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Abstract
The retrieval of information from long-term memory can be associated with information regarding sources or context
(recollection) or without further context (familiarity). The retrieval type depends on how information has been encoded previ-
ously, and this encoding process is supposed to be modulated by the neurotransmitters dopamine and acetylcholine. For example,
acetylcholine levels in the hippocampus increase when one is confronted with novel information allowing for better encoding
and, presumably, for retrieval of more detailed memories (recollection). On the other hand, a dopaminergic deficit such as in
Parkinson’s disease has been shown to induce deficits in familiarity rather than in recollection-based retrieval. It is, however,
unclear whether this finding arises from alterations in encoding, retrieval, or both. Moreover, other research has challenged this
clear-cut dichotomy and linked dopamine to both familiarity and recollection, and acetylcholine to unspecific enhancement of
memory for novel information. Thirty-nine healthy seniors (age range 62–77) participated in a remember/know task in which
scenes that were presented with different repetition rates had to be encoded and retrieved on the following day. Neurotransmitter
levels were modulated during encoding by administrating either levodopa (100 mg, N = 13) or galantamine (8 mg, N = 13) to one
of two experimental groups. A third group received a placebo (N = 13). Across all groups, recognition memory increased as a
function of stimulus repetition, and this effect was specifically pronounced for remember relative to know answers. Importantly,
the drugs had no effect on recollection, familiarity, or overall recognition memory. The findings argue against a simple dichotomy
of dopaminergic and cholinergic contributions to either recollection- or familiarity-based memory retrieval.
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Introduction

Recognition refers to the ability to re-identify items, such as
objects or other information, that have been stored in episodic
memory. Unlike in free recall, where no cues are present,

during recognition, the stored memory representations are
matched to the currently experienced sensory input. It was
suggested that recognition can be further subdivided into
two components or modes, namely recollection and familiar-
ity, also referred to as Bremembering^ and Bknowing,^ respec-
tively (Yonelinas 2002). When encountering a person in the
supermarket, for example, one may recognize him either as a
person from a recent meeting (remember) or without such
contextual details (know).

The quality and fidelity of retrieval crucially depends on
the initial encoding process (Tulving and Thomson 1973),
which has been closely linked to the medial temporal lobe
system (Eichenbaum et al. 2007). This brain system receives
strong input both from dopaminergic and cholinergic projec-
tions. However, whether dopamine and acetylcholine selec-
tively modulate encoding in a way that later favors one re-
trieval mode over the other is unclear. Several studies were
conducted on this issue but revealed contradictory results.
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Many of these studies used neurodegenerative diseases as a
model for neurotransmitter depletion. Parkinson’s disease
(PD), for example, is characterized by a lack of dopamine
due to neurodegenerative processes in the substantia nigra.
Testing PD patients, Davidson et al. (2006) observed a deficit
in familiarity-based but not in recollection-based retrieval.
However, PD patients treated with dopamine agonists showed
deficits in recollection but not familiarity (Shepherd et al.
2013). Others proposed that the effects of the disease on rec-
ognition memory depend on disease severity (Edelstyn et al.
2010). According to this and other studies (Davidson et al.
2006; Edelstyn et al. 2007; Edelstyn et al. 2015), recollection
is impaired during moderate but not mild stages of PD, which
is in contrast with the results of Barnes et al. (2003), who
found recollection to be unaffected in moderate cases, as well.
Regarding familiarity-based recognition, impairments were
found in mild PD (Davidson et al. 2006), whereas moderately
affected patients were unimpaired in familiarity (Barnes et al.
2003 and Edelstyn et al. 2007).

While PD serves as a model of a dopaminergic deficit,
Alzheimer’s disease (AD) and its suspected precursor,
amnestic mild cognitive impairment (aMCI), have been used
as a model for the lack of acetylcholine caused by neurode-
generation of the nucleus basalis of Meynert in the basal fore-
brain (e.g., Blatt et al. 2014). The effects of these conditions
on recognition memory were summarized in a meta-analysis
conducted by Koen and Yonelinas (2014). They concluded
that most aMCI patients show a deficit specific to recollection,
whereas both retrieval processes are impaired in AD.

