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Abstract

■ Dual process models suggest that recognition memory is
supported by familiarity and recollection processes. Previous re-
search administering amnesic drugs and measuring ERPs during
recognition memory have provided evidence for separable
neural correlates of familiarity and recollection. This study exam-
ined the effect of midazolam-induced amnesia onmemory for de-
tails and the proposed ERP correlates of recognition. Midazolam
or saline was administered while subjects studied oriented pic-
tures of common objects. ERPs were recorded during a recog-
nition test 1 day later. Subjectsʼ discrimination of old and new

pictures as well as orientation discrimination was worse when
they were given midazolam instead of saline. As predicted,
the parietal old/new effect was decreased with the administra-
tion of midazolam. However, weaker effects on FN400 old/
new effects were also observed. These results provide converg-
ing pharmacological and electrophysiological evidence that
midazolam primarily affects recollection as indexed by parie-
tal ERP old/new effects and memory for orientation, while also
exerting some weaker effects on familiarity as indexed by FN400
old/new effects. ■

INTRODUCTION

According to dual process models of recognition, mem-
ory is supported by two separate processes (reviewed in
Yonelinas, 2002). Whereas familiarity is more general and
allows only for recognition of an item without recall of
specific information, recollection allows for direct recall
of information about items or episodes.

Midazolam, a benzodiazapine commonly used in
medical procedures to produce temporary amnesia, has
been used to study the processes of recognition memory.
Midazolam acts as a neural inhibitor by enhancing the
action of gamma aminobutyric acid (GABA). Midazolam
increases the binding of GABA to GABAA receptors, which
are densely expressed in the hippocampus (Kobayashi,
Fujito, Matsuyama, & Aoki, 2004, 2005). Midazolam is ideal
for studying memory as it causes a dense (temporary)
anterograde amnesia while maintaining higher-level func-
tions such as attention, perception, and semantic memory
(Hirshman, Passannante, & Arndt, 2001).

Midazolamhas been used to study the processes of recog-
nitionmemory (Curran,DeBuse,Woroch,&Hirshman, 2006;
Reder et al., 2006; Hirshman, Fisher, Henthorn, Arndt, &
Passannante, 2002). Three studies suggest that midazolam
affects recollection more than familiarity (Curran, DeBuse,
et al., 2006; Reder et al., 2006; Hirshman et al., 2002).
Hirshman et al. (2002) used the remember/know proce-
dure with low-frequency and high-frequency words and

found that subjects made more remember responses fol-
lowing saline than midazolam, and midazoalm decreased
the hit rates for low-frequency words while having no effect
on false alarm (FA) rates. According to the dual process
account of remember/know and word frequency effects
(Reder et al., 2000), these results suggest that midaozolam
primarily affects recollection. Reder et al. (2006) found that
midazolam impaired recognition memory more for words
than photographs and more for photographs than abstract
pictures. They suggested that this pattern indicates an
effect of recollection, rather than familiarity, because rec-
ollection is less prevalent for less familiar items that are
harder to bind to the experimental context.
ERPs have also been used to study the neural correlates

of recognition memory. The FN400 (300–500 msec over
frontal regions) and the parietal old/new effect (500–
800 msec over parietal regions) recorded during recog-
nition tests are more positive for correctly classified old
items than new items (Paller, Voss, & Boehm, 2007; Rugg
& Curran, 2007; Friedman, 2005; Curran & Friedman, 2004;
Schloerscheidt & Rugg, 2004; Curran & Cleary, 2003;
Curran & Dien, 2003; Curran, Tanaka, & Weiskopf, 2002;
Curran, 1999, 2000; Friedman & Johnson, 2000; Mecklinger,
2000; Rugg, Allan, & Birch, 2000; Rugg et al., 1998; Wilding
& Rugg, 1996). The FN400 is thought to index familiarity, as
it is able to separate old from new items, but does not vary
with the recollection of specific information from the study
episode (Curran & Cleary, 2003; Curran, 2000; reviewed in
Curran, Tepe, & Piatt, 2006; reviewed in Rugg & Curran,
2007). The parietal old/new effect is thought to index1Brown University, 2University of Colorado at Boulder
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recollection, because it not only separates old from new
items but does vary with the recollection of specific infor-
mation from the study episode (Curran & Cleary, 2003;
Curran, 2000; reviewed in Curran, Tepe, et al., 2006; re-
viewed in Rugg & Curran, 2007; Senkfor & Van Petten,
1998; Wilding & Rugg, 1996).
Curran, DeBuse, et al. (2006) combined midazolam

