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Abstract

Functional brain imaging studies of priming assume that the behavioral facilitation and activity reductions resulting from multiple repetitions
reflect the continued tuning of processes engaged during the initial processing of items. Utilizing an object priming paradigm in which
participants were asked to make relative size judgments about visually presented common objects, we tested an alternate hypothesis that ste
that with multiple repetitions participants come to rely on a more efficient response learning mechanism. In experiment 1, the decision cue
was inverted such that previous judgments made either once or three times were rendered invalid. Decision inversion resulted in a reductic
of all priming, but most critically, led to a reduction of multiple-repetition priming to the level of single-repetition priming. In experiment 2,
patients with amnesia failed to show a priming advantage for multiple repetitions, indicating that response learning is dependent on the medic
temporal lobes. Taken together, these results suggest that a different process increasingly mediates priming behavior as repetitions increa
With repeated exposure, behavioral facilitation rapidly comes to reflect a more efficient response learning mechanism rather than facilitate
access to object knowledge.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction was peripheral to the task drops away and only task-relevant
activity remains. Because priming effects are often small, ex-
Repetition of a stimulus or presentation of a stimulus perimental examinations of priming have sometimes utilized
closely related to one previously presented results in perfor- multiple repetitions of the same iteigcoby & Dallas, 1981
mance benefits referred to as primiggéarborough, Cortese, Logan, 199). Whether stated explicitlyGutpa & Cohen,
& Scarborough, 1977 A number of theoretical views of 2002 or implied (Koutstaal et al., 2001 the use of multiple
priming have postulated that item-specific information is repetitions has reflected the assumption that processing on
“tuned” with repetition so that it is more readily available subsequent trials reflects the continued “tuning” of the same
on subsequent encounteiSchacter, 1990Wiggs & Mar- set of cognitive or neural processors that were engaged during
tin, 1998. By this view, stimulus-related neural activity that the first presentation. This assumption has been particularly
pervasive in neural imaging studies of primirgugckner et
mpondmg author. Tel.: +1 617 232 9500x2249; al., 1998; Koutstaal et al., ZOOSimon_s, Koutstaal,. P_rince,
fax: +1 617 278 4490. Wagner, & Schacter, 2003An alternative hypothesis is that
E-mail address: dschnyer@bu.edu (D.M. Schnyer). repeated processing of a stimulus and its associated response
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results in a form of response learning, whereby some of the block experiment in which the critical manipulation of cue
task-related processes performed when stimuli are first en-inversion occurred in block 2 and responses in block 2 were
countered are bypassed on subsequent encounters in favor afompared to those given to the original decision cue in block
a more efficient and direct associative response mechanism.1. This temporal difference is potentially problematic for two
In a recent functional imaging study, we examined reasons: First, because of general practice effects or fatigue,
whether a response learning mechanism could account forthe differential time on task may have resulted in between-
neural activity reductions associated with repetition—that block differences, that were independent of the introduction
were previously assumed to reflect “tuning” of processing of the cue inversion. Second, for repeated items, the critical
subsystemdXobbins, Schnyer, Verfaellie, & Schacter, 2004  contrast comparing responses to the same versus inverted
In that study, participants made size judgments about visually decision cue was confounded by the fact that cue inversion
presented objects (bigger than a shoebox?). After they werealways entailed an additional repetition. These confounds
exposed to items either once or three times, the decision cuewere eliminated in the current experiment by comparing the
was inverted (smaller than a shoebox?), a manipulation thatcue inversion condition to the original cue condition within
should not significantly alter processes associated with itemthe same temporal block and after the same number of
identification or access to item-related size knowledge. The repetitions.
key finding of the study was that inverting the decision cue A secondary goal of this experiment was to evaluate
resulted in a significant reduction of behavioral priming and whether the effect of cue inversion depends on the extent of
elimination of repetition-related reductions in the MR signal time spent responding to the original decision cue. One pos-
in prefrontal cortex and fusiform gyrus. While the disruption sibility is that response learning becomes more established
in neural priming was most evident for items presented three and less flexible after alonger period of time, thereby forcing
times previously, there was a weaker disruption even when a greater disruption when switching is encountered. Alterna-
the decision cue was switched after a single presentation.tively, response learning may be directly tied to the number of
We concluded from this finding that critical item knowledge, repetitions of a particular stimulus—response pair, regardless
previously assumed to be more available after repetition, of how long a particular response set is maintained. In the
was in fact no more available with multiple repetitions latter case, response inversion should have a similar effect,
than it was with a single repetition. Instead, participants regardless of when in the course of the task it occurs.
appeared to be learning their responses to items and, in
doing so, they shifted from a resource-demanding analysis2.1. Method
of specific object-size information to a more automatized
stimulus—response based strategpgan, 1990 Schacter, 2.1.1. Participants
Dobbins, & Schnyer, 2004 These results stand in contrast Fifteen native speakers of English (3 male, 12 female)
to the pervasive assumption of system-wide tuning with with normal or corrected to normal vision took part in
multiple repetitions and instead reveal the possibility that the experiment. Participants (mean age =21 years, range
major portions of the processing stream may simply be 19-24) were recruited through flyers and advertisements
bypassed in favor of a more efficient learning mechanism. at local colleges and universities and received US$ 10 for
The goal of the present study was to further elucidate the their participation. Participants were screened using a short
nature of a possible response learning mechanism that un-medical questionnaire to ensure that they were free from
derlies priming in multiple-repetition paradigms. Experiment current psychiatric or neurological disorder, any history
1 provides a behavioral analogue of the fMRI paradigm in of brain injury or excessive drug or alcohol use. Written
which we address a methodological limitation of the imag- informed consent was obtained from each participant prior to
ing study. This experiment also allows us to evaluate whetherthe experimental session. The Human Subjects Committees
the effect of cue inversion depends on the number of items of Boston University School of Medicine and the Veterans
responded to with the original decision cue before decision Affairs Healthcare System approved all procedures.
inversion is undertaken. To determine the neural basis of the
response learning mechanism, in experiment 2 we examine2.1.2. Stimuli
whether response learning following multiple repetitions is ~ Stimuli were 408 colored line drawings of simple objects
intact in amnesic patients with damage to medial temporal selected from CD-ROM clip-art collections (e.g. Corel Mega
lobe structures. Gallery, Corel Corporation, 1997). Pictures represented com-
mon animate and inanimate objects in varying orientations
and were of varying visual size. They were chosen such that
2. Experiment 1 half were larger and half were smaller than a typical shoebox.
Experiments were conducted on a Mac Powerbook laptop
The primary goal of this experiment was to replicate the computer running Psyscope 1.2.5 (Carnegie Mellon Univer-
results from the fMRI study§obbins et al., 2004 correcting sity, 1994). Stimuli were presented within a centrally located
some of the methodological limitations of that study. In the 8.75cmx 8.75cm box. Viewing was approximately 75cm
fMRI study, we demonstrated response learning using a three-from the screen.
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2.1.3. Procedure 2.2. Results

