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Abstract
Normal aging has been shown to impact performance during human eyeblink classical conditioning
as older adults showed lower conditioning levels compared to younger adults. Previous findings
showed younger adults can acquire both delay and trace conditioning concurrently, but it is not known
whether older adults can learn under the same conditions. Present results indicated older adults failed
to produce a significantly greater number of conditioned responses during acquisition, but their ability
to time eyeblink responses prior to the unconditioned stimulus was preserved. The decline in eyeblink
conditioning that typically accompanies aging has been extended to concurrent presentations of delay
and trace conditioning trials.

Classical eyeblink conditioning is a model system for characterizing age-related changes in
human learning and memory. In this fundamental form of learning a neutral conditioned
stimulus (CS) is paired with a biologically salient, unconditioned stimulus (US). After repeated
pairings, the CS alone reliably elicits a conditioned response (CR), indicating that a CS-US
association has been formed. In the delay conditioning procedure the CS and US coterminate
while in trace conditioning, a silent “trace interval” elapses between the CS offset and US
onset.

Age-related effects on behavioral performance and neural activity during eyeblink
conditioning have been investigated (Solomon, Beal, & Pendlebury, 1988; Woodruff-Pak,
1988). Numerous human studies have consistently demonstrated that older adults showed
fewer conditioned responses than younger adults (Bellebaum & Daum, 2004; Finkbiner &
Woodruff-Pak, 1991; Knuttinen, Power, Preston, & Disterhoft, 2001; Solomon, Pomerleau,
Bennett, James, & Morse, 1989; Woodruff-Pak & Thompson, 1988). These age-related
learning deficits are evident in a number of different conditioning paradigms. Single cue delay
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(Solomon et al., 1989; Woodruff-Pak & Thompson, 1988), single cue trace (Finkbiner &
Woodruff-Pak, 1991), differential trace (Knuttinen et al., 2001), and conditional discrimination
(Bellebaum & Daum, 2004) studies reported that younger adults produced higher conditioning
levels than older adults.

In addition to its correlation with conditioning performance, normal aging is also associated
with functional and morphological changes within two brain regions that are often targeted
during investigations of memory and cognition, including eyeblink conditioning: the
hippocampus and cerebellum (Rosenzweig & Barnes, 2003; Solomon et al., 1988; Wilson,
Gallagher, Eichenbaum, & Tanila, 2006; Woodruff-Pak, 1988). In the hippocampus, fewer
synaptic connections, weakened synaptic plasticity, and a volumetric reduction have been
found (Barnes, Rao, & Houston, 2000; Geinisman, de Toledo-Morrell, Morrell, Persina, &
Rossi, 1992; Golomb et al., 1993; Raz et al., 2004). Similarly in the cerebellum, Purkinje cell
loss, fewer cerebellar cortical synapses, and a reduction in parallel fiber conduction velocity
have been found in older animals (Andersen, Gundersen, Pakkenberg, 2003; Glick &
Bondareff, 1979; Rogers, Zornetzer, & Bloom, 1981). These age-related changes in the brain
are often linked to impairments in cognitive functioning. For example, magnetic resonance
imaging (MRI) data showed that cerebellar volume strongly correlated with the production of
conditioned eyeblink responses (Woodruff-Pak, Goldenberg, Downey-Lamb, Boyko, &
Lemieux, 2000) and the degree of hippocampal atrophy predicted performance on a variety of
memory tests (Golomb et al., 1996; Petersen et al., 2000). Further, the hippocampus has been
shown to be critical for trace learning (Moyer, Deyo, & Disterhoft, 1990; Solomon, Vander
Schaaf, Thompson, & Weisz, 1986) and significant hippocampal activity has also been reported
during delay learning (Berger, Alger, & Thompson, 1976). Functional MRI (fMRI) results
from a recent eyeblink conditioning study (Cheng, Disterhoft, Power, Ellis, & Desmond,
2008) showed trace trials elicited significantly greater human hippocampal responding than
delay trials, suggesting that this region is critically relied upon during the associative processes
mediating trace conditioning. One possible reason for the conditioning deficits typically seen
in older adults may be that both the cerebellum and hippocampus experience significant
changes across the lifespan.

