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Scopolamine Reduces Persistent Activity Related to Long-
Term Encoding in the Parahippocampal Gyrus during
Delayed Matching in Humans
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Recent computational modeling and slice physiology studies have suggested that long-term encoding may depend on sustained spiking
during brief memory delays in parahippocampal neurons, and that this persistent spiking activity is modulated by effects of acetylcholine
at muscarinic receptors. Our recent functional magnetic resonance imaging (fMRI) study has shown that sustained parahippocampal
delay period activity during delayed match-to-sample performance in healthy young individuals predicted subsequent memory of visual
stimuli on a recognition memory assessment 20 min later (Schon et al., 2004). The current study combined this fMRI paradigm with a
pharmacological manipulation to test whether this long-term encoding-related delay activity is reduced in subjects who receive the
muscarinic cholinergic antagonist scopolamine before fMRI scanning. Subsequent memory was predicted by sustained activity during
brief memory delays bilaterally in the perirhinal/entorhinal cortex, in the right posterior parahippocampal and mid-fusiform gyri, and in
the hippocampal body in healthy young individuals without a scopolamine challenge. This activity was reduced in subjects receiving
scopolamine. The results are consistent with computational modeling data and behavioral pharmacological studies, suggesting that

long-term encoding-related activity may be reduced if cholinergic receptors are blocked by scopolamine.
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Introduction

Recent computational models have shown that maintenance of
information in working memory for long-term encoding may
depend on cholinergic activation of intrinsic mechanisms for sus-
tained spiking activity (Lisman and Idiart, 1995; Jensen and Lis-
man, 1996; Fransén et al., 2002; Hasselmo et al., 2002b; Koene et
al., 2003). Data from slice preparations have shown that musca-
rinic cholinergic receptors activate an intrinsic cation current
that causes sustained spiking activity in neurons of entorhinal
cortex (Klink and Alonso, 1997; Egorov et al., 2002). Computa-
tional models that incorporate this current can simulate spiking
activity during a delayed match-to-sample (DMS) task (Fransén
et al,, 2002). In a typical DMS task, the subject is instructed to
remember the sample stimulus over a brief memory delay. When
the test stimulus appears at the end of the delay, the subject has to
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indicate whether or not the test stimulus matches the sample
stimulus. Sustained neuronal activity during brief memory delays
has been observed in parahippocampal neurons of monkeys per-
forming delayed matching tasks (Suzuki et al., 1997; Young et al.,
1997). Fransén et al. (2002) showed that this sustained spiking
during memory delays could result from high levels of acetylcho-
line, which activate the intrinsic current, whereas lower levels of
cholinergic activation would result in an absence of persistent
spiking activity.

The cholinergic enhancement of persistent spiking activity
may contribute to long-term encoding, in particular if novel
stimuli are being encoded, consistent with previous functional
magnetic resonance imaging (fMRI) studies examining the role
of the medial temporal lobe (MTL) in working memory (Ranga-
nath and D’Esposito, 2001; Stern et al., 2001). Previous studies
indicate a role for acetylcholine in encoding. Behavioral studies in
monkeys (Aigner et al., 1991; Tang et al., 1997) and humans
(Ghoneim and Mewaldt, 1975, 1977; Rosier et al., 1998; Atrietal.,
2004) have shown that injection of the muscarinic cholinergic
antagonist scopolamine before encoding, but not before re-
trieval, impairs performance on memory tasks. A recent fMRI
study showed that scopolamine reduces hippocampal, fusiform,
and inferior prefrontal activity in individuals performing a long-
term associative encoding task (Sperling et al., 2002). Similarly, a
positron emission tomography study demonstrated that the in-
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fluence of scopolamine at encoding reduces recognition-related
activity in the fusiform gyrus (FG) (Rosier et al., 1999).

Based on the computational modeling and experimental data
described above, we predicted that blockade of acetylcholine re-
ceptor activation should reduce sustained activity associated with
encoding. This prediction was tested by combining a cholinergic
challenge with the paradigm from our previous fMRI study,
which demonstrated that activation during the delay period of a
DMS task was correlated with subsequent performance on a rec-
ognition memory task (Schon et al., 2004). We hypothesize that
scopolamine injection before the DMS task should reduce activ-
ity in the parahippocampal gyrus (PHG) during brief memory
delays that predicts subsequent memory.

Materials and Methods

Subjects

Thirty-one healthy young individuals participated in this study. Subjects
were recruited from the Boston University community. Fifteen subjects
received scopolamine before encoding (SCOP group; for details, see be-
low, Pharmacological procedures). Sixteen additional subjects did not
receive any druginjection (NO DRUG group). Data from the NO DRUG
group has been reported in our study examining delay period activity
during the DMS task (Schon et al., 2004). This group served as the con-
trol group for this study. The SCOP group and the NO DRUG group
were group matched by age (NO DRUG, 22.9 = 4.7; SCOP, 22.1 * 3.6;
ta9) = 0.4933;5 Py 1iea = 0.6255). In each group, 10 participants were
female. Vision was normal or corrected-to-normal. All subjects were
screened for history of psychiatric or neurologic symptoms. Before injec-
tion with scopolamine, the subjects underwent a comprehensive medical
examination, including a pregnancy test for female subjects, and were
not included if they had a history of any significant medical condition
that could be aggravated by anticholinergic drugs or if they took any
neuropsychiatric drugs. All subjects signed informed consent in a man-
ner approved by both the Human Research Committee of the Massachu-
setts General Hospital and the Boston University Institutional Review
Board and received nominal monetary compensation for participating in
this study.

Pharmacological procedures

Subjects in the SCOP group received an intramuscular injection of 0.4
mg of scopolamine in a 1 ml saline solution ~90 min before the begin-
ning of the functional scans. Scopolamine is a medication that has been
used in a variety of clinical applications, including treatment of gastro-
intestinal disorders, as a surgical preanesthetic, and as treatment for mo-
tion sickness. Scopolamine, at this dosage and higher, has been used in
studies to assess the effects of cholinergic blockade on human memory
function (Ghoneim and Mewaldt, 1975, 1977; Sherman et al., 2003; Atri
et al., 2004). We selected this relatively low dose to avoid sedation. The
subjects were periodically reexamined, their vital signs, including pulse,
blood pressure, and respiratory rate, were recorded, and they were mon-
itored for potential side effects. The subjects were observed for 4 h after
injection and until the study physician determined that the side effects of
the drug had subsided.

As expected effects of scopolamine at this dosage, subjects who re-
ceived the drug experienced transient pupillary dilation, mild-to-
moderate dryness of the mouth, and a subjective perception of being
mildly altered by a drug. Of these subjects, nine felt mildly to moderately
tired, and five felt mildly lightheaded for a short time. There were no
significant changes in pulse rate, blood pressure, respiratory rate, or neu-
rological exam.

