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The role of awareness in differential delay eyeblink conditioning (EBC) has been a topic of much debate. We tested the idea

that awareness is required for differential delay EBC when two cues are perceptually similar. The present study manipulated

frequencies of auditory conditioned stimuli (CS) to vary CS similarity in three groups of participants. Our findings indicate

that awareness was not necessary for differential delay EBC when two tones are easily discriminable, awareness was also not

needed for relatively similar tones but may facilitate earlier conditioning, and awareness alone was not sufficient for differ-

ential delay EBC.

[Supplemental material is available for this article.]

Eyeblink classical conditioning (EBC) is one of the most extensive-
ly studied forms of mammalian learning and consequently, we
have a detailed understanding of the behavioral processes and its
underlying neural mechanisms (Gormezano 1966; Woodruff-Pak
1988; Christian and Thompson 2003). Typically, in EBC the condi-
tioned stimulus (CS) is a neutral stimulus (e.g., tone) and the un-
conditioned stimulus (US) is a biologically meaningful stimulus
(e.g., corneal airpuff) sufficient to elicit an unconditioned response
(UR). Following repeated pairings of the CS and the US, the CS
alone elicits an anticipatory eyeblink just before the occurrence
of the airpuff. This eyeblink is termed the conditioned response
(CR) and is taken as evidence that an association between the CS
and US has been learned.

The role of awareness during human eyeblink classical condi-
tioning has been a topic of much debate (LaBar and Disterhoft
1998; Lovibond and Shanks 2002; Manns et al. 2002). Some evi-
dence suggests that reflexive eyeblink responses elicited by CSs do
not rely on participants’ explicit knowledge of the CS–US relation-
ship, and therefore are independent of awareness (Clark and Squire
1998; Manns et al. 2001; Smith et al. 2005). Other studies indi-
cate that awareness is necessary for successful EBC to take place
(Knuttinen et al. 2001; Lovibond et al. 2011; Weidemann et al.
2013, 2016;Weidemannand Lovibond 2016). Various strategies, in-
cluding masking procedures, demanding secondary tasks, and ex-
plicit instructions have been used to delay or prevent awareness
during EBC (Carrillo et al. 2000; Weidemann et al. 2016).

In differential delay EBC, two tones are presented—one tone
(CS+) is always followed by and coterminates with a corneal air-
puff and the other tone (CS−) is never followed by an airpuff.
Although this manipulation by itself may not significantly reduce
participants’ awareness, the combination of including a second-
ary task and presenting two CSs that are difficult to discriminate
(e.g., perceptually similar) would make it more challenging for
participants to accurately identify which CS predicted the US.
The effects of CS discriminability on awareness and conditioning
have been reported in fear conditioning studies (Knight et al.
2003; Schultz and Helmstetter 2010; Singh et al. 2013) but have

not been directly investigated using EBC. While the majority of
differential delay EBC studies used two distinct CSs (tone and
white noise) that were fairly easy to discriminate, several have
used two pure tones of varying frequencies as CSs and measured
awareness (Ross and Nelson 1973; Nelson and Ross 1974; Huang
et al. 2014). These studies found that awareness was needed for
differential delay EBC although another study reports contra-
dictory findings (Smith et al. 2005). This raises the possibility
that awareness may be important for differential delay EBC
when CSs are difficult to discriminate (e.g., two tones) but not
needed when CSs are easily discriminable (Clark et al. 2002).
Importantly, the frequencies presented in those studies may not
have been too difficult to distinguish (e.g., 800 Hz vs. 2100 Hz;
1000 Hz vs. 3000 Hz), motivating further investigation of the
idea that CS discriminability may be a factor in determining
the necessity of awareness in differential EBC. The present study
tested the general prediction that performance in differential de-
lay EBC depends on contingency awareness when two tone CSs
are relatively similar. In other words, only participants who are
aware of the CS–US contingency will be able to show differential
EBC to two perceptually similar CSs.

