

Andrews-Hanna et al. (2007) and Damoiseaux et al. (2008), who demonstrated that 

alterations of the DMN in elderly subjects were associated with memory, executive 

functioning and processing speed.  
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It is questionable whether group differences in connectivity are fully or partly explained by 

reductions in GM volume. Although exact causal mechanisms are not completely clear, 

connectivity alterations are possibly representative of structural atrophy (Seeley et al., 2009). 

A global decrease in GM has been found with advancing age, affecting frontal, parietal, 

temporal and occipital cortices, precuneus, anterior cingulate, insula, cerebellum, pre- and 

postcentral gyri (Giorgio et al., 2010; Good et al., 2001; Habes et al., 2016). It has been 

proposed that ignoring structural information in voxelwise analyses could bias interpretation 

of functional outcomes (Oakes et al., 2007), as apparent functional differences might be 

solely the consequence of anatomical variation. However, consistent with our outcome, it has 

also been demonstrated that age-related differences in functional connectivity cannot merely 

be explained by local decreases in GM volume (Damoiseaux et al., 2008; Glahn et al., 2010; 

Onoda et al., 2012; Zhou et al., 2010). When we added voxelwise GM volume maps as 

confound regressor to account for its possible mediating effect, a substantial portion of 

results (41.1%), involving equal networks, was maintained. For those areas, GM partial 

volume fraction is expected to be homogeneous among groups and functional effects are 

strong enough to persist after correction. Although the earliest atrophy in Alzheimer’s disease 

(AD) occurs in medial temporal structures as the hippocampus (Chan et al., 2001; Matsuda, 

2013), the precuneus has also been discovered as an area where atrophy appears in AD 

patients (Bailly et al., 2015; Baron et al., 2001; Karas et al., 2007). The observed difference 

between AD patients and elderly controls partly survived correction for GM volume (34.2%), 

suggesting that this finding is related to differences in cortical volume as well. More 

important, as the remaining effect on connectivity was unrelated to local structural 

differences, reduced DMN-precuneus connectivity might be an indicator of AD. 

 

The small sample size (n = 12 per group) is an obvious limitation of our study as this reduces 

the power of the statistical analyses. It is possible that with a larger sample size, the DMN-

precuneus connectivity change would show more overlap between the two group 

comparisons. However, we collected six RS-fMRI scans per subject, leading to a dataset of 

72 scans per group. In addition to a gain in power, this offered us the possibility of 

investigating intrasubject as well as intersubject variation. The difference in effect for both 

group comparisons may partially be explained by higher within and between subject variance 

at older age and in AD (Huettel et al., 2001; Mohr and Nagel, 2010). An exploration of the 

average connectivity (in z-values) across networks and voxels per scan did not show 

prominent differences in connectivity variance between the three groups (young subjects: 

mean = 4.12, variancebetween = 0.90 and variancewithin = 0.86; older adults: mean = 4.37, 

variancebetween = 1.63 and variancewithin = 1.29; AD patients, mean = 4.28, variancebetween = 

0.86 and variancewithin = 1.26), largely ruling out this possibility. Further, although all older 
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adults were intensively screened before study participation, no information on AD-associated 

biomarkers was available. As alterations in brain connectivity might also be due to beta-

amyloid deposition in older people without AD (Brier et al., 2014; Elman et al., 2016), the 

healthy elderly subjects in this study might unexpectedly include subjects in a preclinical AD 

stage, leading to AD- instead of age-related connectivity change. 

 

In conclusion, differences in functional connectivity between young and older adults are more 

extensive than differences between AD patients and controls. We found reduced connectivity 

throughout the entire brain in older compared to young adults, which is potentially reflective 

of a normative decline in sensory, motor and cognitive function during senescence. In AD 

patients vs. elderly controls, the detected effect was restricted to further diminished 

connectivity of the DMN with the precuneus. Although the majority of these connections was 

associated with regional brain volume, effects were maintained for all networks after 

correction for GM volume. Our findings imply that posterior precuneus-DMN disconnections 

may act as a marker of AD pathology. 
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Supplementary material  

 

All repeatedly measured NeuroCart® endpoints were analyzed using a mixed effects model 

with group, time and group by time as fixed effects, subject, subject by group and subject by 

time as random effects (SAS for Windows V9.1.3; SAS Institute, Inc., Cary, NC, USA). As 

data of the Simple Reaction Time task were not normally distributed, these data were log-

transformed before analysis and back transformed after analysis. Group comparisons for the 

cognitive and subjective tests showed differences between the young and elderly subjects 

and between the elderly and AD patients for memory function, learning, attention and 

visuomotor skill. An overview of the results on performance tasks is provided in 

Supplementary Figure S-I. 
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Supplementary Figure 1. Bar graphs of least squares means of performance on the NeuroCart® cognitive test 

battery with standard error of the means as error bars. Abbreviations: YA = young adults; OA = older adults; AD = 

patients with Alzheimer’s disease; * = significant at p < 0.05; ** = significant at p < 0.01. Note: the N-back task for 

AD patients is an adapted (easier) version. It was therefore not possible to compare performance between AD 

patients and elderly controls. 
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Chapter 5 

 

Serotonergic and cholinergic modulation of function al brain connectivity: a 

comparison between young and older adults 
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Abstract  

Aging is accompanied by changes in neurotransmission. To advance our understanding of 

how aging modifies specific neural circuitries, we examined serotonergic and cholinergic 

stimulation with resting state functional magnetic resonance imaging (RS-fMRI) in young 

and older adults. The instant response to the selective serotonin reuptake inhibitor 

citalopram (30 mg) and the acetylcholinesterase inhibitor galantamine (8 mg) was 

measured in 12 young and 17 older volunteers during a randomized, double blind, placebo-

controlled, crossover study. A powerful dataset consisting of 522 RS-fMRI scans was 

obtained by acquiring multiple scans per subject before and after drug administration. 

Group x treatment interaction effects on voxelwise connectivity with ten functional networks 

were investigated (p < 0.05, FWE-corrected) using a non-parametric multivariate analysis 

technique with cerebrospinal fluid, white matter, heart rate and baseline measurements as 

covariates. Both groups showed a decrease in sensorimotor network connectivity after 

citalopram administration. The comparable findings after citalopram intake are possibly due 

to relatively similar serotonergic systems in the young and older subjects. Galantamine 

altered connectivity between the occipital visual network and regions that are implicated in 

learning and memory in the young subjects. The lack of a cholinergic response in the 

elderly might relate to the well-known association between cognitive and cholinergic 

deterioration at older age.  

 

Keywords : serotonin, acetylcholine, neurotransmission, aging, resting state network, brain 

connectivity 
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Introduction 

 

During the process of aging, there is a decline in brain function (Li and Lindenberger, 2002). 

Reduced synaptic plasticity, transmitter release and receptor availability in the central 

nervous system (CNS) might affect cognitive and behavioral performance (Li et al., 2001; 

Mahncke et al., 2006). Impaired cholinergic transmission has been associated with age-

related disruptions in attention and memory storage and retrieval, (Decker, 1987; Dumas and 

Newhouse, 2011; Gallagher and Colombo, 1995; Hasselmo, 1999), whereas serotonin (5- 

hydroxytryptamine; 5-HT) dysregulation may contribute to the increased prevalence of 

depressive symptoms in the elderly (Daubert and Condron, 2010; Gareri et al., 2002; Meltzer 

et al., 1998). 

 

Magnetic resonance imaging (MRI) of resting state functional connectivity cannot be used to 

measure neurotransmission directly, but is commonly applied to improve insight into 

neurotransmitter function by studying brain networks after a pharmacological intervention 

(Borsook et al., 2006; Honey et al., 2003; Khalili-Mahani et al., 2015; Klumpers et al., 2012; 

Lu and Stein, 2014; Niesters et al., 2014). With regard to aging, the effects of serotonergic 

and cholinergic challenges on brain connectivity are especially relevant as compounds acting 

on these systems are used to treat depression and dementia (Carr and Lucki, 2011; Soreq 

and Seidman, 2001).  

 

Acute or short-term dosing of drugs that prevent the presynaptic reuptake of serotonin seems 

to counteract the observed increased connectivity patterns in depression (Sundermann et al., 

2014), showing reduced connectivity with several cortical and subcortical areas in healthy 

and depressed young subjects (Klaassens et al., 2017a; Klaassens et al., 2015; Li et al., 

2013; McCabe and Mishor, 2011; McCabe et al., 2011; Schaefer et al., 2014; Van de Ven et 

al., 2013; Van Wingen et al., 2014). Cholinesterase inhibitors (AChEIs) cause connectivity 

enhancement of regions that are important for learning, memory and executive control after 

long-term treatment in patients with Alzheimer’s disease (Blautzik et al., 2016; Goveas et al., 

2011; Griffanti et al., 2016; Li et al., 2012; Solé-Padullés et al., 2013) and immediately after 

administration in young subjects (Klaassens et al., 2017a). 

 

Despite evidence of cholinergic and serotonergic alterations with aging, it is unknown how 

the corresponding connectivity pathways are altered at older age. There is little proof of 

differentiated effects of selective serotonin reuptake inhibitors (SSRIs) and AChEIs on 

subjective and cognitive measures between healthy young and older subjects (Dumont et al., 

2005; Repantis et al., 2010; Vanlaar et al., 1995). However, during senescence 5-HT 
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receptor density declines (Arranz et al., 1993) and the cholinergic system has been 

suggested to have diminished and more variable responsiveness (Bartus, 1979; Decker, 

1987). Given a negative association of aging with neuromodulation and brain function, we 

anticipate that effects of the SSRI citalopram and the AChEI galantamine on resting state 

connectivity are more constrained in older compared to young subjects. 
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Material and methods  

 

Subjects 

Twelve healthy young volunteers (mean age 22.8 ± 2.8; age range 18-27; 6 female/6 male; 

body mass index range 21-28 kg/m2) and 17 healthy older adults (mean age 71.2 ± 6.1; age 

range 61-79; 9 female/8 male; body mass index range 22-31 kg/m2) were included in the 

study. All subjects underwent a thorough medical screening at the Centre for Human Drug 

Research (CHDR) to investigate whether they met the inclusion and exclusion criteria. They 

had a normal history of physical and mental health and were able to refrain from using 

nicotine and caffeine during study days. Exclusion criteria included a positive drug or alcohol 

test on study days, regular excessive consumption of alcohol (>4 units/day), caffeine (>6 

units/day) or cigarettes (>5 cigarettes/day), use of concomitant medication 2 weeks prior to 

study participation and involvement in an investigational drug trial 3 months prior to 

administration. The study was approved by the medical ethics committee of the Leiden 

University Medical Center (LUMC). Written informed consent was obtained from each subject 

prior to study participation. 

 

Study design 

Part of the data, showing drug effects in young adults, have been described previously 

(Klaassens et al., 2017a). This was a single center, double blind, placebo-controlled, 

crossover study with citalopram 30 mg and galantamine 8 mg. Citalopram has an average 

time point of maximum concentration (Tmax) of 2-4 h, with a half-life (T½) of 36 h. For 

galantamine, Tmax = 1-2 h and T½ = 7-8 h. To correct for the different pharmacokinetic (PK) 

profiles and obtain all pharmacodynamic measures within an equal time frame at around the 

Tmax of both compounds, citalopram was administered earlier than galantamine. In addition, 

since a lower dose of SSRIs is recommended in elderly compared to young subjects (Lotrich 

and Pollock, 2005), it was decided to retain the opportunity of administering a lower dose of 

citalopram in elderly than in young subjects. Therefore, citalopram 20 mg was administered 

at T = 0 h, followed by a second dose of 10 mg at T = 1 h (only if the first dose was 

tolerated). Galantamine was given as a single 8 mg dose at T = 2 h. Blinding was maintained 

by concomitant administration of double-dummy placebo's at all three time points. All 

subjects also received an unblinded dose of granisetron 2 mg at T = -0.5 h, to prevent the 

most common drug-induced adverse effects of nausea and vomiting. 
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Figure 1. Schematic overview of the study design.  Each subject received citalopram, galantamine and 

placebo on three different study days. On each study day there were three moments of administration. The 

second administration only took place when subjects tolerated the first dose well (did not vomit or feel too 

nauseous). At baseline, two RS-fMRI scans were acquired, followed by the NeuroCart® test battery. On all study 

days, subjects received 2 mg of granisetron 30 min before drug administration, to prevent for possible side effects 

of citalopram and/or galantamine. After drug administration, four RS-fMRI scans were acquired at time points T = 

2.5, 3.5, 4.5 and 6 h post dosing, each time followed by the NeuroCart® test battery. During the day, nine blood 

samples were taken to measure the concentrations of citalopram, desmethylcitalopram, galantamine, cortisol and 

prolactin.  

 

Six resting state fMRI (RS-fMRI) scans were acquired during study days, two at baseline and 

four after administering citalopram, galantamine or placebo (at T = 2.5, 3.5, 4.5 and 6 h). 

Each scan was followed by performance of computerized cognitive tasks (taken twice at 

baseline) on the NeuroCart® test battery, developed by the CHDR for quantifying 

pharmacological effects on the CNS (Dumont et al., 2005; Gijsman et al., 2002; Liem-

Moolenaar et al., 2011). By including multiple measurements during the Tmax interval, this 

repeated measures profile increases the statistical power of the analysis and allows for 

identification of time related effects, associated with changing drug concentrations related to 

absorption, distribution, metabolism and excretion. Nine blood samples were taken during 

the course of the day to define the PK profile of citalopram, citalopram’s active metabolite 

desmethylcitalopram, galantamine and concentrations of cortisol and prolactin (Jacobs et al., 

2010b; Umegaki et al., 2009). Washout period between study days was at least 7 days. An 

overview of the study design is provided in Figure 1. 
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Outcome measures 

Pharmacokinetics 

Pharmacokinetic parameters for citalopram, galantamine and citalopram’s active metabolite 

desmethylcitalopram were calculated using a non-compartmental analysis to validate the 

choice of time points of pharmacodynamic endpoints and, in case of equal absorption rates, 

increase confidence in pharmacodynamic outcomes (RS-fMRI, NeuroCart®, 

neuroendocrine measures). Blood samples were collected in 4 mL EDTA plasma tubes at 

baseline and 1, 2, 2.5, 3, 3.5, 4.5 and 6 h post dosing, centrifuged (2000 g for 10 min) and 

stored at -40°C until analysis with liquid chromato graphy-tandem mass spectrometry (LC-

MS/MS). 

 

Neuroendocrine variables  

Blood samples were also obtained to determine cortisol and prolactin concentrations. 

Serum samples were taken in a 3.5 mL gel tube at baseline (twice) and 1, 2, 2.5, 3.5, 4.5 

and 6 h post dosing, centrifuged (2000 g for 10 min) and stored at -40°C until analysis. 

Serum concentrations were quantitatively determined with electrochemiluminescence 

immunoassay.  

