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Cholinergic Modulation of Experience-Dependent
Plasticity in Human Auditory Cortex

demonstrating learning-related plasticity of primary and
secondary auditory cortex receptive fields and maps in
several paradigms (Diamond and Weinberger, 1986; Bakin

Christiane M. Thiel,1,3,4 Karl J. Friston,1

and Raymond J. Dolan1,2
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Institute of Neurology and Weinberger, 1990; Edeline and Weinberger, 1993;

Bakin et al., 1996; Condon and Weinberger, 1991; Kisley12 Queen Square
London WC1 3BG and Gerstein, 2001; Gonzalez-Lima and Scheich, 1986).

Animal evidence suggests that the expression of cortical2 Royal Free Hospital School of Medicine
Pond Street sensory plasticity is facilitated by neuromodulators, partic-

ularly acetylcholine (ACh) (Rasmusson, 2000). CholinergicLondon NW3 2PF
United Kingdom cortical projections from nucleus basalis are implicated

in modulating experience-dependent plasticity in audi-3 Institute of Medicine
Research Centre Juelich tory cortex (Weinberger, 1998), a brain region rich in

muscarinic (m2) receptors (Zilles and Palomero-Gal-Leo-Brandt Str. 5
52425 Juelich lagher, 2001). At present, there is no human data on

pharmacological modulation of cortical plasticity. TheGermany
motivation for the present study was to investigate cho-
linergic modulation of experience-dependent auditory
cortex plasticity in the human brain. In the context of aSummary
neuroimaging experiment involving either positron emis-
sion tomography (PET) or functional magnetic reso-The factors that influence experience-dependent plas-

ticity in the human brain are unknown. We used event- nance imaging (fMRI), we operationally define plasticity
as experience-dependent changes in hemodynamic re-related functional magnetic resonance imaging (fMRI)

and a pharmacological manipulation to measure cho- sponses to one or more sensory stimuli (see also Morris
et al., 1998) and provide evidence that reduction of cho-linergic modulation of experience-dependent plastic-

ity in human auditory cortex. In a differential aversive linergic activity blocks this form of plasticity.
conditioning paradigm, subjects were presented with
high (1600 Hz) and low tones (400 Hz), one of which Results
was conditioned by pairing with an electrical shock.
Prior to presentation, subjects were given either a pla- We combined event-related fMRI with an anticholinergic
cebo or an anticholinergic drug (0.4 mg iv scopol- drug challenge to block plastic changes during aversive
amine). Experience-dependent plasticity, expressed auditory conditioning. A differential conditioning para-
as a conditioning-specific enhanced BOLD response, digm was used with two tones of different frequency as
was evident in auditory cortex in the placebo group, CS (400 or 1600 Hz). One of these tones was paired with
but not with scopolamine. This study provides in vivo an electric shock to the left leg (CS�) whereas the other
evidence that experience-dependent plasticity, evi- was not (CS�). Subjects were randomly allocated to two
dent in hemodynamic changes in human auditory cor- groups and given either placebo or 0.4 mg scopolamine
tex, is modulated by acetylcholine. intravenously prior to conditioning. In both groups, half

of the subjects received the low-frequency tone as CS�,
Introduction whereas the other half received the high-frequency tone

as CS�.
Primary sensory cortices show plasticity under a variety of The paradigm consisted of three phases (see Figure
circumstances. A well-characterized example is learning- 1). In a preconditioning phase, subjects were exposed
related plasticity within auditory cortex evident in aversive to the two tones without shock to establish the location
conditioning paradigms (Edeline, 1999). Aversive condi- of auditory cortex responses to distinct tones. In a sub-
tioning is a form of associative learning in which a pre- sequent conditioning phase (depending on the group),
viously neutral stimulus, such as a tone (conditioned stimu- the respective CS� was paired in 50% of the trials with
lus, CS), acquires significance through its prediction of an electric shock coterminating with the tone (delay
a future aversive event, such as an electric shock (un- conditioning, see Experimental Procedures for details).
conditioned stimulus, US). The neurobiological basis of A partial reinforcement schedule was used in order to
aversive conditioning is well described (LeDoux, 1995) facilitate assessment of responses to the CS� in ab-
and provides a compelling model to study mechanisms sence of the US. Finally, in an extinction phase, the two
of learning-related plasticity. Previous neuroimaging tones were again presented without shock. During all
studies, using eye-blink and aversive conditioning para- phases of the experiment, participants were asked to
digms, have provided evidence that experience-depen- make a right index finger key press at the end of each
dent changes occur in human auditory cortices (Mol- tone. These response times were taken as an index of
chan et al., 1994; Schreurs et al., 1997; Morris et al., conditioning since galvanic skin responses cannot be
1998). These findings are in line with animal experiments recorded in subjects under scopolamine (Golding and