and ERPs to test the effects of midazolam on the FN400
and the parietal old/new effects. Under midazolam or saline,
subjects studied words and were later tested on their rec-
ognition for these words while EEG was recorded. The
FN400 old/new effect was similar following midazolam
and saline, but the parietal old/new effect was smaller
following midazolam than saline. In addition, following
saline subjectʼs accuracy correlated with parietal effects,
but following midazolam subjectʼs accuracy correlated with
the FN400. Assuming that the FN400 indexes familiarity
and the parietal/old new effect indexes recollection,
these results also suggest that midaozolam primarily affects
recollection.
Therefore, previous studies have shown that midazolam

affects recollection (Reder et al., 2006; Hirshman et al.,
2002) and the parietal old/new effect (Curran, DeBuse,
et al., 2006). But no study has manipulated factors known
to affect recollection and measured the parietal old/new
effect concurrently. The purpose of this study was to exam-
ine the effect of midazolam-induced amnesia on recollec-
tion of specific information from the study episode and the
parietal old/new effect. Combining midazolam with ERPs
allows us to capitalize on the strengths of each approach.
Whereas midazolam provides insight into the processes
of recognition memory under normal conditions and with
temporary amnesia (Polster, McCarthy, OʼSullivan, Gray,
& Park, 1993), ERPs provide insight into the neural corre-
lates of recognition memory (reviewed in Rugg & Curran,
2007; Curran, Tepe, et al., 2006). By combining the two
approaches, we can gain insight into the neural processes
affected by amnesia.

METHODS

Subjects

Twenty-seven people participated in the experiment for
payment. All subjects gave informed consent. Data from
three subjects were discarded because of failure to complete
all experimental sessions (n = 1), low accuracy (n = 1),
and experimenter error (n = 1). Of the 24 subjects ana-
lyzed, there were 15 male and 9 female subjects ranging
from 18 to 30 years old. All subjects were right-handed,
native English speakers and weighed <83 kg (183 lbs, so
as not to exceed the maximum midazolam dosage). Sub-
jects participated in four sessions: (1) a study session under
midazolam or saline; (2) a test session the next day; (3)
after 7–10 days, a study session under saline or midazolam;
and (4) a test session the next day. Drug administration was
double-blinded with drug/saline order counterbalanced

across subjects. Before each study session, a urine sample
was collected to test for toxicology and pregnancy, and a
breathalyzer was used to test for alcohol intoxication.
The toxicology screen followed a “Drugs of Abuse” profile
to screen for 9-tetrahydrocannabinol, opiates, amphet-
amines, cocaine, phencyclidine, barbiturates, benzodiaze-
pines, and 3,4-methylenedioxymethamphetamine. All
procedures were approved by the human research com-
mittee of the University of Colorado, in accord with federal
guidelines for protection of human subjects.

Stimuli

Stimuli consisted of 804 pictures of easily nameable
objects. Thirty additional pictures were used for practice.
All pictures were presented on an LCD computer monitor
on a black background. During study lists, pictures were
7.82 cm wide by 8.15 cm high, with uncontrolled viewing
distance. During test lists, pictures were 7.9 × 8.4 cm, with
viewing distance restricted to 100 cm.

Design

Drug condition (midazolam, saline) and memory status
(same orientation, opposite orientation, new) were ma-
nipulated within subjects. Assignment of drug condition
to each study session was counterbalanced across sub-
jects. Pictures were randomly assigned to conditions for
each subject separately. In each test session, subjects were
presented with studied pictures in the same orientation,
studied pictures in the opposite orientation, and new pic-
tures. Test key assignments were counterbalanced across
subjects.

Procedure

Each 2-hr study session was run at the Clinical and Trans-
lational Research Center at the University of Colorado at
Boulder. Qualified medical staff and cardiopulmonary
resuscitation equipment were available throughout the
session. After completing a consent form and brief medical
screening, subjects performed a practice study and test
block. Practice blocks consisted of 20 study pictures, pre-
sented twice, and 30 test pictures (10 same orientation,
10 different orientation, and 10 new). Subjects were pro-
vided feedback on their test accuracy during the practice.

Following the practice study and test block, an intra-
venous catheter was inserted, and subjects were given
an injection of either 0.03 mg/kg of body weight of
midazolam diluted to a total volume of 10 ml or 10 ml
of saline. The injection was given over 2 min, with a maxi-
mum dose of 2.5 mg (thus, maximum weight of subjects
was 83 kg). The plasma half-life of midazolam is 1–4 hrs
(Feldman,Meyer, &Quenzer, 1997). Following drug admin-
istration subjects completed eight study blocks.

