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Introduction

The majority of neurons interact through
the release of neurotransmitters that bind
to specific receptors of downstream cells.
Neurochemical communication is an es-
sential element for the transmission of in-
formation between nerve cells and central
to sensory, motor and cognitive process-
es. Changes in neurotransmitter systems
are found in many neurological and psy-
chiatric disorders and across the life span.
In addition, individuals also differ in the
availability of neurotransmitters due to ge-
netic differences. Larger changes in neu-
rotransmitter systems lead to declines in
sensory, motor or cognitive performance.
One example is the loss of cholinergic
neurons and receptors in Alzheimer’s dis-
ease, which is associated with cognitive
deficits. Thus, a better understanding of
the link between neurochemistry and be-
havior is of central interest for both ba-
sic research and clinical applications. The
correlation between neurochemistry and
behavior can be investigated using quite
different methodological approaches in
different species. In the following, phar-
macological functional magnetic reso-
nance imaging (fMRI) will be introduced
as one of several approaches to systemat-
ically investigate the relationship of neu-
rotransmission and cognition in the hu-
man brain. In the long run the combina-
tion of neuropharmacological approach-
es with functional neuroimaging can pro-
vide valuable contributions to the devel-
opment of appropriate pharmacological
treatments for neurological and psychiat-
ric diseases.
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Methodological approach

The development of imaging techniques
such as fMRI or positron emission to-
mography (PET) has enabled to investi-
gate the mechanisms underlying cogni-
tive functions in the human brain. fMRI
makes use of the different magnetic prop-
erties of oxygenated and deoxygenated
blood to measure neural activity. Since
neuronal activity changes the ratio of ox-
ygenated and deoxygenated blood, neural
activation in MRI can be indirectly mea-
sured using the so-called BOLD (blood
oxygen level dependent) contrast (see [5]).
However, ‘pharmacological fMRI, as the
term might suggest, is not a method for
its own, but combines a psychopharma-
cological approach with the measurement
of brain activity by means of fMRI. Phar-
macological fMRI is often used as gener-
al term to describe studies which adminis-
ter a pharmaceutical agent before or dur-

Tab. 1

and cholinergic system in humans

ing the performance of an fMRI study.
Thereby, the drug will not necessarily be
used to investigate the therapeutic efficacy
of the substance, but with the goal to spe-
cifically manipulate neurochemical com-
munication in the human brain. For ex-
ample, the activity of the cholinergic neu-
rotransmitter system can experimentally
be reduced by the administration of drugs
such as scopolamine, which blocks acetyl-
choline receptors, or can be increased by
the administration of drugs such as phy-
sostigmine, which reduce the breakdown
of acetylcholine (B Tab. 1).

Most pharmacological fMRI studies
investigate the effects of such experimen-
tally induced and short-lasting manipula-
tions in combination with cognitive, sen-
sory or motor paradigms (see excursus).
In other words, the participants of a study
perform a task during the fMRI mea-
surement. The drug, which was adminis-
tered before the measurement, is already
effective during the fMRI scan. By using
this approach it is possible to investigate

Commonly used substances for the experimental manipulation of the dopaminergic

Neurotrans- Increase of activity Decrease of activity

mitter system  gypstance Mechanism Substance Mechanism

Dopamine Amphetamines, Increase of dopamine  Sulpiride, halo-  Receptor an-
methylphenidate release peridol tagonist (D2)
I-Dopa Dopamine precursor
Bromocriptine Receptor agonist (D2)

Pergolide Receptor agonist (D1/
D2)

Acetylcholine  Physostigmine, Cholinesterase- Scopolamine Receptor
donepezil, rivastig-  inhibitor antagonist
mine (muscarinic)
Nicotine Receptor agonist

(nicotinic)
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Fig. 1 A Different pharmacological fMRI approaches. Drugs effects within cognitive paradigms de-
scribe a stimulus-specific modulation of brain activity. For example, the brain region X (a) might show
a drug modulation (b): following drug administration the activation during stimulus A was reduced.
Such a pattern was found in the parietal cortex during reorienting of attention; nicotine reduced the
BOLD activation during invalid trails. d Within the pharmacokinetic approach, brain region X might
show an increase in the BOLD MRI signal following drug administration similar to the curve that can
be expected from the pharmacokinetic parameters. Such a pattern was found, for example, in the nu-
cleus accumbens. ¢ A simplified illustration describes how drugs can alter the organization of brain
networks. The functional brain networks following nicotine administration show greater network in-

tegration

in which brain regions the drug changes
task-specific brain activity. For example,
it can be analyzed, in which regions of the
brain a reduction of cholinergic neuro-
transmission (which, as mentioned above,
induces memory deficits) affects brain ac-
tivity. These brain regions need not neces-
sarily correspond to those areas in which
the drugs have a high receptor binding
and can be very different depending on
the task used. It is quite conceivable that
one and the same drug affects BOLD ac-
tivity within the motor cortex if subjects
perform a motor task, but changes BOLD
activity in the prefrontal cortex during a
memory task.

