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14 How midazolam can help us
understand human memory:
Three illustrations

Lindsay W. Victoria and
Lynne M. Reder

In the study of the complex cognitive process o human memory. an investigat-
jon of specitic memory deficits can help elucidate the functioning of normal
memory. One such way to implement controlled memory deficits is with the
use of the drug midazolam. Midazolam is an anxiolytic drug that creates tem-
porary and reversible anterograde anminesia. The drug operates by tucilitating
the negative neurotransmitter gamma-aminobutyric ucid (GABA). resulting
in the blocking of neursl long-term potentiation. Midazolam spectficully
targets the GABA, receptors that are prominent in the hippocampus, a
neurcanatomical region with a primary role in explicit memory function
{(Park, Quinlan, Thornton, & Reder. 2004).

Midazolam provides an effective and eflicient way to study human memory
because its related temporary amnesia eliminates the need (o use Wnnesic
patients. Cases of clinical amnesia are olten uccompanied by other cognitive
deficits, making it diflicult to tease apurt the exact impact of amnesia on the
brain. Alternatively, with the use of midazolam in un experimental setting.
healthy subjects can be tested, these subjects can effectively act as their own
controls, and complex memory experiments can be exccuted.

The damage to the delicate process of human memory is oflen mani-
fested in the form of amnesia. Amnesia is conventionally described as a
memory disorder that results in the selective impairment of explictt memory.
while sparing implicit memory. This conventional beliel assumes that since
implicit and explicit memory performance are aflected differently by amne-
sia, they are separate memory systems. Alternatively, we propose that amne-
sis does not uffect memory as differently as tormerly proposed but. instead.
affects the ability to bind stimuli, regardless of whether the information
is available to consciousness (Park et al., 2004: Reder, Park, & Kietlaber,
2009).

The present chapter lays forth three specilic illustrations ol how the use of
midazolam can inform current topics in human memory rescarch. The Hrst
illustration describes an experiment that provides additional support against
the modal view of separate implicit and explicit memory systems. The second
example shows how midazolam can provide support for the hypothesis
that recogaition is affected by the cuse of binding sumuli to context. The last
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iltustration of the use of midasolam W siudy memon tests the theoreteul
position that forgetiing is the result of a faiture to consohdate intormaion.

Example 1: Contextual cuing under midazolam

The effect of midazolam on the visual search ( Park, Quinlan,
Thornton, & Reder, 2004}

Chun and Jiang (19981 conducted a visual search task. m which subjects
searched a display of composed letter Ls rotated 907 for the target. a single
rotated T (see Figure 1), Onee the subjects located the target in the visual
field. their task was 10 indicate whetlier the T was pointing to the left or the
right. Subjects viewed 24 different displays for 30 triabs. Unbeknownst to
them. hall of the displays were repeated patterns of Ts and Ls. Chun snd
Jiang (1998) tound that there was general speed-up during the process of
the task, as well as specific speed-up for the repeated, previously viewed
conligurations. This specitic speed-up in target identification during the test
period was the result of a learned association between the Fepeated context
and the location of the target. Although the subjects were not aware of
having seen the repeated tields during the study phase. their Luster feaction

h »

Figure 141 Rotated T & L visual search task. Adapted from Chun and Jang { J9us).
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tintes indicated that they had unconsciously processed the location of the
target within the field. These findings indicate the presence of an implictt
contextual cuing etfect for this visual search task.

Chun and Phelps (1999) repeated this visual search task with amnesic
patients. The subjects with amunesia got faster with praciice over blocks, but
did not show the benctit of laster reaction time for the repeated. previously
viewed couligurations. indicating thut there was no etfect of conteatual cuing.
In ather words. the subjects with amnesiu did show context-independent
learning over time. performing increusingly better on the sk with time s @
result of practice, but not learning that depended on the contextual cuing ol
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the target's location (see Figure 14.2), These results provide support for the
§ notion that ot all forms of implicit learning are atlected by specific brain
: damage.