Behavioral procedures

DMS task. To assess sustained activity during brief memory delays, we
used a DMS task with digitized photographs of trial-unique complex
visual scenes as stimuli, and a control (CON) task that differed from the
DMS task only in instruction and scoring (Fig. 1 A) (Schon et al., 2004).
In both tasks, each trial consisted of a 2 s visual scene presentation (sam-
ple), followed by a 10 s delay period, followed by a 2 s visual scene
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Figure 1. Behavioral tasks. A, Scanning tasks. Subjects saw the sample picture for 2 s, fol-
lowed by a 10's delay during which a gray box appeared, followed by a test picture presentation
for 2 s, followed by a variable-length Tl (6 —14 ) during which a fixation cross appeared. DMS
and CON tasks differed only in instruction. The DMS task required the subject to indicate
whether the test picture matched the sample picture, and the CON task required the subject to
indicate whether the test picture was indoors or outdoors. B, Post-scan SMT. The subject saw all
stimuli again from both DMS and CON tasks and an equal number of new stimuli. The task
required the subject to indicate on a five-point rating scale their confidence on whether a given
picture was old (previously seen) or new (never seen before). Stimuli were shown on black
background.

presentation (test), followed by a variable-length intertrial interval (ITT)
(6, 10, or 14 s). The variable ITI introduces temporal jitter for selective
averaging and provides time for the hemodynamic response of the pre-
vious trial to return to baseline (Postle et al., 2000). A visual cue presented
during sample, delay period, and test presentations instructed the sub-
ject. The cue “MATCH?” instructed the subject to remember the sample
picture during the delay period. During the test period, the cue
“MATCH?” prompted the subject to make a yes/no response on whether
or not the test picture matched the sample picture by using a button box
(DMS task). Half of the trials were match trials (“yes” responses), and
half were nonmatch trials (“no” responses). The cue “INDOOR”
prompted the subject to simply wait until the test picture appeared.
During the test period, the cue “INDOOR?” prompted the subject to
indicate whether or not the test picture was indoors (CON task). No
reference back to the sample picture was necessary to perform this task
accurately. These tasks were designed such that memory was maximized
during the DMS delay period and minimized during the CON delay
period, while keeping visuomotor requirements constant. There were 12
parallel sets of eight runs, and each run always included six DMS and six
CON trials. Although each subject performed eight runs during fMRI
scanning and each run always had six DMS trials and six CON trials, the
order of conditions and stimuli used was not identical. The 12 sets dif-
fered with regard to condition order and with regard to stimulus selec-
tion. Conditions were counterbalanced in each of the 12 sets, and stim-
ulus selection was always random within a given category (indoor scenes
vs outdoor scenes). Before scanning, subjects viewed task instructions on
a computer screen and practiced the tasks. Stimuli were presented, and
reaction times (RTs) and errors were recorded with PsyScope 1.2.5 (Co-
hen et al., 1993).

Post-scan subsequent memory assessment. Approximately 20 min after
fMRI scanning, subjects performed a surprise self-paced subsequent rec-
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ognition memory task (SMT) (Fig. 1B) (Schon et al., 2004). Subjects
viewed all stimuli presented as sample and test stimuli during both DMS
and CON trials and an equal number of new pictures (lures) in random
order. They were instructed to rate on a five-point scale their confidence
as to whether or not a displayed scene had been presented previously
during the DMS and CON tasks. The rating scale (Fig. 1 B) ranged from
1 to 5 (1, high confidence new; 2, low confidence new; 3, unsure; 4, low
confidence old; and 5, high confidence old) (Fig. 1 B). We have used this
scale previously in our laboratory to assess subsequent recognition (Sher-
man et al., 2003; Schon et al., 2004), and these behavioral procedures are
identical to those described by Schon et al. (2004).

Statistical analysis. We used repeated-measures ANOVAs to assess the
effects of group (NO DRUG vs SCOP) and task (DMS vs CON) on RTs
and proportion of correct responses. Because RTs follow a skewed, non-
Gaussian distribution, we first calculated median RTs for individual sub-
jects and then calculated group means based on the medians.

The response proportions on the post-scan SMT were analyzed statis-
tically with the generalized linear model (GLM) using the Huber/White/
sandwich estimator of variance to obtain robust variance estimates, and
dependent variables (response proportions for DMS samples from non-
match trials, for DMS samples from match trials, and for new stimuli)
were classified as binomially distributed data. The GLM included the
factors group (NO DRUG vs SCOP) and response distribution (post-
scan SMT scores, 1 vs 2 vs 3 vs 4 vs 5). This statistical procedure has been
proposed for use with proportions that have a non-Gaussian distribution
(Papke and Wooldridge, 1996).

Focal ¢ tests with Bonferroni-corrected p values ( p = 0.05 divided by
5 = 0.01) were also used to compare the SMT5 scores for DMS samples
(hits) and for new stimuli (false alarms) of both groups.

fMRI procedures

Data acquisition. tMRI data acquisition included collection of two high-
resolution T1-weighted structural images (magnetization-prepared
rapid-acquisition gradient echo; field of view, 256 X 256) and eight
functional T2*-weighted gradient-echo echo planar blood oxygenation
level-dependent scans (time to repetition, 2 s; time to echo, 30 ms; flip
angle, 90°; field of view, 64 X 64; 21 slices per image; 149 images per scan;
in-plane resolution, 3.1 X 3.1 mm; slice thickness, 5 mm; skip between
slices, 1 mm). The data were acquired on a 3.0 tesla Siemens (Erlangen,
Germany) Allegra scanner at the Athinoula A. Martinos Center for Bio-
medical Imaging (Massachusetts General Hospital, Charlestown, MA).

Data preprocessing. Functional scans were temporally smoothed by
correcting for differences in slice timing, realigned to the first image
within a series to correct for motion artifacts, unwarped to correct for
movement-by-susceptibility interactions, normalized into standard
Montreal Neurological Institute (MNI) space with standard resampling
of 2 X 2 X 2 mm isotrophic voxels, and spatially smoothed with a 6 mm
full-width half-maximum Gaussian kernel using SPM2 software (Well-
come Department of Cognitive Neurology, London, UK).

Statistical analysis. We investigated delay period activity in two ways:
(1) we assessed active maintenance of novel information during brief
memory delays regardless of later long-term memory for this informa-
tion (active maintenance analysis), and (2) we assessed long-term encod-
ing by selectively averaging the delay activity according to whether the
immediately preceding sample was remembered with high confidence as
assessed by the post-scan SMT (long-term encoding analysis).

Because of the time-locked nature of the events within a trial (sample
period, followed by delay period, followed by test period), we used mul-
tiple regression analysis instead of conventional event-related analysis
procedures (Dale and Buckner, 1997; Buckner, 1998). The delay length
was kept fixed, because long and short memory delays have been shown
to result in qualitatively differential activation patterns, in particular
within the medial temporal lobes, even if they differ only by a few seconds
(Elliott and Dolan, 1999). With multiple regression analysis, hemody-
namic changes attributable to different trial components that are time-
locked can be assessed simultaneously and independently (Zarahn et al.,
1997; Courtney et al., 1998; Postle et al., 2000). This approach has been
used previously (Courtney et al., 1997, 1998; Postle and D’Esposito,
1999a,b; Ranganath and D’Esposito, 2001; Schon et al., 2004). For the
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active maintenance analysis, we modeled the regressors following Court-
ney et al. (1998). We used the following six contrasts. The first contrast
assessed activity during visual stimulation (sample and test stimuli,
across tasks) versus activity during the absence of visual stimulation
(delay periods and ITIs, across tasks). The second contrast assessed ac-
tivity attributable to DMS stimuli (samples and tests) versus activity
attributable to CON stimuli (samples and tests). The third contrast as-
sessed activity during the CON sample period versus activity during the
CON test period and motor response. The fourth assessed the same as the
third for DMS stimuli. The fifth assessed activity during delay periods
across tasks versus activity during ITIs. The sixth contrasted activity dur-
ing the DMS delay versus activity during the CON delay. We convolved
the six contrasts with a gamma-variate function (Boynton et al., 1996).
The convolved contrasts constituted the six regressors. Including all six
regressors simultaneously into the multiple regression analysis allowed
us to isolate activity that was solely attributable to the memory delay of
the task (regressor 6), because the other regressors accounted for all other
task components (regressors 1-5) (Courtney et al., 1998). Here we report
results from regressor 6.