The present study is a behavioral investigation of whether older adults can demonstrate both
delay and trace conditioning within the same acquisition period. Younger adults have shown
significant learning during a conditioning design in which both delay and trace trials are
presented within the same acquisition session (Cheng et al., 2008; Knight, Cheng, Smith, Stein,
& Helmstetter, 2004) while older adults have only been tested in their capacity to learn either
delay or trace conditioning separately (Finkbiner & Woodruff-Pak, 1991; Solomon et al.,
1989; Knuttinen et al.. 2001; Woodruff-Pak & Thompson, 1988). Presenting two different
conditioning trial types during acquisition introduces a modest level of complexity not present
in single-cue experiments. Behavioral CRs from these previous studies (Cheng et al., 2008;
Knight et al., 2004) suggest that delay and trace conditioning was possible using this within-
subjects design in younger adults, but given the increased design complexity and the effects
of aging on the hippocampus and cerebellum, older adults may have difficulty demonstrating
significant learning under such conditions.

Method
Participants

Seventeen healthy, right handed volunteers were compensated $20/hr for their participation.
Participants were recruited from television advertisements and university flyers. Nine were
older adults (64.1 ± 3.8 years; 6 females, 3 males) and eight were younger adults (22.3 ± 2.2
years; 5 females, 3 males). All procedures were approved by the Institutional Review Boards
for human subject research at the Johns Hopkins University School of Medicine.
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Apparatus
Stimulus presentation and behavioral data acquisition were controlled and analyzed using a
laptop computer running custom software developed under LabView version 7.1. Standard
headphones were used to present auditory stimuli. Charlie Chaplin’s The Gold Rush was
presented on a monitor located approximately two feet from the participant. Standard safety
goggles were modified to accommodate both airpuff delivery and an infrared sensor for
recording eyeblinks. A fiber-optic probe measured the reflectance of infrared light from the
left eye (Miller, Weiss, Disterhoft, & Wyrwicz, 2005) and airpuff delivery was controlled by
a solenoid valve.

Delay and trace CSs were counterbalanced between a binaural 1200 Hz tone and white noise
(90 dB). The delay stimulus lasted 850 ms and coterminated with a 100 ms corneal airpuff (4
psi) to the left eye (Figure 1a). The trace stimulus lasted 250 ms and was followed by a 500
ms trace period before airpuff presentation (Figure 1b). Trials were grouped into blocks: 9
trials/block, 2 sec/trial, 3 sec ITI (CS onset to CS onset), such that each block lasted 27 sec.
Pseudoconditioning consisted of alternating four delay alone, four trace alone, and four airpuff
alone blocks. Acquisition consisted of alternating 16 delay and 16 trace blocks (e.g. delay-
trace-delay, etc; Figure 1c). Pseudoconditioning was seamlessly followed by acquisition blocks
and presentation order was counterbalanced amongst subjects.

Procedure
Audiometric testing (Solomon et al., 1989) was administered to participants prior to
conditioning. Participants were instructed to pay attention to the silent movie while distracting
sounds and airpuffs were presented. They were informed that this study investigated the effects
that distracting sounds and airpuffs have on their ability to remember details about the movie.
Following conditioning, a movie quiz and post-experimental questionnaire assessed awareness
of the CS-US contingencies (Clark & Squire, 1998). General cognitive abilities were assessed
with the Mini-Mental State Exam (MMSE; Folstein, Folstein, & McHugh, 1975), a simple
reaction time task, the Alzheimer’s Disease Assessment Scale (recall and recognition) (Rosen,
Mohs, & Davis, 1984), subtests of the Wechsler Adult Intelligence Scale-III (WAIS-III; Matrix
Reasoning, Digit Span, Digit Symbol, Vocabulary; Wechsler, 1997), and the National Adult
Reading Test (Nelson, 1982). Scores from the WAIS-III were age adjusted for each participant’s
age.