Patient studies, however, entail two major problems. First,
potentially explaining the often discrepant results in the studies
listed above, the underlying diseases involve more than one
deficit in a single neurotransmitter; instead, their brains differ
from healthy ones in a number of ways. This makes neurologic
patients non-ideal models to study a specific neurotransmitter’s
contribution to the cognitive processes under investigation.
Second, patients suffer from a permanent neurotransmitter def-
icit. Therefore, it remains unclear whether memory impair-
ments result from altered retrieval or from changes in the pre-
ceding encoding and consolidation processes. These pitfalls
can be avoided by testing transient drug effects in healthy
subjects whereby the drugs are selectively administered prior
to the process under investigation. Such drug effects may be
more observable in older than in young subjects: Even during
healthy aging, levels of neurotransmitters such as dopamine
and acetylcholine decrease. Thus, drugs that transiently en-
hance neurotransmitter levels should produce more pro-
nounced behavioral effects in the elderly than in young partic-
ipants with more optimal neurotransmitter levels.

Age-related changes in episodic memory have previously
been demonstrated. In contrast to the young, older subjects
display lower recognition accuracy whereby recollection is
more affected than familiarity (Mäntylä 1993; Perfect and

Dasgupta 1997; Naveh-Benjamin 2000). However, whether
these deficits result from altered retrieval or encoding and
whether they are indeed reflecting neurotransmitter deficits
is not yet clear. An attempt to investigate these questions
was made byMorcom et al. (2010), whomodulated dopamine
levels in young and elderly subjects via administration of do-
paminergic agonists (bromocriptine) or antagonists
(sulpiride). Compared to the administration of a placebo, drug
treatment had no effect on recognition performance. In a dif-
ferent study (Chowdhury et al. 2012), healthy older adults
were medicated with l-dopa and showed a recollection im-
provement 6 h after encoding.

Studies that address the influence of cholinergic modula-
tion on recognition memory in healthy elderly persons have
not yet been conducted (to the authors’ current knowledge).
However, a study investigating the modulatory effect of ace-
tylcholine administered before encoding on recognition mem-
ory in young subjects revealed selective deficits in familiarity
(Eckart et al. 2016). Knowing that nicotinergic stimulation
enhances the encoding of new information (Froeliger et al.
2009; Hasselmo 2006), increasing acetylcholine activity may
lead to more detailed memories and, therefore, favor recollec-
tion. Alternatively, both recollection and familiarity may be
enhanced. Another study investigated the effects of dopami-
nergic and cholinergic modulation on recognition memory in
young subjects and found no behavioral drug effects
(Bunzeck et al. 2014).

The aim of this study was to investigate the effects of the
neurotransmitters dopamine and acetylcholine during
encoding on later recognition memory in healthy seniors.
Subjects took part in a remember/know paradigm including
a study phase in which scenes had to be categorized into
indoor and outdoor scenes under medication with levodopa
(100 mg), galantamine (8 mg), or placebo. The scenes were
presented once, twice, or three times during the study phase in
order to induce different levels of familiarization. In the test
phase, which occurred 24 h after studying, the formerly pre-
sented scenes were mixed with novel scenes and subjects had
to classify them as new or old. In case of Bold^ decisions, they
had to further indicate whether they remembered the scene,
including associations or whether the scenes were only famil-
iar, with no further associations. A third response option let
subjects report whether they were just guessing. After judging
a scene as Bnew,^ subjects had to report whether they were
sure or guessing.

The purpose of the study was to test whether the drugs used
had an effect on recognition memory performance. Given the
mixed results in previous work, we further explored possible
differential effects on the rate of remember vs. know responses
and whether this was further modulated by the degree of fa-
miliarization, i.e., how often scenes had been presented. One
hypothesis was that galantamine, which increases acetylcho-
line levels in the brain by reversibly blocking the enzyme
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acetylcholinesterase, should foster encoding processes that
later result in recollection-based recognition, i.e., increase
the rate of remember responses, especially for less familiar
stimuli. This assumption was based on the previously reported
role of this neurotransmitter during the encoding of novel
information, which is assumed to entail a more detailed mem-
ory representation in the hippocampus, biasing recognition
towards recollection. However, levodopa, which is converted
into dopamine after passing the blood-brain barrier, should
modulate encoding in a way that later favors familiarity-
based retrieval, even for repeatedly presented scenes. As stat-
ed above, this hypothesis—dopamine favors familiarity, ace-
tylcholine supports recollection—is not unambiguously sup-
ported by the literature; therefore, the nature of the present
study was exploratory.