For the long-term encoding analysis, we used the following eight con-
trasts. The first contrast assessed activity during sample periods from
DMS match trials of sample stimuli that were subsequently remembered
with high confidence on the post-scan SMT (SMT5) versus those that
were not (SMT1-4). The second contrast assessed the same as the first for
sample periods from DMS nonmatch trials. The third contrast assessed
activity during delay periods of DMS match trials after sample stimuli
that were remembered with high confidence on the post-scan SMT
(SMT5) versus all other ratings (SMT1-4). The fourth contrast assessed
the same as the third contrast for delay periods of nonmatch trials. The
fifth contrast assessed activity during sample presentation periods from
CON trials for sample stimuli that were subsequently remembered with
high confidence on the post-scan SMT (SMT5) versus all other ratings
(SMT1-4). The sixth contrast assessed activity during delay periods from
CON trials after sample stimuli that were remembered with high confi-
dence on the post-scan SMT (SMT5) versus all other ratings (SMT1-4).
The seventh contrast assessed test presentation periods from DMS trials
of test stimuli that were subsequently remembered with high confidence
on the post-scan SMT (SMTS5) versus all others (SMT1-4). The eighth
contrast assessed the same as the seventh for test presentation periods
from CON trials. We convolved the eight contrasts with a gamma-variate
function (Boynton et al., 1996). The convolved contrasts constituted the
eight regressors. This multiple regression analysis with eight regressors
allowed us to isolate activity that was solely attributable to sustained
encoding during the DMS task delay separately for match trials (regressor
3) and for nonmatch trials (regressor 4), and that was independent from
other task components, because these were accounted for by all other
regressors (regressors 1, 2, and 5-8). Here we report results for regressors
3 and 4. Match and nonmatch trials were analyzed separately because, in
the case of match trials, the sample picture was seen twice, once during
sample and once during test presentation, and, in the case of nonmatch
trials, the sample pictures were seen only once during sample presenta-
tion before the subjects saw them again on the post-scan SMT. Because it
was more likely that a sample picture was remembered later with high
confidence when it was previously seen twice (during match trials) than
when it was seen once (during nonmatch trials), we analyzed match and
nonmatch trials separately. We compared SMT scores of 5 (SMT5) with
SMT scores of 1-4 (SMT1-4), because we were interested in
recollection-based, not familiarity-based, behavioral responses on the
post-scan SMT (Yonelinas, 1994; Sherman et al., 2003; Schon et al.,
2004). To increase statistical power, we performed a secondary analysis
that collapsed across match and nonmatch trials (i.e., regressors 1 and 2,
as well as 3 and 4, were combined).

For both analyses and for each subject, the regressors were entered into
SPM2 for statistical analysis. The regressors were created such that they
were orthogonal or nearly orthogonal to each other. This allowed us to
interpret the results independently for each regressor. Random-effects
group analyses with subjects as the random factor were performed on
each regressor by entering the resulting ¢-contrast image of each subject
into second-level one- and two-sample f tests.
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For the fMRI result assessment of the active maintenance analysis, we
used a statistical threshold of p < 0.05, small-volume corrected (Worsley
etal., 1996) using the false discovery rate (FDR) procedure (Genovese et
al., 2002), in conjunction with a threshold extent of five voxels. This
small-volume correction was performed based on a large structurally
defined region-of-interest (ROI) mask (see below). Because we focus the
subsequent memory analyses on DMS trials, we reported activity as sta-
tistically significant at p,,,,.., = 0.001 (uncorrected for multiple voxelwise
comparisons) with a threshold extent of five voxels for this analysis.

ROI definition. Our temporal lobe ROI was composed of the PHG
[including perirhinal and entorhinal cortex (PRC/ERC)], the hippocam-
pus, and the FG, bilaterally, because previous fMRI studies of long-term
encoding have demonstrated subsequent memory effects in these regions
(Brewer et al., 1998; Fernandez et al., 1998, 1999; Wagner et al., 1998;
Kirchhoff et al., 2000; Davachi and Wagner, 2002; Davachi et al., 2003).
We defined these regions structurally using the WFU_PickAtlas tool
(Maldjian et al., 2003), which allows automated atlas-based masking in
conjunction with the SPM software for assessment of statistical results
restricted to a priori defined ROIs. We used the International Consor-
tium for Brain Mapping (ICBM) atlas to structurally define our ROI
(Mazziotta et al., 2001) in MNI space.

Time series extraction and analysis. We extracted average signal inten-
sities for each time point from a 5 mm sphere around functional peak
activations within our temporal lobe ROI adjusted for all effects of inter-
est using the VOI tool of the SPM2 software. Unless stated otherwise, the
coordinates of the functional peak activations were taken from the one-
sample ¢ test group analysis of the NO DRUG group, because activity in
the NO DRUG group provided the baseline for comparison of the SCOP
group data. Alternatively, it has been suggested to use functional peak
coordinates from a composite map based on all subjects such that one
group is not favored over another for time series extraction (Buckner et
al., 2000). In an additional analysis, signal intensities were extracted from
coordinates of the functional peak activations from a one-sample ¢ test of
all subjects combined (NO DRUG and SCOP). Data from this analysis
are provided as supplemental data (available at www.jneurosci.org as
supplemental material). We selectively averaged the time series by group
(NO DRUG vs SCOP), task (DMS vs CON), memory (SMT5 vs SMT1—
4), and event (SAMPLE vs DELAY vs TEST) for the active maintenance
analysis, and by group (NO DRUG vs SCOP), DMS trial (MATCH vs
NONMATCH), memory (SMT5 vs SMT1-4), and event
(SAMPLE vs DELAY vs TEST) for the long-term encoding analysis.
Repeated-measures ANOVAs assessed main effects and interactions
of these factors. We used a statistical threshold of p = 0.05 (Geisser-
Greenhouse corrected, when applicable). Repeated-measures ANOVAs
with these within-subject factors used the four-way interaction as the
between-subject error term.

Results

The main finding of this paper is that delay period activity in the
anterior parahippocampal gyrus that predicted subsequent
memory in healthy young individuals (NO DRUG group) is at-
tenuated in subjects who received the muscarinic receptor
blocker scopolamine (SCOP group). This result is described be-
low (see Long-term encoding-related activity during the DMS
delay). Scopolamine also reduced active maintenance-related ac-
tivity in mid-fusiform/parahippocampal regions, but this effect
was not as strong as the subsequent memory effect (see below,
Active maintenance of novel information). In addition, we also
observed behavioral changes in the response distributions on the
SMT, with a reduced number of high confidence hits (SMT5) in
the SCOP group (see below, Behavioral performance).