Data Analysis
A response was considered a CR if the response amplitude (reflectance as measured in voltage;
Miller et al., 2005) within a 250 ms pre-US time window exceeded four times the standard
deviation of the mean of the baseline period (250 ms pre- CS). This pre-US time window
(Figure 1d) was selected to minimize the inclusion of voluntary and alpha (non-associative,
orienting responses to the CS) responses as CRs (Gormezano, 1966). Performance was
expressed as % CR (number of CRs divided by number of trials). Latency of Peak Response
within this same pre-US time window was also calculated as an additional measure of
conditioning. This particular index was intended to focus only on temporal properties of
responses and did not account for amplitude (as % CR did). Consequently, peak responses did
not necessarily meet the definition of conditioned responses. Data were evenly parsed into
blocks of 36 trials to assess time-dependent changes as a function of learning. The decision to
use the current threshold (4 sd) was made so that comparisons could be made to previous
behavioral results from our laboratory (Cheng et al., 2008).
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Results
A Group (older, younger) x Block (pseudoconditioning, Blocks 1–4) × CS Type (delay, trace)
mixed factor analysis of variance (ANOVA) with repeated measures was performed. A main
effect of Group was observed on both % CR, F(1, 15) = 7.71, p<.05, and response latencies,
F(1, 15) = 5.61, p<.05. Post-hoc tests of the acquisition phase indicated that younger adults
produced significantly greater % CR, t(15) = 2.87, p<.05, and also timed their peak responses
to occur closer to US presentation, t(15) = 2.73, p<.05, than older adults (Figures 2a and 2b).
A main effect of Block was also significant for both measures of conditioning. Relative to
pseudoconditioning, greater % CR, F(4, 60) = 9.29, p<.05, and longer peak responses latencies,
F(4, 60) = 22.50, p<.05, were found for all participants during acquisition. A significant Group
x Block interaction was also found for both % CR, F(4, 60) = 4.51, p<.05, and latency, F(4,
60) = 4.86, p<.05. However, all other interactions involving CS Type (Group × CS, Block ×
CS, and Group × Block × CS) were not statistically significant (p’s > .05). Furthermore, since
there was also no main effect of CS Type (p’s > .05), we collapsed both delay and trace
conditioning trials in Figures 2c and 2d. These findings suggest that younger adults learned
better than older adults on two measures of conditioning: % CR and Latency of Peak Response.

Because a significant Group x Block interaction was detected, further statistical analyses were
performed in an effort to better understand learning rates produced by each age group. These
results showed that younger adults successfully learned the CS-US association on both indices
of conditioning by showing greater % CR, F(1, 7) = 22.97, p<.05, and longer peak response
latencies, F(1, 7) = 14.28, p<.05, during acquisition relative to pseudoconditioning (white
circles in Figs. 2c and 2d). Post hoc tests on both variables showed each time point in acquisition
(1–4) differed significantly from pseudoconditioning in younger adults (t’s > 2.71). However,
older adults showed learning-related changes only in their peak response latencies, F(1, 8) =
7.45, p<.05, but not % CR, F(1, 8) = 0.96, p > .05 (black circles in Figs. 2c and 2d). Post hoc
tests on latency measures showed time points 2–4 differed significantly from
pseudoconditioning in older adults (t’s > 2.62). These findings suggest that % CR may be more
sensitive to aging effects.

Furthermore, we addressed the possibility that any differences reported between the younger
and older adults were due to nonassociative factors such as spontaneous blink rates,
unconditioned response (UCR) amplitudes, or general cognitive abilities. We measured
eyeblink variability during baseline and no significant differences between our two groups
were found, t(15) = 0.26, p > .05. UCR amplitude measures were also similar between the
younger and older adults, t(15) = 0.60, p > .05. Group differences in cognitive tests were not
statistically significant (p’s > .05). Both age groups correctly answered the same number of
movie and post-experimental awareness questions, and furthermore, correlations between %
CR, Latency of Peak Response, cognitive test results, and subject’s awareness scores were not
statistically significant (p’s > .05).

Discussion
Previous work from our laboratory showed that younger adults (20–30 yrs old) were capable
of demonstrating both delay and trace eyeblink conditioning within the same acquisition
session (Cheng et al. 2008). The present behavioral investigation was performed to determine
if older adults (60–70 yrs old) could show similar learning. Evidence of learning in the older
adults was subtle in comparison to their younger counterparts. Younger adults learned the CS-
US relationship on two measures of conditioning (white circles in Figs 2c and 2d) while older
adults failed to produce any significant differences in % CR during acquisition (black circles
in Figure 2c), but a closer examination of their peak response latencies showed a temporal shift
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to more closely approximate US presentation (black circles in Figure 2d), suggesting that
learning in older adults was not eliminated entirely.