Prior to beginning the task, participants were instructed
in the procedures and shown examples of the decision mak- Although half of the objects were selected to be bigger
ing they would engage in. They were told that they would and half smaller than a shoebox, participants did not classify
be asked to make a size judgment by indicating if the real items in perfect accordance with our a priori designations. To
life object depicted in the picture was “bigger than a shoe- ensure that the results were not unduly influenced by items
box” (B). They were to indicate their decision by pushing that were difficult to judge, only those that were consistently
a “yes” or a “no” key with the index and middle fingers of classified by 75% or more of the subjects were included in the
their right hand respectively. Participants were asked to makeanalysis. By this criterion, 13% of the items were eliminated.
their judgments on the whole object as presented, rather thariThese were all items that had a priori been classified as being
deciding if an object could be folded or crushed to fit within smaller than a shoebox and it makes sense that these were
a shoebox. Finally, participants were encouraged to “respondless uniformly classified because the range of possible sizes
as quickly and accurately as possible” and if they were unsurethat fit within the box is necessarily more restricted than the
of an item, then to just “guess”. Pictures were presented at arange that does nét.
rate of 1 per 2.5s, centrally located, and were accompanied
at the bottom of the screen by a decision cue that indicated2.2.1. Response latency
the appropriate decision to be made on that trial. The entire  Mean response latencies during the test blocks were cal-
experimental session lasted approximately 45 min. culated based on accurate responses only and are presented