The results of Chun and Phelps (1999) challenged the conventional notiony
of the deficits that occur with anterograde amnesia. leading Munns and
Squire (2001} to suggest that the Chun and Phelps findings were caused by
brain damage outside the region typically associuled with clinical amnesia.
We decided to use pharmacologically induced wmnesia to adjudicate between

Figure 14.2 Reaction times on visual search task for controt and amnesic patictits.
Adapted from Chun and Phelps (1999).




226 Victoria aid Reder

these positions, Park ot al. (2004) replicaied the Chun and Pheips olvvd)
study using college students as subjects with midazolani-induced aninesia,
A within-subject. double blind. cross-over design mnvob ed the adminstration
of midazolim m one session and saline 1 the other. The same T/L visuul
search task was used n one session and a sumilar 275 search tush in the
other session. counterbalunced on order and drug condition assignment.
Immiediately after injection. subjects studied @ hist of patred associates that
were tested at the end ol the day's session as a manipulation check on
the amnestic etfects of the drug. hnmediately after studyving the list of
paired associates. the visual scarch test consisting of 24 blocks of’ 24 trials
comnienced.

FFollowing these 24 blocks of trials, subjects were given a quadrant guessing
task in which they were shown the repeated displays und novel displays.
with the target replaced with another distractor. Subjects were asked to
guess wiich quadrant should contain the target. In both the drug and saline
conditions, subjects were at chance guessing the target quadrant, replicating
previous results that the knowledge of target location 1s implicit.

Frgure 14.3 plots the response time (RT) to locate the target i a display of
distractors us a function ol practice at the task. whether the display was
repeated across blocks of tnals and drug condition. Each epoch s the average
of four blocks of 24 trials. In both the saline and nuduzolam conditions,
subjects showed a general speed-up etlect with pracuce. However, the Laster
RTs for target identification n repeated configurations were only seen in the
saline condition, and not under the administration of midazolam. o other
words. when subjects were injected with midazolam, they did not demonstrute
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Figure [4.3 Reaction times on visuat scarch task as ¢ Function of drug vondition and
visual ficld repetition. Reproduced from H. Park et ab, The etlect of
midazolam on the visual search: Implications for understanding amnesia.
Proceedings of the Nutonal Academy of Scwnees. USA. 2004, 104(31),
17879 17883,
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the implicit contextual cuing eflect. instead demonstrating an imiphcit niemony
Hpairment.

In summary, our findings supported the conclusions of Chun and Phelps
(1999) that wnnesia cun lead 1o impairment on implicit tasks. iy addition to
the established impairment of explicit memory tasks.

Example 2: Not all stimali can be bound to context

Drug-induced amnesia hurts vecognition, but only for memories that
can be unitized ( Reder et al., 2006 )

The previous example lustrated that amnesia can atfect learning that i
imphcit in nature. The present example tlustrates that umnesia does not
always impuir explicit memories. The goal of this study was to test the thests
that explicit recognition can be allected by the ease of gencrating a unique
label, We asswme that there are two ways Lo recognize a stimulus seen earlier
in an experiment, oine based on recollection (retrieval of details of encoding
contextf and the other based on the famitiarity of the stimulus (see Diana.
Reder, Arndt, & Park. 2006: Yonelinas, 2002, for reviews). According 1o the
SAC model of memory (e.g., Reder et al.. 2000y recollection requires the
formation of an association of the stimulus concept with the encoding
content; however. when recollection tuils, recognition can sometines oeeur
bused on the fumiliarity of the stimulus concept.

OQur working hypothesis is that midazolam alfects memory perlormance
by blocking the Formation of new associations or buding (Park et al..
2004), We propose that subjects administered midazolum will be unable to use
associations to muke recollections. and they will have o rely exclusively on
familiarity judgments in an experimental setting. The use ol midazolam
atfects explicit memorny tor new information when those judgments reguire
recollection of conteat. On the other hand. when explicit memory judgments
can be based on familiarity (i.e. binding to context s not a requirement).
midazolam shouid not atfect memory performance.