In recent years a growing number of
studies examining the effects of drugs
on so-called resting state networks have
been performed. Thereby, following the
administration of a drug, subjects are in-
vestigated at rest inside the MRI scan-
ner. The measured data are analyzed with
methods which aim to identify brain net-
works that ‘oscillate’ in the same frequen-
cy, i.e. concurrently increase or decrease

their BOLD signal. The investigated fluc-
tuations are often seen at a low frequency
range (<0.1 Hz) and are the result of joint
information processing. An additional,
less common approach analyzes chang-
es in BOLD activity with pharmacokinet-
ic parameters and investigates the direct
neural effects of drugs instead of the mod-
ulation of task-specific brain activity or
resting state networks. This approach al-
lows scientists to obtain new insights into
the drug’s site of action as well as the spe-
cific dose-response relationships within a
certain brain region [1].

Excursus: different approaches in
pharmacological fMRI studies

In the following section, three pharmaco-
logical fMRI studies on the effects of nic-
otine are described to illustrate the differ-
ent methodological approaches.

Method 1: drug effects in

cognitive paradigms

Several studies support that the choliner-
gic agonist nicotine improves attention. In
order to investigate how nicotine induces
these attention enhancing effects, we ana-
lyzed the effects of the drug within an at-
tention paradigm. As main question we
investigated in which brain regions nic-
otine changes the BOLD activity during
the reorienting of attention. To answer
this question, subjects were administered
either with nicotine or placebo before the
investigation and afterwards performed a
visual attention task within the MRI scan-
ner. The task was a spatial cueing task in
which a cue validly or invalidly predict-
ed the position of the following target.
By comparing the brain activity between
these two stimuli it is possible to identify
brain regions that are involved in the re-
orienting of attention. This ‘reorienting-
specific’ brain activity was compared be-
tween nicotine and placebo. Our results
revealed that nicotine, beside other brain
regions, reduced brain activity within the
parietal cortex during invalid trials ([22],
O Fig.1a,b).

Method 2: drug effects on
functional connectivity

during resting state

In recent years, there have been an in-
creasing number of studies within the
field of functional imaging which do not
investigate subjects during task perfor-
mance, but during resting state. A short
overview is given within the article of
Greicius [9]. Several recent pharmacolog-
ical fMRI studies used this technique to
identify how drugs change correlated low
frequency fluctuations in the BOLD sig-
nal between brain regions. Thereby an im-
portant aspect is the functional connec-
tivity of these brain regions which can
be analyzed with different methodologi-
cal approaches. One of these methods is
the graph analysis which describes brain
networks as a collection of nodes that are
connected by a complex network of edg-
es. As a result, graph analyses provide sta-
tistical parameters that describe wheth-
er a network has a good or bad organi-
zation for information processing. Such
an approach allows scientists to identi-
fy pharmacologically induced changes in
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the organization of brain networks. Giess-
ing et al. [8] aimed to investigate wheth-
er attention-enhancing effects of nico-
tine were associated with an altered effi-
ciency of brain networks. Therefore, their
subjects were administered either nico-
tine or placebo (as mentioned above) be-
fore the beginning of the experiment and
afterwards were measured during sever-
al resting state periods within the MRI
scanner. Functional connectivity was an-
alyzed with a graph analytical approach.
This approach revealed that the organiza-
tion of the brain networks under nicotine
changed so that information can be easily
processed in parallel. Nicotine increased
the network integration, that is, the net-
work’s components were more closely
connected (B Fig. 1c).

Method 3: effects of drugs

assessed on the basis of the
pharmacokinetic approach

Stein et al. [20] used fMRI to identify the
binding sites of nicotine in the human
brain. During the first part of their study
subjects received a placebo that was intra-
venously administered during the fMRI
scan. This was followed by three increas-
ing doses of nicotine. During the MRI
scan the brain activity was measured dur-
ing the rise and fall of nicotine concentra-
tions. In contrast to the aforementioned
analyses, the approach described here
used primarily pharmacokinetic parame-
ters to analyze the data, such as the time of
the maximum concentration of the drug.
Thus, brain regions whose activation over
time was consistent with pharmacokinetic
data could be identified (B Fig. 1d). One
of these brain regions, for example, was
the nucleus accumbens.