 

NeuroCart ® test battery  

Each RS-fMRI scan was followed by functional CNS measures outside the scanner using the 

computerized NeuroCart® test battery measuring alertness, mood and calmness (Visual 

Analogue Scales (VAS) Bond & Lader), nausea (VAS Nausea), vigilance and visual motor 

performance (Adaptive Tracking task), reaction time (Simple Reaction Time task), attention, 

short-term memory, psychomotor speed, task switching and inhibition (Symbol Digit 

Substitution Test and Stroop task), working memory (N-back task) and memory imprinting 

and retrieval (Visual Verbal Learning Test) (Bond and Lader, 1974; Borland and Nicholson, 

1984; Laeng et al., 2005; Lezak, 2004; Lim et al., 2008; Norris, 1971; Rogers et al., 2004; 

Stroop, 1935; Wechsler, 1981). The Visual Verbal Learning Test was only performed once 

during each day (at 3 and 4 h post dosing) as the test itself consists of different trials 

(imprinting and retrieval). Duration of each series of NeuroCart® brain function tests was 

approximately 20 min. To minimize learning effects, training for the NeuroCart® tasks 

occurred during the screening visit within 3 weeks prior to the first study day. 

  

MR imaging 

Scanning was performed at the LUMC on a Philips 3.0 Tesla Achieva MRI scanner (Philips 

Medical System, Best, The Netherlands) using a 32-channel head coil. During the RS-fMRI 

scans, all subjects were asked to close their eyes while staying awake. Instructions were 
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given prior to each scan on all study days. T1-weighted anatomical images were acquired 

once per visit. To facilitate registration to the anatomical image, each RS-fMRI scan was 

followed by a high-resolution T2*-weighted echo-planar scan. 

 

RS-fMRI data were obtained with T2*-weighted echo-planar imaging (EPI) with the 

following scan parameters: 220 whole brain volumes, repetition time (TR) = 2180 ms; echo 

time (TE) = 30 ms; flip angle = 85o; field-of-view (FOV) = 220 x 220 x 130 mm; in-plane 

voxel resolution = 3.44 x 3.44 mm, slice thickness = 3.44 mm, including 10% interslice gap; 

acquisition time 8 min. For 3D T1-weighted MRI the following parameters were used: TR = 

9.7 ms; TE = 4.6 ms; flip angle = 8o; FOV = 224 x 177 x 168 mm; in-plane voxel resolution 

= 1.17 x 1.17 mm; slice thickness = 1.2 mm; acquisition time 5 min. Parameters of high-

resolution T2*-weighted EPI scans were set to: TR = 2200 ms; TE = 30 ms; flip angle = 80o; 

FOV = 220 x 220 x 168 mm; in-plane voxel resolution = 1.96 x 1.96 mm; slice thickness = 

2.0 mm; acquisition time 30 sec.  

 

Statistical analysis 

Pharmacokinetics 

Maximum plasma concentrations (Cmax) and time of Cmax (Tmax) were obtained directly from 

the plasma concentration data. The area under the plasma concentration vs. time curve 

was calculated from time zero to the time of the last quantifiable measured plasma 

concentration (AUC0-last). To investigate differences between groups, PK parameters were 

analyzed using a mixed effects model with group as fixed effect (SAS for Windows V9.4; 

SAS Institute, Inc., Cary, NC, USA). 

 

Neuroendocrine variables 

Treatment (drug vs. placebo) x group (young vs. older subjects) interaction effects on 

cortisol and prolactin concentrations were investigated using a mixed effects model with 

treatment, time, group, visit, treatment by time, treatment by group and treatment by group 

by time as fixed effects, subject, subject by treatment and subject by time as random 

effects and the average of the period baseline (pre-dose) values as covariate (SAS for 

Windows V9.4; SAS Institute, Inc., Cary, NC, USA). The data were not normally distributed 

and therefore log-transformed before analysis and back transformed after analysis. 

 

NeuroCart ® test battery  

All post-dose repeatedly measured NeuroCart® measures were analyzed using the same 

mixed effects model as for neuroendocrine variables. As data of the Simple Reaction Time 

task were not normally distributed, these data were log-transformed before analysis and 
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back transformed after analysis. The data of the Visual Verbal Learning Test were analyzed 

using a mixed effects model with treatment, group, visit and treatment by group as fixed 

effects and subject as random effect. 

 

MR imaging 

All analyses were performed using the Functional Magnetic Resonance Imaging of the 

Brain (FMRIB) Software Library (FSL, Oxford, United Kingdom) version 5.0.7 (Jenkinson et 

al., 2012; Smith et al., 2004; Woolrich et al., 2009).  

 

Data preprocessing 

Each individual functional EPI image was inspected, brain-extracted and corrected for 

geometrical displacements due to head movement with linear (affine) image registration 

(Jenkinson et al., 2002; Smith, 2002). Images were spatially smoothed with a 6 mm full-

width half-maximum Gaussian kernel. Registration parameters for non-smoothed data were 

estimated to transform fMRI scans into standard space and co-registered with the brain 

extracted high resolution T2*-weighted EPI scans (with 6 degrees of freedom) and T1 

weighted images (using the Boundary-Based-Registration method) (Greve and Fischl, 

2009). The T1-weighted scans were non-linearly registered to the MNI 152 standard space 

(the Montreal Neurological Institute, Montreal, QC, Canada) using FMRIB's Non-linear 

Image Registration Tool. Registration parameters were estimated on non-smoothed data to 

transform fMRI scans into standard space after Automatic Removal of Motion Artifacts 

based on Independent Component Analysis (ICA-AROMA vs0.3-beta). ICA-AROMA 

attempts to identify and remove motion related noise components by investigating its 

temporal and spatial properties. As recommended, high pass temporal filtering (with a high 

pass filter of 150 s) was applied after denoising the fMRI data with ICA-AROMA (Pruim et 

al., 2015a; Pruim et al., 2015b).  

 

Estimation of network connectivity 

RS-fMRI networks were extracted from each individual denoised RS-fMRI dataset (29 

subjects x 3 days x 6 scans = 522 datasets) with a dual regression analysis (Beckmann et 

al., 2009; Filippini et al., 2009) based on 10 predefined standard network templates as used 

in our previous research (Klaassens et al., 2017a; Klaassens et al., 2015). These standard 

templates have been identified using a data-driven approach (Smith et al., 2009) and 

comprise the following networks: three visual networks (consisting of medial, occipital pole, 

and lateral visual areas), default mode network, cerebellar network, sensorimotor network, 

auditory network, executive control network and two frontoparietal networks (left and right). 

Time series of white matter (measured from the center of the corpus callosum) and 
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cerebrospinal fluid (measured from the center of lateral ventricles) were added as confound 

regressors in this analysis to account for non-neuronal signal fluctuations (Birn, 2012). With 

the dual regression method, spatial maps representing voxel-to-network connectivity were 

estimated for each dataset separately in two stages and used for higher level analysis. 

First, the weighted network maps were used in a spatial regression into each dataset. This 

stage generated 12 time series per dataset that describe the average temporal course of 

signal fluctuations of the 10 networks plus 2 confound regressors (cerebrospinal fluid and 

white matter). Next, these time series were entered in a temporal regression into the same 

dataset. This resulted in a spatial map per network per dataset with regression coefficients 

referring to the weight of each voxel being associated with the characteristic signal change 

of a specific network. The higher the value of the coefficient, the stronger the connectivity of 

this voxel with a given network. 

 

Higher level analysis 

To investigate group x treatment interaction effects of citalopram and galantamine we used 

non-parametric combination (NPC) as provided by FSL’s Permutation Analysis for Linear 

Models tool (PALM vs94-alpha) (Pesarin, 1990; Winkler et al., 2014; Winkler et al., 2016b). 

NPC is a multivariate method that offers the possibility to combine data of separate, 

possibly non-independent tests, such as our multiple time points, and investigate the 

presence of joint effects across time points, in a test that has fewer assumptions and is 

more powerful than repeated-measurements analysis of variance (ANOVA) or multivariate 

analysis of variance (MANOVA). NPC testing was used in two phases to estimate for each 

network whether drug vs. placebo effects on connectivity were significantly different 

between young and older subjects.   

 

First, tests were performed for each post-dose time point (T = 2.5, 3.5, 4.5 and 6 h) 

separately, using 1000 synchronized permutations, followed by the fit of a generalized 

Pareto distribution to the tail of the approximation distribution, thus refining the p-values at 

the tail further than otherwise possible with a small number of permutations (Winkler et al., 

2016a). To investigate group x treatment interaction effects on voxelwise functional 

connectivity with each of the 10 functional networks, four two-sample t-tests (young adults: 

drug - placebo vs. older adults: drug - placebo) were performed, one per time point, with 

average heart rate (beats/m) per RS-fMRI scan as confound regressor (Khalili-Mahani et 

al., 2013). The average of the two baseline RS-fMRI scans was used as covariate as well, 

by adding the coefficient spatial map as a voxel-dependent regressor in the model. This will 

control for the confounding influence of possibly systematic individual differences and age-

related differences at baseline level as recently analyzed and described in Klaassens et al. 
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(2017b). The same method was applied for additional investigation of treatment effects 

(drug vs. placebo) within the group of older adults as was previously done for the group of 

young adults (Klaassens et al., 2017a). To that end, four one-sample t-tests (drug vs. 

placebo) were performed for all post-dose time points (T = 2.5, 3.5, 4.5 and 6 h), with 

average heart rate (beats/m) per RS-fMRI scan and the average of the two baseline RS-

fMRI scans as covariates.  

 

Second, to analyze effects across time, the tests for the four time points were combined 

non-parametrically via NPC using Fisher’s combining function (Fisher, 1932) and the same 

set of synchronized permutations as mentioned above. A liberal mask was used to 

investigate voxels within the MNI template, excluding voxels belonging to cerebrospinal 

fluid. Threshold-free cluster enhancement was applied to the tests at each time point and 

after the combination, and the resulting voxelwise statistical maps were corrected for the 

familywise error rate using the distribution of the maximum statistic (Smith and Nichols, 

2009; Winkler et al., 2014). Voxels were considered significant at p-values < 0.05, 

corrected.  
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Results 

 

Pharmacokinetics 

Table 1 provides an overview of the PK parameters in young and older subjects, and the 

statistical outcomes of group analyses. In comparison to the young subjects, the Tmax of 

galantamine occured significantly later in the older adults (p < 0.001). There were no further 

pharmacokinetic differences between young and older subjects. Figure 2 shows individual 

and median PK time profiles.  
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Figure 2. Median (red line) and individual (black lines) pharmacokinetic profiles for citalopram (left) and 

galantamine (right) concentrations in nanograms per milliliter on semi-log scale in young (A) and older (B) 

subjects. Grey bars illustrate moments of RS-fMRI acquisition post drug administration. Observations below limit 

of quantification were dismissed. 
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Table 1. Pharmacokinetics of citalopram, desmethylcitalopram and galantamine in young and older adults. 

Abbreviations: PK = pharmacokinetic; Tmax = time point (h) of maximum concentration; Cmax = maximum concentration (ng/mL); AUC0-last = area under the plasma concentration 

versus time curve (ng*h/mL).  

 

 
Citalopram  Desmethylcitalopram  Galantamine  

Mean ± SD Contrasts 

(p-value) 

Mean ± SD Contrasts 

(p-value) 

Mean ± SD Contrasts 

(p-value) PK parameters  Young  adults  Older  adults  Young  adults  Older  adults  Young  adults  Older  adults  

Tmax 3.0 ± 1.2 3.4 ± 1.1 0.319 4.9 ± 1.3 4.0 ± 1.3 0.06 8 2.7 ± 1.1 4.5 ± 1.1 < 0.001 

Cmax 35.8 ± 6.3 41.8 ± 11.7 0.165 3.0 ± 1.1 3.5 ± 1.8 0 .332 40.7 ± 10.4 41.8 ± 12.2 0.811 

AUC0-last 146.0 ± 25.2 165.0 ± 43.6 0.259 11.7 ± 4.8 13.3 ± 7.1 0.500 95.1 ± 27.7 104 ± 40.2 0.494 
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Cortisol and prolactin 

There was a significant group x treatment interaction effect of citalopram and galantamine on 

cortisol (p < 0.05). In comparison to the young subjects, the increase in cortisol was 

significantly larger in the older adults after citalopram and galantamine, relative to placebo.  

There was no significant group x treatment interaction effect on prolactin. In both groups, 

there was an increase in prolactin after citalopram vs. placebo (p < 0.005). Galantamine did 

not affect the level of prolactin. See Figure 3 for cortisol and prolactin levels in young and 

older subjects. 

 

 
 

Figure 3. Least squares means percent change from baseline profiles of cortisol and prolactin concentrations 

(with standard errors of the mean as error bars) in young (left) and older (right) subjects. 
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NeuroCart ® test battery 

Supplementary Table S-1 provides an overview of all NeuroCart® results. There were no 

convincing significant group x treatment interaction effects after galantamine or citalopram 

vs. placebo on any NeuroCart® measure.  

 

Functional connectivity 

Serotonergic effects 

There was no group x treatment interaction effect of citalopram on functional network 

connectivity. We did find main treatment effects of citalopram on connectivity with the 

sensorimotor network in both groups. Within the young subjects, citalopram decreased 

connectivity between the sensorimotor network and supplementary motor area, pre- and 

postcentral gyrus, anterior and posterior cingulate cortex (ACC and PCC), precuneus, medial 

and orbital prefrontal cortex, and cerebellum. Within the older adults, citalopram decreased 

connectivity between the sensorimotor network and supplementary motor area, pre- and 

postcentral gyrus, ACC, PCC, cingulate gyrus, precuneus, superior frontal gyrus and frontal 

orbital cortex (Figure 4). Specifications and extent of significant citalopram effects are 

summarized in Table 2. 

 

 
 

Figure 4. Decreased connectivity in young (A) and older subjects (B) after citalopram versus placebo was 

observed between the sensorimotor network (shown in green) and regions as shown in blue. Plots visualize the 

corresponding average time profiles of changes in functional connectivity for citalopram (dotted line) and placebo 

(continuous line) conditions (z-values with standard errors of the mean as error bars). Coronal and axial slices are 

displayed in radiological convention (left = right). 
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Cholinergic effects 

An interaction effect of galantamine was found for one visual network (occipital pole). An 

increase in connectivity after galantamine vs. placebo was significantly larger in the young 

compared to the older adults between the occipital visual network and the precuneus, PCC, 

postcentral-, angular- and supramarginal gyrus (Figure 5). Galantamine led to increased 

connectivity between the occipital visual network and the left and right hippocampus, 

precuneus, thalamus, fusiform gyrus, precentral and superior frontal gyrus, PCC and 

cerebellum in the young subjects, whereas no significant treatment effect of galantamine on 

this network was detected in the group of older adults. Specifications and extent of significant 

galantamine effects are summarized in Table 3. 