Stott, 1997). Response time measures in conditioning
paradigms have been previously used in our group in4 Correspondence: c.thiel@fz-juelich.de
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Figure 1. Illustration of Experimental Paradigm and Contrast for In-
vestigation of Experience-Dependent Plasticity

Figure 2. Behavioral DataWe used a partial reinforcement schedule where only 50% of CS�

trials were paired with a shock (CS�p), and the other 50% were not Mean response times and standard errors to CS� (gray bars) and
paired (CS�u). Partial reinforcement schedules allowed us to assess CS� (white bars) for placebo and scopolamine group. Two subjects
evoked hemodynamic responses to the CS� in the absence of the were false alarming in the scopolamine group and are shown sepa-
US. CS� is the conditioned stimulus that is never paired with shock rately (right graph).
during conditioning phase; eCS� and eCS� are the conditioned
stimuli during extinction phase. In half of the subjects, the low tone
was the CS� and the high tone was the CS�; in the other half, the

�0.897, p � 0.410). Awareness of contingencies corre-
low tone was the CS�, and the high tone was the CS�.

lated with the response time measure of conditioningAbbreviations: SOA, stimulus onset asynchrony; NE, nullevent;
(CS�/CS�) (Spearman correlation coefficient r � �0.505,pCS� and pCS�, the to-be-conditioned stimuli during the precondi-
p � 0.012).tioning phase; CS�, conditioned stimulus that is paired with shock

during conditioning phase. To illustrate the effect of auditory stimulation in pla-
cebo and scopolamine subjects, fMRI activations to low
and high tones versus baseline during preconditioning
are shown in Figure 3. In both placebo and scopolamineexperiments where galvanic skin responses could not

be measured. In this approach, conditioning is evident, groups, tones activated auditory cortex regions bilater-
ally. Note that the height of activation was not signifi-as faster responses to the CS� as compared to CS�

(Critchely et al., 2002). After the experiment, subjects cantly different for scopolamine and placebo, even at a
reduced threshold of p � 0.01, uncorrected (as tested forwere debriefed regarding conditioning contingencies

and the unpleasantness of the US (see Experimental by a random effects analysis of the group by stimulation
interaction). Concerning auditory cortex experience-Procedures for details). Note that in the following, all

cerebral and behavioral responses analyzed use the un- dependent plasticity, we expected a conditioning-
related enhancement of hemodynamic responses to lowpaired CS�.

Mean response times to tones throughout the experi- and high tone CS�, but not the respective high or low
tone CS� in the placebo group. Furthermore, if the cho-ment were 1.19 � 0.172 s for placebo subjects and

1.11 � 0.509 s for scopolamine subjects. Mean response linergic innervation of the auditory cortex has a modula-
tory role in these plastic changes, reduced conditioning-times were numerically lower in scopolamine subjects

and more variable. This was accounted for by two sub- related plasticity should be observed when cholinergic
receptors are blocked with a systemic injection of sco-jects false alarming (i.e., making a response on average

after 630 and 940 ms, when the actual task was to press polamine. These hypotheses were investigated with two
planned comparisons.the key following termination of the 1000 ms duration

of the tone). In the placebo group, analysis of behavioral First, we identified in both groups auditory regions
showing conditioning-related plasticity. For this pur-data showed reduced response times to the unpaired

(i.e., without shock) CS� compared to CS� during con- pose, we used a contrast testing for a time (precondi-
tioning versus conditioning) by conditioning (CS� versusditioning (t[11] � �2.023, p � 0.034, one tailed paired t

test), confirming that the paradigm induced conditioning CS�) interaction (for illustration see Figure 1). This com-
pares differential responses to unpaired CS� relative(see Figure 2). Subjects treated with scopolamine did

not show a differential response to CS� and CS� to CS� during preconditioning and conditioning phases.
Note that activations during extinction do not contribute(t[11] � 0.480, p � 0.320 for whole group; t[9] � �0.417,

p � 0.687 for group without subjects who were false to this analysis. Subsequently, a second analysis was
performed to test for significant differences betweenalarming). To illustrate that false alarming did not influ-