Advantages and disadvantages

Pharmacological fMRI is a valuable tool
within the field of human psychophar-
macology: for the first time it is possible
to investigate the brain mechanisms of
healthy subjects and patients that result
from changes in neurotransmission dur-
ing cognitive performance. This approach
led to insights which outperform and go
far beyond the results from classical ap-
proaches in psychopharmacology. For ex-
ample, using classical psychopharmacolo-
gy it is difficult to distinguish whether, fol-
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lowing the administration of a drug, im-
provements in response times during an
attention task result from a change in at-
tention or a change in sensory or motor
processing. Using fMRI, this can easily be
differentiated in the human brain. Fur-
thermore, fMRI approaches are also more
sensitive to detect drug-induced changes
in processing strategies which are not nec-
essarily reflected in reaction times or per-
formance accuracy.

In animal models the role of neu-
rotransmitter systems can easily be in-
vestigated by intracerebral injections of
a variety of specific agonists and antago-
nists or by optogenetics which allows spe-
cific receptors to be turned turn on and
off. In contrast to these specific manipu-
lations in animal research, the systemat-
ic and experimentally induced changes in
humans are necessarily restricted to a lim-
ited number of approved drugs and seem
to be rather unspecific. Nevertheless, us-
ing pharmacological fMRI studies in hu-
mans, it is possible to study research ques-
tions that otherwise can only be realized
in animal experiments. Thus, pharma-
cological fMRI studies can make a valu-
able contribution to understanding the
neurochemical modulation in the human
brain. This is especially relevant for func-
tions and diseases which, in an animal
model, cannot be measured in their en-
tire expression. Furthermore, usually fM-
RI measures the entire brain and thus pro-
vides data for whole brain network analy-
ses. In recent years, network analyses were
also used to identify endophenotypes for
various diseases. In the long-term, a simi-
lar application could be developed for psy-
chopharmacology.

The following will illustrate a few se-
lected examples of pharmacological fM-
RI studies which document new findings
and developments in the field over the last
decade.

Neurotransmitters and cognition

In the last few years a number of func-
tional imaging studies investigated the
human brain to map cognitive functions.
These maps suggest a “specialization” of
different brain areas for specific cogni-
tive functions. In a similar way and in ad-
dition to the correlation between higher
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Abstract

The marriage of psychopharmacology with
functional neuroimaging enables the investi-
gation of neurochemical modulation of cog-
nitive functions in the human brain. From
the point of basic neurocognitive research,
pharmacological functional neuroimaging is
hence a valuable completion of animal ex-
periments. From the point of clinical neuro-
science, pharmacological neuroimaging con-
tributes to the understanding and devel-
opment of pharmacological treatment ap-
proaches for patients with neurological and
psychiatric disorders. The present paper pro-
vides an overview of the methodological ap-
proach and illustrates research findings and
recent developments from pharmacological
functional magnetic resonance imaging stud-
ies by means of selective examples from the
dopaminergic and cholinergic neurotrans-
mitter system.
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brain functions and neuroanatomical lo-
cations, neuropsychopharmacology can
be used to investigate the neurochemi-
cal basis of cognitive functions. However,
what applies for the specialization of cer-
tain areas of the brain also holds for the
neurotransmitter systems. There is no as-
signment of a single cognitive function
to a single neurotransmitter system, but
different neurotransmitter show specif-
ic, but quite overlapping profiles. Recent
reviews of pharmacological fMRI studies
in various neurotransmitter systems can
be found in Thiel and Fink [21] and Hon-
ey and Bullmore [11]. Within this section
only a few selected examples investigating
the dopaminergic and cholinergic modu-
lation of memory performance will be dis-
cussed.

Dopamine

In the dopaminergic neurotransmit-
ter system three pathways can be distin-
guished. The nigrostriatal system orig-
inates in the substantia nigra and proj-
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Fig. 2 A Schematic and simplified illustration of the findings of Mattay et al. [15]. With rising working memory load, an in-
crease in dopaminergic activity following the administration of dextroamphetamine in Brodmann area BA9 leads to an in-
crease in prefrontal cortex activity. To gauge working memory the so-called n-back task was used, in which subjects have to
specify, whether the currently presented stimulus is identical with the stimulus n trials before. The task becomes more diffi-
cult with an increasing number of trials between the current stimulus and the stimulus that should be remembered (thus, for

example, in the 3-back condition)
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jects were asked to re-
member a face. Short-
ly afterwards they had
to decide which of two
faces was presented
previously. An increase
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ty by physostigmine
during the encoding
phase correlated with
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ects to the dorsal neostriatum, whereas
the mesolimbic system begins in the ven-
tral tegmental area and ends in the ven-
tral neostriatum. In the same region the
third pathway originates, the mesocor-
tical dopaminergic system, which sends
projections to the frontal cortex, the cin-
gulate and entorhinal areas. Dopaminer-

retrieval

an increased BOLD sig-
nal in visual areas

gic receptors are divided into those of the
D1 and D2 family.