Behavioral performance

Performance on DMS and CON tasks

A repeated-measures ANOVA with group (NO DRUG vs SCOP)
as the between-subjects factor and task (DMS vs CON) as the
repeated measure on median RTs revealed a main effect of group
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Figure 2.  Behavioral results. A, The proportions of correct responses on DMS and CON task

performance are depicted on the left, and the mean of the median RTs (in milliseconds) on DMS
and CON task performance are depicted on the right. B, Response proportions on postscan
subsequent memory rating for sample stimuli that were seen twice (match trials; top left), for
sample stimuli that were seen once (nonmatch trials; top right), and for new stimuli (lures;
bottom left) that were not seen before the postscan SMT was performed. The rating scale
ranged from 1 (high confidence new) to 5 (high confidence old). Gray bars depict results for the
NO DRUG group, and white bars depict results for the SCOP group.

(F1.56) = 7.17; p = 0.0097) and a main effect of task (F, 55 =
10.06; p = 0.0025), indicating that, on average, the SCOP group
was slower than the NO DRUG group on both tasks [mean RTs =
SD (in milliseconds); DMS, 1143 * 224 vs 908 * 263, respec-
tively; CON, 1305 = 278 vs 1176 = 283, respectively], and that
both groups were slower on the CON task compared with the
DMS task (Fig. 2A). Each group performed both tasks at high
levels (=94% correct responses). A repeated-measures ANOVA
on the proportion of correct responses also revealed a main effect
of group (F, s¢) = 12.05; p = 0.001), indicating that the SCOP
group made more errors on both tasks in the scanner compared
with the NO DRUG group (DMS, 0.950 = 0.062 vs 0.996 *=
0.009, respectively; CON, 0.937 £ 0.047 vs 0.969 = 0.036, respec-
tively). The significant difference between the two groups is most
likely attributable to the ceiling performance of the NO DRUG
group on the DMS task that resulted in reduced variance (Fig.
2 A).Inaddition, there was a statistical trend toward a main effect
of task (F(; 56y = 3.12; p = 0.0826), indicating that, overall, both
groups made slightly more errors on the DMS task than on the
CON task.

Performance on the post-scan SMT
Opverall, the SCOP group recognized slightly fewer sample pic-
tures with high confidence than the NO DRUG group, but oth-
erwise both groups had similar scores on the post-scan recogni-
tion memory assessment (SMT).

The GLM analysis on the response proportions of sample pic-
tures that were encountered once (nonmatch trials) and those of
sample pictures that were encountered twice (match trials) before
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nificantly in their old/new confidence rat-
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two groups did not differ on the propor-
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fMRI results

Active maintenance of novel information

The active maintenance analysis on the NO DRUG data revealed
that, when activity during the DMS delay was contrasted with
activity during the CON delay, regardless of long-term subse-
quent memory, there were two activation foci within our ROI
(Fig.3A), onein the right mid-FG/PHG (peak atx = 34,y = —34,
z= —20;Z=4.18; pppr = 0.02) and one in the left mid-FG/PHG
(peak at x = =32,y = —48,z = —12; Z = 3.60; pppr = 0.02).
When the same analysis was done on the SCOP data, the activa-
tion in the right mid-FG/PHG was not present, and the activation
in the left mid-FG/PHG was reduced in both magnitude and
extent (peak atx = —28,y = —38,z = —22; Z = 2.62; Puncor =
0.004) (Fig. 3B). Results from a two-sample ¢ test comparing the
NO DRUG group with the SCOP group confirmed this finding.
The NO DRUG group had significantly greater activation in the
right mid-FG/PHG (peak atx = 20,y = —34,z= —18; Z = 3.36;
Puncor < 0.001) (Fig. 3C) and in the left mid-FG/PHG (peak at
x=—24,y=—46,z= —18;Z = 2.90; pypcor = 0.002; statistical
trend) (Fig. 3C).

Repeated-measures ANOVAs on extracted signal-intensity
time series from the two activation peaks derived from the NO
DRUG group examined the effects of group (NO DRUG vs
SCOP), task (DMS vs CON), memory (SMT5 vs SMT1-4), and

W oms
[Jcon

{t

fMRI activation from the active maintenance analysis. Only activation within ROIs is superimposed on canonical
average T1-weighted ICBM/MNI brain. A, NO DRUG group shows right mid-FG/PHG activity, y = — 34, depicted on left, and left
mid-FG/PHG, y = —48, depicted on right. B, Same as in A for SCOP group. C, Greater activation for the NO DRUG group compared
with the SCOP group in the right mid-FG/PHG, y = — 34, depicted on the left, and in the left mid-FG/PHG, y = — 46, depicted on
the right. D, Corrected signal intensities during sample presentation (S), delay period (DELAY), and test presentation (T) from the
right mid-FG/PHG for the NO DRUG group, depicted on the left, and for the left mid-FG/PHG for the NO DRUG group, depicted on the
right. E, Same as D but for the SCOP group. y-Axes, Signal intensity grand mean scaled to 100 and global calculation using mean
voxel value (within per image full mean/8 mask). R, Right hemisphere; L, left hemisphere.

event (SAMPLE vs DELAY vs TEST). Because we were interested
in whether active maintenance (DMS delay activity > CON delay
activity) was modulated by scopolamine, we were mainly inter-
ested in finding main effects and/or interactions involving the
factors task (DMS vs CON) and group (NO DRUG vs SCOP).
Results are summarized in Table 1. The ANOVA on the time
series from the right mid-FG/PHG revealed a significant main
effect of memory (F, 545y = 16.43; p < 0.001), indicating that
activity in this region was greater for items that were subsequently
remembered with high confidence than those that were not
(SMT5 > SMT1-4; data not shown). In addition, there was a
trend toward a main effect of task (F(, 5,5y = 2.75; p = 0.098),
indicating that activity in the right mid-FG/PHG tended to be
greater for the DMS task than for the CON task (Fig. 3D,E,
graphs on left). The same repeated-measures ANOVAs per-
formed separately for each group confirmed that this trend was
attributable to a main effect of task in the NO DRUG group
(F1,180) = 4.82; p = 0.029) and is absent in the SCOP group
(Fi1.165y = 0.09; p = 0.761). In addition, these same separate
ANOVAs illustrate that the main effect of memory was primarily
driven by the NO DRUG group (F, 159y = 17.00, p < 0.001; and
F1 165 = 3.23, p = 0.074 for NO DRUG and SCOP groups,
respectively). There was no significant main effect of group or
significant interactions involving the factors group and task. The
ANOVA on the time series from the left mid-FG/PHG peak re-
vealed a significant group X event interaction (F, 345, = 4.55;
p =0.016) and a trend toward a group X task X memory X event
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Table 1. Repeated-measures ANOVA: active maintenance analysis, DMS delay versus CON delay