Materials and Methods

Experimental Design

Subjects aged 62 to 77 years were first screened for cognitive
or affective deficits by means of test batteries, including the
CERAD (Consortium to Establish a Registry for Alzheimer’s
Disease, Welsh et al. 1994) and GDS (Geriatric Depression
Scale, Yesavage et al. 1983). Only subjects with normal scores
(CERAD: deviation of 1.5 standard deviations from the nor-
mal sample for each subtest; GDS: 9 = cutoff score) in these
batteries and without a history of severe neurological or psy-
chiatric diseases were included in the study. The subjects were
randomly assigned to one of three groups (placebo, galanta-
mine, or dopamine). After single blind drug administration
and a delay matched to the specific drug’s kinetics (see be-
low), all subjects took part in the same computer-based exper-
iment. They were presented with a number of scenes and were
asked to indicate the indoor vs. outdoor status using the index
and middle fingers. One day later, the subjects were presented
with old and new scenes and were asked to indicate whether
the scenes were either old or new (see below for details).

Participants

Four subjects were excluded from the analysis because they
were not able to perform the recognition session clearly above
the chance level. For the remaining subjects, no differences
between groups were detected regarding their average perfor-
mance in the screening tests. Thus, 39 older adults (age 62–
77 years, 21 females) were randomized to a dopamine (N =
13), galantamine (N = 13) or placebo (N = 13) group using the
website www.randomization.com (Table 1). All participants
were right-handed and healthy (i.e., without any severe inter-
nal or neuropsychiatric disease) with normal or corrected-to-
normal vision.

Sample size was calculated via statistical power calculation
using data from previous own unpublished research. Based on
the number of groups (three) and measurements (six, repeated
measures ANOVA), power analysis was conducted on a mod-
erate effect size (Cohen’s f = .30), assuming a α level of .05
and a desired power (1 − β) of .80. Thus, a sample size of N =
39 was determined.

The participants were paid volunteers and provided written
informed consent before participation. The study was ap-
proved by the local ethics committee of the Medical Faculty
of the Otto von Guericke University.

Treatment

Galantamine

An 8-mg single dose of galantamine (REMINYL R, Janssen-
Cilag GmbH) was administered orally in the form of a tablet.
Because the retarded form of galantamine reaches maximum
release approx. After 4 h, the waiting time between drug ad-
ministration and the experiment was 2 h for this drug.

Dopamine

A single dose of 100 mg levodopa (NACOM R 100, Janssen-
Cilag GmbH) in combination with 25 mg carbidopa was oral-
ly given in the form of a tablet. Because levodopa reaches a

Table 1 Demographic profile of the sample: Mean values and SEM for weight, age, years of education, and gender distribution for each treatment
group; p values reflect non-significant group differences based on ANOVA or the chi-square test

Control
(N = 13)

Galantamine
(N = 13)

Levodopa
(N = 13)

Mean (SEM) Mean (SEM) Mean (SEM) F(2,38) p value

Weight (kg) 72.45 (3.03) 79.96 (3.24) 78.85 (2.76) 1.690 .200

Age (years) 70.85 (1.27) 69.23 (1.17) 69.54 (1.17) .508 .606

Education (years) 16.23 (1.00) 16.92 (.57) 16.67 (.72) .200 .820

Gender (F/M) 8/ 5 7/ 6 6/ 7 x2 = .619; df = 2 .734
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maximum plasma concentration after approximately 0.7 h,
which then remains stable for 2 to 4 h (based on pharmacoki-
netic data), levodopa was administered 1 h before the
encoding session started.

Placebo

The placebo capsules for the placebo group were composed of
magnesium (Abtei Pharma GmbH) and administered 1 h be-
fore the encoding session started.