Each experimental session consisted of four alternatingin Table 1
‘study-test’ cycles. During each study phase, 34 pictures
were presented once and 34 pictures were presented thre@.2.1.1. Cue switching. To evaluate the effect of switching
times, for a total of 136 trials. Once-presented items were the decision cue, we compared mean RTs of items that were
evenly interspersed throughout the study phase in such a wayassociated with a same versus an inverted decision cue in
that one third of the once-presented items were encounteredest block 1 in a Z 3 ANOVA with decision cue (same,
with each full repetition cycle of the thrice-presented items. inverted) and condition (novel, low prime, high prime) as
Following a short pause, participants took part in a test phasewithin-subject factors. As can be seefable 1, high primed
consisting of two test blocks. Each test block consisted of 17 items were most affected by cue switching. This impression
pictures presented once during study (low prime), 17 pictures was confirmed by results of the ANOVA, which revealed sig-
presented thrice during study (high prime) and 17 nonstudied nificant main effects of decision cug(,14) =7.27p <.05)
pictures (novel items). None of the pictures were repeated and condition £(2,28) = 49.48p < .001), along with a signif-
within or between test blocks. The test blocks differed only icant decision cue condition interaction £(2,28) =17.51,
with regards to the decision made by participants: In one p<.001). Post hoc testing revealed that reversal of the de-
block participants made the same bigger than decision madecision cue did not significantly affect RTs to novel items
during the study phase (B; same decision cue), whereas in(t(14) < 1), but there was a significant reduction in the magni-
the other block the decision was inverted to “smaller than tude of priming (defined as RT primed—RT novel) for both
a shoebox” (S; inverted decision cue). In two of the cycles, low primeditemsf(14) =2.18p <.05) and high primed items
participants made same decisions in the first test block and(#(14) =5.41,p <.001). Most strikingly, the priming advan-
inverted decisions in the second test block, whereas for thetage of high over low primed items seen in the same cue con-
other two cycles the order was switched. dition was completely eliminated by inverting the decision

For counterbalancing, pictures were randomly assigned tocue ¢(14) = 1.03 zs).
one of four study-test cycles. Within each cycle, pictures were
rotated across the three possible conditions (novel, low prime,2.2.1.2. Early versus late switch. To directly evaluate
high prime). Additionally, to counterbalance the assignment whether inverting the decision cue in block 1 or in block
of decision cues to test blocks across the four study-test cy-2 had differential effects, a 2 3 ANOVA on responses to
cles, two study-test sequences were developed in the fol-inverted cues was performed with test block and condition
lowing manner: B-B-S, B-B-S, B-S-B, B-S-B or B-S-B, (novel, low prime, high prime) as factors. There were signif-
B-S-B, B-B-S, B—B-S. This resulted in a total of six ver- icant main effects for test blockF(1,14) =22.39p <.001)
sions of the experiment that ensured that each picture servedand condition £(2,28) =7.67p <.01), but no significant in-
equally often as a novel, low prime, or high prime item and teraction ¢(2,28) < 1). Overall, responding was slower when
was tested equally often under same and inverted test cues. A

schematic of the two possible experimental runs is presented 2 Because elimination of ambiguous responses resulted in an unequal num-
in Fig. L ber of “yes” and “no” responses in the analysis, we performed all analyses
with response status as an additional variable to evaluate its effect on prim-
- ing. In neither the latency nor error analysis did response status have any
1 The study design was modeled after previous fMRI studies using a effect on priming. The only effect, apparent in the latency analysis, was
“study-test” format Buckner et al., 1998Buckner, Koutstaal, Schacter, & that, in general, yes responses were faster than no responses, although this
Rosen, 2000Koutstaal et al., 2001; Simons et al., 2003 difference was absent when switching occurred in test block 2.
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Fig. 1. Schematic of the experimental design. All four runs begin with a study phase in which participants are asked to indicate whether comraom objects
“bigger than a shoebox”. ltems are presented either once or three times. The test phase is divided into two blocks. During the first block, paeteipants
either the same “bigger than a shoebox” decision as during study (two runs) or are asked to invert the decision to “smaller than a shoebox” (t&to runs). Te
block decisions are made for novel objects, objects seen once at study and objects seen three times at study. In test block 2, participantsaertableed to i
decision perspective from test block 1 (bigger to smaller, or smaller to bigger) and continue to make decisions on a new set of objects that veam® novel, s
once at study, or seen three times at study. No objects were repeated within or between test blocks.

decision cue switching occurred in test block 2, following a with inverted cues (botkis < 1), whereas responses to high

longer period of responding to the original cue, but equiva- primed items werer(14)=4.86,p <.001). Put differently,

lent effects of inverting the cue on low and high prime items priming for low primed items did not differ between blocks

were present in both test blocks. but the priming advantage originally seen for high primed
items did not returnz(14) < 1).