Sixty undergraduate students (54 female, mean age =19.2
yr) at Auburn University were recruited and randomly assigned
to one of three groups. In Group I, CSs were 1000 Hz and a
white noise, counterbalanced, and presented in a pseudoran-
dom order such that no more than two trials of the same CS
were consecutively presented. In Group II, CSs were 1000 and
1400 Hz and in Group III, CSs were 1000 and 1150 Hz. CSs
were presented at a volume of 85 dB for all participants. CS+
trials always coterminated with corneal airpuff (5 psi) US pre-
sentations and CS− trials were always presented alone (Fig. 1).
Two hundred trials of two conditioned stimuli were presented
(100 CS+ and 100 CS−). Participants were fitted with condition-
ing goggles and the experiment took place in a sound
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attenuated booth (see Supplemental Material). All participants
were instructed to pay attention to a silent movie (on which
they would be given a quiz) and informed that the tones and
corneal airpuffs were distractors.

Immediately following conditioning, a 14-item question-
naire consisting of True/False statements was administered to as-
sess participants’ awareness of the CS–US contingency. This
questionnaire was the same one used in a previous study (Manns
et al. 2000) but given twice to assess awareness of both CS+
and CS− contingencies. In addition to the questionnaire, a sche-
matic of a trial structure was presented to further probe the partici-
pants’ understanding of the temporal sequence of events
(Supplemental Fig. 1). Participants were asked to report at which
timepoint (as indicated by letters in the schematic) theUSoccurred
for CS+ and CS−. Last, a True/False movie questionnaire was
administered.

An eyeblink was considered a CR (Fig. 1) if the response am-
plitude within a 500 msec time window before US onset was
greater than four times the standard deviation of the baseline pe-
riod (500 msec before CS presentation). These criteria were used
to minimize the inclusion of spontaneous eyeblinks, orienting
and voluntary responses (Spence and Ross 1959). Participants
were categorized as aware if they scored at least 12 on the aware-
ness questionnaire and correctly identified when/if the US was
presented on the schematic for each CS. Performance was ex-
pressed as % CR (number of CRs divided
by the number of trials). Trials were
grouped into five blocks with 20 trials/
block to assess learning-related changes.

An omnibus repeated measures
analysis of variance (ANOVA) of Group
(Group I, Group II, Group III) ×CS Type
(CS+, CS−) ×Awareness (Aware,
Unaware) × Block (1–5) on % CR was con-
ducted using SPSS software (SPSS Version
24). This revealed a significant four-way
interaction (F(8,216) = 2.96, P=0.004).
There was also a main effect of CS Type
indicating overall greater responding to
CS+ compared to CS− trials (F(1,54) =
30.77, P=1.0 ×10−7) and a significant CS
Type×Group interaction effect (F(2,54) =
5.01, P=0.01) (Fig. 2). Post hoc compari-
sons indicated that relative to Group I,
Group II showed a significant increase in
% CRs to CS− trials (t(38) = 2.55, P=
0.015) and Group III showed a trend
(t(38) = 1.90, P=0.065) (white bars in Fig.
2). There were no significant differences

in % CRs to CS+ across groups (all P’s > 0.05). % CRs within each
group as a function of time (Blocks) is presented in Supplemental
Figure 2.