Reder et al. (2006) used midazolam to test two hypotheses: The first
hypothesis was that stimuli that are not sulliciently familiar to be umized
(formed into a “chunk ™) cannot be bound to context and therefore cannot be
recollected later. Theretore. uny stimulus that cannot be bound 1o context in
normal conditions will suller less when studied under nudazolam. The other
hy pothesis we examined was whether recollection would show fess impairment
from midazolum relative to the suline control when the sumuli could not be
labeled with unique descripiors. In other words. even i the label representing
astimulus could be bound to context. there would be no advantage of binding
for those stimuli that do not evoke ¢ unigue label (one that distinguishes the
stimulus from foils). Theretore those stimuli that evoke a generie label will be
relatively unimpaired in the miduzolum condition becunse the ability to bind
to conteat does not help with recoliection.
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To test these hypotheses. subjects studied lists consisting of thiee types of
stimulic abstract pictures. conerete words, and photographs of tuntannliary
faces and outdoor scenes. Subjects were told that they would see a series
words and pictures to rate cuch tem on ils pleusanttiess using « Likert scale,
After the instructions. subjects were injected with saline or midazolan,
depending on the session, since this study was abso a within-subpect. double-
blind, cross-over design. Assigniment of stimuli to treatment condition was
randomized lor each subject such that there was an equal number of cach
stimulos type for both targets and toils tor cach sesston. with no overlap.
There were 100 words. 100 photographs. and 30 abstract pictures on each
study list.

Figure 144 displays memory pertormance. measured in o as a function
of stimulus type and drug condition. As expected. memory wis worse in
the midazolum condition than the saline condition. Memory was best overall
for words: however, there was also a strong inleraction between stiulus
condition and drug condition. such that words showed the biggest drop
m performunce. while abstract pictures were least atlected by mudazokum.
Our explanation for this pattern is that under salie it is easy to bind words
to their context. enabling an uccurate recollection judgment. On the other
hand. subjects were unfamiliar with the abstract sinmuli making the associ-
atton of the stimulus 1o context very ditficult, Midazolani is thought 1o only
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Figiere 144 Memory sensiivity as o tunction of drug vondition and stimulus type
Reproduced from Lo M. Reder et al. Drug-induced annesia burts recog-
nition. but onty for micmories that van be umtized. Psyoholagtoal Science
2006, 17(7), 362 367,
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affect binding and creatiig new ussoctations, so abstract stimuli are relitively
vnalfected by the drug condition (Reder et al.. 2006}, Although photographs
of unknown fuces or places are easy 1o bind to context with generic lubels.
these labels will have a “high fan,” having been associated with muny other
stimuli. Their “high fan™ status will not ¢nable discrinnination between
a studied picture of an unknown city scene with a foil that generates ithe
samwe label.

Figure 14.3 presents the same data as Figure 44 asa tunctton of hits and
[ulse atarms. Notably. there are muny more hits for words than the pictures
and photographs in the saline condition. We uttribute the advantage ior
words over photographs and pictures to recollection. That is. words have a
stuble conceptual representation in memory and therefore can be bound to an
episode node. When binding is not possible, all three types ol stimuli rely on
familiarity and in the midazolam condition. the three stimulus types have the
same hit rate. Consistent with differential ability 1o use recollection for ditfer-
ent classes of stimuli, the ditierence in hit rate was much smaller for photo-
graphs than words and was very small for abstract pictures. Regardless of drug
condition during encoding. subjects were unable to make recollection-based
judgments for abstract pictures during the test phase. As discussed. the
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Figure 143 Hits and Tadse alarms as o tunction of drug condition and stimutus type
Reproduced from L. M. Reder et al.. Drug-induced amnesia hurts recog-
nition. but onh for memories that can be unitized. Psvehological Scivnee,
2000, 17(7). 362367,
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nability o generate a uimique label for photographis of unknown tices or
places made accurate recollection dithicult. First, to the extent that the label
Was generic (e.g.. “blond female™ or “"mountain stream”), the fun from the
label might be high., making it more ditlicult 1o access the episode node
(see Reder. Donuvos, & Lrickson, 2002: Reder et al., 20005 seeond. & generic
tabel could apply to foils as well us targets and lead w spurious recollection as
well as spurious famibianty based responding.

th Example 1, we demonstiated that midazolum-induced ammnesia had o
detrimental effeet on some torms of implicit memory performance (contextual
cuing) that requires binding of spatial relations, but not vthers (task speed
upy with practice at the skill. In the present example, we provided support tor
the hip side: midazolam impaired only those explicit memornies that were bused
on association-specitic recollections. while subjects had the same meniory per-
formance for tamiliarity -bused judgments (sec Reder ¢tal.. 2009). The present
results demonstrate the importance of binding and assockation for avcurate
memory recall and indicate that midazolami negatively atlects mentory by
preventing the creation of associations and preventing the recollection of
contentual itormation.