2.2.1.3. Return to the original decision cue. To evaluate if

switching the decision cue disrupted responding to the orig- 2.2.2. Response accuracy

inal decision cue, we examined RTs for same cue responses To evaluate how cue switching affected accuracy, test
in block 1 to same cue responses in block 2 (which had beenblock 1 errors were analyzed in ax23 repeated measures
preceded by a block where the cue had been inverted). AANOVA with decision cue (same, inverted), and condi-
2 x 3 ANOVA with test block and condition (novel, low tion (novel, low prime, high prime) as factors. There was
prime, high prime) as factors revealed a trend towards aan increase in errors with inversion of the decision cue
main effect of block £(1,14) =3.71p <.10), amain effectof =~ (same =2.5%; inverted =4.3%), as evidenced by a main ef-
condition ¢(2,28)=65.67p <.001) as well as a significant  fect of cue £(1,14) =5.64p < .05) but no other main effects
block x condition interactionk(2,28) =14.78p <.001). The or interactions approached significance.

interaction reflected the fact that responses to novel and low  To evaluate if late switching enhanced errors more than
primed items were not affected by interposing a block of trials early switching, errors in the inverse cue condition were an-

Table 1
Mean response times and standard errors for experiment 1
Decision cue Block 1 Block 2
Novel Low High Novel Low High
Same
Mean RT (S.E.) 1069 (53) 947 (47) 824 (50) 1075 (51) 962 (55) 944 (53)
Inverted

Mean RT (S.E.) 1060 (49) 991 (49) 973 (37) 1149 (50) 1106 (55) 1083 (46)
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alyzed in 2x 3 repeated measures ANOVA with block and testblock comparisons, itis possible that the failure to engage
condition (novel, low prime, high prime) as factors. Thisanal- response learning is due to a general decay of the response

ysis revealed a significant effect of block((,14)=41.71, learning mechanism over time. This explanation is unlikely,

p<.001), indicating that indeed this was the case (block however, as others have shown robust facilitation effects

1=4.3%; block 2=10.5%). associated with multiple repetitions, even after considerable
amounts of time and intervening itemisogan, 1990. Ad-

2.3. Discussion ditionally, in an experiment examining the effects of finger

mapping inversion, we found no evidence that response

The results of experiment 1 replicate and extend findings learning decreased in the second test bldghfiyer, Dob-
from our fMRI study in demonstrating a role for response bins, Nicholls, Verfaellie, & Schacter, in preparatjoMore
learning in a priming paradigm. Inverting the decision cue likely then, once response learning has been interrupted by
from “bigger than” to “smaller than” significantly reduced cue reversal, learned responses are no longer retrieved even
the facilitation resulting from item repetition for both items when the original decision cue has been reinstated.
that had been presented three times in the study phase (high The response learning evident in the current experiment
primed items) and those that were presented once (low primedappears to be a form of “instance learningbgan, 1990,
items). Moreover, following cue inversion, latencies for low whereby an item becomes associated with previous opera-
and high primed items were equivalent. Since the effects of tions performed on it. This type of associative memory al-

a same versus inverse decision cue were assessed within thiews for the saving of processing resources by redirecting
same temporal block (test phase 1), the effect of cue inversionattention from a higher level algorithm to a less resource de-
could not be ascribed to differential time on task or differ- manding oneobbins et al., 2004; Logan, 19p@n impor-
ential stimulus exposure. Rather, it indicates that a changetant question is whether this form of learning is dependent on
in decision cue leads to a disruption in the mechanisms thatneural structures that have previously been shown to support
mediate priming. Further, our findings indicate that return to the rapid acquisition of new associations, such as the me-
the original decision cue does not fully eliminate the costs dial temporal lobe (MTLCohen, Poldrack, & Eichenbaum,
associated with cue switching, as high primed items did not 1997). If response learning depends on rapid acquisition of
regain their advantage over low primed items. The latter find- novel associations, it would follow that such learning should
ing, however, needs to be interpreted cautiously, as it suffersbe impaired in patients with MTL lesions. Experiment 2 tests
from a similar temporal confound as that identified in the this prediction.

evaluation of the effect of cue reversal in the fMRI study.