In order to assess the role of awareness within each Group, a
CS Type (CS+, CS−) × Block (1–5) ×Awareness (Aware, Unaware)
repeated measures ANOVA on % CR was conducted. Within
Group I, a significant main effect of CS Type (F(1,18) = 19.22, P=
0.0001) and a CS Type×Block interaction (F(4,72) = 3.04, P=
0.022) were detected. Post hoc comparisons showed that both
aware and unaware participants demonstrated significantly great-
er % CRs to CS+ relative to CS− during Blocks 2–5 (all P’s < 0.05).
Furthermore, the interaction between CS Type and Awareness was
not significant (F(1,18) = 0.08, P=0.78) (Fig. 3A,B). Within Group II,
a significant main effect of CS type was detected (F(1,18) = 16.46,
P=0.001) but the interaction between CS Type and Block was
not significant (F(4,72) = 0.92, P=0.459). Similar to Group I, the
interaction between CS Type and Awareness was not significant
(F(1,18) = 0.238, P=0.632). However, a three-way interaction be-
tween CS Type, Block, and Awareness was significant (F(4,72) =
6.389, P=0.0001). Post hoc comparisons showed that aware
participants demonstrated significantly greater % CRs to CS+
relative to CS− during Block 1 (t(10) = 5.04, P=0.0005) and
Block 2 (t(10) = 3.50, P=0.006) while unaware participants demon-
strated significantly greater % CRs to CS+ relative to CS− during
Block 3 (t(8) = 3.65, P=0.006) and Block 5 (t(8) = 3.47, P=0.008)
as indicated by asterisks (Fig. 3C,D). There were no significant ef-
fects in Group III (all P’s > 0.05) (Fig. 3E,F).

Pearson correlation coefficients between participants’ aware-
ness scores and their differential CR (% CRs to CS+ minus % CRs
to CS−) were calculated for each group and none reached signifi-
cance (all P’s > 0.05) (Supplemental Fig. 3). However, detecting a
significant correlation between awareness and learning has been
reported to be difficult (Vadillo et al. 2019).

Additional analyses were performed to rule out effects
of nonassociative factors. There were no group differences in
hearing thresholds, UR amplitudes, number of correctly answered
movie questions, or number of correctly answered awareness ques-
tions (all P’s > 0.05), suggesting that learning-related changes
between groups were not due to differences in hearing ability, US
processing, or general attention. Although there was no significant
relationship between Group and the number of participants being
classified as aware, a trend was observed (χ2(2) = 5.02, P=0.08).

Figure 1. Timing of CS+ and CS− trial types. Two hundred trials of two
conditioned stimuli were presented (100 CS+ and 100 CS−). Each CS
lasted 850 msec and each trial lasted 2000 msec with a variable intertrial
interval (ITI) of 5–7 sec. Shaded areas indicate the time window that was
sampled to classify eyeblinks as CRs. (CS) conditioned stimulus, (US) un-
conditioned stimulus, (CR) conditioned response, (ISI) interstimulus
interval.

Figure 2. Overall % CRs to CS+ and CS− trials for each group. Participants in Groups I and II showed
significantly greater CRs to CS+ relative to CS−while participants in Group III did not. Relative to Group I,
Group II showed greater % CRs to CS− trials and Group III showed a trend. (*) P<0.05, (†) P<0.07.
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Both aware and unaware participants were able to demon-
strate differential conditioning when the CSs were a 1000 Hz
tone and white noise (Group I), suggesting that awareness is not
necessary for differential delay EBC when CSs are easy to discrim-
inate (Fig. 3A,B). Similar studies using 1000 Hz tones and white
noise as CSs have produced comparablefindings as older and youn-
ger participants classified as unaware were able to acquire differen-
tial conditioning (Clark and Squire 1998, 1999; Smith et al. 2005).
Furthermore, medial temporal lobe amnesics showed intact differ-
ential delay conditioning, despite not being able to explicitly
report the CS–US relationship (Clark and Squire 1998). However,
other studies using similar procedures have produced contradicto-
ry findings, suggesting that awareness is necessary for differential
delay EBC (Carrillo et al. 2000; Knuttinen et al. 2001; Lovibond
et al. 2011; Weidemann and Antees 2012). Knuttinen et al.
(2001) performed an exhaustive series of experiments in older
and younger adults using multiple interstimulus intervals and de-
lay and trace procedures and found that awareness was important
for successful differential conditioning. Furthermore, Lovibond
et al. (2011) attempted to reproduce findings from Clark and
Squire (1998) and Smith et al. (2005) by using a shorter postexper-
imental questionnaire and also found that only aware participants
were able to show differential conditioning. Data from Group I in-
dicate that awareness and conditioning are independent processes,
but it is important to note several methodological differences (e.g.,
participant age, CS/US intensities, CR definitions to exclude volun-
tary eyeblinks, awareness measurements) between these studies as
theymay account for some of the divergent findings and should be
considered when evaluating both sides of this debate.