Age-related effects were present in % CRs as younger adults produced more conditioned
responses than older adults during the acquisition period (Figure 2a). Age effects were also
evident in peak response latency measures, as maximal eyelid closure for younger adults
occurred significantly closer to the time of US presentation than older adults (Figure 2b).
Collectively, these age-related findings are consistent with previous reports of aging in
eyeblink conditioning (Bellebaum & Daum, 2004; Finkbiner & Woodruff-Pak, 1991;
Knuttinen et al., 2001; Solomon et al., 1989; Woodruff-Pak & Thompson, 1988).

Although significant learning-related changes were measured, the level of conditioning in the
current study was less robust than what has been typically reported (Disterhoft et al., 2003).
Factors such as presenting pseudoconditioning trials before conditioning trials and a very
conservative CR time window (250 ms pre US) likely contributed to the level of conditioning
observed in the present study. Since it is possible that the criteria used for CRs were too
stringent, a re-analysis of the % CR data was performed using a more liberal threshold (> 2
sd). The older adults still failed to show learning-related changes over acquisition while
younger adults continued to show significant conditioning. These findings, along with the UCR
analysis, suggest that the conditioning performance of both groups was not due to age-related
differences in eyeblink amplitude. Furthermore, the performance of our younger adults in the
current study is consistent with the levels of conditioning reported from our previous study
(Cheng et al., 2008). Finally, it should also be noted that asymptotic performance was achieved
during the first few acquisition trials and this finding is in agreement with other single-cue
conditioning papers (Manns, Clark, & Squire, 2000; 2001).

Conditioning performance has been shown to be affected by manipulating levels of cognitive
demand (Bellebaum & Daum, 2004; Carillo, Gabrieli, & Disterhoft, 2000). Bellebaum and
Daum (2004) tested younger and older adults using an eyeblink conditional discrimination
procedure, and notably, only tones preceded by a specific visual stimulus were paired with the
airpuff. Younger, but not older adults showed conditioning using this paradigm. Attenuated
conditioning as a result of increased cognitive demands is not unique to older adults. Carillo
et al. (2000) studied younger adults and reported that levels of attention did not affect
performance during simple, single-cue conditioning but did adversely impact conditioning for
the more complex differential conditioning design. The current design may not be as
cognitively demanding as a conditional discrimination procedure but presenting delay and trace
trials within the same acquisition period does introduce a modest level of complexity not
present in single-cue designs. It is possible that additional CSs may distract or interfere with
a subject’s ability to normally condition to a single CS. Additionally, delay and trace
conditioning rely on distinct neural circuits (Cheng et al., 2008; Clark & Squire, 1998; Knight
et al., 2004) and engaging these circuits in an on-off manner could have affected normal
acquisition. Presentation of both conditioning trial types within the same acquisition session
in the current study may have contributed to a complexity level that was particularly susceptible
to aging effects.

Although some studies show normal acquisition by older adults in the delay paradigm
(Knuttinen et al., 2001; Smith, Clark, Manns, & Squire 2005), other laboratories have reported
age-related impairments (Solomon et al., 1989; Woodruff-Pak & Thompson, 1988). One
possible reason for the older adult’s lower % CR rate in both delay and trace conditioning in
the present study may be due to age-related cerebellar cortical atrophy (Andersen et al.,
2003; Dimitrova et al., 2008; Glick & Bondareff, 1979; Rogers et al., 1981; Woodruff-Pak et
al., 2000). Fortier, Disterhoft, & McGlinchey-Berroth (2000) found that a patient with
cerebellar cortical degeneration was able to perform simple single-cue conditioning paradigms

Cheng et al. Page 5

Psychol Aging. Author manuscript; available in PMC 2011 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



but had difficulty with more complex designs. This patient showed conditioning deficits when
presented with two delay conditioned stimuli each paired with two different ISIs (350 ms vs
750 ms) but showed normal acquisition when presented with one delay CS. The present
findings suggest that the attenuated level of conditioning as a result of more complex
conditioning designs may be exacerbated by age.