F
Left Mid-FG/PHG Right Mid-FG/PHG
Source df (—32, —48,—12)1 (34, —34, —20)"
Group 1 254 2.22
Task 1 1.28 275
Memory 1 215 16.43***
Event 2 69.09%%* 33.98%**
Group X task 1 1.91 1.4
Group X memory 1 247 1.67
Group X event 2 4.55% 0.24
Task X memory 1 0.58 0.57
Task X event 2 1.13 0.45
Memory X event 2 0.27 0.11
Group X task X memory 1 0.11 0.02
Group X task X event 2 1.27 0.47
Group X memory X event 2 0.02 0.11
Task X memory X event 2 0.08 0.01
Group X task X memory X event 2 238° 0.27
Errors 345 0.11) 0.12)
Note that values enclosed in parentheses represent mean square errors. *p << 0.05; ***p < 0.001.
“Peak Talairach coordinates (x, y, z) in MNI space.
btatistical trend ( p = 0.1).
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Figure4. fMRlactivation from long-term encoding analysis. Only activation within ROls is superimposed on canonical average

T1-weighted ICBM/MNI brain. A, NO DRUG group, right posterior PHG, y = — 26, depicted on left (arrow), and right (arrow) and
left PRC/ERC, y = — 10, depicted on right (from nonmatch trials). B, Same as in A for SCOP group. (, Greater activation for the NO
DRUG group compared with the SCOP group in the right posterior PHG (across DMS trials), y = — 30, depicted on the left, and in
the right (and left) PRC/ERC (across DMS trials), y = — 16, depicted on the right. D, Corrected signal intensities during sample
presentation (S), delay period (DELAY), and test presentation (T) from the right posterior PHG for the NO DRUG group, depicted on
the left, and for the right PRC/ERC for the NO DRUG group, depicted on the right (from nonmatch trials). E, Same as D but for the
SCOP group. y-Axes, Signal intensity grand mean scaled to 100 and global calculation using mean voxel value (within perimage full

mean/8 mask). R, Right hemisphere; L, left hemisphere.

interaction (F, 3,5 = 2.38; p = 0.1106). Although a four-way

interaction is difficult to interpret, Figure 3, D and E (graphs on
right), illustrates that delay period activity during the DMS task is
greater than delay period activity during the CON task for the NO

=34,y = —12,z =
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DRUG group (linear test, F(, 55,y = 3.08;
p = 0.080; statistical trend) but not for the
SCOP group (linear test, F; 35, = 0.02;
p = 0.899).

In summary, the mid-FG/PHG region,
bilaterally, showed greater activity during
the DMS task compared with the CON
task in the NO DRUG group, but this ef-
fect was small. In addition, this active
maintenance-related delay activity was
slightly reduced in the SCOP group com-
pared with the NO DRUG group.

Please note that ANOVAs were per-
formed on signal intensities extracted
from time series using coordinates from
the NO DRUG group. We believe that the
appropriate comparison is to use the
healthy or control group as the baseline to
which other groups are compared. How-
ever, we also repeated the analyses by ex-
tracting peak coordinates from a single
composite statistical parametric map that
was derived by entering all subjects from
the NO DRUG and SCOP groups into a
one-sample t test (Buckner et al., 2000).
Results of this analysis are described as
supplemental data (available at www.
jneurosci.org as supplemental material).

Long-term encoding-related activity during
the DMS delay

Thelong-term encoding analysis showed a
significant effect of the scopolamine ma-
nipulation on functional activation dur-
ing delay periods correlated with perfor-
mance on the post-scan SMT.

Long-term encoding analysis of the
NO DRUG data examined differences in
delay activity correlated with performance
on the post-scan SMT. Activity during
DMS delays following samples that were
remembered with high confidence on the
post-scan SMT (SMT5) was contrasted
with activity during DMS delays following
samples that were not remembered with
high confidence on the SMT (SMT1-4).
There were five activation foci within our
ROI, when the analysis was restricted to
nonmatch trials only (Figs. 4A, 5A, brain
image on left), i.e., when sample stimuli
were encountered only once before recog-
nition assessment on the post-scan SMT.

These activation foci were in the right
posterior PHG/mid-FG (peak at x = 24,
y = —24,z= =24, Z = 2.63; Puncor =
0.004; statistical trend) (Fig. 4 A, brain im-
age on left), in the right PRC/ERC (peak
atx =34,y = —10,z = —28; Z = 3.45;
Puncor < 0.001) (Fig. 4A, brain image on
right), and left PRC/ERC (peak at x =
—26; Z = 2.10; puncor = 0.018; statistical

trend) (Fig. 4A, brain image on right), and in the right hippo-
campal body (peak at x = 34, y = —26,z = —14; Z = 2.82;
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Puncor = 0.001) (Fig. 5A, brain image on
left) and left hippocampal body (peak at
x= =30,y = —30,z= —12; Z = 2.45;
Puncor = 0.007; statistical trend) (Fig. 5A,
brain image on left). When the same anal-
ysis was done on the SCOP data, activity in
these regions was not present (Figs. 4B,
5B). There was only a small and statisti-
cally nonsignificant activation in the right
mid-FG (peak at x = 30, y = —32,z =
=225 Z = 2.34; puncor = 0.01; statistical
trend; data not shown). Results from a
two-sample ¢ test comparing the NO
DRUG group with the SCOP group was
consistent with this finding: the NO
DRUG group had a significantly greater
activation in the right hippocampal body
(peakatx =34,y = —26,z= —14;, Z =
3.02; puncor = 0.001) (Fig. 5C, brain image
on left), in the left hippocampal head
(peakatx = —28,y=—14,z= —10; Z =
2.47; Puncor = 0.007; statistical trend) (Fig.
5C, brain image on left), and in the right
mid-FG (peak at x = 26, y = =50, z =
—16; Z = 3.10; pyncor = 0.001). There was
also a greater activation in the right poste-
rior PHG for the NO DRUG group com-
pared with the SCOP group. However, the
latter activation difference was small and
statistically not significant. It extended
from the mid-FG cluster to the posterior
PHG (peak atx = 22,y = =30,z = —10;
Z = 2.33; puncor = 0.010; statistical
trend; data not shown). There was no
statistically significant activation differ-
ence in the right or left PRC/ERC for this
comparison.