In each study session, there were eight blocks in which
subjects viewed 268 pictures in total. The beginning and
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end of each block contained two pictures that were used
as practice test pictures. Subjects studied the pictures
and, using their index finger of both hands, indicated
whether they thought the picture was oriented to the left
(left) or to the right (right). After all the pictures were
shown once, they were repeated in a different order,
and subjects were provided with auditory feedback to
indicate whether their response was the same (ding) or
different (beep) from their response to the first presenta-
tion of the picture. Pictures were presented for 2000 msec
with a 500 msec intertrial interval. If the subject failed to
make a response within 2000 msec, the computer dinged
until a response was made (see Figure 1, left). Subjects
were allowed to rest following each study block. To deter-
mine the efficacy of midazolam, after completion of the
study task, subjects studied a list of 10 names or 10 city
names that they were asked to recall at the beginning of
the test phase. Subjects also performed a verb generation
task that was previously reported (Snyder et al., 2010).

One day later subjects were tested on their memory
for studied pictures. Each 2-hr test session began with a
practice test block. The practice block consisted of 24 test
pictures (eight same orientation, eight opposite orienta-
tion, and eight new) after which each subject completed
three test blocks.

The test phase contained the 268 studied pictures inter-
mixed with 134 new pictures. Previously studied pictures
were divided such that half of the pictures appeared in the
same orientation as at study and half appeared in the op-
posite orientation as at study. Subjects were given a break
after every 1.5 min. Test trials included a variable duration
(500–1500 msec) fixation (+) followed by a test picture.
Each test picture was presented for 3000 msec. Upon
appearance of the test picture, subjects were able to

respond. Using their index and middle finger of one hand
and their index finger of the other hand, subjects pressed
a key for old same, old different, or new (see Figure 1,
right).

EEG/ERP Recording and Analysis

During the test phase of the experiment scalp voltages
were collected with a 256-channel HydroCel Geodesic
Sensor Net connected to an AC-coupled, 256-channel,
high-input impedance amplifier (200 MΩ, Net Amps,
Electrical Geodesics, Inc., Eugene, OR). Amplified analog
voltages (0.1–100 Hz bandpass) were digitized at 250 Hz.
Individual sensors were adjusted until impedances were
less than 50 kΩ.
The EEG was baseline-corrected to a 200-msec pre-

stimulus recording interval and digitally low-pass filtered
at 40 Hz. Individual channels were replaced on a trial-by-
trial basis with a spherical spline algorithm (Srinivasan,
Nunez, Tucker, Silberstein, & Cadusch, 1996). Trials were
discarded from analysis if more than 20% of the channels
were bad (average amplitude over 100 μV or over 50 μV
between adjacent samples) or subjects failed to respond
within 4000 msec to the studied picture. EEG was mea-
sured with respect to a vertex reference (Cz) but was re-
referenced to an average mastoid reference.
For ERP analysis, mean amplitudes were compared be-

tween conditions in frontal (FN400) and parietal channels
(parietal old/new effect). To consider the broader topog-
raphy of the results, differences between old correct ori-
entation and new pictures and old incorrect orientation
and new pictures were scaled using a range normalization
method (McCarthy & Wood, 1985). Using this method, dif-
ferent scalp topographies can indicate different neuronal

Figure 1. Experimental
paradigm and the data
categories resulting
from it.
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sources or the same sources with different distributions
of source strengths.

RESULTS

Behavioral Results

Studied pictures were eliminated from all analyses if sub-
jects failed to respond with a left/right judgment within
4000 msec during either presentation at study. There were
more words removed following midazolam (M = 15.04)
than saline (M = .67; F(1, 23) = 64.66, MSE = 37.25,
p < .01). Recognition memory analyses were performed
on item and orientation discrimination (d 0) and response
bias (c). Item d 0 and c was measured independently from
orientation d 0 and c, as previous studies have done for
source memory (Slotnick & Dodson, 2005; Murnane &
Bayen, 1996). For same orientation and opposite orienta-
tion, an item hit was anytime a subject responded “Old
Same” or “Old Different” to an old item, regardless of
whether they classified the orientation correctly, and an
item FA was anytime a subject responded “Old Same” or
“Old Different” to a new item. An orientation hit was any-
time a subject responded “Old Same” for an item studied in
the same orientation as at study, and an orientation FA was
anytime a subject responded “Old Same” for an item stud-
ied in the opposite orientation as at study. Item d 0 and c
were calculated by comparing old to new items for both
same orientation and opposite orientation pictures (hit
same orientation vs. FA and hit different orientation vs.
FA), whereas orientation d 0 was calculated for item hits
only (hit same correct orientation vs. hit different incorrect
orientation).
Item d 0 and c were compared between midazolam