 

Figure  5. A larger effect on 

connectivity in young compared to 

older adults after galantamine versus 

placebo between the occipital visual 

network (shown in green) and regions 

shown in red (top). The plot visualizes 

the corresponding average time 

profiles of changes in functional 

connectivity per group for galantamine 

- placebo conditions (delta z-values 

with standard errors of the mean as 

error bars). The 3D images (bottom) 

show main galantamine effects per 

group. Coronal and axial slices are 

displayed in radiological convention 

(left = right). 
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Table 2. Overview of significant citalopram effects on functional connectivity as estimated with threshold-free cluster enhancement (p < 0.05, 

corrected). 

Network effect  Region (Harvard -Oxford)  z* x y z # voxels  

Sensorimotor network  

(Young adults: drug < placebo)  

L/R/M ACC, PCC, precuneus, SMA, post- and precentral gyrus, medial and orbital frontal cortex, cerebellum 5.23 -22 50 -16 36214 

L Inferior temporal gyrus, inferior and temperooccipital part 3.65 -50 -46 -12 153 

 L Occipital fusiform gyrus 3.58 -40 -74 -18 94 

 L Cerebellum 4.03 -28 -42 -32 52 

Sensorimotor network  

(Older adults: drug < placebo)  

L/R/M SMA, superior and middle frontal gyrus, ACC, PCC, paracingulate gyrus 4.27 -36 26 40 4076 

L/R/M Precuneus, postcentral gyrus, posterior cingulate gyrus, superior parietal lobule 3.52 0 -48 64 467 

 L Temporal pole, frontal orbital cortex 4.54 -46 14 -18 368 

 R Pre- en postcentral gyrus 3.34 34 -10 30 258 

 R Occipital fusiform gyrus 4.29 30 -64 -16 204 

 R Precentral gyrus 2.76 32 -12 68 41 

 R Occipital fusiform gyrus 3.65 24 -78 -18 32 

 R Middle frontal gyrus, frontal pole 3.43 28 36 34 30 

 R Occipital fusiform gyrus 3.43 16 -82 -26 18 

 R Precentral gyrus 3.33 20 -36 42 15 

Abbreviations: L = left, R = right, M = midline, ACC = anterior cingulate cortex, PCC = posterior cingulate cortex, SMA = supplementary motor area. Voxel dimension = 2 mm x 

2 mm x 2 mm (voxel volume 0.008 mL). * = standardized z-value of the uncorrected peak Fisher-statistic (NPC) within regions (with # voxels > 10). 
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Table 3. Overview of significant galantamine effects on functional connectivity as estimated with threshold-free cluster enhancement (p < 0.05, 

corrected). 

Network effect  Region (Harvard -Oxford)  z* x y z # voxels  

Occipital visual network  

(group x treatment 

interaction effect) 

R/M Precuneus, PCC, pre- and postcentral gyrus, posterior cingulate gyrus, posterior supramarginal gyrus, 

superior parietal lobule 

4.15 10 -36 44 1218 

R Lateral occipital cortex, superior division 3.83 28 -62 26 224 

 R Frontal pole 5.13 38 50 28 94 

 R Cerebellum 4.05 20 -68 -32 79 

 R Middle and superior frontal gyrus 4.25 34 0 56 57 

 M Cerebellum 3.78 4 -68 -24 55 

 R Cerebellum 3.80 20 -54 -34 52 

 R Lateral occipital cortex, superior division 3.99 18 -60 54 29 

Occipital visual network  

(Young adults: drug > placebo) 

L/R/M Hippocampus, thalamus, amygdala, precuneus, PCC, lateral occipital cortex, brain stem, fusiform gyrus, 

superior and middle frontal gyrus, superior temporal gyrus, pre- and postcentral gyrus and cerebellum 

4.86 2 -62 -26 15341 

 L Precuneus, posterior cingulate gyrus 3.15 -16 -52 20 75 

 L Temporal pole 3.41 -58 10 -10 18 

 R Inferior frontal gyrus 3.81 48 14 14 17 

 L Lateral occipital cortex, superior division 3.98 -46 -70 26 12 

 L Central opercular cortex, insular cortex 3.11 -46 4 -4 12 

Abbreviations: L = left, R = right, M = midline, PCC = posterior cingulate cortex. Voxel dimension = 2 mm x 2 mm x 2 mm (voxel volume 0.008 mL). * = standardized z-value of 

the uncorrected peak Fisher-statistic (NPC) within regions (with # voxels > 10). 
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Discussion 

 

To study the influence of older age on neurotransmitter pathways, we investigated 

differences in functional network responsiveness to single-dose serotonergic and cholinergic 

stimulation between young and older adults, independent of between-group variation in brain 

connectivity at baseline (Klaassens et al., 2017b). We found a significantly weaker 

pharmacological effect of galantamine on functional integrity of the occipital visual network in 

the older compared to the young subjects. Since the effects of AChEIs depend on intact 

cholinergic synapses, this finding might represent the general tendency towards diminished 

cholinergic function in the elderly (Decker, 1987; Dumas and Newhouse, 2011). In contrast, 

older age had no impact on the response to the SSRI citalopram, which induced a strong 

decrease in connectivity with the sensorimotor network within both groups. 

 

Citalopram 

Reduced connections between multiple regions after citalopram administration is consistent 

with previous SSRI research in healthy young individuals (Klaassens et al., 2015; Schaefer 

et al., 2014). Although these effects seemed less pronounced in the older adults compared to 

young subjects, there was no significant difference in effect between the two groups on all 

networks. As an altered serotonergic system in the elderly has most often been associated 

with a higher incidence of depression and sleep disorders (Gareri et al., 2002; Meltzer et al., 

1998), one explanation for this lack of differences is that there was no evidence for any 

abnormality of mood, anxiety or sleep in both groups as assessed during screening. The 

most prominent finding in both samples was a decrease in connectivity between the 

sensorimotor network and sensorimotor regions, precuneus, ACC and PCC (Figure 4). 

Similar findings have been detected in healthy young subjects with the SSRI sertraline, in 

which, amongst other networks, sensorimotor network connectivity with the ACC, PCC, 

precuneus, central gyri and supplementary motor cortex was decreased after single-dose 

administration (Klaassens et al., 2015). Aging has been shown to alter motor network 

connectivity, possibly representing deteriorated motor ability in the elderly (Wu et al., 2007a; 

Wu et al., 2007b) and leading to the somewhat smaller response in older compared to young 

subjects. However, in favor of a rather unaffected serotonergic system in our healthy group 

of elderly, we did not find significantly different changes in sensorimotor connectivity in the 

much younger subjects. This relative sparing of serotonergic network responsiveness in 

elderly subjects suggests that the reduced effects of galantamine are indicative of a selective 

age-related cholinergic decline. Citalopram caused a decrease in connectivity of cortical 

midline structures as the precuneus, ACC, PCC and prefrontal areas, related to self-

referential mechanisms and emotion regulation, which is in line with opposite observations in 
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(non-elderly) depressed patients (Sundermann et al., 2014) and indicates that SSRIs might 

reverse abnormalities in functional connectivity as seen in depression. The effects on 

sensorimotor connectivity also denote the well-known involvement of 5-HT pathways in 

motor behavior (Sachenko and Khorevin, 2001). For example, an (uncommon) side effect of 

SSRIs is the observance of movement disorders (e.g. muscle twitches), possibly due to 

direct adverse effects on motor neurons or enhancement of serotonergic input on 

dopaminergic pathways (Anderson et al., 2009; Hindmarch, 1995; Leo, 1996). In the young 

subjects, citalopram also reduced connectivity between the midbrain and left frontoparietal 

network (Klaassens et al., 2017a). This effect was restricted to a discrete region, and a 

comparable response could not be detected in the older adults, despite the lack of significant 

differences between groups on this network. 

  

Additional measures of cognitive functioning and neuroendocrine responses were 

investigated to confirm the presence of neuropharmacological effects and improve the 

understanding of underlying changes in brain connectivity. There was no difference between 

young and older adults in effect of citalopram on performance on the NeuroCart® test battery. 

Single dose SSRI administration does not seem to alter behavioral states in young and older 

subjects differently (Dumont et al., 2005; Vanlaar et al., 1995). Acute SSRI effects in healthy 

subjects of all ages are limited and variable and our protocol did not include more sensitive 

measures of SSRI modulation as EEG recordings, REM-sleep and flicker discrimination tests 

(Dumont et al., 2005). Since SSRIs are mainly used as a treatment for depression and 

anxiety disorders (Carr and Lucki, 2011; Jacobs and Azmitia, 1992), the most likely change 

in our study would have taken place on mood, alertness or calmness as measured with the 

VAS. However, such improvements are usually only noticeable after a mood-specific 

behavioral challenge (Browning et al., 2007; Capitao et al., 2015; Harmer et al., 2003a) or 

after a few weeks (Frazer and Benmansour, 2002; Harmer et al., 2009), and accordingly we 

did not find these effects. The fact that citalopram had pharmacological effects in both age 

groups is demonstrated by increasing levels of cortisol and prolactin. Neuroendocrine 

fluctuations can be regarded as indirect measures of the 5-HT system state (Seifritz et al., 

1996) and a larger increase in cortisol level in the older compared to young adults might be 

indicative of some serotonergic disturbances that accompany the process of normal aging. 

However, this interpretation is complicated by the fact that elevated cortisol has been shown 

to reduce amygdala-medial prefrontal cortex connectivity (Veer et al., 2012; Wu et al., 2015), 

which in turn seems to be related to baseline cortisol levels. As cortisol was slightly but not 

significantly lower at baseline in the elderly, this might lead to a stronger drug effect on 

cortisol and network connectivity in older compared to young adults. There are multiple 

factors that can cause a decrease in clearance of antidepressants in the elderly (Boyce et al., 
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2012; Lotrich and Pollock, 2005). But most of these affect the terminal part of the 

concentration-time curve and exposure during multiple dosing. The duration of our study was 

limited, and our elderly subjects were relatively healthy. Consequently, no differences in 

pharmacokinetic profiles were observed between groups, ensuring comparable exposure in 

both age groups over the observation period, with similar and limited variability. Because 

elderly are known to have an increased expectancy for SSRI related side effects (Lotrich and 

Pollock, 2005), we wanted to provide them with the opportunity to take a lower dose of 20 

instead of 30 mg of citalopram, by skipping the second 10 mg if necessary. However, all 

young and older subjects were administered the total dose of 30 mg without vomiting or 

experiencing nausea as measured with the VAS. This might also be due to the 2 mg of 

granisetron, given 30 minutes prior to drug administration on all three study days. 

Granisetron was added to suppress nausea and vomiting, which could otherwise adversely 

affect study procedures or alter network effects. Yet, it cannot be excluded that the selective 

5-HT3 receptor agonist granisetron might have also altered specific functional responses 

(Jacobs and Azmitia, 1992). 

 

Galantamine 

Whereas galantamine increased brain connectivity in the young subjects with one visual 

network (Figure 5), we could not detect any effects of galantamine on resting state 

connectivity in older adults. The cholinergic system is chiefly associated with an age- and 

dementia-related decline in memory, learning and attention with evidence pointing to 

cholinergic dysfunction in the hippocampus, cortex, the entorhinal area, the ventral striatum 

and the basal forebrain (Kasa et al., 1997; Schliebs and Arendt, 2011). In our young 

subjects, galantamine altered connectivity with the hippocampus, thalamus and the fusiform 

gyrus, areas that are involved in learning and memory (Garoff et al., 2005; Van der Werf et 

al., 2000; Wixted and Squire, 2011). ACh release in the primary visual cortex seems to be 

relevant for visual processing and learning (Dotigny et al., 2008; Kang et al., 2014). The 

findings in the young group are therefore consistent with studies that show an essential role 

for cholinergic enhancement in visual attention (Bentley et al., 2004; Bentley et al., 2003), 

visual episodic memory and recall (Goekoop et al., 2004; Goekoop et al., 2006; Gron et al., 

2005), processing of novel faces (Kircher et al., 2005; Rombouts et al., 2002), perceptual 

processing during working memory (Furey et al., 2000) and visual orientation (Murphy and 

Sillito, 1991). The absence of effect in the elderly might point to attenuated activity of the 

cholinergic system, which accompanies the process of normal aging (Muir, 1997). The 

sensitivity of the cholinergic system to aging is emphasized by the detection of clear and very 

similar serotonergic effects on connectivity in both young and older adults. An age 

appropriate decline in cognitive function was also observed in our older group compared to 
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the young subjects by investigating the difference in NeuroCart® performance at baseline 

level (before pharmacological stimulation), as presented in Klaassens et al. (2017b). The 

elderly performed worse on several tests (% correct on the Adaptive Tracking task, reaction 

time on the Symbol Digit Substitution Test, 0-back, 1-back and 2-back task, and number of 

correct responses on the 2-back task), relating to decreased attentional, memory and 

processing speed capacities. Our observations of reduced connectivity alterations after 

galantamine in the older adults seem to confirm the cholinergic hypothesis of cognitive 

decline during aging (Dumas and Newhouse, 2011).  

 

Galantamine’s mean Tmax in the elderly (mean Tmax: 4.52 ± 1.08) occurred significantly later 

than the mean Tmax in the young subjects (mean Tmax: 2.67 ± 1.11). This delay in 

pharmacokinetics might have caused small shifts in the time course of effects, although it is 

unlikely that this affected the overall response over the duration of the experiment, which was 

the basis for all principal analyses and comparisons. Since the Tmax of galantamine was 

within the time frame of measurements for both groups, analyzing a combination of data 

points would be minimally influenced by different PK timing profiles. As the level and 

variability of plasma concentrations, as determined by Cmax and AUC0-last, in the elderly was 

generally similar to those in the younger group, it is implausible that galantamine effects were 

obscured by pharmacokinetic dispersion. Moreover, the rise in plasma cortisol after 

galantamine was larger in elderly than in young subjects, which was particularly noticeable at 

T = 2 and T = 2.5. Because galantamine has been shown to increase cortisol (Cozanitis et 

al., 1980), this indicates that galantamine was absorbed well enough in the older adults to 

induce pharmacodynamic effects. Nevertheless, as described earlier this finding may partly 

influence the observed network effects (Veer et al., 2012; Wu et al., 2015). In addition, 

despite the administration of granisetron, an  increase in nausea, a typical side effect of 

AChEIs (Dunbar et al., 2006), after galantamine in both groups provides further support for 

sufficient drug concentrations in the older adults. AChEIs are commonly used to treat 

cognitive symptoms of Alzheimer’s disease (Tan et al., 2014) and in healthy subjects there is 

little evidence for neuroenhancement with this drug (Lanni et al., 2008). A few studies have 

been performed on AChEI efficacy in subjects without cognitive disturbances, with 

inconclusive and contradicting results in both young and elderly subjects (Beglinger et al., 

2004; Beglinger et al., 2005; Gron et al., 2005; Lanni et al., 2008; Repantis et al., 2010). Two 

measures of the delayed recognition subtest of the Visual Verbal Learning Test, the number 

of correct responses and reaction time, showed a difference between young and older 

subjects with p < 0.05. However, the number of included NeuroCart® tests was large and the 

effects were not clearly related to drug levels. Therefore, this marginal result might likely be 
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due to chance, suggesting that AChEI challenges do not affect cognitive performance 

differently between young and older subjects.  