We repeated the same analysis col-
lapsed across match and nonmatch trials.
This additional analysis revealed greater
activation in the right posterior PHG

(peakatx =26,y = —30,z= —14; Z = 3.04; pncor = 0.001) (Fig.
4C, brain image on left) and also in the right PRC/ERC (peak at
x =40,y = —12,2 = —26; Z = 3.23; Puncer = 0.001) (Fig. 4C,
brain image on right) and left PRC/ERC (peak at x = —36,
y=—16,z= —30;Z=3.05; pyncor = 0.001) (Fig. 4C, brain image
on right) in NO DRUG subjects compared with SCOP subjects,
possibly indicating that encoding-related delay activity in these
regions does not distinguish between stimuli that were encoun-
tered once (nonmatch trials) and stimuli that were encountered
twice (match trials) before the post-scan SMT. Conversely, this
analysis did not show activation in the hippocampus. Activity in
the hippocampus was only present when sample stimuli were
seen only once before the post-scan SMT. This may indicate that
the hippocampus plays a different role than the PRC/ERC in en-
coding (for review, see Squire et al., 2004). Interestingly, the SCOP
group showed greater encoding-related memory delay activation in
the left hippocampal head (peak at x = —24, y = —8,z = —22;
Z = 3.18; puncor = 0.001) and a statistical trend for a significant
activation difference in the right hippocampal head/uncus (peak at
x=20,y=—4,z=—247 =238 Purcor =
DRUG group for this comparison (across match and nonmatch

trials; data not shown).
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Figure5. MRl activation from long-term encoding analysis. Only activation within ROls is superimposed on canonical average
T1-weighted ICBM/MNI brain. A, NO DRUG group, hippocampal body activation, bilateral, y = — 26, for nonmatch trials (stimuli
seen once), depicted on the left, and absence of hippocampal head activation, y = —2, for match trials (stimuli seen twice),
depicted on the right. B, Opposite pattern as in 4 for SCOP group with absence of hippocampal body activation, y = — 26, for
nonmatch trials (stimuli seen once), depicted on the left, and presence of hippocampal head activation, y = —2, for match trials
(stimuli seen twice), depicted on the right. , Greater activation for the NO DRUG group compared with the SCOP group in the right
and left hippocampal body, y = — 26, for nonmatch trials (stimuli seen once), depicted on the left, and greater activation for the
SCOP group compared with the NO DRUG group in the right (and left) hippocampal head/uncus, y = —4, for match trials (stimuli
seen twice), depicted on the right. D, Corrected signal intensities during sample presentation (S), delay period (DELAY), and test
presentation (T) from the right hippocampal body for nonmatch trials (stimuli seen once), in the NO DRUG group, depicted on the
left, and for the left hippocampal body for match trials (stimuli seen twice), in the NO DRUG group, depicted on the right. E, Same
as D but for the SCOP group. y-Axes, Signal intensity grand mean scaled to 100 and global calculation using mean voxel value
(within per image full mean/8 mask). R, Right hemisphere; L, left hemisphere.

When this analysis was repeated separately for match and
nonmatch trials for the SCOP group, it became evident that this
differential activity in the left hippocampal head (peak at x =
=18,y = —6,z = —28; Z = 2.00; not significant; p,,.., = 0.023)
and in the right hippocampal head (peak at x = 20,y = =2,z =
—24;Z = 3.11; pypcor = 0.001) (Fig. 5B, brain image on right) in
the SCOP group was present only for match trials, when stimuli
were seen twice before SMT performance, but not for nonmatch
trials, when stimuli were seen once before SMT performance.
Only the activation in the right hippocampal head was statisti-
cally significant for this analysis. A two-sample ¢ test comparing
the two groups directly confirmed this finding. There was a sta-
tistical trend toward activation in the left hippocampal head
(peak at x = —26,y = —8,z = —20; Z = 2.49; pyncor = 0.006;
statistical trend) and in the right hippocampal head/uncus (peak
atx =20,y = —4,z= —24;Z = 2.24; puncor = 0.012; statistical
trend) (Fig. 5B,C, brain images on right) for match trials
(SCOP > NO DRUG), when stimuli were encountered twice
before post-scan SMT performance. This activation pattern was
not present in the NO DRUG group (Fig. 5A, brain images on
right).

Repeated-measures ANOVAs on extracted signal-intensity

0.009) than the NO
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Table 2. Repeated-measures ANOVA: subsequent memory analysis, delay period activity (nonmatch trials)

F
RPRC/ERC L PRC/ERC R Hipp. Body L Hipp. Body R PHG/mid-FG

Source df (34, —10, —28)° (—34,—12,—26)" (34, —26, —14)° (=30, —30, —12)° (24, —24, —24)°
Group 1 5.08* 3.44¢ 0.19 233 131
Trial® 1 3.64° 5.03* 7.80%* 0.00 0.55
Memory 1 4.76* 6.35% 3.02° 7.85%* 5.50%
Event 2 0.25 0.21 0.06 2.33¢ 1.60
Group X trial 1 1.61 0.00 0.04 4.66* 3.50°
Group X memory 1 1.28 4.44% 9.9%* 2.65 1.79
Group X event 2 0.01 0.26 0.48 0.66 0.21
Trial X memory 1 0.44 0.85 3.70° 5.54* 3.04
Trial X event 2 0.04 0.10 0.26 0.10 0.15
Memory X event 2 0.01 0.02 0.22 0.11 0.49
Group X trial X memory 1 4.75% 233 0.74 5.39% 4.71*
Group X trial X event 2 0.22 0.06 0.35 0.73 0.14
Group X memory X event 2 0.11 0.09 0.92 278 0.21
Trial X memory X event 2 0.04 0.04 0.22 0.06 0.10
Group X trial X memory X event 2 0.08 0.14 0.39 0.13 0.05
Errors 324 (0.24) (0.24) (0.15) (0.08) (0.60)
Note that values enclosed in parentheses represent mean square errors. R, Right; L, left; Hipp., hippocampal. p << 0.05; **p < 0.01.
“Peak Talairach coordinates (x, y, z) in MNI space.
®DMS trial (match vs nonmatch).
“Statistical trend ( p = 0.1).
Table 3. Repeated-measures ANOVA: subsequent memory analysis, delay period activity (all trials) sustained delay activity for items that were

F remembered with high confidence on the

R PHG/mid-FG R PRC/ERC L PRC/ERC pOSt'SCan SMT (SMTS) than for those that

Source df (26, —32, —14) (38, —12, —26)° (—36,—16,—30)° were not (SMT1-4), and it allowed us to
Group : 008 193 230 investigate whether this sustained encod-
Trial® 1 207 512% 3906 ing signal during the delay was attenuated
Memory 1 12.18%4* 413 3.39¢ by scopolamine. Group X memory and
Event 2 24.16%%* 0.57 0.03 group X trial X memory interactions pro-
Group X trial 1 0.04 0.74 0.19 vide answers to these questions. Group X
Group X memory 1 13.9%%% 28 4.78¢ memory interactions show differences be-
? r.OlIJr;X event % 83‘1‘ ggg 8(5)? tween the two groups as a function of sub-
T::I % rezeer:tory ) 0:11 0:2 0:11 sequent memory (SMT5 vs SMT1-4), and
Memory X event ) 0.41 011 0.02 group X trial X memory interactions re-
Group X trial X memory 1 1.60 3.57¢ 598* veal differences between groups as a func-
Group X trial X event 2 0.03 0.06 0.08 tion of both subsequent memory and the
Group X memory X event 2 1.04 0.45 013 number of stimulus presentations before
Trial X memory X event 2 0.20 0.01 0.06 SMT performance (one presentation,
E:;L:E X trial X memory X event 32121 (3 '11‘:) (8(1];) (ggg) nonmatch trials; two presentations, match

Note that values enclosed in parentheses represent mean square errors. R, Right; L, left. *p << 0.05; ***p << 0.001.