and saline conditions with a Drug (midazolam, saline) ×
Orientation (same, different) repeated measures ANOVA
(see Table 1). Item d 0 was higher following saline than
midazolam (F(1, 23) = 55.92,MSE= .40, p< .01). Neither
the orientation effect nor its interaction with drug ap-
proached significance for item d 0. No main effects or
interactions were significant for response bias (c).

Orientation d 0 and cwere compared between midazolam
and saline conditions with a two saline/midazolam repeated
measures ANOVA (see Table 2). Although orientation d 0

was significantly above chance following midazolam (F(1,
23) = 6.13, MSE = .15, p = .02), orientation d 0 was higher
following saline than midazolam (F(1, 23) = 81.02, MSE =
.13, p < .01). Orientation response bias (c) did not differ
following midazolam and saline.

RTs were analyzed with a Drug×Memory Status (correct
orientation to old pictures, incorrect orientation to old pic-
tures, and correct rejection of new pictures) repeated mea-
sures ANOVA (see Table 3). These conditions were selected
to mirror the ERP analysis. RTs were faster following saline
than midazolam (F(1, 23) = 12.20,MSE= 39,873, p< .01).
There was a main effect of Memory status such that RTs
were faster for new than old correct orientation and incor-
rect orientation pictures (F(2, 46) = 121.91, MSE = 23,823,
p < .01). The difference between new and old correct
orientation pictures was significant (F(1, 23) = 143.92,
MSE= 3,428,456, p< .01) as well as the difference between
new and old incorrect orientation pictures (F(1, 23) =
214.75, MSE = 5,115,858, p < .01) and old correct orien-
tation and incorrect orientation pictures (F(1, 23) = 7.06,
MSE = 168,278, p = .02). Drug did not interact with mem-
ory status (F(2, 46) = 2.87, MSE = 15,859).

Midazolam also reduced free recall performance for the
names presented after the main experiment study list,
confirming that the drug was effective through the entire
study list for the main experiment. Analysis of free recall
of the names studied after the picture study list was per-
formed on the number of correctly recalled names and
incorrectly recalled names. There were more correctly re-
called names following saline (M correctly recalled = 3.08)
than midazolam (M correctly recalled = .75), (F(1, 23) =
38.86, MSE = 1.68, p < .01). The number of incorrectly

Table 1. Item Behavioral Data

Condition Midazolam Saline

Hit Same orientation 0.59 (0.04) 0.74 (0.03)

Opposite orientation 0.56 (0.04) 0.74 (0.03)

FA 0.23 (0.04) 0.11 (0.02)

Item d0 Same orientation 1.16 (0.18) 2.08 (0.14)

Opposite orientation 1.08 (0.17) 2.10 (0.16)

Item c Same orientation 0.33 (0.09) 0.34 (0.06)

Opposite orientation 0.37 (0.10) 0.33 (0.06)

Means with standard errors in parentheses.

Table 2. Orientation Behavioral Data

Midzolam Saline

Hit Same orientation
correct

0.66 (0.03) 0.81 (0.02)

FA Opposite orientation
incorrect

0.57 (0.03) 0.41 (0.02)

Orientation d0 0.28 (0.11) 1.20 (0.10)

Orientation c −0.36 (0.08) −0.36 (0.05)

Means with standard errors in parentheses.

Table 3. Reaction Time Data

Condition Midazolam Saline

RT Correct orientation 1672 (53) 1492 (46)

Incorrect orientation 1695 (54) 1637 (54)

New 1260 (60) 1149 (47)

Means with standard errors in parentheses.
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recalled names (intrusion errors) did not differ following
midazolam (M incorrectly recalled = 1.63) and saline
(M incorrectly recalled = 1.17), F(1, 23) = 1.57,MSE= 1.61.