Example 3: The link between consolidation and forgetting

Retrograde facilitation under miduzolum ( Reder et al., 2007 )

Recent memory rescarch has considered the role of consolidation in torgettiug
presivusly processed information. Wixted (2004) posited that memory theor-
ists hianve failed to appreciate the role of comsolidation in explaining whether
of not information is forgotten. Consolidation requires etfort. and when men-
tal exertion interferes with consolidation, this excrtion can lead o forgetting.
On a neurological level, Winted (2004) supgested that the limited capacity of
the hippocampal system may atso contribute o the npact of interference
on memon formation. He proposed that a major source of forgetting is the
distuption of consohdation that occurs when new incominyg nformation
competes with the older information for limited hippocampal resources. An
example of support he offered or his position came [rom 4 benzodiazepine
study that was purported o show retrograde fucilitation Tor information
aequired prior o the injection. This lucilitution was 4 comparison of recall
perlormance of items from the list studied prior 1o injection for the salne
(controly compared with the benzodiazepine group. Those subjects who
received satine recalled more of the second list items than those who reeeived
the benzodiuzepine, but they recalled fewer items tfrom the Hrst List. Reder
eUatl, (2007) tested an aliernative explanation for the ditference in perform-
ance on the first list that did not postulate a role for ditferentiab consolidation:
Better perforniance on the pre-injection list was the result of tess mterference
from the second list that was very pootly recalled in the amnesia group.

To test our explanation, we used @ moditied version of the experiment
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described by Winted (2004). We used u cued recall paradigm imolving three
lists of word pairs, one list presented prior to injection. two lisis studied post
injection. Each list (of 45 word pairs) consisted of three types of word puirs
(15 of cach type): one third of the pairs were repeated ucross all three lists
(practice pairs); one thisd of the pairs (control pairs) were only shown on one
of the lists: the linal third of the word pairs (interfcrence pairs) were shutfled
from list o list such that the left-hand word of a pair (stimulus word) was
reassigned to a ditlerent right-hand word (response term) aeross lists. It the
effect of midacolum was to enhance consolidation of material learned prior
to the injection. then all types of pairs should benefit equally. On the other
hand, if the effect of midazolam is to block the formation ol new associations,
then the benelit of the drug condition should be greatest for those word pairs
(hut would otherwise experience the most interierence from the formation of
competing associations (the interference pairs).

For each subject. words were randomly paired with other words, as well as
randomly assigned o pair condition and list. The 45 word pairs on a list
were presented first for two seconds each and were tested individually by
asking the subject to type the response term to the stimulus word, Atter the
attempied recall, the word pair was re-studied for three seconds and another
pair was tested. Each pair was tested twice in this manner for cach list.

After completing the study test eyele for List 1. subjects recened an injee-
ton of either saline or midazolam. They then studied a new list of paired
associates followed by 1wo study -test eyeles for List 2. followed by the same
procedure for List 3. After studying all three word lists. subjects were given a
snack, and their monitoring devices were removed. Atter the snack and rest.
subjects were given a linal cued-recall test consisting of all word-pairs from
the three bists in a random order. In this case, cued recall included both
the stmulus word and the list number in which the pair had been studied.
For practive pairs, any of the three lists could be mentioned. but one was
randomly selected with the constrabnt that ¢l three lists were tested equally
often tor the practice pairs.