“Peak Talairach coordinates (x, y, z) in MNI space.
DMS trial (match vs nonmatch).
‘Statistical trend ( p =< 0.1).

time series from these activation peaks (derived from the NO
DRUG group, analysis restricted to nonmatch trials) tested for
the effects of group (NO DRUG vs SCOP), DMS trial (match vs
nonmatch trials), memory (SMT5 vs SMT1-4), and event (SAM-
PLE vs DELAY vs TEST), as well as for interactions of these terms.
Because we were interested in whether subsequent memory
(SMT5 vs SMT1-4) was modulated by scopolamine, we were
mainly interested in finding main effects and/or interactions in-
volving the factors memory (SMT5 vs SMT1-4) and group (NO
DRUG vs SCOP). Please note that data from repeated-measures
ANOVAs based on coordinates extracted from a composite sta-
tistical parametric map from a one-sample ¢ test on all subjects
(NO DRUG and SCOP groups) are available as supplemental
data (available at www.jneurosci.org as supplemental material).
This ANOVA allowed us to investigate whether there was greater

trials). In addition, main effects of group,
DMS trial, and memory are reported. Re-
sults of all repeated-measures ANOVAs
corresponding to the coordinates ex-
tracted from the subsequent memory
analysis restricted to nonmatch trials are
summarized in Table 2, and those extracted from the subsequent
memory analysis on all trials are summarized in Table 3.

The ANOVA on the time series from the right PRC/ERC re-
vealed a significant main effect of group (F(; 3,4y = 5.08; p =
0.025), a significant main effect of memory (F, 3,4, = 4.76; p =
0.030), and a significant group X DMS trial X memory interac-
tion (F(, 3,4 = 4.75; p = 0.030), as well as a trend toward a main
effect of DMS trial (F(, 354y = 3.64; p = 0.057). These results
indicate that, in this anterior parahippocampal region, a subse-
quent memory effect (SMT5 > SMT1-4) was present through-
out the DMS nonmatch trial in the NO DRUG group but not in
the SCOP group (Fig. 4 D, E, graphs on right, respectively).

In addition, the ANOVA on the time series from the left PRC/
ERC revealed a significant main effect of DMS trial (F(, 5,4y =
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5.03; p = 0.026), a significant main effect of memory (F, 3,4y =
6.35; p = 0.012), and a significant group X memory interaction
(F(1,324y = 4.44; p = 0.036), as well as a trend toward a main effect
of group (F(, 35,4, = 3.44; p = 0.064). Again, these results indicate
a reduced subsequent memory effect throughout the DMS non-
match trial in the SCOP group compared with the NO DRUG
group (data not shown). In addition, focal linear tests clearly
show that a subsequent memory effect (SMT5 > SMT1-4) is
present in nonmatch trial delays in the NO DRUG group
(F(1,324) = 5.43; p = 0.020) but not in the SCOP group (F, 554y =
0.00; p = 0.96).

The ANOVA on the time series from the right hippocampal
body revealed a significant main effect of DMS trial (F(; 5,4) =
7.80; p = 0.006) and a significant group X memory interaction
(F1,324y = 9.90; p = 0.002). Furthermore, there was a trend to-
ward a main effect of memory (F(, 3,4, = 3.12; p = 0.078) and
toward a DMS trial X memory interaction (F, 5,4y = 3.70; p =
0.055), again indicating a reduced subsequent memory effect
throughout the DMS nonmatch trial in the SCOP group com-
pared with the NO DRUG group (Fig. 5D, E, graphs on left).

The ANOVA on the time series from the left hippocampal
body revealed a significant main effect of memory (F(, 5,4 =
7.85; p = 0.005) and significant group X DMS trial (F; 354y =
4.66; p = 0.032), DMS trial X memory (Fs,, = 5.54;
p = 0.019), and group X DMS trial X memory interactions
(F(1,324y = 5.39; p = 0.021). There was also a trend toward a
group X memory X event interaction (F(, s,y = 2.78; p =
0.0864). The results on the time series from the left hippocampal
body indicate that, not only was the subsequent memory effect
reduced in the SCOP group compared with the NO DRUG group
during the DMS nonmatch trial, the opposite trend was present
for DMS match trials when sample stimuli were encountered
twice before the post-scan SMT. For DMS match trials, the sub-
sequent memory effect was increased in the SCOP group com-
pared with the NO DRUG group (Fig. 5E, D, graphs on right).
This finding is consistent with a greater subsequent memory ef-
fect during the DMS delay for SCOP subjects compared with NO
DRUG subjects for stimuli encountered twice (Fig. 5, compare
B, C, brain images on right).

And last, the ANOVA on the time series from the right poste-
rior PHG/mid-FG revealed a significant main effect of memory
(F(1.324y = 5.50; p = 0.020), a significant group X DMS trial X
memory interaction (F(, 5,4,y = 4.71; p = 0.031), and a trend
toward a group X DMS trial interaction (F(; 354y = 3.50; p =
0.062). These results indicate that a subsequent memory effect
(SMT5 > SMT1-4) was present throughout the DMS nonmatch
trial in the NO DRUG group but not in the SCOP group (Fig.
4D, E, graphs on left, respectively).

In summary, statistically significant group X memory and
group X DMS trial X memory interactions indicate that scopol-
amine reduces sustained activity during the DMS delay in the
PRC/ERGC, bilaterally, in the hippocampus, bilaterally, and in the
right posterior PHG that predicted subsequent memory.

Discussion

This study demonstrates that muscarinic cholinergic blockade by
scopolamine attenuates persistent activity in parahippocampal
and hippocampal regions that is predictive of successful long-
term encoding in healthy young individuals. In a separate analy-
sis, scopolamine also reduces activity that is related to actively
maintaining novel information in a short-term memory buffer,
albeit only slightly. A region in the mid-FG/PHG, bilaterally, was
recruited to actively maintain novel information in memory. Sus-
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tained delay activity bilaterally in the PRC/ERC, bilaterally in the
hippocampus, and in the posterior PHG predicted subsequent
long-term memory as assessed with the post-scan subsequent
recognition memory test in healthy young individuals and there-
fore was related to long-term encoding. Although the effects of
scopolamine on memory performance were relatively subtle, a
scopolamine-challenge 90 min before encoding clearly reduced
fMRI activity in these encoding-related brain regions.

The current findings support the hypothesis that persistent
activity in parahippocampal neurons may enhance encoding, and
that reduced muscarinic cholinergic receptor activation may re-
duce this activity and consequently may impair encoding. These
results support computational models (Jensen and Lisman, 1996;
Fransén et al., 2002; Hasselmo et al., 2002a,b; Koene et al., 2003)
that propose that performance in both delayed matching tasks
and long-term encoding could be enhanced by cholinergic acti-
vation of intrinsic mechanisms for sustained spiking activity as
demonstrated in slice preparations of entorhinal cortex (Klink
and Alonso, 1997; Egorov et al., 2002; Fransén et al., 2002).

Relationship to behavioral studies

These results are consistent with studies showing that scopol-
amine impairs encoding for long-term memory in both humans
(Ghoneim and Mewaldt, 1977; Rosier et al., 1998; Sherman et al.,
2003; Atri et al., 2004) and monkeys (Penetar and McDonough,
1983; Aigner and Mishkin, 1986; Aigner et al., 1991; Tang et al.,
1997; Taffe et al., 1999). The changes in parahippocampal activa-
tion shown here are consistent with evidence that encoding is
impaired by direct infusions of scopolamine into the perirhinal
cortex, but not inferotemporal cortex or the dentate gyrus (Tang
et al.,, 1997), and are consistent with monkey lesion studies that
have established a role for the PRC in recognition memory
(Meunier et al., 1993, 1996; Baxter and Murray, 2001).