ERP Results

Spatio-temporal ROIs for the 256-channel Geodesic
Sensor Net (GSN 200 v. 2.1; Tucker, 1993) were chosen
to correspond to ROIs for the 128-channel Geodesic
Sensor Net (GSN 200 v. 2.1; Tucker, 1993) used in previous
research for both the FN400 and parietal old/new effects
(Curran, DeBuse, et al., 2006). For the FN400 old/new
effects, ROIs were the left and right anterior, superior chan-
nel groups (LAS and RAS shown in Figure 2); mean ampli-
tude from 300 to 500 msec was computed by averaging the
channels within each region for each condition/subject. For
the parietal old/new effects, ROIs were the left and right

posterior, superior channel groups (LPS and RPS shown
in Figure 2); mean amplitude from 500 to 800 msec was
computed by averaging the channels within each region
for each condition/subject. Mean FN400 and parietal ERP
amplitude values are shown in Table 4. Average waveforms
are shown in Figure 3, and topographic plots of the ERP
old/new differences are shown in Figures 4 and 5. Mean
amplitudes were analyzed with a Drug × Memory Status ×
Hemisphere (left, right) repeatedmeasures ANOVA. ANOVA
results that were not reported were not significant.

FN400 Effects

There was a main effect of Memory status such that am-
plitudes were more positive for old correct orientation
and incorrect orientation than new pictures (F(2, 46) =
6.00, MSE = 2.19, p < .01). The difference between old

Figure 2. Geodesic sensor net layout. Electrode sites are numbered along with selected 10–10 positions. Black clusters are ROIs included in
analyses. L = left, R = right, A = anterior, P = posterior, I = inferior, and S = superior.
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correct orientation and new pictures was significant (F(1,
23) = 11.57, MSE = 25.26, p < .01) as well as the differ-
ence between old incorrect orientation and new pictures
(F(1, 23) = 5.14, MSE = 11.23, p = .04). There was no
main effect or interactions involving the drug factor, includ-
ing the Drug × Memory Status interaction (F(1, 23) = .62,
MSE = 2.45). Although there was no interaction between
Drug and Memory status (F(2, 46) = .62,MSE=2.45), pair-
wise comparisons investigated potential differences that
are visually apparent in Figure 3. Both drug conditions
were associated with significant differences between old
correct orientation and new pictures (midazolam: F(1,
23) = 4.69, MSE = 11.52, p = .04; saline: F(1, 23) =
5.62,MSE= 13.80, p= .03), and neither showed significant
differences between old correct orientation and incorrect
orientation pictures (midazolam: F(1, 23) = .001, MSE =
.002; saline: F(1, 23) = 2.19,MSE= 5.38). However, differ-
ences between old incorrect orientation and new pictures
were only significant following midazolam (F(1, 23) = 4.56,
MSE = 11.18, p = .04; saline: F(1, 23) = .79, MSE = 1.95).

Parietal Effects

There was a main effect of Memory status such that am-
plitudes were more positive for old correct orientation
than incorrect orientation and new pictures (F(2, 46) =
4.60, MSE = 1.29, p = .02). The difference between old
correct orientation and new pictures was significant (F(1,
23) = 9.14,MSE= 11.83, p< .01). There was a main effect
of Hemisphere such that amplitudes were more positive in
the right than the left hemisphere (F(1, 23) = 6.70,MSE=
3.48, p = .02). Importantly, drug interacted with Memory
status, such that the difference between old correct orien-
tation and incorrect orientation pictures was greater follow-
ing saline than midazolam (F(2, 46) = 4.58,MSE= .97, p=
.02). Following saline, the difference between old correct
orientation and new pictures was significant (F(1, 23) =
15.11, MSE = 14.66, p < .01) as well as the difference be-
tween old correct orientation and incorrect orientation pic-

tures (F(1, 23) = 12.18, MSE = 11.82, p < .01). Following
midazolam, there were no differences between old correct
orientation and new pictures (F(1, 23) = 1.11, MSE =
1.07), old incorrect orientation and new pictures (F(1,
23) = 3.09, MSE = 2.99), or old correct orientation and in-
correct orientation pictures (F(1, 23) = .50, MSE = .48).

Range Normalized Difference Scores

To consider the broader topography of the results, we
calculated mean amplitudes for eight electrode groups
(see Figure 2). The range normalized difference scores
were compared in a Time (300–500 msec/500–800 msec) ×
Drug × Orientation Accuracy (correct orientation, incorrect
orientation) × Superior/Inferior × Anterior/Posterior ×
Hemisphere Repeated Measures ANOVA. To focus on the
distinct topography of the FN400 and parietal old/new
effects, we only report effects that interacted with time
and location.