 

Conclusions 

The outcomes of this study illustrate the use of resting state connectivity to investigate 

different neurotransmitter systems, and how these selectively change with age. The SSRI 

citalopram affected sensorimotor network connectivity in both young and older adults, 

demonstrating that SSRIs consistently reduce the functional integrity of regions that are 

related to motor function and self-reference, regardless of age. The effect of the AChEI 

galantamine was restricted to the young subjects, who showed a response that indicates the 

contribution of acetylcholine to perceptual processing and learning mechanisms. We did not 

observe any network effects in the elderly, possibly reflecting a diminished cholinergic 

system that is associated with an age-appropriate decline in memory and attention. 

Combining RS-fMRI with pharmacological challenges and additional outcome measures 

offers a useful way to investigate age-related functional processes, which is in line with 

Geerligs and Tsvetanov (2017), who recommend to implement an integrative approach in 

studying neurocognitive aging instead of merely using fMRI data. Compared to cognitive 

performance, RS-fMRI seems to serve as a relatively sensitive measure of drug-induced 

functional change. Our findings support the confidence in RS-fMRI as an important tool in 

psychopharmacological research, and its potential to measure disease specific alterations in 

neurotransmission. 
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Table S-1. Summary of group x treatment interaction effects of citalopram and galantamine versus placebo on the NeuroCart® cognitive test battery.
 Least Squares Means Contrasts interaction effects (difference, 95% C.I. , p-value) 

Parameter 

Young 

adults: 

Placebo 

Young 

adults: 

Citalopram 

Young 

adults: 

Galantamine 

Older 

adults: 

Placebo 

Older 

adults: 

Citalopram 

Older 

adults: 

Galantamine 

Young (citalopram vs. placebo)  

vs. older adults 

(citalopram vs. placebo) 

Young (galantamine vs. placebo)  

vs. older adults  

(galantamine vs. placebo) 

VAS Alertness (mm) 50.4 49.4 48.4 51.7 52.0 49.6 1.3 (-2.4, 5.0), p = 0.497 -0.1 (-3.8, 3.6), p = 0.940 

VAS Calmness (mm) 52.1 52.0 53.6 53.2 52.8 52.7 -0.3 (-3.6, 2.9), p = 0.839 -2.0 (-5.3, 1.3), p = 0.230 

VAS Mood (mm) 53.8 53.9 52.0 54.1 51.7 52.8 1.9 (-1.2, 5.0), p = 0.227 -1.1 (-4.3, 2.0), p = 0.482 

VAS Nausea log (mm) 0.36 0.37 0.50 0.30 0.41 0.56 -0.021 (-0.196, 0.155), p = 0.813 -0.002 (-0.176, 0.171), p = 0.977 

Adaptive tracking (%) 21.28 20.09 20.0 19.71 20.26 19.51 1.75 (-0.34, 3.83), p = 0.098 1.08 (-0.99, 3.16), p = 0.296 

Simple reaction time task (sec) 283.43 293.98 286.57 294.29 291.62 296.47 -4.5 (-11.4, 3.0), p = 0.225 -0.4 (-7.5, 7.4), p = 0.922 

Stroop mean RT Incongruent-Congruent (msec) 80.5 108.7 94.0 175.2 154.8 155.4 -48.7 (-108.0, 10.7), p = 0.105 -33.3 (-93.5, 26.9), p = 0.271 

Stroop Correct Congruent-Incongruent 0.1 0.5 0.2 0.6 0.4 0.4 -0.5 (-1.3, 0.2), p = 0.159 -0.3 (-1.0, 0.5), p = 0.495 

SDST Correct Responses 62.7 62.6 62.5 62.4 61.5 61.7 -0.9 (-2.2, 0.5), p = 0.206 -0.5 (-1.8, 0.9), p = 0.491 

SDST Average Reaction Time (msec) 1966.4 2039.1 2037.1 2083.8 2142.8 2194.6 -13.8 (-144.6, 117.0), p = 0.830 40.7 (-91.0, 171.1), p = 0.536 

N-back mean RT 0 back (msec) 412 414 405 478 485 473 5 (-15, 25), p = 0.635 2 (-18, 23), p = 0.812 

N-back mean RT 1 back (msec) 464 464 449 547 544 526 -2 (-37, 33), p = 0.907 -6 (-41, 29), p = 0.737 

N-back mean RT 2 back (msec) 559 568 552 665 654 640 -19 (-89, 52), p = 0.596 -17 (-87, 54), p = 0.633 

N-back correct-incorrect/total 0 back 0.95 0.96 0.95 0.98 0.98 0.96 -0.01 (-0.06, 0.04), p = 0.728 -0.02 (-0.06, 0.03), p = 0.524 

N-back correct-incorrect /total 1 back 0.96 0.96 0.94 0.94 0.93 0.96 -0.01 (-0.07, 0.04), p = 0.568 0.03 (-0.02, 0.09), p = 0.191 

N-back correct-incorrect /total 2 back 0.91 0.91 0.91 0.88 0.82 0.86 -0.06 (-0.14, 0.02), p = 0.140 -0.03 (-0.11, 0.05), p = 0.430 

VVLT Recall 1 correct 11.4 10.7 12 7.2 7.3 6.4 0.8 (-1.6, 3.2), p = 0.497 -1.4 (-3.8, 0.9), p = 0.231 

VVLT Recall 2 correct 16.9 16.8 16.8 10.5 9.7 9.6 -0.7 (-2.8, 1.4), p = 0.511 -0.9 (-3.0, 1.2), p = 0.401 

VVLT Recall 3 correct 19.8 19.9 19.6 12.6 11.2 12.7 -1.4 (-4.2, 1.3), p = 0.301 0.4 (-2.4, 3.2), p = 0.772 

VVLT Delayed Recall correct 18.4 17.0 18.1 7.3 8.2 7.4 2.4 (-0.4, 5.1), p = 0.087 0.4 (-2.3, 3.1), p = 0.774 

VVLT Delayed Recognition correct 25.7 26.3 26.9 23.0 22.2 20.9 -1.3 (-4.3, 1.7), p = 0.380 -3.3 (-6.4, -0.3), p = 0.032 

VVLT Delayed Recognition RT correct (msec) 894.3 860.8 836.3 1017.0 1030.8 1077.6 47.4 (-40.8, 135.6), p = 0.286 118.6 (29.5, 207,8), p = 0.010 
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Abstract 

 

Disruption of cholinergic and serotonergic neurotransmitter systems is associated with 

cognitive, emotional and behavioural symptoms of Alzheimer´s disease (AD). To investigate 

the responsiveness of these systems in AD we measured the effects of a single-dose of the 

selective serotonin reuptake inhibitor citalopram and acetylcholinesterase inhibitor 

galantamine in 12 patients with AD and 12 age-matched controls on functional brain 

connectivity with resting state functional magnetic resonance imaging.  

 

In this randomized, double blind, placebo-controlled crossover study, functional magnetic 

resonance images were repeatedly obtained before and after dosing, resulting in a dataset 

of 432 scans. Connectivity maps of ten functional networks were extracted using a dual 

regression method and drug vs. placebo effects were compared between groups with a 

multivariate analysis with cerebrospinal fluid, white matter, baseline and heart rate 

measurements as confound regressors (at p < 0.05, corrected).  

 

A galantamine induced difference between groups was observed for the cerebellar network. 

Connectivity within the cerebellar network and between this network and the thalamus 

decreased after galantamine vs. placebo in AD patients, but not in elderly controls. For 

citalopram, voxelwise network connectivity did not show significant group x treatment 

interaction effects. However, we found default mode network connectivity with the 

precuneus and posterior cingulate cortex to be increased in AD patients, which could not be 

detected within the control group. Further, in contrast to the AD patients, elderly subjects 

showed a consistent reduction in mean connectivity with all networks after administration of 

citalopram.  

 

Since AD has previously been characterized by reduced connectivity between the default 

mode network and the precuneus and posterior cingulate cortex, the effects of citalopram 

on the default mode network suggest a restoring potential of selective serotonin reuptake 

inhibitors in AD. The results of this study also confirm a change in cerebellar connections in 

AD, which is possibly related to cholinergic decline. 

 

Keywords : Alzheimer’s disease, acetylcholine, serotonin, functional connectivity, resting 

state functional MRI 
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Introduction

In Alzheimer’s disease (AD), destruction of neural tissue leads to loss of cholinergic nuclei in 

the basal forebrain and depleted cholinergic innervation towards the cerebral cortex, 

thalamus and hippocampus (Mesulam and Geula, 1988; Muir, 1997; Schliebs and Arendt, 

2011). Acetylcholinesterase inhibitors (AChEIs) prevent the breakdown of acetylcholine and 

are often used as drug treatment to improve the cognitive symptoms of AD (Pepeu and 

Giovannini, 2009; Soreq and Seidman, 2001). In addition, reduced 5-hydroxytryptamine (5-

HT; serotonin) activity plays a role in the cognitive deterioration (Claeysen et al., 2015; 

Geldenhuys and Van der Schyf, 2011), as well as in behavioural and mood changes that 

frequently accompany AD (Meltzer et al., 1998; Ownby et al., 2006). The cholinergic and 

serotonergic systems act in concert with each other with regard to functions like learning and 

memory (McEntee and Crook, 1991; Richter-Levin and Segal, 1993; Riekkinen et al., 1994), 

further suggesting the involvement of both systems in AD.  

 

Single-dose administration of compounds that inhibit or excite synaptic activity can alter brain 

connectivity during rest, reflecting the responsiveness of neurotransmitter networks and 

related functions (Khalili-Mahani et al., 2015; Kleinloog et al., 2015; Niesters et al., 2014). 

This pharmacological ‘challenge’ technique seems especially relevant for measuring deviant 

functional processes in AD, which is conceived as a disorder of large-scale network 

disconnections (Delbeuck et al., 2003; Seeley et al., 2009). Cholinergic network responses 

that have been studied so far substantiate the assumption that acetylcholine is involved in 

memory, learning and visual perception (Kang et al., 2014; Soreq and Seidman, 2001). A 

cholinergic challenge caused increased connectivity in healthy young subjects with regions 

that are implicated in visual processing, memory and attention (Klaassens et al., 2017a). 

Effects of AChEIs on connectivity in AD patients have only been examined after long-term 

cholinergic treatment, and show enhanced connectivity of the default mode network (DMN) 

and the interrelated hippocampus (Blautzik et al., 2016; Goveas et al., 2011; Griffanti et al., 

2016; Li et al., 2012; Solé-Padullés et al., 2013; Zaidel et al., 2012). Despite the likelihood of 

disrupted serotonin transmission, serotonergic modulation of brain connectivity has not yet 

been studied in AD. Acute or short-term treatment with selective serotonin reuptake inhibitors 

(SSRIs) elicits reduced connectivity of the DMN and several other cortical and subcortical 

areas in healthy subjects (Klaassens et al., 2015; McCabe and Mishor, 2011; McCabe et al., 

2011; Schaefer et al., 2014; Van de Ven et al., 2013; Van Wingen et al., 2014) and patients 

with a major depressive disorder (Li et al., 2013).  
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In this randomized, placebo-controlled, crossover study, we used resting state functional MRI 

(RS-fMRI) to visualize cholinergic and serotonergic neurotransmitter networks in AD patients 

and age-matched controls. We hypothesized that single-dose AChEI and SSRI 

administration changes the functional integrity of neural networks differently in AD patients 

compared to controls, and that the altered connections would mostly apply to regions that are 

susceptible for AD related connectivity change such as the hippocampus, thalamus, 

precuneus and cingulate cortex (Hafkemeijer et al., 2012; Sheline and Raichle, 2013). The 

outcomes of this study will provide fundamental knowledge on biochemical pathology in 

dementia, which might eventually benefit drug development and efficacy in 

neurodegenerative diseases. 
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Materials and methods 

 

Included subjects 

We included 12 patients with mild AD and 12 gender- and age-matched controls. The clinical 

diagnosis of probable AD was established according to the revised criteria of the National 

Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's 

Disease and Related Disorders Association (NINCDS-ADRDA) (McKhann et al., 2011), 

including clinical and neuropsychological assessment. All AD patients participating in this 

study were recently diagnosed and had mild to moderate cognitive deficits with a Mini Mental 

State Examination (MMSE) score of at least 18 (Burns, 1998). Furthermore, they were 

assessed by a physician (i.e. neurologist, geriatrician) as mentally capable of understanding 

the implications of study participation. The elderly subjects who served as controls had an 

MMSE score between 28 and 30 (see Table 1 for demographics). 

 

 

Table 1. Demographics of mild Alzheimer’s disease patients and controls.  

 AD patients  Controls  

n 12 12 

Age (Mean ± SD) 74.0 ± 5.2 73.1 ± 5.2 

Age range 65-81 64-79 

Male/female 6/6 6/6 

MMSE (Mean ± SD) 22.3 ± 2.5 29.3 ± 0.9 

MMSE range 19-28 28-30 

BMI (kg/m2) range 22-30 22-31 

 

 

All subjects underwent a thorough medical screening at the Centre for Human Drug 

Research (CHDR) to investigate whether they met the inclusion and exclusion criteria. They 

had a normal history of physical health and were able to refrain from using nicotine and 

caffeine during study days. Exclusion criteria included positive drug or alcohol screen on 

study days, regular excessive consumption of alcohol (>4 units/day), caffeine (>6 units/day) 

or cigarettes (>5 cigarettes/day), use of concomitant medication 2 weeks prior to study 

participation and involvement in an investigational drug trial 3 months prior to administration. 

The study was approved by the medical ethics committee of the Leiden University Medical 

Center (LUMC). Written informed consent was obtained from each subject prior to study 

participation. 
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Experimental design 

This was a single centre, randomized, double blind, placebo-controlled crossover study with 

citalopram 30 mg and galantamine 8 mg (see Klaassens et al., 2017a). Citalopram has an 

average time point of maximum concentration (Tmax) of 2-4 h, with a half-life (T½) of 36 h. For 

galantamine, Tmax = 1-2 h and T½ = 7-8 h. To correct for the different pharmacokinetic (PK) 

profiles, citalopram 20 mg was administered at T = 0 h, followed by a second dose of 10 mg 

at T = 1 h (if the first dose was tolerated). Galantamine was given as a single 8 mg dose at T 

= 2 h. Blinding was maintained by concomitant administration of double-dummy placebo's at 

all three time points. All subjects received an unblinded dose of granisetron 2 mg at T = -0.5 

h, to prevent the most common drug-induced adverse effects of nausea and vomiting. 