ence differential responses to CS� and CS�, data from placebo and scopolamine in these contrasts with a
group (placebo versus scopolamine) by time (precondi-the two subjects who were false alarming are presented

separately (see Figure 2, right graph). The skin stimula- tioning versus conditioning) by conditioning (CS� ver-
sus CS�) interaction. To restrict the analysis to auditorytion was rated as mildly unpleasant, and there was no

difference in the rating between groups (Mann-Whitney cortex regions responsive to tones and not to bias the
analysis in favor of regions only responsive in the pla-U test, Z � �0.569, p � 0.590), suggesting that scopol-

amine did not change the perceived aversiveness of the cebo group, both analyses were restricted to regions
showing activations to tones in the scopolamine groupUS. Likewise, there was no group difference in aware-

ness of contingencies (Mann-Whitney U test, Z � (see Figure 3B).
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same left auditory region that expressed experience-
dependent plasticity under placebo showed a group by
plasticity interaction at a reduced threshold (p � 0.005,
uncorrected). Thus, the anticholinergic drug scopolamine
blocked experience-dependent auditory cortex plasticity
as expressed in experience-dependent changes in hemo-
dynamic responses.

Figure 4D further illustrates the pattern of the group �
time � conditioning interaction in right auditory cortex
for the low- and high-tone groups, respectively. Both
plots are derived from the maximally active voxel identi-
fied in right auditory cortex by the group � time � condi-
tioning interaction (as shown in Figure 4C) and illustrate
percent signal change during preconditioning, condi-
tioning, and extinction phases in all groups. Irrespective
of whether low- or high-frequency tones were used as
CS� in subjects receiving placebo, there was an in-
crease in right auditory cortex activation to the CS�
when preconditioning was compared with conditioning
and a decrease in activation (i.e., adaptation) for the
CS�. In contrast, subjects receiving scopolamine
showed either adaptation (i.e., a reduction of activations
between preconditioning and conditioning phases) of
auditory cortex activations for both CS� and CS� (low-
tone group) or a reduction of activations to CS� and
increased activations to the CS� (high-tone group).
Note that this pattern was also found when the two

Figure 3. Tones Preconditioning
volunteers with false alarms were excluded.

(A–C) Auditory cortical regions showing activations to low and high
To assess drug-induced sedation as a contributorytones relative to a baseline, as identified by random effects analysis

factor to the observed plasticity, an additional analysisin (A) placebo and (B) scopolamine groups, respectively. In (C),
was performed where we correlated subjective sedationthe differences image (Placebo-Scopolamine) is shown. The image

shows that activations in auditory cortex preconditioning are not with the magnitude of experience-dependent plasticity
significantly different between placebo and scopolamine subjects. in auditory cortex in scopolamine treated subjects.
All activations are thresholded at p � 0.01 (uncorrected for purposes There was no correlation between measures of sedation
of comparison) and are rendered on a transverse individual T1-

and plasticity in auditory cortex in the low-tone CS�weighted MRI.
group (r � 0.557, p � 0.251 Pearson correlation coeffi-
cient) or high-tone CS� group (r � �0.579, p � 0.228
Pearson correlation coefficient). An additional concernIn the placebo group, experience-dependent plastic-
is the possibility of drug effects on global perfusion;ity was evident in a region of right (and to a lesser extent,
consequently, to investigate whether the drugs mightleft) auditory cortex when low tones were used as CS�.
have interfered with global cerebral blood flow (gCBF),When high tones were used as CS�, experience-depen-
we compared the estimated global BOLD signal acrossdent plasticity was observed in left auditory cortex (ex-
the brain between the two drug groups. No differencesperience-dependent plasticity in right auditory cortex
in this global estimate were evident (independent t testwas only evident at a lower threshold, i.e., p � 0.014,
t[22] � 0.780, p � 0.444). Finally, we evaluated whetheruncorrected) (Figure 4A). The opposite contrast (i.e., in-
autonomic side effects of the drug administration mightcreases to CS� and decreases to CS�) did not yield
have influenced conditioning. Subjective ratings of theany significant activity in auditory regions (as identified
most frequently reported autonomic side effect (i.e., aby random effects analysis, p � 0.001, uncorrected). No
dry mouth) was correlated with conditioning. We foundsignificant experience-dependent plasticity, even at a
no relationship between those two measures (r � 0.170,lower threshold (p � 0.01, uncorrected), was found in
p � 0.439, Spearman correlation coefficient).auditory cortex after scopolamine for either the low- or