Interestingly, a closer examination of the behavioral data revealed that in contrast to % CR
measures, older adults showed evidence of learning in their response latency measurements.
Figure 2d (black circles) showed that the time of maximal eyeblink response shifted closer to
US onset time relative to pseudoconditioning, suggesting the ability to appropriately time
responses may be preserved in older adults. Lesion studies have shown that eyeblink response
timing has been linked to both the hippocampus and cerebellum (Gerwig et al., 2005;
McGlinchey-Berroth, Brawn, & Disterhoft, 1999). McGinchey-Berroth et al. (1999) tested
medial temporal lobe amnesics and showed that these patient’s CRs occurred closer to CS onset
than controls, indicating that the hippocampus plays an important role in the timing of adaptive
responses to the US. Gerwig et al. (2005) showed that cerebellar lesions in lobule HV extending
into anterior HVI correlated with short CR onset latencies. Furthermore, they report a 20 ms
difference between cerebellar patients and controls in CR timing. This timing difference is
similar to the latency shift (from pseudoconditioning to acquisition) for older adults in the
present study. Furthermore, the dissociation between the % CR and latency learning curves in
older adults supports the idea that the production and timing of eyeblink CRs are separate
processes and may be mediated by unique neural circuits. Additional research is needed to
determine if these structures and their role in eyeblink classical conditioning are differentially
susceptible to normal aging. For example, a parametric study using different age groups could
determine if/when older adults fail to show conditioning on both % CR and latency measures.
In the current study, it is possible that changes in the hippocampus and cerebellum related to
aging may be responsible for the group differences in peak response latencies. Such changes
may have been sufficient to produce differences in response timing between the two age groups
during acquisition (Figure 2b), but not to the degree that prevents learning-related behavioral
changes in older adults (Figure 2d).

In summary, age-related decline in conditioning has been extended to concurrent delay and
trace learning. Compared to pseudoconditioning, older adults failed to show significantly more
conditioned responses to either trial types during acquisition. However, their ability to time
eyeblink responses was preserved, although not to the same extent as younger adults. Animal
studies suggest that hippocampal and cerebellar changes underlie this age-related deficit in
eyeblink conditioning. However, it should be noted that the current behavioral study cannot
directly address the role of these structures during eyeblink conditioning. Future neuroimaging
studies in humans will be needed to further investigate the most relevant neural correlates of
this interesting behavioral aging effect.
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Figure 1.
The temporal relationship between the CS and US in both delay and trace conditioning. Delay
CSs lasted 850 ms and coterminated with a 100 ms US presentation (a). Trace CSs lasted 250
ms and were followed by a 500 ms trace interval before a 100 ms US presentation (b). During
pseudoconditioning, participants received four blocks each of delay CS alone, trace CS alone
and airpuff alone while in acquisition, participants received 16 delay and 16 trace blocks in an
alternating fashion (e). Dotted lines represent the 250 ms time window used to analyze data
during pseudoconditioning (top) and acquisition (bottom) (d).
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Figure 2.
Top: Aging effects on two measures of conditioning: % CR and Latency of Peak Response.
Younger adults showed a significantly greater number of conditioned responses during
acquisition (mean ± standard error, younger: 33.59 ± 3.74, older: 21.68 ± 2.09) (a) and also
timed their maximal eyeblink response closer to US presentation (younger: 655.55 ± 7.14,
older: 631.34 ± 5.34) (b). These behavioral findings suggest that younger adults condition
better than older adults during the concurrent presentation of both delay and trace trials.
Bottom: The impact of age on learning rates using % CR and Latency of Peak Response. Since
no main effect or interaction involving CS Type was detected, delay and trace trials were
collapsed. Older adults failed to show acquisition in the number of their conditioned responses
(black circles in 2c) but were able to shift the time of their maximal eyeblink response
significantly closer to US onset time relative to pseudoconditioning (black circles in 2d).
Younger adults showed learning-related changes on both measures of conditioning (white
circles in 2c & 2d). Although there was a significant decline in % CR that accompanied aging,
the ability to time eyeblink responses appeared to be preserved in older adults. (Error bars
represent ± standard error of the mean; PC = pseudoconditioning)
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