 

Six RS-fMRI scans were acquired during study days, two at baseline and four after 

administering citalopram, galantamine or placebo (at T = 2.5, 3.5, 4.5 and 6 h) (Figure 1). 

Each scan was followed by performance of computerized cognitive tasks (taken twice at 

baseline) on the NeuroCart® test battery, for quantifying pharmacological effects on the CNS 

(Dumont et al., 2005; Gijsman et al., 2002; Liem-Moolenaar et al., 2011). By including 

multiple measurements during the Tmax interval, this repeated measures profile increases the 

statistical power of the analysis and allows for identification of time related effects, 

associated with changing serum concentrations. Nine blood samples were taken during the 

course of the day to define the PK profile of citalopram, citalopram’s active metabolite 

desmethylcitalopram, galantamine and concentrations of cortisol and prolactin (Jacobs et al., 

2010; Umegaki et al., 2009). Washout period between study days was at least 7 days. 

  



113 
 

B
a

s
e

lin
e

T
 0

T
 1

T
 2

T
 2

.5

T
 3

T
 3

.5

T
 4

.5

T
 6

 
 

Figure 1. Schematic overview of a study day.  Each subject received citalopram, galantamine and placebo on 

three different days. At baseline, two RS-fMRI scans were acquired, followed by the NeuroCart® CNS test battery. 

After drug administration, four more RS-fMRI scans were acquired at time points T = 2.5, 3.5, 4.5 and 6 h post 

dosing, each time followed by the NeuroCart® test battery. During the day, nine blood samples were taken to 

measure the concentrations of citalopram, desmethylcitalopram, galantamine, cortisol and prolactin. On each 

study day there were three moments of administration. The second administration only took place when subjects 

tolerated the first dose well (did not vomit or feel too nauseous): 

 

Galantamine study day:  T = 0) placebo   T = 1) placebo   T = 2) galantamine 8 mg 

Citalopram study day:  T = 0) citalopram 20 mg  T = 1) citalopram 10 mg  T = 2) placebo 

Placebo study day:  T = 0) placebo   T = 1) placebo   T = 2) placebo 

 

 

Outcome measures 

Pharmacokinetics 

PK parameters for citalopram, galantamine and citalopram’s active metabolite 

desmethylcitalopram were calculated using a non-compartmental analysis to validate the 

choice of time points of pharmacodynamic endpoints (RS-fMRI, NeuroCart®, 

neuroendocrine measures). Blood samples were collected in 4 mL EDTA plasma tubes at 

baseline and 1, 2, 2.5, 3, 3.5, 4.5 and 6 h post dosing, centrifuged (2000 g for 10 min) and 

stored at -40°C until analysis with liquid chromato graphy-tandem mass spectrometry (LC-

MS/MS). 

 

Neuroendocrine variables 

Blood samples were obtained to determine cortisol and prolactin concentrations. Serum 

samples were taken in a 3.5 mL gel tube at baseline (twice) and 1, 2, 2.5, 3.5, 4.5 and 6 h 

post dosing, centrifuged (2000 g for 10 min) and stored at -40°C until analysis. Se rum 

concentrations were quantitatively determined with electrochemiluminescence 

immunoassay.  

 

NeuroCart ® test battery  

Each RS-fMRI scan was followed by functional CNS measures in a separate room using the 

computerized NeuroCart® test battery measuring alertness, mood and calmness (Visual 

Analogue Scales (VAS) Bond & Lader), nausea (VAS Nausea), vigilance and visual motor 
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performance (Adaptive Tracking task), reaction time (Simple Reaction Time task), attention, 

short-term memory, psychomotor speed, task switching and inhibition (Symbol Digit 

Substitution Test and Stroop task), working memory (N-back task) and memory imprinting 

and retrieval (Visual Verbal Learning Test) (Bond and Lader, 1974; Borland and Nicholson, 

1984; Laeng et al., 2005; Lezak, 2004; Lim et al., 2008; Norris, 1971; Rogers et al., 2004; 

Stroop, 1935; Wechsler, 1981). The Visual Verbal Learning Test was only performed once 

during each day (at 3 and 4 h post dosing) as the test itself consists of different trials 

(imprinting and retrieval). Duration of each series of NeuroCart® brain function tests was 

approximately 20 min. To minimize learning effects, training for the NeuroCart® tasks 

occurred during the screening visit within 3 weeks prior to the first study day. 

 

Imaging 

Scanning was performed at the LUMC on a Philips 3.0 Tesla Achieva MRI scanner (Philips 

Medical System, Best, The Netherlands) using a 32-channel head coil. All subjects were 

asked to close their eyes while staying awake prior to each RS-fMRI session on all study 

days. T1-weighted anatomical images were acquired once per visit. To facilitate registration 

to the anatomical image, each RS-fMRI scan was followed by a high-resolution T2*-

weighted echo-planar scan. 

 

RS-fMRI data were obtained with T2*-weighted echo-planar imaging (EPI) with the 

following scan parameters: 220 whole brain volumes, repetition time (TR) = 2180 ms; echo 

echo time (TE) = 30 ms; flip angle = 85o; field-of-view (FOV) = 220 x 220 x 130 mm; in-

plane voxel resolution = 3.44 x 3.44 mm, slice thickness = 3.44 mm, including 10% 

interslice gap; acquisition time 8 min. For 3D T1-weighted MRI the following parameters 

were used: TR = 9.7 ms; TE = 4.6 ms; flip angle = 8o; FOV = 224 x 177 x 168 mm; in-plane 

voxel resolution = 1.17 x 1.17 mm; slice thickness = 1.2 mm; acquisition time 5 min. 

Parameters of high-resolution T2*-weighted EPI scans were set to: TR = 2200 ms; TE = 30 

ms; flip angle = 80o; FOV = 220 x 220 x 168 mm; in-plane voxel resolution = 1.96 x 1.96 

mm; slice thickness = 2.0 mm; acquisition time 30 sec.  

 

Statistical analysis 

Pharmacokinetics 

Maximum plasma concentrations (Cmax) and time of Cmax (Tmax) were obtained directly from 

the plasma concentration data. The area under the plasma concentration vs. time curve 

was calculated from time zero to the time of the last quantifiable measured plasma 

concentration (AUC0-last). To investigate differences between groups, PK parameters were 
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analysed using a mixed effects model with group as fixed effect (SAS for Windows V9.4; 

SAS Institute, Inc., Cary, NC, USA). 

 

Neuroendocrine variables and NeuroCart ® test battery  

Treatment (drug vs. placebo) x group (AD patients vs. elderly controls) interaction effects 

on cortisol and prolactin concentrations and Neurocart® measures were investigated using 

a mixed effects model with treatment, time, group, visit, treatment by time, treatment by 

group and treatment by group by time as fixed effects, subject, subject by treatment and 

subject by time as random effects and the average of the period baseline (pre-dose) values 

as covariate (SAS for Windows V9.4; SAS Institute, Inc., Cary, NC, USA). The 

neuroendocrine data and data of the Simple Reaction Time task were not normally 

distributed and therefore log-transformed before analysis and back transformed after 

analysis. The data of the Visual Verbal Learning Test were analysed using a mixed effects 

model with treatment, group, visit and treatment by group as fixed effects and subject as 

random effect. 

 

Imaging 

All fMRI analyses were performed using the Functional Magnetic Resonance Imaging of the 

Brain (FMRIB) Software Library (FSL, Oxford, United Kingdom) version 5.0.7 (Jenkinson et 

al., 2012; Smith et al., 2004; Woolrich et al., 2009). 

 

Data preprocessing 

Each individual functional EPI image was inspected, brain-extracted and corrected for 

geometrical displacements due to head movement with linear (affine) image registration 

(Jenkinson et al., 2002; Smith, 2002). Images were spatially smoothed with a 6 mm full-

width half-maximum Gaussian kernel. Registration parameters for non-smoothed data were 

estimated to transform fMRI scans into standard space and co-registered with the brain 

extracted high resolution T2*-weighted EPI scans (with 6 degrees of freedom) and T1 

weighted images (using the Boundary-Based-Registration method) (Greve and Fischl, 

2009). The T1-weighted scans were non-linearly registered to the MNI 152 standard space 

(the Montreal Neurological Institute, Montreal, QC, Canada) using FMRIB's Non-linear 

Image Registration Tool. Registration parameters were estimated on non-smoothed data to 

transform fMRI scans into standard space after Automatic Removal of Motion Artifacts 

based on Independent Component Analysis (ICA-AROMA vs0.3-beta). ICA-AROMA 

attempts to identify and remove motion related noise components by investigating its 

temporal and spatial properties. As recommended, high pass temporal filtering (with a high 
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pass filter of 150 s) was applied after denoising the fMRI data with ICA-AROMA (Pruim et 

al., 2015a; Pruim et al., 2015b).  

 

Estimation of network connectivity 

RS-fMRI networks were extracted from each individual denoised RS-fMRI dataset (24 

subjects x 3 days x 6 scans = 432 datasets) with a dual regression analysis (Beckmann et 

al., 2009; Filippini et al., 2009) based on 10 predefined standard network templates 

(Klaassens et al., 2017a; Klaassens et al., 2015). These standard templates have been 

identified using a data-driven approach (Smith et al., 2009) and comprise the following 

networks: three visual networks (consisting of medial, occipital pole, and lateral visual 

areas), default mode network, cerebellar network, sensorimotor network, auditory network, 

executive control network and left and right frontoparietal networks. Time series of white 

matter, measured from the centre of the corpus callosum, and CSF, measured from the 

centre of the lateral ventricles, were added as confound regressors in this analysis to 

account for non-neuronal signal fluctuations (Birn, 2012).  

 

With the dual regression method, spatial maps representing voxel-to-network connectivity 

were estimated for each dataset separately in two stages and used for higher level 

analysis. First, the weighted network maps were used in a spatial regression into each 

dataset. This stage generated 12 time series per dataset that describe the average 

temporal course of signal fluctuations of the 10 networks plus 2 confound regressors (CSF 

and white matter). Next, these time series were entered in a temporal regression into the 

same dataset, resulting in a spatial map per network per dataset with regression 

coefficients referring to the weight of each voxel being associated with the characteristic 

signal change of a specific network. The higher the value of the coefficient, the stronger the 

connectivity of this voxel with a given network.  

 

For an overall impression of connectivity alterations during study days, mean z-values of 

these regression coefficients within networks were calculated for each group and study day 

separately. By comparing the average of the four post measurements with the average of 

the two baseline measurements it was semi-quantitatively inspected how the average 

connectivity within each network changed (increased vs. decreased) during study days. 

Fisher’s exact test was applied to investigate differences between groups in the number of 

networks with a specific direction of this global connectivity change. 
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Higher level analysis 

Local group x treatment interaction effects of citalopram and galantamine were investigated 

with non-parametric combination (NPC) as provided by FSL’s Permutation Analysis for 

Linear Models tool (PALM vs94-alpha) (Pesarin, 1990; Winkler et al., 2014; Winkler et al., 

2016b). NPC is a multivariate method that offers the possibility to combine data of separate, 

possibly non-independent tests, such as our multiple time points, and investigate the 

presence of joint effects across time points, in a test that has fewer assumptions and is 

more powerful than repeated-measurements ANOVA or multivariate ANOVA (MANOVA).  

 

First, tests were performed for each time point using 1000 synchronized permutations, 

followed by the fit of a generalized Pareto distribution to the tail of the approximation 

distribution, thus refining the P-values at the tail further than otherwise possible with a small 

number of permutations (Winkler et al., 2016a). More specifically, to investigate group x 

treatment interaction effects on voxelwise functional connectivity with each of the 10 

functional networks, four two-sample t-tests (AD patients: drug - placebo vs. controls: drug - 

placebo) were performed for all post-dose time points (T = 2.5, 3.5, 4.5 and 6 h), with 

average heart rate (beats/m) per RS-fMRI scan as confound regressor (Khalili-Mahani et 

al., 2013). The average of the two baseline RS-fMRI scans was used as covariate as well, 

by adding the coefficient spatial map as a voxel-dependent regressor in the model. This will 

control for the confounding influence of possibly systematic individual differences and group 

differences at baseline level as recently analysed and described in Klaassens et al. 

(2017b). The same method was applied for additional investigation of treatment effects 

(drug vs. placebo) on the DMN within the group of AD patients and within the control group 

as was previously done for a group of young adults (Klaassens et al., 2017a). To that end, 

four one-sample t-tests (drug vs. placebo) were performed for all post-dose time points (T = 

2.5, 3.5, 4.5 and 6 h), with average heart rate (beats/m) per RS-fMRI scan as confound 

regressor.  

 

Second, to analyse effects across time, the tests for the four time points were combined 

non-parametrically via NPC using Fisher’s combining function (Fisher, 1932) and the same 

set of synchronized permutations as mentioned above. A liberal mask was used to 

investigate voxels within the MNI template, excluding voxels belonging to CSF. Threshold-

free cluster enhancement was applied to the tests at each time point and after the 

combination, and the resulting voxelwise statistical maps were corrected for the familywise 

error rate using the distribution of the maximum statistic (Smith and Nichols, 2009; Winkler 

et al., 2014). Voxels were considered significant at p < 0.05, corrected. 
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Results 

 

Pharmacokinetics 

PK parameters (Tmax, Cmax and AUC0-last) in AD patients and elderly controls are summarized 

in Table 2. There were no PK differences between AD patients and controls. Figure 2 shows 

the individual and median citalopram and galantamine PK time profiles. 

 

 
 

Figure 2.  Pharmacokinetic profiles.  Median (red line) and individual (black lines) PK profiles for citalopram (left) 

and galantamine (right) concentrations in Alzheimer’s disease patients (a) and controls (b). Vertical bars illustrate 

the timing of RS-fMRI acquisition post drug administration. Observations below limit of quantification were 

dismissed.
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Table 2. Pharmacokinetics of citalopram, desmethylcitalopram and galantamine in Alzheimer’s disease patients and controls. 

Abbreviations: AD = Alzheimer’s disease; PK = pharmacokinetic; Tmax = time point (h) of maximum concentration; Cmax = maximum concentration (ng/mL); AUC0-last = area 

under the plasma concentration versus time curve (ng*h/mL). 

 

 

Citalopram  Desmethylcitalopram  Galantamine  

Mean ± SD Contrasts 

(P-value) 

Mean ± SD Contrasts 

(P-value) 

Mean ± SD Contrasts 

(P-value) PK parameters  AD patients  Controls  AD patients  Controls  AD patients  Controls  

Tmax 3.6 ± 1.2 3.4 ± 1.1 0.527 4.3 ± 1.4 4.0 ± 1.3 0.49 1 5.0 ± 0.9 4.5 ± 1.1 0.306 

Cmax 38.8 ± 4.5 41.8 ± 11.7 0.147 3.0 ± 1.3 3.5 ± 1.8 0 .395 36.4 ± 8.0 41.8 ± 12.2 0.324 

AUC0-last 153.0 ± 19.0 165.0 ± 43.6 0.150 11.1 ± 5.3 13.3 ± 7.1 0.366 84.7 ± 35.7 104.0 ± 40.2 0.151 



120 
 

Neuroendocrine variables and NeuroCart ® test battery 

There were no significant group x treatment interaction effects of citalopram and galantamine 

on cortisol and prolactin. See Supplementary Figure 1 for cortisol and prolactin levels in AD 

patients and controls. For an overview of all NeuroCart® results, we refer the reader to 

Supplementary Table 1. No significant group x treatment interaction effects were observed 

for citalopram or galantamine. 