high-tone CS� (Figure 4B).
To confirm that experience-dependent plasticity ob- Discussion

served in the placebo group was significantly impaired
with scopolamine, direct comparisons were carried out Using a conditioning paradigm, the study provides evi-

dence that reduction of cholinergic neurotransmission(Figure 4C). A group � time � conditioning interaction
for the low-tone CS� group was evident in the same blocks experience-dependent plasticity in human audi-

tory cortex. In considering these findings, there are aright auditory region that showed experience-depen-
dent plasticity under placebo. For the high-tone CS� number of issues that require discussion in so far as

they present potential confounds.group, a group � time � conditioning interaction was
found in right auditory cortex, slightly more posterior One important consideration is the possibility that

drugs such as scopolamine might affect global and/orand lateral to the activations found for the low-tone CS�
group. Additionally, for this high-tone CS� group, the regional cerebral blood flow (gCBF/rCBF). Tsukada and
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Figure 4. Experience-Dependent Plasticity in Auditory Cortex

(A) Auditory regions showing a time (preconditioning versus conditioning) � conditioning (unpaired CS� versus CS�) interaction in the placebo
group when a low tone (n � 6; left) or high tone (n � 6; right) CS� was used. Experience-dependent plasticity was evident bilaterally in
auditory cortex (x � 54, y � �15, z � 6, Z � 3.50; x � �57, y � �9, z � 6, Z � 3.47) for the low-tone group and left auditory cortex (x � �63,
y � �42, z � 6, Z � 4.71) for the high-tone group. For the high-tone group, a right auditory cortex activation was only observed at a reduced
threshold (x � 66, y � �27, z � 6, Z � 2.39, p � 0.009).
(B) No significant time � conditioning interaction in auditory cortex was found with scopolamine for either the low- (n � 6; left) or the high-
(n � 6; right) tone group.
(C) Auditory regions showing a group (placebo versus scopolamine) � time � conditioning interaction. Significant differences indicating a
higher time � conditioning interaction in placebo compared to scopolamine subjects was found for low- and high-tone groups in the right
auditory cortex (low: x � 57, y � �15, z � 6, Z � 3.31; high: x � 66, y � �27, z � 6, Z � 3.65). Additionally, for the high-tone group, a left
auditory region showed a group � time � conditioning interaction at a reduced threshold (x � �63, y � �39, z � 0, Z � 2.55; p � 0.005).
All activations (thresholded at p � 0.01, uncorrected for purposes of illustration) were identified by random effects analysis.
(D) Plots of percent signal change. Mean and SEM as a function of group, time, and conditioning. The plots are derived from the most
significant voxel in right auditory cortex, showing a group � time � conditioning interaction as identified by a random effects analysis as
shown in (C). Voxel: x � 57, y � �15, z � 6 for the group where the low tone was used as CS� and voxel: x � 66, y � �27, z �6 for the
group where the high tone was used as CS�. Note the increase in right auditory cortex activation to the CS� (gray symbols) when comparing
preconditioning with the conditioning phases and the decrease in activation for the CS� (white symbols) in the placebo group while scopolamine
subjects showed decreases in activations for the CS�.
Abbreviations: L, low tone; H, high tone; pre, preconditioning; cond, conditioning; ext, extinction.

colleagues (1997) have shown in monkeys that rCBF to estimated global BOLD signal between the groups,
which makes significant changes in gCBF unlikely. Fi-somatosensory stimulation is abolished by scopolamine.

The doses shown to yield this effect were, however, ten nally, it should be noted that pharmacological effects
mediated through neurovascular coupling cannot ex-times higher than the dose used here, and of critical

relevance is the fact that no effects on rCBF were found plain the differential responses to CS� relative to CS�.
A potential confound when investigating drug effectsat a lower dose. To account for possible differences in

gCBF between the groups in our data, global scaling in humans is sedation, which has been reported fre-
quently after drugs such as scopolamine. We have as-was used in the data analysis. Furthermore, we found

no evidence for a difference when we compared the sessed sedation with visual analog scales and corre-
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lated these measures with auditory cortex plasticity. We in human auditory cortex in the placebo groups might
be subject to extinction. Decreases in auditory cortexfound no relationship between plasticity and sedation