Contrasting with the effects of cue switching in test block
1, inversion of the decision cue in test block 2 resulted in
both set-specific and item-specific effects. Delaying the cue 3 ;. aroth0d
inversion led to a general slowing for all item types, and in
particular, had an effect on responses to novel items not seers.1.1. Participants
when the cue-inversional occurred in test block 1. Thisgen-  Ten amnesic participants with radiologically-verified
eral slowing most likely reflects the implementation of addi- MTL lesions completed the experiment. Results from one
tional cognitive control in order to override awell-established patient were excluded, however, because due to a computer
response set. This finding was also evident in the small buterror, up to 40% of the responses were lost in two condi-
significant increase in errors that occurred when switching tions. This left nine patients (mean age =52.2, range = 20-75;
occurred in test block 2 rather than in test block 1. Despite 7 male, 2 female) with amnesia secondary to anaxiaf)
this general slowing and greater error rate, inverting the de- or encephalitis{ = 3, se€Table 2for demographics and neu-
cision cue resulted in the same item-specific effects seen af-ropsychological performance). Twelve normal individuals
ter switching in test block 1: high primed items lost their (five male, seven female), matched in terms of age 1),
multiple-repetition advantage and displayed an equivalent education £<1) and verbal IQ K¥<1) as measured by the
level of response facilitation as low primed items. Wechsler Adult Intelligence Scale-IN{echsler, 1997apar-

We have postulatedbbins etal., 2004hatthe selective  ticipated as a control group in this experiment. Both amnesic
disruption of priming due to cue inversion reflects previously and control participants were native English speakers and had
learned responses being rendered invalid. From this perspecnormal or corrected to normal vision. Control subjects were
tive, it makes sense that the extent of disruption depends onscreened using a medical questionnaire and reported being
the number of times a particular response was made to a stim{free from current psychiatric or neurological disorder, brain
ulus, and thus, was more severe for high primed items than forinjury or excessive drug or alcohol usage. Written informed
low primed items. Moreover, once a stimulus—response as-consentwas obtained from each participant prior to the exper-
sociation was disrupted, the advantage of high primed itemsimental session and they received US$ 10 for their participa-
was eliminated, and re-instatement of the original decision tion. The Human Subjects Committees of Boston University
cue resulted in similar benefits for low and high primed items. School of Medicine and the Veterans Affairs Healthcare Sys-
Since a suitable control condition was not available for final tem approved all procedures.

3. Experiment 2
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Table 2
Patient and control demographics for experiment 2
Patient Etiology Age (years) WAIS-III WMS-III

Ed. VIQ GM AD VD WM
1 Encephalitis 74 18 135 45 58 53 141
2 Anoxia 46 14 111 59 72 52 96
3 Encephalitis 47 14 92 45 56 55 85
4 Anoxia 52 12 83 52 56 55 91
5 Anoxia 44 14 90 45 53 52 93
6 Anoxia 20 12 91 45 46 56 79
7 Encephalitis 61 11 106 69 68 77 111
8 Anoxia 75 12 107 59 64 65 83
9 Anoxia 51 17 134 70 67 75 88
Patient mean 52 138 1054 543 600 600 96.3
Control mean 53 151 1084

Columns show etiology, demographic and neuropsychological performance values for each of the nine patients and the mean for the N@:ecagend
education is in years; WAIS-III Wechsler, 1997aVIQ: verbal 1Q; Wechsler, 19975 GM: general memory index, AD: auditiory delay index, VD: verbal
delay index, WM: working memory index.

3.1.2. Stimuli and procedure 3.2.1.1. Cue switching. Proportional priming scores were
Stimuli and procedures were as outlined in experiment 1. entered into a Z2x2 ANOVA with group (controls,
amnesics) as a between-subjects factor and decision cue
3.2. Results (same, inverted) and condition (low prime, high prime) as
within-subjects factors. There was a main effect of group
Responses of control subjects during the study phase wergF(1,19) = 6.46p <.05), indicating that amnesic participants
used to evaluate response consensus, in a manner similar tshowed less priming than controls. There was also a main
that in experiment 1. Twelve percent of items were ambigu- effect of condition £(1,19)=18.61,p<.001) that was
ous, and these were again eliminated from further analyses. modified by a significant group condition interaction
(F(1,19)=8.91,p<.01). This interaction reflected the fact
3.2.1. Response latency that controls showed more priming for high primed items
Mean response latencies during test blocks were calcu-than for low primed items while there was no difference
lated based on accurate responses only and are presented imetween high and low primed items in amnesic participants.
Table 3 Because there was a trend for the responses in the amPriming for both high and low primed items, however, was
nesic group (overall mean = 1166 ms) to be slower than thosesignificantly greater than zero in both groups $3.54;
in the control group (overall mean =1066 ni¥1,19)=3.9, p's<.005). There was also a significant cueondition
p<.07), analyses were performed on proportional priming interaction §(1,19)=7.62,p <.05), which indicated that