There was an interaction between Time, Drug, Orien-
tation accuracy, and Anterior/Posterior (F(1, 23) = 7.22,
MSE = .38, p = .01). For the FN400, old/new differ-
ences were more prominent over anterior locations but
smallest when orientation was incorrect following saline.
For the parietal effect, old/new differences were more
prominent over posterior locations and more positive
following saline than midazolam when orientation was
correct. This more anterior distribution from 300 to
500 msec and more posterior distribution from 500 to
800 msec is consistent with our a priori selected frontal
ROIs for the FN400 effect and posterior ROIs for the
parietal old/new effect.

DISCUSSION

The purpose of the present experiment was to determine
how midazolam affects memory for details and ERP old/
new effects. Item and orientation discrimination was
greater following saline than midazolam. The parietal
old/new effect differed between orientation correct and
orientation incorrect pictures following saline but not
midazolam. When memory for orientation was correct,
the FN400 differentiated old and new pictures following
both saline and midazolam. However, when memory for
orientation was incorrect, the FN400 differentiated old
and new pictures following midazolam but not following
saline.

The larger effect of midazolam on the parietal old/new
effect is consistent with previous studies showing that
midazolam primarily affects recollection. Hirshman et al.
(2002) found that subjects made more remember re-
sponses following saline than midazolam, and midazolam
decreased the hit rates for low-frequency words while
having no effect on FA rates suggesting that midaozolam
primarily affects recollection. Reder et al. (2006) found
that midazolam had larger effects on memory for stimuli

Table 4. ERP Data

Condition Midzolam Saline

FN400

Correct orientation −7.08 (0.72) −6.68 (0.76)

Incorrect orientation −7.09 (0.77) −7.15 (0.76)

New −7.77 (0.72) −7.44 (0.75)

Parietal

Correct Orientation 0.95 (0.37) 2.06 (0.27)

Incorrect Orientation 1.10 (0.38) 1.36 (0.30)

New 0.74 (0.27) 1.28 (0.28)

Means with standard errors in parentheses.
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that were more likely to be recollected. Curran, DeBuse,
et al. (2006) found that the FN400 old/new effect was
similar following midazolam and saline, but the parietal
old/new effect was smaller following midazolam than
saline. But these studies were limited by examining only
behavior (Reder et al., 2006; Hirshman et al., 2002) and
examining ERP effects in a standard recognition design
that does not specifically target recollection (Curran,
DeBuse, et al., 2006). Extending these studies, the current
design specifically manipulated factors known to affect
recollection and found that midazolam affected recollec-
tion of specific information from the study episode and
the parietal old/new effect.

Unexpectedly, FN400 old/new differences were observed
regardless of orientation accuracy following midazolam
but only when memory of orientation was correct fol-
lowing saline. These results should be interpreted with
caution, because they arose from pairwise comparisons
that were not accompanied by a significant drug by
memory status interaction, but Veselis et al. (2009) also
showed decreased FN400 old/new effects following mid-
azolam and Curran and Cleary (2003) observed similar
trends in an experiment on memory for picture orienta-
tion, which compared separate groups of subjects with
good versus poor memory for orientation. Although
there was no significant interaction between group

Figure 3. Average ERP
waveforms for correct
orientation, incorrect
orientation, and new for
the FN400 (LAS and RAS
regions, 300–500 msec)
and parietal old/new effect
(LPS and RPS regions,
500–800 msec) for the
midazolam condition (A)
and the saline condition (B).
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and orientation accuracy on FN400 amplitude, there
were trends toward greater orientation accuracy effects
in the good memory group (like the present saline con-
dition) than in the poor memory group (like the present
midazolam condition).

The effect of midazolam on familiarity in this study
sheds light on the effects of midazolam at encoding on
later recognition processes. Reder et al. (2006) suggest
that midazolam specifically affects recollection because
it selectively inhibits binding of items with their context.

Figure 4. Topographic plots
of correct orientation/new
differences for midazolam
(top) and saline (bottom)
from 300 to 800 msec in
100-msec intervals.

Figure 5. Topographic plots
of incorrect orientation/new
differences for midazolam
(top) and saline (bottom)
from 300 to 800 msec in
100-msec intervals.
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Reder et al. (2006) showed that midazolam had the largest
effect on memory for words, an intermediate effect on
memory for pictures of common objects, and no effect
on memory for abstract pictures. Midazolam was thought
to specifically affect recollection for words because words
are more readily bound to their context. However, Park,
Quinlan, Thornton, and Reder (2004) found evidence
suggesting that midazolam does not selectively affect
recollection. In an implicit visual search task, following
midazolam, subjects did not show facilitation in search
times for repeated configurations. These results suggest
that midozolam decreases binding of representations dur-
ing encoding regardless of the type of memory processes
engaged at retrieval.