in scopolamine subjects. In addition, it needs to be ac- activity during extinction have also been described in
eyeblink conditioning in humans (Molchan et al., 1994;knowledged that false positives in imaging data can be

obtained due to movement artifacts. We do not think Schreurs et al., 1997). In animals, it has been shown that
receptive field plasticity in secondary auditory cortex isthat the reported differential activations are due to

movement, since movement parameters were included subject to extinction (Diamond and Weinberger, 1986),
while conditioned onset responses in auditory associa-as confounds in the analysis (see the Experimental Pro-

cedures section). tion cortex were found to be resistant to extinction trials
(Quirk et al. 1997).Response times to the CS served as measure of con-

ditioning. They have previously been shown to indicate It is widely reported that increases in cortical ACh
release occur when animals are presented with behav-conditioning through decreased time to respond to the

CS� and can be used in paradigms were electrodermal iorally relevant, aversive stimuli (Acquas et al., 1996;
Thiel et al., 2000). A striking recent observation is thatresponses cannot be measured (e.g., after scopolamine

administration) (Critchely et al., 2002). Here, response auditory cortex plasticity can be induced by cholinergic
manipulations alone. Thus, auditory cortex receptivetime data is included to demonstrate that the paradigm

was valid to obtain conditioning (in the placebo group). field and map plasticity can be induced by pairing a
tone with stimulation of nucleus basalis (Bakin andWe do not infer any casual relationship between these

behavioral measures and plasticity, as measured with Weinberger, 1996; Miasnikov et al., 2001; Kilgard and
Merzenich, 1998; Hars et al., 1993) or an application offMRI. The aim of this study was to investigate the effects

of scopolamine on experience-dependent plasticity in acetylcholine (Metherate and Weinberger, 1989). Addi-
tionally, plasticity induced by pairing nucleus basalisauditory cortex, regardless of its behavioral correlates.

Indeed, the behavioral expression of learning is not nec- stimulation with a tone is blocked by systemic or cortical
atropine, data that reinforce the view that muscarinicessary for auditory cortex plasticity since the latter also

develops in differential conditioning paradigms where ACh-receptor activation is crucial to this form of plastic-
ity (Bakin and Weinberger, 1996; Miasnikov et al., 2001).the two-tone discrimination task is too difficult for be-

havioral learning to take place (Edeline and Weinberger, The blockade of plasticity under scopolamine is not due
to increased or decreased auditory cortex responsivity1993).

Since our main interest was the detection of auditory under anticholinergic challenge. This is evident in the
plots in Figure 4D that show that plastic changes arecortex plasticity, we used a paradigm that was opti-

mized for the detection of a differential effect on auditory impaired under scopolamine in the low-tone group
where hemodynamic responses to tones precondi-cortex responses as measured with fMRI (Josephs and

Henson, 1999). This resulted in a paradigm with short tioning are numerically higher under drug and in the
high-tone group where responses to tones precondi-intertrial intervals (2 s in the case where there were no

null events between two succeeding stimuli) and a tone- tioning are numerically lower under drug, thus arguing
against baseline differences in affecting plasticity. Theshock interval of 1 s. Additionally, for reasons of analy-

sis, a partial reinforcement schedule was applied that finding that blockade of auditory cortex cholinergic ac-
tivity with the muscarinic antagonist scopolamine signif-allows sampling of hemodynamic responses to non-

paired CS� stimuli and so avoids the confound of a icantly impaired auditory cortex plasticity thus makes a
new link from animal to human data.response to a US in paired presentations. Even though

these requirements were suboptimal for conditioning to The pattern of auditory cortex activity in the scopol-
amine group showed activity decreases to the CS� fromoccur, response times and BOLD contrast in auditory

cortex showed differential responses to CS� and CS�. the preconditioning to the conditioning phase, which
resembles the decreased hemodynamic responses toIn animals, frequency-responsive receptive fields in

primary auditory cortex are retuned during aversive con- CS� from the preconditioning to the conditioning phase
in the placebo group. Decrements in neuronal dischargesditioning such that receptive fields are shifted toward

the frequency of the CS with reduced responses to the in the auditory cortex are normally found in animals in
habituation paradigms where a tone of a given frequencyprevious best frequency (Bakin and Weinberger, 1990).