Based on animal studies, which could
specifically set neurochemical lesions in
the prefrontal cortex, the mesocortical
dopamine system was linked with work-
ing memory performance already in the
late 1970s [2]. These results were further

supported by later studies with electro-
physiological manipulations. During the
following years there was only little prog-
ress in human research; it could only be
shown that dopaminergic agonists im-
prove memory performance [14]. How-
ever, the localization of memory-depen-
dent effects in the human prefrontal cor-
tex, and thus a parallel to the experimen-
tal data found in previous animal stud-
ies could only be shown by a pharmaco-
logical fMRI approach. Mattay et al. [15]
found that the pharmacological stimu-
lation of dopaminergic neurotransmis-
sion with dextroamphetamine increased
BOLD activity in the right prefrontal cor-
tex, particularly with increasing working
memory load (B Fig. 2).

In the field of clinical neuroscience it
could be shown by means of pharmaco-
logical fMRI that atypical antipsychotics,
which achieve better results in the treat-
ment of negative symptoms in schizo-
phrenia and improve performance in
cognitive tests, also increase prefrontal
BOLD activity during a working memory
task [12]. Especially in the area of psychi-
atric disorders, where animal models rare-
ly cover the full range of behavior, meth-
ods that measure the neurophysiological
effects of psychotropic drugs in the hu-
man brain are of particular importance.
Also useful are pharmacological fMRI
studies within the field of aging research
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Fig. 4 A Schematic and simplified illustration of the findings of Kukolja et al. [13]. Mediotemporal
brain regions which showed increased activity under physostigmine during the presentation of ob-
jects within the encoding time period. These objects were later correctly remembered in the following
source memory task. During retrieval these brain regions showed the opposite activation pattern

investigating the neurochemical mecha-
nisms underlying the age-related changes
in activation patterns in the human brain.
For example, it could be shown that old-
er subjects show more bilateral activations
in several cognitive tasks and that this bi-
lateral activation pattern can also be ex-
perimentally induced in younger subjects.
This change was induced by a blockade of
dopaminergic D1 receptors. The blockade
resulted in a stronger bilateral frontal con-
nectivity which was accompanied by a less
pronounced drug effect on working mem-
ory [16]. This study shows that neuronal
markers of aging may also be caused by
a change in neurotransmission in young
subjects. Since the increased ‘bilaterality’
correlated with less memory deficits on
behavioral level, it can be assumed that bi-
lateral activation patterns found in old age
represent a compensatory mechanism.
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Acetylcholine

There are two major cholinergic pro-
jection systems. One of them originates
within the brainstem and projects to the
thalamus and other subcortical areas; the
other system originates in the basal fore-
brain and projects to the cortex and hip-
pocampus. Cholinergic receptors are di-
vided into nicotinic and muscarinic. The
first pharmacological fMRI study which
investigated the cholinergic system ana-
lyzed the effects of a cholinergic stimula-
tion with the cholinesterase inhibitor phy-
sostigmine. The drug was intravenously
administered to the test subjects; follow-
ing drug administration test subjects per-
formed a working memory task. In this
working memory task, it was possible to
analyze the BOLD activity in the different
phases of memory (storage, maintenance,
retrieval). On the behavioral level, cholin-
ergic stimulation led to a slight, nonsignif-

icant improvement in response times. The
fMRI data showed that altered cholinergic
neurotransmission especially increased
activity in visual areas during the storage
of information, whereas there were hard-
ly any differences in recall ([6], @ Fig. 3).
These findings illustrate the above-men-
tioned advantages of pharmacological M-
RI. On the one hand pharmacological M-
RI allows differentiation of drug effects on
different components of cognitive perfor-
mance and on the other hand it can al-
so be more sensitive than behavioral data.
Furthermore there are also several clini-
cal pharmacological fMRI studies on the
cholinergic system which demonstrate
that clinically used cholinesterase inhibi-
tors such as donepezil improve frontocor-
tical BOLD activity in a working memo-
ry task in patients with mild cognitive im-
pairment (MCI; [19]).