scores. the high prime advantage disappeared with cue inversion.
Table 3
Mean response times, standard errors and proportional priming scores for experiment 2
Decision cue Block 1 Block 2
Group Novel Low High Novel Low High
Same
Controls
Mean RT (S.E.) 1079 (37) 1024 (45) 850 (38) 1155 (35) 1017 (36) 985 (40)
Priming (%) 5.2 21.0 11.8 14.4
Amnesics
Mean RT (S.E.) 1210 (56) 1146 (38) 1114 (60) 1165 (63) 1144 (58) 1126 (51)
Priming (%) 4.5 7.8 1.4 2.9
Inverted
Controls
Mean RT (S.E.) 1192 (34) 1116 (36) 1065 (32) 1146 (41) 1124 (39) 1037 (41)
Priming (%) 6.3 10.6 1.4 9.4
Amnesics
Mean RT (S.E.) 1197 (48) 1124 (72) 1111 (48) 1250 (53) 1190 (50) 1221 (62)

Priming (%) 6.6 7.1 4.7 2.4
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Although the groupx cuex condition interaction failed to  participants, by contrast, there was no bleckondition in-

reach significancer(1,19) =2.84p <.11), this pattern was  teraction {<1).

driven by the performance of control subjects. An ANOVA

on the control data revealed the expectedxwendition in- 3.2.2. Response accuracy

teraction £(1,11) = 16.96p < .005), indicating that the high To examine how cue switching affected accuracy, test

prime advantage was reduced following cue inversion. Thereblock 1 errors were analyzed in ax2 x 3 ANOVA with

was no evidence for a similar interaction in the amnesic datagroup (controls, amnesics) as a between-subjects factor

(F<1). Moreover, in the amnesic group, neither the main and decision cue (same, inverted) and condition (novel,

effect of cue nor condition was significart'g < 1). low prime, high prime) as within-subjects factors. This
analysis revealed a main effect of group, indicating that

3.2.1.2. Early versus late switch. To compare the effect of ~amnesic participants (mean=10.8%) made more errors
cue inversion during test block 1 and test block 2 a2x 2 than controls (mean=5.9%;(1,19) =10.36,<.01). This
ANOVA was performed with group (controls, amnesics) as €ffect was modified by a marginal grospcue interaction
a between-subject factor and test block and condition (low (F(1,19)=3.96,p<.07) which reflected the fact that for
prime, high prime) as within-subject factors. There was a controls, errors increased with cue inversion (from 4.6 to
main effect of block £(1,19) = 4.38p <.05), indicating that ~ 7.2%), but this was not true for amnesic participants (same
there was less priming when switching occurred in block 2 cue =11.5%; inverse cue =10.2%). There was also a signif-
than in block 1. However, the effect of block did not interact icant effect of condition £(2,38) =5.80p <.01), reflecting
with either the effect of condition or group, suggesting that the fact that error rates to novel items (mean =10.5%) were
there was no differential effect of late compared to early higher than those to low primed (mean =8.044;1)=2.49,
switching in either group.There was a marginal condition P <.08) and high primed (6.7%(11) = 3.80p <.001) items.
effect (F(1,19)=4.16,p<.06), which was modified by a  The latter two did not differ from each othe(X1) =1.31).
significant groupx condition interaction £(1,19)=7.70, To evaluate if late switching affected accuracy differently
p<.05). The interaction reflected the fact that with cue than early switching, we performed a2 x 3 ANOVA with
inversion, normal controls still showed greater priming inthe group (controls, amnesics) as a between-subjects factor and
high than in the low prime condition(Ql1) =3.47 p<.01), block and condition (novel, low prime, high prime) as within-
while there was no difference between high and low priming subjects factors. No effects were significant.
(mean=5.7%;< 1) in the amnesic group.

3.3. Discussion
3.2.1.3. Return to the original decision cue. TO evaluate . o o
if switching the decision cue disrupted responding to the  IN contrast to nonamnesic participants, amnesic individu-
original decision cue, a 2 2 x 2 ANOVA was performed als failed to show reliable response learning, which we opera-

with group (controls, amnesics) as a between-subjects factortionalized as the difference in priming between high and low
and block and condition (low prime, high prime) as within- primed items. Nonamnesic individuals demonstrated a robust

subjects factors. There was a main effect of grati(L9) = high prime advantage in the first test block as long as the
12.58, p<.005) and of condition A(1,19) = 14.30), both decision cue remained the same as during study, but amnesic

of which were modified by a group condition interaction ~ Participants showed equivalent priming for high and low
(F(1,19)=5.02,p <.05). There was also a cuecondition primed items. Moreover, when the decision cue was switched