The increased BOLD responses in auditory cortex to is presented repeatedly (Condon and Weinberger, 1991).
Habituation is a form of nonassociative learning thatthe CS� and decreases to the CS� in placebo subjects

thus parallel the cellular responses reported in animals. occurs to repeated presentation of innoxious stimuli.
The activity decreases in the scopolamine group to theThe findings are also in line with two previous PET stud-

ies using eyeblink conditioning where increased rCBF CS� might be interpreted as an interference with the
process through which the CS� acquires predictivewas evident in primary auditory cortex when condition-

ing was compared with pseudoconditioning (Molchan et value for the aversive US. Furthermore, the observation
that BOLD response decreases are expressed underal., 1994; Schreurs et al., 1997). Interestingly, the plastic

changes were more prominent in the auditory cortex scopolamine might suggest that cholinergic modulation
does not interfere with habituation-related changes incontralateral to the side of US stimulation, a finding that

we also observed (i.e., right auditory cortex plasticity auditory cortex neuronal response. Further experiments
are needed to test this hypothesis.with US applied to left leg for low-tone CS�).

Although the contrasts we used did not investigate We are aware that although there are striking similari-
ties between learning-related receptive field or mapauditory cortex responses during extinction, the plots

in Figure 4D suggest, particularly for the group where plasticity in animals and plasticity seen with neuroimag-
ing methods in humans, there is no direct evidence thata low tone was used as CS�, that plastic changes seen
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(Bond and Lader, 1974). Additionally, pulse rate was measured andthese changes are engendered by the same mecha-
other bodily symptoms specific to scopolamine (e.g., dry mouth)nisms. Apart from differences in the underlying tech-
were rated on scales. Throughout the experiment, volunteers wereniques used to measure plasticity (e.g., neuronal versus
checked for adverse side effects, and physostigmine was kept in

hemodynamic responses), animal studies mostly com- place in case of adverse reactions to the drug.
pare receptive fields before and after training has taken

Experimental Paradigmplace. Our paradigm compared experience-induced
The paradigm consisted of a preconditioning phase, a conditioningchanges before and during training. Nevertheless, the
phase, and an extinction phase. Two neutral tones (pure sine tonesfact that both measures of plasticity are sensitive to
400 and 1600 Hz) with a duration of 1 s were used as CS. Stimuli

cholinergic manipulations suggest at least some com- (including one third “null events” [NE], Josephs and Henson, 1999)
monality. were delivered in a randomized order every 2 s via headphones.

Even though the present study focused on cholinergic Subjects were informed that they would receive skin stimulation
during the experiment but that this was irrelevant to the task. Theymodulation of plasticity in auditory cortex, which is par-
were asked to make a right index finger key press at the end ofticularly rich in muscarinic receptors, there is evidence
each tone. During the preconditioning and extinction phases thethat cholinergic modulation of cerebral responses is not
low (400 Hz) and high (1600Hz) tones were delivered 25 times each.

restricted to the auditory cortex and also evident in other During conditioning, the tones were delivered 50 times each, and
brain areas. For example, in a prior pharmacological one of them (CS�) was paired in 50% of trials with an electric

shock to the left leg that coterminated with the tone (stimulationfMRI study we have shown a modulation of extrastriate
parameters: constant current, square wave pulses; duration, 0.25and frontal cortical areas in a repetition-priming para-
ms intensity range, 6–12 mA, set by subject prior to scanning). Thedigm under scopolamine (Thiel et al., 2001).
assignment of the low or high tone to either CS� or CS� was
randomized across placebo and scopolamine subjects. The use

Conclusion of a differential conditioning paradigm enabled us to ensure that
increased neuronal responses to the CS� were not due to generallyOur study has addressed cholinergic modulation of ex-
increased excitability, attention, or motivational changes during theperience-dependent plasticity in humans and provides
conditioning phase by comparing activations to the CS� with thoseevidence that the neurotransmitter acetylcholine is im-
to the CS�. We used a 50% partial reinforcement strategy (i.e., only

portant for such cortical plasticity. The broader implica- half of the presentations of the CS� were paired with the US) to
tion of this study is that it demonstrates that neurochem- allow us to assess evoked hemodynamic responses to the CS� in

the absence of the US. Partial reinforcement schedules have beenical manipulation of plasticity can be investigated in
successfully used in previous fMRI studies to analyze responses tothe human brain. In this regard, such an approach has
the CS� in absence of the US (Buchel et al., 1998). In all analyses,significance for the study of mechanisms of recovery
only responses to the CS� unpaired were compared with the CS�.