 

Imaging 

Global connectivity changes  

Calculations of the pre and post treatment average connectivity (mean z-values) per network, 

group and treatment are summarized in Table 3. Delta scores show that on placebo days 

connectivity reduced from pre to post measurement for 6 of the 10 networks in patients with 

AD and for 4 of the 10 networks in elderly controls. Fisher’s exact test did not lead to a 

significant difference in prevalence in number of networks that showed a decrease in 

average connectivity (6/10 vs. 4/10). 

 

Table 3 also presents the pre-post changes in global connectivity during treatment days. The 

diurnal patterns of network alterations after galantamine administration were similar between 

groups as well. The prevalence in number of networks that showed a decrease in 

connectivity in elderly controls (3/10) vs. patients with AD (7/10) did not lead to a significant 

difference. 

 

In contrast to placebo and galantamine study days, group differences were observed during 

citalopram occasions. After citalopram administration, reduced connectivity was consistently 

observed for all 10 networks in elderly controls, but only in 4 out of 10 networks in patients 

with AD. A prevalence of 10/10 vs. 4/10 networks that showed a decrease in connectivity 

was tested significant (p < 0.05). 
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 Table 3. Mean z-scores within networks per group, per treatment, pre (average of 2 baseline measurements) and post (average of 4 

measurements) drug administration, and delta scores of the difference between pre and post measurements. 

Group  AD patients  Controls  

Treatment  Placebo  Citalopram  Galantamine  Placebo  Citalopram  Galantamine  

Measurement  pre  post  ∆ pre  post  ∆ pre  post  ∆ pre  post  ∆ pre  post  ∆ pre  post  ∆ 

Visual network (medial)  7.13 7.07 -0.06 6.78 7.27 0.49 6.06 6.38 0.32 4.58 5.71 1.13 5.64 4.92 -0.72 4.97 4.32 -0.65 

Visual network (occipital)  5.18 5.40 0.22 4.82 5.56 0.74 4.77 4.72 -0.05 3.69 4.25 0.56 4.50 4.35 -0.15 4.03 3.74 -0.29 

Visual network (lateral)  4.64 4.81 0.17 4.57 4.96 0.39 4.32 4.16 -0.16 3.82 4.13 0.31 4.57 4.14 -0.43 3.51 3.91 0.4 

Default mode network  6.66 5.91 -0.75 6.42 6.55 0.13 6.76 6.20 -0.56 6.82 6.59 -0.23 6.98 6.70 -0.28 6.93 6.29 -0.64 

Cerebellar network  3.55 3.94 0.39 3.01 3.61 0.6 3.11 2.85 -0.26 3.50 2.87 -0.63 2.83 2.78 -0.05 2.69 3.03 0.34 

Sensorimotor network  4.23 4.71 0.48 4.68 4.46 -0.22 4.01 4.32 0.31 3.92 4.04 0.12 4.56 3.54 -1.02 3.72 3.69 -0.03 

Auditory network  4.60 4.34 -0.26 4.27 4.29 0.02 4.36 4.24 -0.12 4.20 4.27 0.07 4.75 4.07 -0.68 4.28 4.01 -0.27 

Executive control network  4.61 4.09 -0.52 4.42 3.80 -0.62 3.63 4.06 0.43 3.74 4.11 0.37 3.98 3.50 -0.48 3.67 3.96 0.29 

Frontoparietal network right  4.55 4.38 -0.17 4.59 4.27 -0.32 4.62 3.96 -0.66 4.83 4.29 -0.54 4.82 4.61 -0.21 5.17 4.48 -0.69 

Frontoparietal network left  4.94 4.18 -0.76 4.60 4.35 -0.25 4.78 4.57 -0.21 5.12 4.87 -0.25 5.45 5.21 -0.24 5.60 5.15 -0.45 



122 
 

Local differences in drug effects between AD patien ts and controls 

A significant group x treatment interaction effect of galantamine was found for connectivity 

within the cerebellar network (see Table 4 for specifications and extent of significant effects). 

In AD patients, galantamine induced a decrease in connectivity of the cerebellar network with 

the cerebellum, thalamus and brain stem (interaction and main effects are shown in Figure 

3). In controls, galantamine did not induce connectivity alterations with the cerebellar 

network. 

 

 

 

There were no significant differences in network effects of citalopram vs. placebo between 

AD patients and elderly controls. Within-group analyses showed that citalopram significantly 

increased connectivity between the DMN and precuneus/posterior cingulate cortex (PCC) 

Figure 3.  Galantamine effects on 

functional network connectivity.  A 

different effect on connectivity in 

Alzheimer’s disease patients compared to 

elderly controls after galantamine vs. 

placebo within the cerebellar network 

(shown in green) for regions as shown in 

blue (top). The included plot visualizes the 

corresponding average time profiles of 

changes in functional connectivity per 

group for galantamine - placebo conditions 

(delta z-values with standard errors of the 

mean as error bars). The 3D images 

(bottom) show main galantamine effects 

per group. In Alzheimer’s disease patients 

connectivity between the cerebellar 

network (green) and regions in blue was 

decreased, whereas no effect was found 

within the group of elderly. Coronal and 

axial slices are displayed in radiological 

convention (left = right). 
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compared to placebo in AD patients, but not in controls (Figure 4). Table 4 shows 

specifications and extent of significant effects. 

 

 
 

Figure 4.  Citalopram effects on functional network connectivi ty.  Increased connectivity in Alzheimer’s 

disease patients after citalopram vs. placebo was observed within the DMN (shown in green) for the 

precuneus/PCC (shown in red). The plot visualizes the corresponding average time profiles of changes in 

functional connectivity for citalopram (dotted line) and placebo (continuous line) conditions (z-values with standard 

errors of the mean as error bars). Coronal and axial slices are displayed in radiological convention (left = right). 
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Table 4. Overview of significant citalopram and galantamine effects on functional connectivity as estimated with threshold-free cluster 

enhancement (P < 0.05, corrected). 

Network effect  Region (Harvard -Oxford or Cerebellar atlas)  z* x y z # voxels  

Cerebellar network  R Cerebellum (lobules I-VI) 4.25 20 -42 -38 414 

(galantamine: AD patients > controls)  L Cerebellum (lobule VI) 3.91 -26 -48 -34 106 

 R Cerebellum (crus I and II) 3.91 20 -84 -26 9 

Cerebellar network  

(AD patients: galantamine > placebo)  

R Cerebellum (lobules I-VI, IX, crus I), middle and inferior temporal gyrus, fusiform gyrus, 

temporal occipital fusiform cortex, parahippocampal gyrus 

4.22 50 -34 -10 3108 

 L Cerebellum (lobules IX, V, VI, crus I) 3.95 -12 -56 -34 540 

 L Thalamus 4.00 -12 -12 6 168 

 R Inferior frontal gyrus, pars opercularis; precentral gyrus 4.50 36 14 22 110 

 M Brain stem 3.66 -4 -26 -24 66 

 L Thalamus, brain stem 4.08 -8 -30 -2 22 

 R Thalamus 4.03 18 -8 10 7 

 L Cerebellum (lobule VIIb, crus II) 2.85 -26 -72 -50 6 

 R Caudate 4.05 16 10 4 1 

Default mode network  

(AD patients: citalopram > placebo)  

L/R/M Precuneus, PCC 4.34 -6 -72 -26 685 

R Intracalcarine cortex, precuneus 3.54 4 -64 14 153 

Abbreviations: AD = Alzheimer’s disease; L = left; R = right; M = midline; PCC = posterior cingulate cortex. Voxel dimension = 2 mm x 2 mm x 2 mm (voxel 

volume 0.008 mL). * = standardized z-value of the uncorrected peak Fisher-statistic (NPC) within regions. 



125 
 

Discussion 

 

We investigated functional network alterations after a serotonergic and cholinergic challenge 

to gain insight into disruptions of neurotransmitter pathways in AD. Comparing AD patients 

with controls, we found a significant group x treatment interaction effect after administration 

of the AChEI galantamine on cerebellar network connectivity. Galantamine induced a local 

decrease in cerebellar connectivity in AD patients, but not in controls. The SSRI citalopram 

did not alter regional connectivity differently between groups. However, after citalopram 

intake, the observed overall effect of lowered connectivity among all networks in controls was 

absent in AD. In addition, although there was no local interaction effect, a citalopram 

intensified DMN-precuneus/PCC connection was only observed in the AD group. To 

guarantee appropriate comparison between groups, PK properties and neuroendocrine 

effects of both compounds were investigated as well, and reassuring of equal absorption 

rates and hormone fluctuations (Seifritz et al., 1996), that might otherwise have led to 

spurious group x treatment interactions. 

 

Galantamine effects 

This study is the first to investigate single-dose galantamine effects on resting state 

functional connectivity in AD, providing novel information on acute cholinergic alterations of 

related neural circuits that might underlie the cognitive improvements during chronic 

treatment. Acute AChEI administration usually does not lead to cognitive enhancement in 

healthy subjects or AD (Lanctot et al., 2003; Repantis et al., 2010). Correspondingly, we did 

not find convincing effects of galantamine on any NeuroCart® task. However, galantamine did 

result in a diminished cerebellar network response in AD patients compared to elderly 

controls. Most studies in the literature describe enhanced resting state connectivity after 

AChEI intake in AD patients (Blautzik et al., 2016; Goveas et al., 2011; Griffanti et al., 2016; 

Li et al., 2012; Solé-Padullés et al., 2013; Zaidel et al., 2012). Contrary to our single-dose 

administration these studies all pertain to long-term cholinergic treatment. It is possible that 

neuroplasticity and modulation of cholinergic pathways over a longer period of AChEI 

treatment result in opposite findings. For example, increases in posterior DMN connectivity of 

AD patients as described by Blautzik et al. (2016) were prevalent after 12 but not after 6 

months of galantamine treatment, which was interpreted as indicating an insufficient time 

delay of 6 months to measure cholinergic effects. Solé-Padullés et al. (2013) demonstrated 

significant increased DMN connectivity with the right-hemispheric parahippocampal gyrus in 

treated compared to untreated AD patients after 12 weeks of AChEI treatment but were not 

able to find longitudinal effects on connectivity with the DMN within treated patients. Of their 
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8 treated subjects, 5 even showed stable or increased connectivity when they used this area 

as region of interest.  

 

Galantamine and the cerebellar network 

The reduction of cerebellar-thalamic connectivity in patients with AD was partly due to an 

increase in cerebellar connectivity after placebo as opposed to a decrease after galantamine. 

This observation underlines the importance of implementing a placebo-controlled design to 

investigate drug effects in comparison to diurnal fluctuations that are observed on placebo 

days and, as is the case for the cerebellar network, might show opposite patterns. Similarly, 

we found the average cerebellar network connectivity to decrease after placebo and to 

increase after galantamine administration. The average change in global cerebellar network 

connectivity during placebo days in the control group also indicates a normalizing effect of 

galantamine in AD patients, since the mean connectivity after galantamine in patients (mean 

z = 2.85) equals the mean connectivity after placebo days in controls (mean z = 2.87) instead 

of after placebo in patients with AD (mean z = 3.94).  

 

It is increasingly recognized that the cerebellum is involved in cognitive and affective 

processes that are affected in neurodegenerative diseases (Colloby et al., 2014; Samson 

and Claassen, 2017; Thomann et al., 2008). Certain parts of the cerebellum have extensive 

fibre connections with specific cerebral areas (Buckner et al., 2011; Glickstein and Doron, 

2008) and previous studies have demonstrated robust structural cerebellar-cortical atrophy 

connections (Guo et al., 2016) and lower functional connectivity within a network consisting 

of the basal ganglia and cerebellum (Binnewijzend et al., 2012) in dementia. It has also been 

suggested that the cerebellum contributes to the DMN, salience and executive control 

networks, indicating that cortico-cerebellar pathways are involved in executive and salience 

functioning, episodic memory and self-reflection (Habas et al., 2009), and might therefore 

play a role in symptoms as seen in AD.  

 

The results of our study imply that a relation exists between cholinergic pathways and 

cerebellar connections in AD. Despite a lack of dense cholinergic innervation of the 

mammalian cerebellum, the cerebellum is known as a region with high acetylcholinesterase 

activity and acetylcholine seems to excite the cerebellum’s muscarinic Purkinje cells and 

mossy fibres that are rich in choline acetyltransferase (Atack et al., 1986; Iyo et al., 1997; 

Jaarsma et al., 1996; Jaarsma et al., 1997; Kwong et al., 2000; McCance and Phillis, 1968; 

Mount et al., 1994). The observed depletion of dendritic Purkinje neurons in AD (Mavroudis 

et al., 2010) possibly accounts for altered cholinergic projections after galantamine as shown 

in our study, which is also supported by delayed loss of Purkinje cells after AChEI treatment 
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(Mount et al., 1994; Seo et al., 2014). Apart from cortical cholinergic input originating in the 

nucleus basalis of Meynert, a prominent cholinergic cell group in the brain stem projects 

towards the thalamus (Heckers et al., 1992; McCance et al., 1968). The thalamus receives 

input from cerebellar nuclei, which in turn sends signals to all association areas of the 

cerebrum, including the prefrontal cortex (Palesi et al., 2015). In line with these pathways the 

observed decreased functional connections between the cerebellum, thalamus and brain 

stem in our mild Alzheimer’s disease group might represent diminished cholinergic 

trajectories in AD, which may be related to neuronal loss (Guo et al., 2016). 

 

Citalopram effects on cognitive functions 

We did not find any citalopram induced network differences between patients with AD and 

controls. Likewise, citalopram did not affect any behavioural or cognitive state as measured 

with the NeuroCart® battery differently between both groups. SSRIs are traditionally not used 

as medication for cognitive symptoms, but have been proposed to treat emotional 

disturbances and agitation which in many AD patients are an integral part of the disease 

(Leonpacher et al., 2016; Nyth and Gottfries, 1990; Porsteinsson et al., 2014). The included 

participants, motivated to comply to our intensive study program, were perhaps not 

representative of patients with AD with additional neuropsychiatric impairment, lowering the 

chance on a differentiated responsiveness of their serotonergic systems. Potentially, 5-HT 

hypofunction is also involved in cognitive disturbances of AD, although studies on the effect 

of SSRI administration on these aspects in AD patients are scarce (Schmitt et al., 2006). 