Experimental Task

Study Phase

After the waiting time elapsed, subjects were presented with
240 images consisting of 120 different scenes that had to be
categorized into indoor and outdoor via a button press (Fig. 1).
All images were gray-scaled and normalized into a mean gray
value of 127 and a standard deviation of 75.

While 40 of 120 scenes were presented once, 40 were pre-
sented twice and 40 were presented three times. Each image
was shown for 1.5 s with interstimulus intervals of 1.5 s in
which a fixation cross was shown on a gray screen. To ensure
that the participants understood the instructions, all partici-
pants completed one short practice session (16 trials) before
the main session. Participants were informed that another test
would follow the next day, but it was not revealed to them that
the same stimuli would be used.

Test Phase

After 24 h (23.72 ± .09 SEM), subjects completed a second
session in which all 120 previously presented images were
shown again together with 40 novel images (Fig. 2).
Subjects were asked to rate every scene as either seen before
(Bold^) or unseen (Bnew^) by button press. When subjects
rated the image as old, they additionally had to report whether
the old image was Bremembered,^ Bfamiliar,^ or whether they
were Bguessing.^ Similarly, after rating an image as Bnew,^
subjects had to report whether they were Bsure^ or
Bguessing.^ Every image was presented for 6 s, in which
subjects had to make the initial old/new judgment, followed
by another 6 s for the subsequent judgment, both by button
press. The test phase was performed around 24 h after
encoding to avoid an impact of the drugs on retrieval.

Data Analysis

Study Phase

To analyze the performance during studying, the proportion of
correct answers and corresponding response timeswere entered

into a repeatedmeasuresANOVAwith the between factor treat-
ment and the within factor scene type (indoor, outdoor).

Test Phase

First we run a repeated measures ANOVA (rANOVA) on un-
corrected remember, know, and guessing hit rates and response
times with the within factors presentation rate (p1, p2, p3) and
response type (remember, know, guess) and the between fac-
tors treatment (placebo vs. galantamine; placebo vs. dopa-
mine). As the ANOVA revealed no significant differences be-
tween the treatment groups (uncorr. hit rates: F(2,36) = .085;
p = .918; η2 = .003; uncorr. response times: F(2,20) = .520;
p = .602; η2 = .021), we conducted two separate rANOVAS
(drug vs. placebo) to give a full picture of our data. A second
ANOVA included the factors response type and treatment but
was carried out on false alarm rates and response times. Again
an omnibus ANOVA revealed no significant group effects
(false alarm rates: F(2,36) = .314, p = .733; η2 = .009; response
times: F(2,25) = 1.428, p = .259; η2 = .056); therefore, we cal-
culated single rANOVAS.

For further analyses, corrected hit rates were calculated
based on the assumption that recollection and familiarity rely
on independent processes and Bknow^ responses are given in
the absence of recollection (Libby et al. 2013):

Corrected recollection rates (CR) were calculated as the
probability of making a Bremember^ judgment to an old item
(ROLD), corrected for the probability of making a Bremember^
judgment to a new item (false alarm rate for Bremember^
responses, RNEW) with the following formula:

Recollection¼ ROLD−RNEW

1−RNEW

Corrected familiarity rates (CF) were calculated as the
probability of making a Bknow^ judgment to an old item
(KOLD), corrected for the probability of making a Bknow^

judgment to a new item FNEW ¼ KNEW
1−RNEWð Þ

� �
and the fact that

Bknow^ responses were given in the absence of recollection ð
FOLD ¼ KOLD

ð1−ROLDÞ
), leading to the following formula:

Familiarity ¼ FOLD−FNEW

First, an omnibus ANOVA was carried out on corrected
recollection and familiarity rates with the within factor presen-
tation rate (p1, p2, p3) and the between factor treatment (gal-
antamine, dopamine, placebo). As no significant group differ-
ences were found (recollection rates: F(2,36) = .122, p = .886;
η2 = .004; familiarity rates: F(2,36) = 1.607, p = .214;
η2 = .047), further rANOVAS were carried out on placebo
vs. drug groups. In cases of violations of the sphericity
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assumption according to Mauchly’s test, the Greenhouse-
Geisser correction was applied and adjusted F- and p values
were reported.