Figure 14.6 shows the acquisition duta for the thiee lists of words. Under-
standably. there were no diferences tor drug condition for List 1. which was
studied pre-injection. Likewise. there were no dillerences among pair ty pes.
since the differences amony types of pairs was defined in relation w all three
lists, However, the data for List 2 und List 3 do show ditferential etlects of
drug condition and sumulus type. When administered midazolan. subjects
had dilliculty learning word puirs. Notably. this ditliculty was only scen for
interierence and conirol pairs. Since the pracuce pairs were studied belore
the injection. they were less atfected by midazolam, Figure 14.7 presents the
linul recall duta. Subjects were reliubly better at recall in the saline than the
midazolam condition. Recall was also best for practice pairs and worst for
nterference Pairs.

OF purticular interest iy the comparison ol recall for List 1 wems i the
midazolam versus the saline condition. Specificully. would we replicute the
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Faguie 14.6 Acquisition of word pairs as @ function of drug conditon and tpe of
patr. Adapted trom Reder et al. (2007)

result of retrograde tacilitation i the presence of nudazolam? When Lists
2 and 3 were studied in the nidazolum condinon. the List | control puirs did
not ditfer from the List | interference pairst however. when the patrs for Lists
2 and 3 were studied in the saline condition. performance on mterference
pairs trom List I was not as good as recall tor the control pairs.

Retrograde facilitation had been detined as the ditlerence in pertormance
between the midazolam and saline condition performance. Such fualstation
was only tound for the interlerence word pairs. even though performance on
those pairs did not ditler from perfornuinee on the control pairs. The same
pattern was observed with latency. List I word pairs that were studied prior 1o
a saline mjection were recaltled stower it they ended up being mterference
pairs than i they were control pairs. On the other hund. word pairs that were
studied prior to a middzolam injection were responded to equally fast
regardless of the ussignment of those pairs to control vs. interference con-
dition. Our explanation for this pattern of findings is that under nudazolam
subjects did not sufter from the effects of witerference because they could
not torm new associations o words studied alter the injection. Ruther than
mterpreting the pattern as reqregrade fucilitation due o enhanced consolida-
tion, the pattern can be understood as ditfering amounts of interterence.
We modeled these elfects. fitting the sequisition and recall accuracy. errors in
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Fugre 147 Final recall of word pairs as a function of drug condition and type ot
pair. Adapted from Reder etal. (2007).

recall, and Lutencies for both the drug and the saline conditions (see Figures
14.8 and 14.9). We explained the pattern by assuming dillerent probabilities
of forming an association between the words in a pair and between the pair
and the list and general context. We asswmned that the probability of forming
4 new association from the stimulus word to the response term and to the list
context and general experimental context is allecied by midazolum, which
atfects the hippocampal system. As the druy wears off, the probability of
forming a new assoclation increases. There was no need 1o postulate a
consolidation mechanisim o get excellent lits (model fits can be scen at htepi/
mentory. psy.cmu.cdu/model_fits.plip).

Conclusion

Memory is 4 complex system thut performs many functions and relics on a
range of neurological structures. The system is highly integrated. and damage
to ditferent parts of the brain that results in amnesia disrupts the same
underlying Tunctional loop. The specific memory deficits scen i drug-
induced anterograde amnesia can provide further understanding of the
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List Context

Figure 14.8 Sumulus and response model. Adapted from Reder et al (Cou™s.

human memory system. both for individuals with memory deticits and for
those with normally functioning systems. Memory studies employing mida-
zolum can elucidate the roles of ditferent aspects of the memory process,
while defining which aspects are specifically targeted und spared by antero-
grade amnesia. The drug's focused impairment of binding (i.c.. assoviation
formation) can make it especially useful for a range of experimental tasks.

The controlled administration of midazolam to create anterograde amnesia
in experimental settings can be particularly useful (o test various hypotheses
concerning memory functioning. 1t is also potentially useful for isolating the
brain regions that appear to be essential for memory function by combining
the use of the drug with neuroimaging. By using midazolam. subjects can
serve as their own controls, and we can study the same brain with and
without anterograde amnesia, thus climinating the individual differences
that make it difficult 1o study patients with organic amnesia, The examples
presented demonstrate how midazolum can be used to specifically investigate
current issues in the ficld of memory research.
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tvpe of pair and hst. Reproduced from Lo M. Reder et al.. Retrograde
lacilitaton under nudazolam: The role of general and specitic interfer
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Section 1V

Fundamental general issues