interaction £(1,19) = 7.34p < .05) and a marginally signif- in test block 1, there was a loss of the multiple-repetition
icant groupx block x condition interaction K(1,19) = 4.36 advantage associated with high primed items for nonamnesic

p<.06). To evaluate the three-way interaction, separate participqnts, similar to what was seen in young participants
ANOVAs were performed on the data of the control sub- in Experiment 1._By contrast, foram_ne_5|c partlglpants_, there
jects and the amnesic participants. In the control sub- Was no change in the pattern of priming for either high or
jects, the block« condition interaction was significant |OW primed items as a result of cue inversion and priming in
(F(1,11) = 17.84p < .005), indicating that the high prime ad- these conditions did not differ, irrespective of d_eC|S|on cue.
vantage seen before switching was not presentwhen returning! "€S€ results suggest that the response learning previously

to the original decision cue after switching. In the amnesic S€€n in experiment 1 and in our fMRI studydbbins et al.,
2009 is critically dependent on intact MTL structures.

The fact that priming in amnesic participants was spared
3 Although block did not interact with any other effect, it appears that for for low prime.d items, 3:nd_WaS significant for high prim?d
control subjects, priming for low prime items was reduced following cue items, albeit impaired, indicates that a component of prim-
switch in block 2, a finding not present in block 1. Given the absence of ing is not MTL dependent. This finding is not new, as an
an appropriate control for cue inversion in test block 2, this finding is of extensive literature has revealed intact priming in amnesia

guestionable significance. Also, for amnesic participants, priming for low for familiar it followi inal tatioB¢hact
prime items in block 2 was numerically, albeit nonsignificantly, lower than in or familiar items following a single presentatioB¢hacter,