and treatment effects in patients with neurological After the end of the experiment, subjects rated the skin stimulation
damage. on a scale from zero to six (not unpleasant � 0, very mildly

unpleasant � 1, mildly unpleasant � 2, moderately unpleasant �

3, moderately severely unpleasant � 4, severely unpleasant � 5,Experimental Procedures
extremely severely unpleasant � 6). Additionally, they were asked
to rate the pleasantness of the two tones. Awareness of the contin-Subjects
gencies was evaluated with a semistructured interview. First, theyTwenty-nine right-handed participants (16 male, 13 female; age
were asked to tell when during the scanning session (i.e., beginning,range: 18–36 years) with no history of medical or psychiatric disease
middle, end, or throughout) they received the aversive skin stimula-gave informed consent to participate in the study. A clinical evalua-
tion and how many they received. Second, they were asked whethertion was first carried out to ensure that subjects had no conditions
there was any relationship between the tones and the stimulation.contraindicative for scopolamine administration. Only young (below
If they did not notice any relationship, they were told that one of40 years of age), healthy (without medical problems and not on
the tones was paired with the shock and should guess which of theany kind of medication apart from contraceptives) volunteers were
tones it was. The answers were scored on a scale from zero to threeincluded in the study. Ethics approval was obtained from the ethics
(3 � contingency reported even without being asked, i.e., before orcommittee of the local hospital. Five participants were excluded
after the first question; 2 � contingency reported when asked, i.e.,from analysis due to technical failure during sound or shock delivery.
after the second question; 1 � no contingency reported but guessedThe effective group size was n � 12 for placebo (8 male, 4 female;
right when asked to guess; 0 � no contingency reported andmean age 25.41 � 1.38) and n � 12 for scopolamine (6 male, 6
guessed wrong when asked to guess).female; mean age 26.08 � 1.79). Both groups were divided into two

subgroups (n � 6), depending on whether the low or high tone was
Imaging and Image Processingused as CS�.
A VISION MRI system (Siemens, Erlangen, Germany) operating at
2T was used to obtain T2*-weighted echoplanar (EPI) images with

Drugs blood oxygenation level dependent (BOLD) contrast. 250 volumes
A double-blind drug administration technique was used. Subjects of 30 2 mm thick axial slices were acquired sequentially every 3.5
received either an intravenous (iv) injection of 0.4 mg scopolamine mm, leaving a 1.5 mm gap between slices (repetition time � 2.5 s,
(fixed dose) or saline 90 min before the start of the experiment. echo time � 40 ms). The first five volumes were discarded to allow
Scopolamine was administered intravenously since oral scopol- for T1 equilibration effects. All volumes were realigned spatially to
amine has variable absorption, poor bioavailability, and is behavior- the first volume, and the timeseries for voxels within each slice
ally less effective (Putcha et al., 1989). A dose of 0.4 mg of scopol- realigned temporally to acquisition of the middle slice. Resulting
amine was chosen because intravenous injections in this dose range volumes were normalized to a standard EPI template based on the
have been reported to affect a variety of cognitive functions (Vitiello MNI reference brain (Ashburner and Friston, 1999) in Talairach space
et al., 1997). Scopolamine was administered 90 min before scanning (Talairach and Tournoux, 1988) and resampled to 3 � 3 � 3 mm3

since prior studies have shown that cognitive effects of parenteral voxels. The normalized images were smoothed with an isotropic
scopolamine peak from 90 to 150 min after administration (Safer Gaussian kernel of 8 mm full-width half-maximum to accommodate
and Allen, 1971; Sannita et al., 1987; Curran et al., 1991; Ebert et intersubject anatomical variability.
al., 1998), a time window in which scopolamine binds preferentially
to cerebral ACh receptors (as opposed to cerebellar and thalamic Statistical Analysis of Images
receptors, Frey et al., 1992). Prior to scanning, subjective drug ef- Imaging data were analyzed with Statistical Parametric Mapping

software (SPM99, Wellcome Department of Cognitive Neurology,fects such as sedation were assessed with visual analog scales
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London) (Friston et al., 1995), employing a random effects analysis. Buchel, C., Morris, J., Dolan, R.J., and Friston, K.J. (1998). Brain
systems mediating aversive conditioning: an event-related fMRIData were globally scaled to 100 across scans and high-pass-fil-

tered at 1/32 Hz. The hemodynamic response to stimulus onset for study. Neuron 20, 947–957.
each event type was modeled by a canonical synthetic hemody- Condon, C.D., and Weinberger, N.M. (1991). Habituation produces
namic response function (HRF) and its first-order temporal deriva- frequency-specific plasticity of receptive fields in the auditory cor-
tive. Nine event types were modeled, comprising of eight effects of tex. Behav. Neurosci. 105, 416–430.
interest and missed responses as effect of no interest. Effects of