Results

Study Phase

A repeated measures ANOVA revealed no significant differ-
ences in accuracy (F(2,36) = .663, p = .521; η2 = .020) or

response times (F(2,36) = .226, p = .799; η2 = .007) between
treatment groups during the categorization of outdoor and
indoor scenes (Fig. 3). Regarding the factor scene type (indoor
vs. outdoor), no differences were found in accuracy
(F(1,36) = .792, p = .379; η2 = .023) or response times
(F(2,36) = .444, p = .645; η2 = .013).

Test Phase

Raw values of remember, know, and guess responses separat-
ed for each presentation rate can be depicted from Table 2.

Fig. 2 Schematic illustration of
the retrieval task

Fig. 1 Schematic illustration of
the encoding task
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Repeated measures ANOVAs revealed a significant effect
of presentation rate (Plac vs. Gala: F(2,48) = 24.970, p = .000;
η2 = .510/ Pla vs. Dopa: F(2,48) = 31.558, p = .000; η2 = .568)
and response type (Plac vs. Gala: F(2,48) = 6.692, p = .003;
η2 = .218/ Pla vs. Dopa: F(2,48) = 11.563, p = .000; η2 = .325)
in both treatment groups compared to the placebo group. No
significant effect of treatment was found between any of the
tested groups (Plac vs. Gala: F(1,24) = .019, p = .891;
η2 = .001/ Pla vs. Dopa: F(1,24) = .222, p = .641; η2 = .009).

A repeated measures ANOVA testing the treatment and
response type effect on false alarms revealed a significant
response type effect (Plac +. Gala: F(2,48) = 3.610, p = .035;
η2 = .131/ Pla + Dopa: F(2,48) = 4.230, p = .020; η2 = .150)
but no treatment effect (Plac vs. Gala: F(1,24) = .592,
p = .449; η2 = .018/ Pla vs. Dopa: F(1,24) = .337, p = .567;
η2 = .014).

Regarding response times, a significant effect was found
for response type (F(1,29) = 27.780, p < .001; η2 = .534) with
faster responses for remember compared to know responses.
The ANOVA also revealed a significant main effect for pre-
sentation rate (F(2,58) = 4.887, p = .011; η2 = .129) but no sig-
nificant presentation rate × response type interaction (F(2,58) =
1.919, p = .156; η2 = .055). The presentation rate × treatment
group interaction (F(4,58) = .330, p = .857; η2 = .010), the re-
sponse type × treatment group interaction (F(2,29) = .900,
p = .418; η2 = .036), and the main effect of treatment group
(F(2,29) = 1.656, p = .209; η2 = .064) were also not significant.

Further analysis was conducted with corrected measures of
recollection and familiarity (Table 3). A repeated measures
ANOVA revealed a significant effect of presentation rate

(Plac + Gala: F(2,48) = 27.629, p = .000; η2 = .525/ Pla +
Dopa: F(2,48) = 28.984, p = .000; η2 = .547) but again no sig-
nificant treatment effect between the tested groups placebo vs.
galantamine and placebo vs. dopamine (p > .05).

Relationship to Body Weight

Because several studies have shown dose-dependent effects of
pharmacological drugs on cognitive performance (Knecht
et al. 2004; Monte-Silva et al. 2009; Chowdhury et al.
2012), the present data were reanalyzed while taking the indi-
vidual body weight into account. No significant drug effects
were found when testing the linear, inverted-u-shape, quadrat-
ic and cubic relationship between body weights, adjusted
doses, and behavioral data.