block 1, but this appears to reflect a general reduction in priming for amnesic CFhiu, & OChsnelf:_ 19983 In the present tQSk, such priming
participants in test block 2, whether switching occurs or not. likely reflects facilitated access to the object knowledge that
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precedes size deliberations. The dissociation between intactess to size information, then a change in decision cue should
object priming and disrupted response learning adds to thenot affect the magnitude of priming, yet priming was sig-
evidence that priming does not reflect a unitary mechanism, nificantly decreased in control participants. Moreover, since
but rather, that different processes interact to support behav-amnesic patients have preserved access to size information
ioral facilitation. (as evidenced by intact single-repetition priming), this view
The failure to obtain robust response learning in MTL pa- would predict that they should show greater priming follow-
tients is consistent with the notion that this form of learning ing multiple repetitions than following a single repetition, but
is dependent on an associative learning mechanism wherebyhis was not the case. The present findings, instead, argue that
participants learn to associate a particular response to a stimfor normal individuals, the neural systems originally used in
ulus Cohen et al., 1997; Logan, 199@urther evidence for ~ evaluating the size properties of the stimuli were bypassed in
this possibility comes from a comparison of the control sub- favor of a more efficient, MTL dependent, response learning
jects in this experiment with the young participants in ex- mechanism. While such response learning is most clearly
periment 1. In contrast to young participants, older control evident following multiple repetitions, it appears that some
subjects did not reveal a significant reduction in single repeti- degree of response learning may occur even with a single
tion priming with cue inversion. This may reflect differential repetition, at least in young participants (see &sbbins et
encoding abilities between the groups, with older controls al., 2004.
requiring more than a single presentation in order to reliably A possible alternative explanation that might be offered for
bind together an item and its associated response—a patterthe priming disruptions that occur after decision cue inversion
that is in keeping with the known deficits in associative mem- would be to argue that the nature of the information accessed
ory that occur with agingNaveh-Benjamin, 2000 to make size decisions differs depending on the nature of the
While the current experiment has demonstrated that the decision cue. By such a view, different features of anitem may
facilitation associated with multiple repetitions is associative provide clues as to whether an item is larger or smaller than
in nature, it should not be assumed that this is necessarilythe target. This is inconsistent with the currently prevailing
the case for all forms of multiple-repetition priming. For ex- notion that relative size judgments are inferred from retrieval
ample,Seger, Rabin, Zarella, and Gabrieli (1993)nd that of absolute size informatio@nks, 1977Shoben & Wilson,
amnesic participants show normal, increasing levels of facili- 1998. Yet, even allowing for the possibility that inversion
tation in generating verbs to repeated nouns—another exam-of a relative size judgment would require access to separate
ple of multiple-repetition priming. However, the facilitation features, an interpretation of priming in terms of access to
in that paradigm was not specific to a given stimulus cue, as size information does not adequately accountfor our findings.
it transferred to novel nouns. Therefore, priming in verb gen- In particular, we found that after the experience of decision
eration, in contrast to the response learning observed here, iswitching the learned response appearsto be suppressed, even
likely to be nonassociative in nature and would be expected when the original (valid) decision cue has been restored. Such
to be preserved in amnesia. a finding would not be expected if attention is simply shifted
to an alternative set of features, since returning to the original
decision cue should have reinstated the facilitated processing.
4. General discussion The notion that repeated processing of the same item
leads to a shift from processing task-relevant information
The human brain operates in such a way as to continuouslyto reliance on a direct association between an item and the
look for ways to more efficiently respond to environmental required response raises a question as to the nature of the
demands. This drive towards efficiency or conservation association that is established. One possibility is that re-
of resources is the fundamental basis of learning and hassponse learning reflects establishment of a direct association
also been tied to the phenomenon of repetition priming between an item and a specific motor output. Consistent with
(Gutpa & Cohen, 2002Logan, 1988 Sensitivity views this possibility, in our previous fMRI studyDbbins et al.,
of repetition priming, which were originally formulated to 2004, we found disruption of behavioral priming not only
account for the facilitation associated with a single previous when the decision cue was reversed, but also, and to the same
exposure, propose that stimulus-related knowledge is moreextent, when the finger mapping was reversed. However, two
readily accessible with repetition, resulting in more efficient other studies did not find disruption of response facilitation
processing on a subsequent presentati@naf & Ryan, with changes in motor mappind@énnis & Schmidt, 2003
199Q Jacohy, 1991; Schacter, 1998 number of functional Logan, 1999. More importantly, in a recent behavioral study
imaging studies have used multiple-repetition paradigms un- using the same design and procedure as the experiments
der the assumption that the enhanced priming across multiplereported here, we found no evidence for a disruption in re-
repetitions reflects quantitative increases within the same setsponse learning when finger mapping was invergzhyer
of “tuned” processesBuckner et al., 1998; Koutstaal et al., et al., in preparatign suggesting that the observed response
2001; Simons et al., 2003The results of the experiments learning is not at the level of a particular motor output.
presented here, however, do not support such an account. If A more likely possibility, therefore, is that an item be-
priming following multiple repetitions reflects facilitated ac- comes associated with a particular decision. Such a view
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is consistent with previous work examining instance learn- ther, one of these simultaneously engaged pathways reaching
ing (Dennis & Schmidt, 2003Logan, 1988, 1990 which the processing goal first¢gan, 1988 or the more delibera-
has suggested that learned instances reflect mapping at théve pathway being abandoned entirely. With a single learning
“stimulus-interpretation level”. In the current paradigm, such experience, response learning was less robust than following
mapping could be either to the appropriate response (“yes” multiple presentations, suggesting that changes in the repre-
versus “no”), or to the relative size decision (“bigger than” sentational structure dominate the reaction time output early
versus “smaller than”). One way to differentiate between on in learning. However, after multiple presentations, when
these two possibilities comes from the pattern of errors as- response learning becomes more established, it provides the
sociated with switching. If a stimulus has been bound to its most efficient way to reach the processing goal and thereby
yes/no response, switching should lead to a greater likelihooddominates the output. In any given situation, then, behav-
that the incorrect answer will be retrieved, and this should be ioral expression primarily reflects the process that produces
evident in an increase in errors in the primed conditions — es- the maximum level of facilitation. It remains an open ques-
pecially in the high primed condition — compared to the novel tion to what extent such a model can account for other ob-
condition. By contrast, if an item has been bound to a relative served specificity effects in repetition priming (s®ehacter
size category then retrieval of the category should be readily et al., 2004. At the very least, it appears that tasks in which
interpretable in the context of either decision cue. Although the response demands remain constant across the first and
the translation from “bigger than” to “smaller than” may slow subsequent presentations of a stimulus encourage the use of
responding, this should not increase the likelihood of errors MTL-dependent response learning that comes to dominate
for primed compared to novel items. The error data are con- the behavioral output.
sistent with mapping at the level of a relative size decision,
as there was no disproportionate effect of cue inversion on
primed items. Given this finding, it may be more appropriate Acknowledgements
to refer to the form of learning examined here as “decision
learning”. However, until we reach a better understanding of ~ This work was supported by K23MH64004 and P50
the conditions that give rise to mapping at various levels, we NS26985 to Boston University and by the Medical Research
prefer to use the term response learning as a more generagervice of the Department of Veterans Affairs.
term that can encompass a broader set of findings.
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