While it has been shown that participants can show differen-
tial conditioning when CS+ and CS− frequencies differ by as little
as 50 Hz (Moore 1964), this is the first EBC study to parametrically
manipulate tone frequencies to vary CS discriminability to exam-
ine the role of awareness. In a series of experiments on visual CS
similarity, acquisition rates in EBC and contingency learning
were found to be comparable, suggesting these two processes are

supported by a similar mechanism (Kinder and Lachnit 2003;
Thorwart et al. 2010). A human fear conditioning studymanipulat-
ed visual CS discriminability by presenting visual patterns (sine
wave gratings) consisting of different spatial frequencies (Schultz
andHelmstetter 2010).Whenparticipantswere presented two sim-
ilarly constructed visual CSs (one predicted shock and another pre-
dicted its absence), their online US expectancy to each CS did not
differ (suggesting that they were unaware) but their skin conduc-
tance responses to the CS+was significantly greater than responses
to the CS−, suggesting that autonomic fear CRs can occur with-
out contingency awareness even when CSs are difficult to discrim-
inate. Interestingly in Group II, aware participants showed early
differential conditioning (Blocks 1 and 2) while unaware partici-
pants showed later differential conditioning (Block 5) (Fig. 3C,
D). The finding that late differential EBC can occur without aware-
ness when CSs are similar extend the study by Schultz and
Helmstetter (2010) and suggest that unaware participants, when
provided sufficient training, eventually show differential condi-
tioning. Differential conditioning was not demonstrated by any
participants in Group III, making it impossible to examine the nec-
essary circumstances under which conditioning can occur when
CSs are very similar (1000 Hz vs. 1150 Hz).

Across groups, participants showed different response pat-
terns as a function of CS similarity. Specifically, this was character-
ized by a greater number of responses to CS− trials as CSs became
more similar (white bars in Fig. 2). One possible interpretation of
this effect is that overall associative strength assigned to the percep-
tually similar CSs shifted over the course of the experiment. This
shift may have resulted in the CS− taking on some of the associat-
ive strength of theCS+, thereby eliciting responses toCS− (Rescorla
andWagner 1972). This could also explain why aware participants
in Group II showed good differentiation early but their responses
to CS+ and CS− converged toward the end of the experiment
(Fig. 3C). Another possibility is that the similarity of the CSs in
Groups II and III facilitatedCR generalization and participantsmis-
takenly produced eyeblink responses to CS− trials that sounded

A

B

C

D

E

F

Figure 3. %CRs broken down by group and awareness. (A,B) Both aware and unaware Group I participants showed greater % CRs to CS+ relative to CS−
when CSs were distinct (1000 Hz vs. white noise). (C,D) Significantly greater % CRs to CS+ relative to CS− was observed early (Blocks 1 and 2) for aware
participants and later (Blocks 3 and 5) for unaware participants when CSs were similar (1000 Hz vs. 1400 Hz). (E,F) No significant differences were detected
when CSs were very similar (1000 Hz vs. 1150 Hz). (*) P<0.05.
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similar to CS+ trials (Groups II and III) but not when the CS+ and
CS− were easily discriminable (Group I). Spence’s theory of
discrimination learning (Spence 1937; Rilling 1977) states that re-
sponses acquired to CS+ and CS− during discrimination learning
generalizes to stimuli that are close in dimension such that subse-
quent responding during generalization testing is a result of the
interaction between responses to CS+ andCS−. Further formal gen-
eralization testing is needed in order to determine if this is indeed
the case. Interestingly, it appeared that generalization did not ap-
ply in the case of awareness responses since all aware participants
in Groups II and III reported hearing two different tones and cor-
rectly identified them as high and low pitch tones. Accordingly,
it has been shown that repeated presentations of perceptually sim-
ilar tones enhanced participants’ ability to explicitly discriminate
them (Ari-Even Roth et al. 2003; Wright and Zhang 2009). This
dissociation of possible generalization of CRs but not awareness
provides additional support that awareness and conditioning
are mediated by independent processes and multiple memory
systems.