Discussion

In an effort to elucidate the effects of the neurotransmitters
dopamine and acetylcholine on encoding and later retrieval
modes, elderly subjects performed a remember/know task
24 h after encoding indoor and outdoor scenes under drug
modulation (levodopa, galantamine, or placebo). The accura-
cy of indoor/outdoor judgments during the study phase was
close to 100% in all groups, suggesting that nearly all images
were properly encoded (Fig. 3). During the test phase on day 2
(Fig. 4), recognition accuracy increased as a function of pic-
ture repetition during the study, and this effect was driven by
recollection but not familiarity rates. These findings support

Fig. 3 Mean performance of all treatment groups during encoding: a hit rate, b response times; error bars indicate the standard error of the mean

Table 2 Raw hit and false alarm rate of remember, know and guess responses

p1 p2 p3 False alarm

ROLD KOLD GOLD ROLD KOLD GOLD ROLD KOLD GOLD RNEW KNEW GNEW

Placebo .21 ± .03 .21 ± .03 .08 ± .03 .25 ± .04 .24 ± .04 .09 ± .03 .36 ± .05 .23 ± .05 .09 ± .03 .11 ± .03 .15 ± .03 .08 ± .02

Galantamine .20 ± .05 .20 ± .07 .11 ± .04 .28 ± .06 .22 ± .06 .11 ± .03 .34 ± .07 .24 ± .06 .10 ± .02 .13 ± .03 .18 ± .04 .08 ± .02

Dopamine .17 ± .03 .23 ± .03 .09 ± .02 .31 ± .05 .22 ± .04 .12 ± .03 .37 ± .06 .24 ± .05 .09 ± .0302 .11 ± .02 .17 ± .03 .08 ± .02
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the assumption of a memory trace being strengthened by rep-
etition, and they are in accordance with the literature (e.g.,
Pitarque et al. 2015).

While the abovementioned effects were expected, in con-
trast to our hypothesis, no impacts of either drug on recollec-
tion vs. familiarity rates were observed: all three groups
showed similar accuracy rates and response times across con-
ditions. That is, dopamine did not shift the retrieval mode
towards familiarity or recollection nor did acetylcholine drive
recollection-based or familiarity-based retrieval. This was true
across all repetition rates: even retrieval for repeatedly pre-
sented scenes was not pushed further towards recollection or
familiarity by acetylcholine, nor were scenes that had been
presented only once more often classified as being recollected
or familiar under dopamine.

Both the dopaminergic midbrain and the cholinergic
basal forebrain project to the hippocampus and the sur-
rounding cortex (Samson et al. 1990; Gasbarri et al. 1994;
Mesulam 2004), which both play a crucial role in episodic
memory (Tulving and Markowitsch 1998; Eichenbaum
and Cohen 2001; Paller and Wagner 2002). Therefore,
we expected that the applied drugs should interfere with
retrieval from episodic memory by modulating these pro-
jections’ impact on the medial temporal lobe memory sys-
tem during encoding. The question arises why no such
impact was observed in the present study. Crucial issues
here are sample size (in a between group design) and
dosage. Regarding the first, while n = 39 (across three
groups) is relatively low, it should be enough according
to our power calculation (see BMaterials and Methods^).

Fig. 4 Performance of all
treatment groups during retrieval
separated into presentation rate
(p1, p2, p3) and response type
(remember, know): a corrected hit
rate, b response times; error bars
indicate the standard error of the
mean

Table 3 Corrected hit rates of
recollection and familiarity
responses

Recollection Familiarity

1× 2× 3× 1× 2× 3×

Placebo .12 ± .02 .17 ± .04 .29 ± .0305 .10 ± .03 .17 ± .03 .21 ± .05

Galantamine .08 ± .05 .18 ± .05 .26 ± .07 .03 ± .03 .08 ± .04 .14 ± .03

Dopamine .07 ± .03 .24 ± .04 .30 ± .06 .08 ± .02 .12 ± .04 .16 ± .04
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Regarding dosage, our drug treatment (8 mg galantamine
or 100 mg levodopa single shot) was based on previous re-
search (Bunzeck et al. 2014) and clinical recommendations
(German S3-guidelines Dementia & Parkinson Disease,
DGPPN and DGN 2017; DGN 2016). However, the used
(single) drug dose may have been too low to elicit observable
behavioral changes. In a study by Bunzeck et al. (2014) with
young subjects and the same doses of levodopa and galanta-
mine, both drugs also had no effect on remember/know judg-
ments, but, importantly, showed differential effects within the
mesolimbic system as assessed by fMRI. However, higher
doses are associated with numerous side effects (e.g., halluci-
nations, nausea, hand tremor) and therefore for ethical reasons
not applicable.