Curran, H.V., Schifano, F., and Lader, M.H. (1991). Models for mem-
interest were the two frequency tones during preconditioning (pCS�

ory dysfunction? A comparison of the effects of scopolamine and
and pCS�), one of which was going to be paired in 50% of trials

lorazepam on memory, psychomotor performance and mood. Psy-
with a shock during conditioning (CS� paired, CS� unpaired, and

chopharmacology (Berl.) 103, 83–90.
CS�). The CS� was randomly divided into two event types to paral-

Critchely, H.D., Mathias, C.J., and Dolan, R.J. (2002). Fear-condition-lel the CS�. The last two event types were the two tones during
ing in humans: the influence of awareness and autonomic arousalextinction (eCS� and eCS�). Head movement parameters were
on functional neuroanatomy. Neuron 33, 653–663.included as confounds, which regress out residual, movement-
Diamond, D.M., and Weinberger, N.M. (1986). Classical conditioningrelated variance. Linear contrasts of parameter estimates for the
rapidly induces specific changes in frequency receptive fields ofcanonical HRF for each subject were taken to a second level analysis
single neurons in secondary and ventral ectosylvian auditory corticalto generate statistical parametric maps (SPMs) of the t statistic. We
fields. Brain Res. 372, 357–360.restricted our analysis to three contrasts. (1) A contrast identifying

voxels with significant responses to presentation of tones during Ebert, U., Siepmann, M., Oertel, R., Wesnes, K.A., and Kirch, W.
the preconditioning phase [pCS� � pCS�] (Figure 3). (2) A contrast (1998). Pharmacokinetics and pharmacodynamics of scopolamine
investigating experience-dependent plasticity using a time (precon- after subcutaneous administration. J. Clin. Pharmacol. 38, 720–726.
ditioning versus conditioning) � conditioning (CS� versus CS�) Edeline, J.M. (1999). Learning-induced physiological plasticity in the
interaction [CS� � pCS�] � [CS� � pCS�], separately for placebo thalamo-cortical sensory systems: a critical evaluation of receptive
and scopolamine subjects in the low- and high-tone groups (Figures field plasticity, map changes and their potential mechanisms. Prog.
4A and 4B). (3) A contrast comparing the effects of placebo and Neurobiol. 57, 165–224.
scopolamine in the low- and high-tone groups on experience-

Edeline, J.M., and Weinberger, N.M. (1993). Receptive field plasticitydependent plasticity by a group � time � conditioning interaction
in the auditory cortex during frequency discrimination training: se-(Placebo[CS� � pCS�] � [CS� � pCS�]) � (Scopolamine [CS� �
lective retuning independent of task difficulty. Behav. Neurosci. 107,pCS�] � [CS� � pCS�]) (Figure 4C). For this latter analysis, percent
82–103.signal change for the most significant voxel was plotted for illustra-
Frey, K.A., Koeppe, R.A., Mulholland, G.K., Jewett, D., Hichwa, R.,tion (Figure 4D). Such plots are used to illustrate the pattern of the
Ehrenkaufer, R.L., Carey, J.E., Wieland, D.M., Kuhl, D.E., and Agra-interaction investigated with a specific contrast. Contrasts 2 and 3
noff, B.W. (1992). In vivo muscarinic cholinergic receptor imagingwere masked with the main effect of tones during preconditioning.
in human brain with [11C]scopolamine and positron emission to-To exclude the possibility that a mask collapsed over both groups’
mography. J. Cereb. Blood Flow Metab. 12, 147–154.preferentially identified regions showing plasticity in the placebo

group due to higher preconditioning activations to tones, the scopol- Friston, K.J., Holmes, A.P., Worsley, K.J., Poline, J.-P., Frith, C.D.,
amine group data (thresholded at p � 0.01, uncorrected) was used and Frackowiak, R.S. (1995). Statistical parametric maps in func-
as a mask within which to identify plastic changes in auditory cortex. tional imaging: a general linear approach. Hum. Brain Mapp. 2,

189–210.
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