Combining AChEI treatment with an SSRI seems to improve global cognitive functioning in 

AD compared to AChEI treatment alone (Mowla, 2009), indicating a beneficial interaction 

between cholinergic and serotonergic stimulation, which is in line with observations on the 

receptor level (Buhot et al., 2000). At any rate, our findings confirm the limited cognitive 

effects of single-dose SSRI administration (Dumont et al., 2005; Vanlaar et al., 1995). A 

slight worsening of performance on two subtests of the N-back in the elderly was most likely 

due to chance. It may also be a reflection of a non-linear dose-response, as small immediate 

memory improvements are most consistently observed in a low (therapeutic) dose range of 

SSRIs (Dumont et al., 2005). 

 

Connectivity change after citalopram 

Since single-dose serotonergic stimulation in non-AD subjects mainly shows effects on DMN 

connectivity, and DMN coherence is most often found to be altered in Alzheimer’s disease, 

we examined drug effects on DMN connectivity within each group separately. An increase in 

DMN-precuneus/PCC connectivity after citalopram was found in the AD group which could 

not be detected within the group of elderly subjects. We also observed a significant 
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difference between AD patients and controls in the number of networks that showed a 

decrease vs. increase in connectivity after citalopram. The control group showed a reduction 

in connectivity after citalopram compared to baseline for all 10 networks, whereas this was 

only the case for 4 networks in the AD group. It is remarkable that we found this global 

connectivity to be enhanced after serotonergic stimulation in AD because previous studies 

almost uniformly show diminished network coherence after SSRI administration in healthy 

(Klaassens et al., 2017a; Klaassens et al., 2015; McCabe and Mishor, 2011; McCabe et al., 

2011; Schaefer et al., 2014; Van Wingen et al., 2014) and depressed subjects (Li et al., 

2013).  

 

Notably, depression is mainly characterized by increased connectivity (Sundermann et al., 

2014), which may explain a lowering in connectivity after SSRI intake as antidepressant 

effect. AD however, is defined by decreased DMN-precuneus/PCC connectivity 

(Binnewijzend et al., 2012; Damoiseaux et al., 2012; Sheline et al., 2010a; Tahmasian et al., 

2015). The precuneus and PCC, both part of the DMN, are specifically implicated in 

symptomatology of AD such as impaired episodic memory retrieval, self-consciousness and 

visual-spatial imagery (Cavanna and Trimble, 2006; Karas et al., 2007; Rombouts et al., 

2005; Sperling et al., 2010; Zhang and Li, 2012) and opposite findings after pharmacological 

enhancement in this study might therefore be regarded as beneficial neurochemical effects in 

AD. Our observations are concordant with the effects of memantine, an N-methyl-d-aspartate 

(NMDA) receptor antagonist, which is used to treat moderate and severe cases of AD. 

Similar to our results, memantine has been shown to strengthen connectivity of the DMN with 

the precuneus in AD, which was interpreted as representing regularization of glutamatic 

levels that, in effect, leads to increased brain metabolic activity (Lorenzi et al., 2011). 

Although evidence on the efficacy of SSRIs as a treatment for cognitive symptoms of 

dementia is limited, several studies have demonstrated that serotonin might be an important 

target of pharmacological intervention. The serotonin antagonist and reuptake inhibitor 

trazodone hydrochloride has recently been discovered as a potential new disease-modifying 

treatment for dementia by arresting the unfolded protein response, and thereby 

neurodegenerative cell loss, in mice (Halliday et al., 2017). Another promising feature of 

SSRIs is the ability to suppress generation of beta amyloid in CSF of mice and human 

volunteers (Sheline et al., 2014), which implies the potential to prevent accumulation of beta 

amyloid, which has also been found in the precuneus of AD patients (Mintun et al., 2006). 

 

Conclusions 

Whether serotonin dysregulation in AD mostly contributes to behavioural or cognitive 

symptoms, or both, has yet to be sorted out. The absence of group x treatment interaction 
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effects after administering citalopram points to relatively similar serotonergic systems in AD 

patients and controls. Nevertheless, our results suggest that SSRI administration has an 

enhancing effect on DMN-precuneus/PCC connectivity, which has been shown to be 

decreased in AD (Hafkemeijer et al., 2012). This opposite finding indicates that SSRIs might 

have an improving effect on memory, self-referential processes and/or visual-spatial 

functions. We also confirm the significance of a cerebellar network in AD (Guo et al., 2016), 

that has been largely neglected within dementia research, but might be an important 

component associated with cholinergic decline. A challenge for the future is to unravel how 

the acute response to these compounds develops over a longer treatment period and if this 

response could be predictive for treatment efficacy in AD. 
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Chapter 7 

 

Summary 

 

The purpose of this thesis was to investigate the brain´s serotonergic and cholinergic 

systems, and the way these are altered in older age and AD. The effects of pharmacological 

challenges on functional brain networks as measured with resting state fMRI (RS-fMRI) may 

provide us more insight into neurotransmitter pathways and mechanisms of action of drugs 

that selectively act on the central nervous system (CNS). In addition, it was examined how 

functional brain connections change in aging and AD. By comparing network connectivity 

and the pharmacological response of this measure between healthy young and older 

subjects and patients with AD, we aimed to improve knowledge on the decay of brain 

function and neurotransmission associated with normal aging and AD. Better understanding 

of these (patho)physiological systems is of substantial importance considering the ongoing 

increase in life expectancy and AD incidence (Alzheimer's Association, 2017; Mathers et al., 

2015). 

 

In the first part of this thesis we explored the responsiveness of brain connectivity to a single-

dose of the selective serotonin reuptake inhibitors (SSRIs) sertraline and citalopram and the 

cholinesterase inhibitor (AChEI) galantamine, and its sensitivity compared to other outcome 

measures in healthy young volunteers. In the second part we studied functional connections 

and neurotransmitter systems in old age and AD. It was examined how age-related 

connectivity changes compare to changes as found in AD, and whether these are dependent 

of structural atrophy. We thereafter investigated if network alterations after modulation with 

citalopram and galantamine differ between young and elderly subjects, and between elderly 

controls and patients with AD. The present chapter provides a summary and discussion of 

the main findings of the included studies and recommendations for future research. 

 

In chapter 2  the effects of a serotonergic challenge compared to placebo on whole-brain 

connectivity were measured in healthy young subjects. The single-dose administration of the 

SSRI sertraline caused large-scale connectivity alterations with multiple networks: the default 

mode network (DMN), the executive control network, the lateral, occipital and medial visual 

networks, the sensorimotor network and the auditory network. Regions that were most 

consistently affected among these network changes were the precuneus and anterior and 

posterior cingulate cortex (ACC and PCC). Sertraline did not alter cognitive or subjective 

measures that were taken by means of computerized cognitive tests and visual analogue 
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scales to examine changes in mood, alertness, calmness, memory, emotional processing, 

executive functioning and reaction time. The results of this study demonstrate the 

widespread nature of the serotonergic system, its involvement in regions and networks that 

relate to emotional and sensory processing and motor control, and the sensitivity of RS-fMRI 

to a serotonergic challenge. 

 

In chapter 3  we assessed the acute effects of the SSRI citalopram and the AChEI 

galantamine vs. placebo on brain connectivity in young subjects. Citalopram mainly resulted 

in decreased connectivity within and between the sensorimotor network and areas that 

belong to the DMN. Galantamine enhanced network connectivity of the medial visual network 

with regions as the fusiform gyrus, hippocampus, PCC and thalamus. There were no 

significant treatment effects on cognitive test performance or subjective states. Citalopram 

effects showed a clear overlap with those of sertraline and indicate that serotonin might be 

related to motor behavior and self-referential mechanisms. Connectivity alterations due to 

galantamine point to a role of acetylcholine in visual processing, learning and memory. 

These findings further support the use of RS-fMRI as a specific and sensitive method to 

measure pharmacological challenge effects. 

 

Differences in functional network connectivity between young and elderly subjects and 

patients with AD were investigated in chapter 4 . It was concluded that differences between 

young and older adults are considerably larger than between AD patients and elderly 

controls. Both comparisons point to reduced brain connectivity in old age and AD. Older age 

was associated with widespread diminished connectivity with nine of the ten investigated 

functional networks. In AD patients compared to controls, the DMN was the only network that 

showed reduced connectivity. When the results were corrected for regional gray matter 

volume, the effects were maintained but markedly attenuated (showing 58-65% loss in 

number of voxels with a significant effect). The findings suggest that decreased DMN-

precuneus/PCC connectivity, known to be related to visuospatial functioning, episodic 

memory and self-consciousness, may act as a marker of AD. 

 

In chapter 5 , the effects of serotonergic and cholinergic challenges on network connectivity 

were compared between young and older adults. We showed that the SSRI citalopram 

reduced sensorimotor network connectivity in both young and elderly subjects. Although this 

decrease in connectivity was more abundant in the young subject group, citalopram did not 

lead to a significant group x treatment interaction effect. The drug-induced network response 

to galantamine was significantly diminished in elderly compared to young subjects. Whereas 

the young subjects showed increased connectivity as described in chapter 3, we did not find 
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any network alterations in the elderly. There were no notable differences between groups in 

effect on subjective and cognitive functioning. The results indicate that older age is 

accompanied by a relatively unaltered serotonergic system and a decline in cholinergic 

neurotransmission. 

 

Differential effects of serotonergic and cholinergic modulation in AD patients and controls 

were examined in chapter 6 . There were no significant differences between groups in 

citalopram effects on network connectivity, although the observed effect on the sensorimotor 

networks as found in the elderly subjects did not reach significance in the AD group. Further, 

a citalopram-induced increase in DMN-precuneus/PCC connectivity was observed in AD 

patients, but not within the group of elderly controls. A significant difference after cholinergic 

enhancement was found between groups in connectivity with the cerebellar network. 

Galantamine did not alter functional connectivity in the elderly subjects, but reduced 

connectivity within the cerebellar network and in relation to the thalamus and brain stem in 

AD patients. The results did not reveal any convincing group x treatment interaction effects 

on cognitive and subjective measures. These findings suggest that serotonergic 

enhancement might reverse reduced DMN-precuneus/PCC connectivity as seen in AD. The 

effects of galantamine point to involvement of cerebellar connections in cholinergic system 

alterations in AD. 

 

General discussion 

 

We showed that neuromodulatory effects on brain connectivity were most noticeable in 

healthy young subjects. Further, although the effect of older age on network connectivity 

(without pharmacological stimulation) was substantial, the differences in connectivity 

between AD patients and controls were limited. Whereas the network response to 

serotonergic stimulation was not significantly different between young and older adults and 

patients with AD, cholinergic enhancement induced a differential response in both elderly 

and AD patients, which might relate to the cholinergic hypothesis stating that the decay of the 

cholinergic system plays a role in the cognitive decline in aging and AD (Dumas and 

Newhouse, 2011). The findings of this thesis indicate that RS-fMRI offers a sensitive method 

to investigate acute pharmacological effects on the serotonergic and cholinergic systems, 

compared to several cognitive and subjective measures. Many results of the implemented 

pharmacological challenge studies were convincing with regard to location and direction of 

effect. This substantiates the usefulness of RS-fMRI as a method for measuring a 

compound’s mechanism of action and its possible value in CNS drug development. 
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SSRI effects on brain connectivity in healthy young  subjects 

The results in chapter 2 and 3 show that the SSRIs sertraline and citalopram changes 

network connectivity in healthy young subjects. Despite the use of equipotent doses, the 

effects of sertraline on connectivity were more excessive compared to citalopram. However, 

the direction and areas of connectivity change were quite similar which aids the reliability of 

the RS-fMRI technique to show comprehensible pharmacological effects. Both SSRIs 

induced a decrease in connectivity with the sensorimotor network, midbrain and cortical 

midline structures as the precuneus, ACC, PCC and medial prefrontal areas. These effects 

suggest that serotonin is involved in motor function (Geyer, 1996; Hindmarch, 1995), self-

consciousness and emotion regulation (Kupfer et al., 2012), and the integration of sensory, 

motor, cognitive and emotional information (Bush et al., 2000; Fransson and Marrelec, 2008). 

It has been proposed that increased brain connectivity of midline regions as seen in 

depression (Sundermann et al., 2014) represents increased self-consciousness and 

rumination with negative thoughts (Hamilton et al., 2011; Zhu et al., 2012). Our findings imply 

that SSRIs might reverse depression related connectivity patterns. To allow for comparison 

of the effects of both SSRIs in healthy young subjects, the inclusion criteria and design of the 

sertraline study (chapter 2) were set up in agreement with the citalopram study. The twelve 

subjects of chapter 2 were each individually matched for age and gender with the young 

subjects as included in chapter 3. Slight adjustments were made to the time schedule as 

sertraline and citalopram differ in their pharmacokinetic profile. In addition, we replaced the 

Visual Verbal Learning Test (VVLT) by the Face Encoding and Recognition task. The 

absence of symptom relief after short periods of SSRI treatment in patients suffering from 

depression or anxiety disorders might be explained by the fact that improved emotional 

processing can only be made visible by tests that evoke an affective state (Harmer et al., 

2009). Accordingly, the Face Encoding and Recognition task was hypothesized to induce a 

larger acute response than the VVLT. However, sertraline and citalopram did not affect 

performance on any cognitive or subjective test compared to placebo. A significant increase 

in neuroendocrine levels after SSRI administration implies that these unaltered measures 

could not be directly attributed to insufficient dosages or a lack of statistical power. The 

results of both SSRI studies verify that serotonergic tracts cover a substantial part of the 

brain and demonstrate the sensitivity of RS-fMRI to pharmacological challenges compared to 

other pharmacodynamic outcome measures. 

 

Functional networks and neuromodulation in old age 

By comparing three groups (young and older adults and patients with AD), we aimed to 

obtain better founded information about the effect of age vs. AD on functional network 

coherence and neurotransmitter systems. First, differences in network connectivity between 
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young and older adults and between elderly and AD patients were compared in one study 

(chapter 4). The results of this study indicate that older age affects connectivity more 

extensively than AD. Of all ten investigated networks, nine showed diminished connectivity in 

the older adults compared to young subjects. These widespread reductions were not fully 

explained by loss of structural brain volume, as part of the findings was maintained after 

accounting for local differences in gray matter. Reduced connectivity was found for the DMN 

and for networks relating to language, attention, visual, auditory, motor and executive 

functioning, which may represent the age-appropriate decline in cognitive, sensory and motor 

function (Fandakova et al., 2014; Li and Lindenberger, 2002; Salthouse, 1996). Despite the 

widespread loss of functional network connections at older age, the serotonergic system 

seemed relatively unaltered as the pharmacological effects of citalopram on brain 

connectivity did not differ between young and older adults (chapter 5). In both groups, 

citalopram caused a significant reduction of sensorimotor network connectivity. Although the 

citalopram induced response appeared smaller in older adults, a group x treatment 

interaction did not reach statistical significance. Serotonin dysregulation at older age could 

be related to the increased prevalence of depression in the elderly (Daubert and Condron, 

2010; Gareri et al., 2002; Meltzer et al., 1998) and the similarity in response between young 

and old subjects is possibly the consequence of the absence of mood disorders in the older 

adults that were included in our study. The network response to galantamine in elderly 

subjects was indicative of cholinergic change at older age. In the young subjects, increased 

occipital visual network connectivity was observed after galantamine with the hippocampus, 

precuneus, thalamus, fusiform gyrus, precentral and superior frontal gyrus, PCC and 

cerebellum. These specific alterations point to the role of acetylcholine in functions as 

learning, memory, and visual perception and processing (Dotigny et al., 2008; Kang et al., 

2014; Schliebs and Arendt, 2011). In contrast, no change was found in the elderly, which 

was hypothesized to be the consequence of a cholinergic system decline that is 

characteristic for the process of normal aging and has been related to cognitive decay (Muir, 

1997).  