The present results are the first to show that midazolam,
given at encoding, can affect familiarity-based discrimina-
tion of picture orientation, which can be conceptualized
as involving the binding of objects with their orientation
that later affect familiarity processes at retrieval. The
FN400 results are consistent with studies showing that
perceptual match can affect familiarity (Nyhus & Curran,
2009; Ecker, Zimmer, & Groh-Bordin, 2007; Groh-Bordin,
Zimmer, & Ecker, 2006). Perceptual match effects refer to
an increase in familiarity observed when test stimuli are
perceptually identical to studied stimuli compared with
cases where perceptual attributes are changed between
study and test. Ecker et al. (2007) and Groh-Bordin et al.
(2006) have shown perceptual match effects by manipulat-
ing picture color. Zimmer and Ecker (2010) describe these
and related results by postulating differences in processing
between intrinsic information (within-item features of an
object such as color) and extrinsic information (context).
According to their theory, intrinsic information is bound
in object tokens that are retrieved and therefore affect both
familiarity and recollection processes. These results are in
agreement with recent models and physiological evidence
suggesting that medial-temporal lobe structures (perirhinal
cortex) support the biding of feature conjunctions contrib-
uting to familiarity whereas the hippocampus supports
the binding of items with their spatio-temporal contexts
contributing to recollection (Cowell, Bussey, & Saksida,
2010; Montaldi & Mayes, 2010; Norman, 2010). The results
of this study are in general agreement with Ecker et al.ʼs
theory because orientation changes are intrinsic (Ecker
et al., 2007). Importantly, the present results extend their
findings (Ecker et al., 2007; Groh-Bordin et al., 2006) to pic-
tures with an intrinsic orientation feature and by showing
that intrinsic perceptual match effects are diminished fol-
lowing midazolam. These results also relate to studies on
associative recognition. Recent studies have examined
the processes involved in recognizing the association of
two items. Although it has been assumed that associative
recognition depends on recollection, some studies have
shown that familiarity can support associative recognition
when individual item representations can be unitized into
a single representation (Quamme, Yonelinas, & Norman,
2007; Speer & Curran, 2007; Caldwell & Masson, 2001;

Yonelinas, Kroll, Dobbins, & Soltani, 1999). The present
results extend these findings by suggesting that, in addition
to unitization of items, unitization of items and intrinsic
features can lead to familiarity supporting associative rec-
ognition following saline but not following midazolam.
Midazolam has been shown behaviorally to selectively

affect encoding, but it is unclear howmidazolam influences
encoding-related activity (Polster et al., 1993). A previous
fMRI study showed both state and item effects during
encoding related to successful retrieval (Otten, Henson,
& Rugg, 2002). Specifically, sustained activity in parietal
and pFC correlated with subsequent recall. Although in this
study encoding-related EEG was not recorded, retrieval-
related ERPs could have resulted from differential encod-
ing states under midazolam and saline, leading to poorer
memory following midazolam and decreased FN400 and
parietal old/new effects during retrieval. The aforemen-
tioned binding processes would be more consistent with
item effects, but pertinent state effects might include a sus-
tained focus on the need to attend to orientation during
encoding that could have been dampened by midazolam.
The foregoing discussion focused on effects of midazolam

during encoding, but a consideration of retrieval processes
may also be relevant. Ecker and Zimmer (2009) found that
the FN400 effects could bemodulated by how focused sub-
jects were on perceptual details during retrieval. Under the
specific retrieval orientation condition, subjects were told
to accept only pictures that were the same from study to
test, whereas under the general retrieval orientation condi-
tion, subjects were told to accept both pictures that were
the same from study to test and new exemplars of studied
objects. FN400 differences between same and different
exemplars was greater for the specific retrieval orientation
condition than the general retrieval orientation condition.
In this study with picture orientation, the midazolam
FN400 results are similar to Ecker and Zimmerʼs (2009)
general orientation results and the saline FN400 results are
similar to Ecker and Zimmerʼs (2009) specific orientation
results. Therefore, it is possible that subjects used a spe-
cific retrieval orientation following saline but midazolam
decreased subjectʼs memory for details and pushed them
toward a more general retrieval orientation.
The analyses of range normalized difference scores