Behavioral studies have shown that deficits are greater with
larger doses of scopolamine and with longer retentions delays
between encoding and recognition assessment (Bartus and John-
son, 1976; Penetar and McDonough, 1983; Aigner and Mishkin,
1986; Dunnett et al., 1990). This could explain the relatively mild
behavioral deficit of the SCOP group on the post-scan subse-
quent recognition memory task, because our dose of scopol-
amine was relatively low and the delay between encoding and
recognition assessment was short.

Consistent with our study, McGaughy et al. (2003) observed
that cholinergic deafferentation of entorhinal cortex in rats
caused deficits of performance in a delayed nonmatch-to-sample
task with a 20 min delay when stimuli were novel but not when
they were familiar. In the study presented here, we specifically
focused on the effects of scopolamine on novel stimuli because
previous neuroimaging studies demonstrated that activation of
medial temporal cortices is strong for working memory with
novel but not familiar stimuli (Ranganath and D’Esposito, 2001;
Stern et al., 2001).

Behavioral studies can infer that it is long-term encoding and
not retrieval or visual stimulus processing that is impaired under
a scopolamine challenge. Here, we were able to directly link be-
havior with the sustained encoding signal by selectively averaging
the fMRI activity during the DMS delay depending on whether or
not the immediately preceding sample stimulus was remembered
with high confidence on the behavioral recognition memory as-
sessment. This study demonstrates that scopolamine reduces the
fMRI signal in the MTL associated with long-term encoding of
the stimuli.
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Relationship to other neuroimaging studies

These results are consistent with previous pharmacological neu-
roimaging studies that revealed decreased activation in the left
fusiform gyrus during delayed recognition of abstract shapes
(Rosier etal., 1999), decreased activation in both extent and mag-
nitude of fusiform gyrus and hippocampus during face—name
association learning (Sperling et al., 2002), and decreased activa-
tion during repetition priming in the left fusiform cortex (Thiel et
al.,, 2002) after injection of scopolamine at encoding. In the
present study, we used a subsequent memory paradigm that al-
lowed us to investigate directly whether the fMRI response to
novel stimuli was correlated with long-term encoding.

Furthermore, our design allowed us to examine whether sco-
polamine modulates activity during the delay period in a delayed
matching task. Although previous studies have examined the role
of acetylcholine in encoding activity that is dependent on the
presence of the stimulus, this study and others reported from our
laboratory (Schon et al., 2004) extend previous studies by analyz-
ing encoding-related activity during the delay period in the ab-
sence of a stimulus. Our results demonstrate that encoding cor-
relates with persistent activity during the delay period and
supports the hypothesis that this persistent encoding signal may
depend on acetylcholine levels. The persistent encoding signal is
attenuated when acetylcholine receptor activation is reduced.
Previous neuroimaging studies have examined the effects of en-
hanced acetylcholine levels using injections of the acetylcholines-
terase inhibitor physostigmine in subjects performing visual
(Furey et al., 2000a,b) or spatial (Bentley et al., 2004) working
memory studies. These studies demonstrated that the fMRI sig-
nal specific to working memory encoding is enhanced in extra-
striate visual regions, consistent with the reduction observed in
the mid-FG with cholinergic blockade in our study. Our observed
attenuation in this region with scopolamine, however, was small
in magnitude. Furey et al. (2000a,b) and Bentley et al. (2004)
attributed their findings to enhanced attention rather than en-
hanced working memory encoding. One possible reason why we
observed active maintenance-related activity in the mid-FG/PHG
may be because we used complex visual scenes as stimuli (Brewer
et al., 1998; Kirchhoff et al., 2000).

Although it is possible that the reduction in sustained encod-
ing during the DMS delay under scopolamine may be secondary
to an attentional deficit, we argue against this, partly because of
support from behavioral studies of encoding and modeling stud-
ies that link cellular mechanisms of sustained spiking to memory
encoding. We do not rule out that attentional mechanisms are
modulated by scopolamine, because it has been demonstrated
that attention and working memory recruit similar brain net-
works that include prefrontal and posterior parietal regions (Awh
and Jonides, 2001). However, hippocampal activity to novel
stimuli has been demonstrated to be independent of whether they
were attended to in an fMRI study using a bi-field visual-selective
attention paradigm (Yamaguchi et al., 2004), providing addi-
tional evidence that the encoding-related hippocampal signal is
not modulated by attention.

Relationship to slice-recording data

The hypothesis tested here was motivated by data from slice prep-
arations showing that sustained spiking activity of parahip-
pocampal neurons depends on activation of muscarinic acetyl-
choline receptors, which activate a calcium-dependent cation
current (Klink and Alonso, 1997; Egorov et al., 2002). This pro-
vides an intrinsic mechanism for sustained spiking activity that
does not depend on previous strengthening of synapses. Compu-
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tational modeling shows that the persistent spiking in these neu-
rons for relatively prolonged periods of time may be an ideal
mechanism for sustaining information about novel stimuli in a
short-term memory buffer (Lisman and Idiart, 1995; Fransén et
al., 2002). Additional modeling studies demonstrate that such a
memory buffer can enhance encoding into long-term memory
(Jensen and Lisman, 1996; Hasselmo et al., 2002a,b; Koene et al.,
2003). These models suggested the hypothesis, confirmed here,
that scopolamine should reduce delay activity related to encoding
for subsequent memory. These models also suggested that loss of
cholinergic modulation should impair memory for novel but not
familiar stimuli, as demonstrated in another recent study (Mc-
Gaughy et al., 2003).

Data from slices suggests that activation may be resistant to
distracters. During sustained spiking activity of single entorhinal
neurons, hyperpolarizing pulses that are several seconds in length
shut off the spiking activity but do not prevent sustained spiking
from starting again at the end of the hyperpolarization (Klink and
Alonso, 1997). Thus, distracter stimuli during the delay period
might temporarily reduce activation but should not prevent a
subsequent memory effect associated with the delay period.

We observed a dissociation between brain areas related to
active maintenance (mid-FG/PHG) and those related to long-
term encoding (PRC/ERC, hippocampus, and posterior PHG)
during the delay period of a delayed matching task. This finding
demonstrates that it is not the concepts of working memory and
long-term memory that are dissociable but underlying processes,
in this case “active maintenance” and “long-term encoding.” Our
data suggest that both processes can be active simultaneously
during working memory task performance.

Consistent with predictions from computational modeling
studies, we conclude that the long-term encoding-related persis-
tent activity during brief memory delays in the parahippocampal
gyrus and in the hippocampus can be modulated by acetylcholine
at muscarinic receptors in humans. This sustained encoding-
related delay activity is reduced when muscarinic cholinergic re-
ceptor activation is reduced. Furthermore, our data indicate that
the fMRI signal is more sensitive to cholinergic modulation than
behavior. This has implications for the use of fMRI as a biomar-
ker for early detection and treatment response of Alzheimer’s
disease and other acetylcholine-deficit dementias.
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