It is well known that dopaminergic as well as cholinergic
effects on cognitive performance follow an inverted U-shaped
curve (Cools and D'Esposito 2011; Störmer et al. 2012;
Dumas and Newhouse 2011). This indicates that optimal cog-
nitive performance is achieved with medium neurotransmitter
levels, a situation found in young participants. Elderly sub-
jects can be assumed to have sub-optimal levels, so the applied
drugs were expected to shift the levels towards the optimal
value. However, over-medication would shift the dose-
response curve to suboptimal levels again. Therefore, some
of our subjects, especially those with low body weight, may
have been over-dosed. However, there was no significant re-
lationship between behavior and body weight in our study.
Moreover, no side effects, which are a typical sign of over-
medication, were observed. Finally, we decided to perform the
experiment in elderly subjects because neurotransmitter levels
are known to decrease during healthy aging (Bäckman et al.
2006; Li et al. 2010). However, a current meta-analysis reports
no age effects on dopamine synthesis capacity (Karrer et al.
2017), and, to further complicate the matter, Bloemendaal
et al. (2018) showed detrimental cognitive effects of the do-
pamine precursor tyrosine in older adults.

Another possibility to explain the absence of any drug ef-
fects may relate to the notion that dopamine and acetylcholine
do not have effects on retrieval when applied during encoding.
Indeed, reports regarding the different roles of both neuro-
transmitters in episodic memory are inconsistent. For exam-
ple, deficits in familiarity but not in recollection were ob-
served in PD patients (Davidson et al. 2006). However, when
treated with dopamine agonists, deficits appeared in recollec-
tion only (Shepherd et al. 2013). PD patients do not only have
a lack of dopaminergic neurons as part of their pathophysiol-
ogy, they may also suffer from age-related declines of the
cholinergic system. Therefore, drug effects found in PD pa-
tients may also be induced by the interplay of different
neurotransmitters.

A meta-analysis including 14 studies suggests a clear trend
towards the impact of acetylcholine on recollection only in
aMCI and on recollection and familiarity in AD (Koen and

Yonelinas 2014). However, the dissociation of recognition
memory into recollection and familiarity is not a main consen-
sus among researchers. There are even reports that question
the existence of two fundamentally different retrieval process-
es (Dunn 1996; Heathcote et al. 2006). Instead, they propose a
continuum from strong to weak memory representations and
that recollection simply refers to retrieving a strong memory
content and familiarity to retrieving a weak memory content.
Assuming this single-process hypothesis, in our study, scenes
presented less often should have led to weak and often repeat-
ed scenes to strong memory traces. The former should entail
more know responses and the latter more remember re-
sponses. In other words, with more repetitions, recollection
rates should increase and familiarity rates should decrease.
While the first assumption could be observed in the present
data, the second assumption was not met. Instead, familiarity
rates did not change with increasing repetition. Together with
earlier studies, which also reported the repetition of study
material to have stronger effects on recollection than on famil-
iarity (Parkin et al. 1995; Dewhurst and Anderson 1999), this
finding argues against single-process theories and supports the
remember/know dichotomy.

In summary, while the present results support the dual-
process retrieval theory (Yonelinas 2002; Yonelinas and
Jacoby 2012; Wixted and Mickes 2010), they do not provide
evidence of an effect of dopaminergic or cholinergic drugs on
subsequent recollection or familiarity.

Further Limitations and Outlook

Apart from the limitations outlined above (sample size, dos-
age), this randomized controlled feasibility study has another
limitation. We collected only cognitive measurements; drug
effects on automatic nervous systems, biological, or basic mo-
tor parameters were not assessed. Although we could not ob-
serve a relationship between body weight and behavior in any
drug group, it remains unclear whether higher or lower drug
dosages may be more able to induce changes in recognition
memory performance. To further address this issue, future
studies could, for example, use positron emission tomography
(PET) to non-invasively determine baseline levels of dopa-
mine and acetylcholine before and after drug intake. This
may help to adjust individual drug dosages.
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