showed distinct topographical patterns for the FN400 and
the parietal old/new effect. The poor spatial resolution of
EEG is not able to localize familiarity and recollection pro-
cesses, but direct comparison of fMRI and ERP old/new
effects indicate that the ERP parietal old/new effect reflects
recollection-sensitive areas of the lateral parietal cortex
(Vilberg & Rugg, 2007, 2009; Vilberg, Moosavi, & Rugg,
2006; Woodruff, Hayama, & Rugg, 2006; Yonelinas, Otten,
Shaw, & Rugg, 2005). Although the neural source of the
ERP parietal old/new effect is likely in lateral parietal cortex,
there is some evidence that it is dependent on the func-
tioning of the hippocampus. In a patient with hippocampal
damage, the ERP parietal old/new effect was greatly re-
duced compared with control subjects during recognition
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of studied words (Düzel, Vargha-Khadem, Heinze, &
Mishkin, 2001). Therefore, the ERP parietal old/new effect
may be dependent on the functioning of the hippocampus,
which is known to be important for recollection. In ad-
dition, the selective binding of midazolam is consistent
with a hippocampal contribution to recollection effects.
Midazolam increases the binding of GABA to GABAA recep-
tors. Although GABAA receptors are widely expressed
throughout the brain, they are prevalent in the hippo-
campus, where they are thought to cause amnesic effects
(Kobayashi et al., 2004, 2005). In addition, the neural
source of the ERP FN400 effect is likely in pFC (Rugg &
Curran, 2007). Although midazolam has strong effects on
the hippocampus, there is also evidence that prefrontal
cortical regions are also affected by midazolam (Hirshman,
Fisher, Henthorn, Arndt, & Passannante, 2003; Reinsel
et al., 2000).
Although there is a general agreement that the FN400

and parietal old/new effect represent dissociable neural
components (reviewed in Rugg & Curran, 2007), there is
some disagreement about which memory processes these
neural components represent. It was assumed that the
FN400 indexes familiarity and the parietal old/new effect
indexes recollection, but the relationship between these
ERP components and processes has been debated.
An alternative hypothesis is that the FN400 indexes a

form of implicit memory, conceptual priming (Paller et al.,
2007; Voss & Paller, 2006; Yovel & Paller, 2004). Conceptual
priming is a form of repetition priming in which semantic
information is repeated. There may be some overlap be-
tween conceptual priming and familiarity (e.g., Yonelinas,
2002), and it is therefore difficult to separate out the con-
tribution of conceptual priming and familiarity to the
FN400 component. But the present orientation effects on
the FN400 add to previous ERP studies supporting the idea
that the FN400 is related to familiarity and not conceptual
priming (Yu & Rugg, 2010; Stenberg, Hellman, Johansson,
& Rosen, 2009) and a previous behavioral study showing
that midazolam affects explicit and not implicit conceptual
processing (Arndt, Passannante, & Hirshman, 2004). There-
fore, this evidence suggests that the conceptual priming
account of the FN400 is too limited. Rather, it is likely that
the FN400 represents familiarity, which can include both
conceptual and perceptual contributions.
In addition to the debate about the relationship of the

FN400 to familiarity, some have argued that the parietal
old/new effect represents decisional factors rather than
recollection. Finnigan, Humphreys, Dennis, and Geffen
(2002) showed that the FN400 was sensitive to the strength
of studied items, but the parietal old/new effect was sen-
sitive to the accuracy of responses or decisional factors.
They suggested that a single familiarity process is sufficient
for recognition for single-item recognition tasks, but they
also noted the possibility of an additional recollection pro-
cess being involved in more complex recognition tasks
that require memory for details such as study plurality or
source. However, Woodruff et al. (2006) found that the

FN400 differentiates confident from not confident remem-
bered items, but the parietal old/new effect differentiates
items recollected with specific details of the study episode
and highly confident old responses without recollection of
specific details of the study episode. These results indicate
that recollection is unique and does not only represent
a high-confidence response (see also Curran, 2004). Given
other evidence reviewed above suggesting that midazolam
affects recollection, this study adds weight to the view that
the parietal old/new effect indexes recollection, rather than
decisional factors.

Conclusions

Both midazolam and ERPs have been used to study the
processes of recognition memory, but no previous study
has manipulated recollection of details and measured ERPs
concurrently. Midazolam provides insight into the pro-
cesses of recognition memory under normal conditions
and with temporary amnesia (Polster et al., 1993), and ERPs
provide insight into the neural correlates of recognition
memory (reviewed in Rugg & Curran, 2007; Curran, Tepe,
et al., 2006). The present results indicate that midazolam
primarily affects recollection as indexed by parietal ERP
old/new effects and memory for orientation, while also
exerting some weaker effects on familiarity as indexed by
FN400 old/new effects.
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