Humanmemory has been classified into declarative and non-
declarative memory systems and is considered to be mediated by
distinct neural substrates (Squire and Dede 2015). Declarative
memory refers to memories related to facts (semantic memory)
and events (episodic memory) that depends on conscious recollec-
tion of information. Procedural memory on the other hand does
not require conscious awareness and can be manifested indepen-
dently of the declarative memory system. EBC, specifically trace
and delay paradigms have been utilized to investigate declarative
and procedural aspects of memory. Results from Group I support
the idea that awareness and conditioning aremediated by indepen-
dent memory systems.

Despite no evidence of conditioning by participants who re-
ceived very similarly sounding CSs (Group III), 75% of these partic-
ipants were still classified as aware. This suggests that awareness
does not guarantee successful differential conditioning. This find-
ing has also been reported in both eyeblink and fear conditioning
studies (Dawson and Biferno 1973; Carrillo et al. 2000). A
“necessary-gate” hypothesis about the relationship between
awareness and autonomic conditioning has been proposed
(Dawson and Furedy 1976). The main tenets of this hypothesis
are that awareness of the CS–US contingency is imperative (“neces-
sary”), but does not guarantee conditioning and that awareness
happens in an all-or-none fashion (“gate”) but also that the degree
of awareness is not related to the degree of conditioning. Although
results from Groups I and II argue against the “necessary” compo-
nent of this hypothesis, behavior from Group III partially support
this hypothesis in that 75% of the participants (15 out of 20) were
classified as aware but failed to demonstrate differential condition-
ing (Fig. 3E), suggesting that awareness alone is not sufficient for
conditioning. Consistent with this view and the present results,
Nelson and Ross (1974) showed that explicitly informing partici-
pants the temporal relationship between the CS and US was not
sufficient to elicit differential conditioning, suggesting that active
attention to environmental contingencies and other cognitive
factors are needed for successful differential conditioning.
Furthermore, correlation analyses indicated that awareness scores
did not predict differential responding in any of the three
groups, consistent with this hypothesis’ view that there is not a sig-
nificant relationship between degree of awareness and level of
conditioning.

Future work should consider some limitations of the present
study. One methodological consideration among studies that in-
vestigate the role of awareness in conditioning is the method in
which awareness is assessed. Two procedures are commonly
used. First, a questionnaire designed to probe knowledge of the
CS–US relationship is provided to participants following the condi-

tioning session. This has disadvantages as it may not accurately
reflect participants’ awareness of the contingencies during condi-
tioning (due to forgetting) and also does not indicate when partic-
ipants became aware since thesemeasurements are taken following
the conditioning session. Another procedure is to require partici-
pants to provide an online US expectancy rating on a trial by trial
basis during conditioning. One disadvantage of this technique is
that it directs participants’ attention to the US, which may have
an unintentional effect on awareness and conditioning levels.
This concurrentmethod of assessment alsomakes it difficult to dis-
tinguish betweenUS expectancy awareness (i.e., knowing that a US
is coming but not sure why) and contingency awareness (i.e.,
knowing that a US is coming and the reason why) (Lovibond
and Shanks 2002). Another limitation is the relatively small num-
ber of participants when distributed among the six groups. Future
studies should include additional participants to increase statistical
power.

In summary, our data indicate that awareness was not neces-
sary for differential delay EBC when two tones are easily discrimi-
nable (Group I), awareness was also not needed for similar tones
but may facilitate earlier conditioning (Group II), and awareness
alone was not sufficient for differential delay EBC (Group III).
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