 

Functional networks and neuromodulation in Alzheime r’s disease 

In AD, altered network coherence was restricted to decreased DMN-precuneus connectivity 

(chapter 4). This is not an unexpected result and suggests a consistent and specific hallmark 

of AD (Binnewijzend et al., 2012; Hafkemeijer et al., 2012; Kim et al., 2013), possibly relating 

to memory problems and visual-spatial symptoms (Cavanna and Trimble, 2006; Zhang and 

Li, 2012). Our observations also indicate that functional network coherence is more affected 

in older age than in AD. After correction for regional GM volume the difference between AD 

patients and elderly controls was less profound but still involved a decrease in connectivity of 
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the DMN with the precuneus. Measuring the effects of serotonergic and cholinergic 

challenges with RS-fMRI could offer us new insights into neurotransmitter system functioning 

and the potential rehabilitative mechanisms of SSRIs and AChEIs in AD (chapter 6). 

Although we did not find any statistically significant differences between AD patients and 

controls in the network response after citalopram administration, the observed reduction in 

sensorimotor network connectivity in the elderly was not found in the group of AD patients. 

This might indicate the presence of a decline in serotonin networks that could not be 

determined with the small-sized cross-sectional studies that we performed. Figure 1 shows 

citalopram effects in the three investigated groups.  

 

 
 

Figure 1.  Reduced connectivity after citalopram administration between the sensorimotor network (green) and 

areas as shown in blue in young and older adults and patients with AD (chapter 3, 5 and 6, respectively).  

 

The observed diminished DMN-precuneus connectivity in AD likely relates to deterioration of 

episodic memory, self-consciousness and visuospatial performance (Cavanna and Trimble, 

2006; Zhang and Li, 2012). Therefore, an interesting finding was the increase in these 

connections after citalopram intake. This observation seems to be fairly specific for AD as it 

differs from our results in healthy young and older subjects that consistently showed reduced 

network connections after single-dose SSRI administration. Decreased connectivity after 

SSRI administration has also been found in other studies that investigated SSRI effects in 

healthy young subjects (McCabe and Mishor, 2011; McCabe et al., 2011; Schaefer et al., 

2014; Van de Ven et al., 2013; Van Wingen et al., 2014) and patients with a major 

depressive disorder (Li et al., 2013). Apparently, SSRIs have a differential effect in AD 

patients compared to healthy or depressed subjects. The resemblance in location of the 

opposite findings as found in chapters 4 and 6 (see Figure 2) is of interest as it could signify 

a partial restoration of some aspects of AD associated pathology (Cavanna and Trimble, 

2006) by SSRIs. 
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The increased functional connections with the visual network after galantamine as found in 

the young subjects were absent in AD patients as well. In addition, we found alterations that 

were specific for AD (Figure 3). An unexpected finding in chapter 5 was a galantamine 

induced increase in connectivity within the cerebellar network and between this network and 

the thalamus and brain stem. Although the thalamus is known to contain many acetylcholine 

receptors that receive input from a prominent cholinergic cell group in the brain stem 

(Heckers et al., 1992; Mesulam, 2013), it is not straightforward to relate cerebellar 

connectivity change to cholinergic challenge effects. However, the cerebellum is known for a 

high activity of acetylcholinesterase, and acetylcholine seems to excite the cerebellum’s 

muscarinic Purkinje cells and mossy fibres that are rich in choline acetyltransferase (Jaarsma 

et al., 1996; Jaarsma et al., 1997; Kwong et al., 2000; McCance and Phillis, 1968; Mount et 

al., 1994) and have been shown to be depleted in AD (Mavroudis et al., 2007). 

 

 
 

Figure 3.  Galantamine effects on network connectivity. In the young adults, galantamine increased connectivity 

between the occipital visual network (green) and regions as shown in red (chapter 3). Galantamine did not alter 

connectivity in the older adults (chapter 5). AD patients showed a decrease in connectivity between the cerebellar 

network (green) and regions as shown in blue (chapter 6). 

Figure 2.  The DMN (green) shows a decrease in connectivity 

with the precuneus (red) in AD (chapter 4) as opposed to an 

increase in connectivity (blue) after citalopram administration 

in AD (chapter 6). 
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Differentiation of older subjects from patients with AD became more clear after challenging 

the cholinergic system, which made between-group differences in brain connectivity visible 

that are otherwise not apparent during rest. However, although the area was larger, this 

response was still restricted to one network and regions that are not typically involved in 

cholinergic transmission and AD. The results of this study do not directly have clinical 

implications for the field of dementia but they do seem to provide novel and fundamental 

knowledge about aspects of system decline related to AD. In our study a relatively low 

dosage of galantamine (8 mg) was used and it is likely that a 16 or 24 mg dosage could 

reveal larger and more robust differences between groups. More research is needed to 

replicate our findings and investigate the possible role of cerebellar network connections in 

relation to cholinergic decline in AD. 

 

Strengths and limitations 

A major strength of the pharmacological studies that we performed is the applied 

randomized, double blind, placebo-controlled, crossover design with multiple outcome 

measures that were acquired before and after drug administration. By collecting not only RS-

fMRI data, but also cognitive and subjective measures and blood samples, we obtained a 

unique dataset that allowed us to examine and discuss the results in more detail. 

Pharmacodynamic measurements were repeatedly obtained post dosing at time points 

when, based on the known Tmax, the largest effects were expected. This design resulted in 

several advantages, as it made it possible to 1) inspect the pharmacokinetic profiles and 

neuroendocrine levels that could reassure us of sufficient absorption and choosing 

appropriate time points of measurements, 2) collect large datasets to increase the power of 

statistical tests despite small sample sizes, 3) explore diurnal fluctuations in resting state 

connectivity on placebo days and compare these to changes after drug administration, 4) 

determine the sensitivity of RS-fMRI to pharmacological challenges compared to other 

outcome measures, and 5) investigate differences in connectivity between groups before 

(chapter 4) and after pharmacological stimulation (chapter 5 and 6).  

 

Nevertheless, our results cannot be generalized, as the small subgroups are likely not 

representative of larger populations. The included participants were all motivated to 

participate and selected based on strict inclusion and exclusion criteria. Another 

consideration is the chance of including ‘healthy’ elderly in a preclinical stage of Alzheimer’s 

disease or another form of dementia, which was at the time of recruitment not yet identified. 

Likewise, although all patients have been carefully screened and diagnosed with probable 

AD according to the National Institute of Neurological and Communicative Disorders and 

Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) 
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(McKhann et al., 2011), we cannot exclude the possibility that some of the included AD 

patients have been misdiagnosed. All patients were diagnosed very recently and especially 

in the early stage of the disease, clinical symptoms and biomarker alterations of different 

dementia types often overlap (Arlt, 2013). Further, although analysis of functional 

connectivity appears to be an informative method to investigate neurotransmitter system 

function, RS-fMRI cannot be used to measure neurotransmission directly. Functional 

connectivity is a mathematical concept of correlations between BOLD signals of different 

brain areas, which are not easy to interpret, prone to physiological noise such as breathing 

and heart rate (Birn, 2012), and not representative of causal or directional change (Friston, 

2011). 

 

Future research 

In this thesis, we investigated acute drug effects on functional connectivity using RS-fMRI. 

Simultaneous fMRI and positron emission tomography (PET) or arterial spin labeling (ASL) 

acquisition could aid the interpretation of resting state fMRI results by identification of 

chemical pathways and the vascular pharmacological response. The advantage of PET over 

fMRI is that biochemical processes can be measured directly at the receptor level by 

localizing specific ligands in vivo. Ligand radiolabeling offers the possibility to measure 

receptor occupancy and trace a drugs’ dispersion and binding in the brain (Farde, 1996). But 

the duration, expensiveness and radioactive exposure form large drawbacks of PET imaging, 

making it practically impossible to execute studies with multiple repeated measures as 

implemented in our design. ASL, a method to measure cerebral perfusion, is not hindered by 

these problems. Investigation of variations in blood flow after pharmacological modulation 

might be of additional value in CNS drug research. 

 

An advantage of our repeated measures design was the possibility of examining drug effects 

on different time points post dosing for a detailed investigation over time in relation to 

pharmacokinetic properties. A challenge for the future involves PK/PD-modelling, the 

mathematical procedure to relate individual pharmacokinetic profiles of a drug to 

pharmacodynamic outcome measures (Derendorf and Meibohm, 1999). Although we 

explored this relationship by determining the absorption rate of sertraline, citalopram and 

galantamine and inspecting time related effects in more detail in chapter 3, PK/PD-models 

are not yet available for voxelwise fMRI data. A formal model to quantify the dose-response 

relationship will give more insight into the value of RS-fMRI as a measure of pharmacological 

effects that might vary with different drug concentration levels. 
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We cannot draw firm conclusions about the clinical usefulness of pharmacological RS-fMRI 

as a means to distinguish between AD patients and controls. More research needs to be 

conducted to explore this possibility in detail and investigate whether drug challenge 

responses may also discriminate between other forms of dementia, such as frontotemporal 

dementia, dementia with Lewy bodies and vascular dementia. The use of pharmacological 

data in individual statistical classification and machine learning, and comparison with 

markers that are known to be most sensitive to AD might shed more light on the value of 

implementing pharmacological challenge paradigms as part of diagnostic procedures. For 

example, the inclusion of our data may improve diagnostic classification of AD (Schouten et 

al., 2016). Another interesting approach of the pharmacological challenge technique as 

applied in this research would be to examine whether the initial network response to an SSRI 

or AChEI could be predictive of long-term treatment effectiveness (Kuzmickiene and 

Kaubrys, 2015; Malone et al., 1993; Merello et al., 2002). 

 

Conclusion 

The present research suggests that older age is characterized by widespread decreases in 

functional network connections, which is not totally dependent of structural atrophy. This 

might represent the fact that normal aging is accompanied by decline of several functions 

(vision, hearing, motor behavior, language, executive and cognitive function) (Fandakova et 

al., 2014; Li and Lindenberger, 2002; Salthouse, 1996). The serotonergic system does not 

necessarily deteriorate at older age, whereas the cholinergic system shows diminished 

responsiveness, relating to regions and networks that are involved in memory and visual 

processing. Furthermore, we replicated the finding of reduced DMN connectivity in AD, and 

showed that this was only partly explained by loss of structural volume. Our data also 

indicate that the decrease in connectivity in old age is considerably larger than connectivity 

decline in AD. Although there was no proof of serotonergic network change in AD vs. elderly 

controls, our results point to an attenuation of serotonin pathways in old age and AD. In 

addition, the reduced DMN-precuneus connections in the AD patients are partly reversed 

after a citalopram challenge. The effects of a galantamine challenge on the cerebellar 

network imply that cholinergic pathway disruptions in AD are related to cerebellar-thalamic 

connections. 

 

Consistent with our findings, SSRIs or AChEIs do not typically alleviate the cognitive or 

behavioral symptoms of mood disorders and dementia immediately after drug administration 

(Frazer and Benmansour, 2002; Harmer et al., 2009). Pharmacological companies are 

therefore in search for more sensitive measures that might show specific changes even after 

single-dose administration. Functional connectivity analysis appears to be a promising 
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technique in investigating brain function and neurotransmitter pathways after a 

pharmacological challenge. The largest pharmacological effects were found in healthy young 

volunteers, which might be the consequence of relatively uncompromised neurotransmitter 

systems. More research is needed to determine the potency of RS-fMRI to examine the way 

that neurotransmitter pathways are altered in normal aging, AD or other neuropsychiatric 

disorders. The results of our studies suggest that functional brain connectivity might serve as 

a sensitive and specific measure in pharmacological research, and possibly as a tool to 

predict treatment success in patient populations and/or characterize novel compounds under 

development. Future pharmacological imaging research may be improved by the integration 

of different imaging modalities such as PET and ASL, and the addition of PK/PD-modeling. 
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Abbreviations 

 

5-HT   5-hydroxytryptamine  

([11C]PIB  Pittsburgh compound B 

ACC   Anterior cingulate cortex 

AChEI   Acetylcholinesterase inhibitor  

AD   Alzheimer’s disease 

ANOVA  Analysis of variance 

ASL   Arterial spin labelling 

AUC   Area under the curve 

AUC0-last  Area under the plasma concentration vs. time curve 

BOLD   Blood-oxygen level dependent 

CHDR   Centre for Human Drug Research 

Cmax   Maximum concentration 

CNS   Central nervous system 

DMN   Default mode network 

EPI   Echo-planar imaging 

FAST   FMRIB's Automated Segmentation Tool 

FMRI   Functional magnetic resonance imaging 

FMRIB   Functional Magnetic Resonance Imaging of the Brain 

FOV   Field-of-view 

FSL Functional Magnetic Resonance Imaging of the Brain Software Library 

GM   Gray matter 

ICA-AROMA Automatic Removal of Motion Artifacts based on Independent 

Component Analysis 

LC-MS/MS  Liquid chromatography-tandem mass spectrometry 

LUMC   Leiden University Medical Center 

MANOVA  Multivariate analysis of variance 

MCI   Mild cognitive impairment 

MMSE   Mini mental state examination 

MNI   Montreal Neurological Institute 

MRI   Magnetic resonance imaging 

NIHC   Netherlands Initiative Brain and Cognition 

NINCDS-ADRDA National Institute of Neurological and Communicative Disorders and 

Stroke and the Alzheimer's Disease and Related Disorders 

Association 

NMDA   N-methyl-d-aspartate 
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NPC   Non-parametric combination 

NWO   Netherlands Organization for Scientific Research 

PALM   Permutation Analysis for Linear Models 

PCC   Posterior cingulate cortex 

PD   Pharmacodynamic 

PET   Positron emission tomography 

PK   Pharmacokinetic 

RS-fMRI  Resting state functional magnetic resonance imaging 

SMA   Supplementary motor area 

SSRI   Selective serotonin reuptake inhibitor 

T1/2   Half-life 

TE   Echo time 

THC   ∆9-tetrahydrocannabinol 

Tmax   Time point of maximum concentration 

TR   Repetition time 

VAS   Visual Analogue Scales 

VVLT   Visual Verbal Learning Test 
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