In animal experiments the choliner-
gic innervation of the hippocampus has
been often associated with memory pro-
cesses. A very influential model of Hassel-
mo, which is based on physiological da-
ta from animal experiments and model-
ing approaches, assumes that an increase
in cholinergic activity promotes the stor-
age of new stimuli, whereas the informa-
tion retrieval benefits from low choliner-
gic activity [10]. In a pharmacological M-
RI study, we demonstrated that choliner-
gic stimulation with physostigmine in-
creased BOLD activity in the medial tem-
poral lobe during the storage of stimuli,
whereas physostigmine led to a decrease
of activity in the medial temporal lobe
during the following memory retrieval
([13], @ Fig.4).

An additional research area, in which
psychopharmacological approaches can
provide deeper knowledge over and above
classical animal research, are cognitive
functions which, in their full expression,
are specific for humans or measured dif-
ferently in humans and animals. An ex-
ample is prospective memory, which re-
fers to the ability to remember an action
to be performed in the future. Some clas-
sic psychopharmacological studies sug-
gest that nicotine improves prospective
memory [18]. Functional imaging studies
have shown that the parietal and prefron-
tal cortex, particularly Brodmann’s area
BAIO, are involved in prospective mem-
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Fig. 5 A A schematic illustration of the inverted U-shaped dose-response relationship. Firstly, the
curve shows that both too low and too high neurotransmitter level lead to low cognitive performance.
Furthermore, it is illustrated that two people—depending on their performance—can react different-
ly to pharmacological stimulation. While person A shows an increase in performance, subject B shows
a decrease in performance. The different performance at baseline can be related to, e.g. genetic differ-

ences in neurotransmitter levels

ory. To extend these findings, pharmaco-
logical fMRI was used to show that the
nicotinic modulation is primarily due to
a reduction in parietal activity. Further-
more, previous results found individu-
al differences in behavior and on neuro-
nal level that correlated with differences
in genotype [4,17].

Individual differences

Drug-induced changes of the dopaminer-
gic or cholinergic system lead to behavior-
al effects which largely differ between sub-
jects. In many studies only those subjects
with initially low performance improved
their memory following drug administra-
tion. This effect was explained by an in-
verted U-shaped dose-response relation-
ship in which both too little or too much
of dopamine or acetylcholine leads to cog-
nitive decline (B Fig.5). This inverted U-
shaped dose-response relationship can al-
so explain individual differences of genet-
ic-pharmacological neuroimaging stud-
ies, as already mentioned above for the
cholinergic system. Similar effects were
also found in subjects with genetically de-
termined differences in the availability of
dopamine (catechol-O-methyltransfer-
ase vall58-met polymorphism) following
dopaminergic stimulation. On the neural
level these differences led to opposite fron-
tocortical activations. An overview of the
role of individual differences in the dopa-
minergic system was published by Cools
and D’ Esposito [3]. In our own studies,
we could show that already the state of the
brain prior to the drug administration ac-
counts for at least a part of the behavior-

al pharmacological effects [7]. Our results
suggest that future research should have
a stronger focus on the role of such inter-
individual “brain states” In the long run
brain activity measured with fMRI might
be used as a diagnostic marker for the ex-
pected therapeutic effects of drugs.

Outlook

Although there are pharmacological im-
aging studies on various neurotransmit-
ter systems for over 10 years, most stud-
ies have been limited to specific cognitive
functions and neurotransmitter systems.
Future research would profit from studies
which compare the effects of one pharma-
cological intervention on various cognitive
functions or to compare the effects of two
pharmacological interventions on a single
cognitive function. For example, memo-
ry-enhancing effects could be found fol-
lowing both cholinergic and dopaminer-
gic stimulation (see above). Whether the
underlying neural mechanisms are similar
or different is largely unknown.

The methodological development in
neuropharmacological functional imag-
ing will follow the general trends in the
field of neuroimaging. On the one hand
these are characterized by a stronger focus
on network analysis, on the other hand by
a combination of fMRI with high tempo-
ral resolution methods such as electro- or
magnetoencephalography (E/MEG). Net-
work analyzes are useful in neuropharma-
cological imaging, since systemically ad-
ministered drugs affect the state of the en-
tire brain. In addition, drugs affect brain
activity not only during the processing of

stimuli, but also before and after task per-
formance. This is why it is important to
perform combined analyses which inves-
tigate drug effects during both during rest
and the processing of cognitive tasks. For
example, it is reasonable to assume that
an increased efficiency of brain networks
during rest is at least partly responsible for
the procognitive effects of different drugs.
A better understanding of these aspects
would lead to a theory-based develop-
ment of psychotropic drugs in future.
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