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Abstract
Previous research suggests that the noradrenergic system modulates certain types of cognitive
flexibility. This study compared various doses of beta-adrenergic antagonists for their effect on
cognitive flexibility in problem solving, and how task difficulty interacts with this effect, as well as
the effect of beta-adrenergic antagonists on other tasks. Anagram task performance was compared
in 72 subjects using a within-subject design for propranolol at 20mg, 40mg, 60mg, and placebo in a
double-blinded manner, and the effects of subject ability and task difficulty were examined. We also
examined the effect of the 40mg propranolol dose on a range of other tasks. Overall, more anagram
problems were solved while on propranolol 40mg than on placebo. Subjects least able to solve the
problems benefited significantly from 40mg of propranolol. Also, for all subjects the most difficult
problems were solved more quickly with propranolol 40mg than placebo. Benefits were also seen
for word fluency and backward digit span. Therefore, noradrenergic modulation of cognitive
flexibility is affected by how much difficulty the subject is encountering when searching for the
solution, a pattern consistent with what might be expected in an effect on the search of the semantic
and associative network.
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Introduction
In our previous work, we had demonstrated that the noradrenergic system appears to exhibit a
modulatory effect on performance of cognitive flexibility tasks requiring a broad search
throughout the lexical/semantic network such as the anagram task (Beversdorf et al., 1999,
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2002). For the purposes of this study, cognitive flexibility will, unless otherwise specified,
refer to flexibility of access to the lexical-semantic and associative network in a verbal problem
solving task (Beversdorf et al., 1999; Beversdorf et al., 2002; Kelley et al., 2005), in contrast
to other forms of cognitive flexibility such as set-shifting. In these experiments, anagram
performance after propranolol (a central and peripheral beta-adrenergic antagonist) was
significantly better than after adrenergic agonists (Beversdorf et al., 1999) and than after
peripheral-only beta-adrenergic antagonists (Beversdorf et al., 2002). This effect is proposed
to result from a modulatory effect of norepinephrine on the signal-to-noise ratio in the cortex
(Hasselmo et al., 1997; Heilman et al., 2003), whereby enhanced ‘signal’ may relate to superior
performance on attention with increased noradrenergic activity and greater ‘noise’ with
decreased noradrenergic activity may relate to increased intrinsic associative activity
(Hasselmo et al., 1997; Alexander et al., 2007), and improved performance on those tasks
requiring a high degree of flexibility of access to lexical-semantic and associative networks
(Alexander et al., 2007). However, neither of these experiments revealed a significant
difference between propranolol and placebo (Beversdorf et al., 1999; Beversdorf et al.,
2002). Our subsequent research revealed that stress significantly impairs performance on these
tasks, and propranolol does significantly improve performance while exposed to the stressor
(Alexander et al., 2007). However, the question remained as to whether increased task difficulty
in general could influence the effect of propranolol on task performance, which might interact
with the aforementioned findings on stress. The question also remained as to the effects of
varying doses of propranolol. Also, this effect may differ with other forms of cognitive
flexibility, such as set shifting, which, in contrast, models predict may be enhanced by increased
adrenergic activity (Aston-Jones and Cohen, 2005). Therefore, we also wished to examine the
effect of propranolol on other forms of cognitive flexibility, as well as a range of other cognitive
tasks.

Norepinephrine is important in arousal (Coull et al., 1997; Coull et al., 2004; Smith and Nutt,
1996). Furthermore, the prefrontal cortex, an area believed to be critical for various types of
cognitive flexibility (Vikki et al., 1992; Karnath and Wallesch, 1992; Eslinger and Grattan,
1993; Duncan et al., 1995), has afferent projections to the locus coeruleus in the primate brain
(Arnsten and Goldman-Rakic, 1984), which contains a majority of the noradrenergic neurons
in the brain and sends extensive efferent fibers throughout the central nervous system (Barnes
and Pompeiano, 1991). More recent findings have indicated that the noradrenergic system
affects cognitive performance on specific tasks. Highly synchronized firing of noradrenergic
neurons of the locus coeruleus in monkeys correlates with improvements in performance on a
visual discrimination task, suggesting that this system is important in the regulation of goal-
directed versus exploratory behaviors (Usher et al., 1999). A range of other cognitive effects
have also been noted with noradrenergic agents, including effects on motor learning (Foster et
al., 2006), response inhibition (Chamberlain et al., 2006b), working memory and emotional
memory (Chamberlain et al., 2006a).

An increase in activity of the noradrenergic system occurs during stressful situations (Ward et
al., 1983; Kvetnansky et al., 1998). Impairments in tasks involving flexibility of access to
semantic/associative networks occurs with stress (Martindale and Greenough, 1973).
Furthermore, studies with adolescents prone to test anxiety have shown that administration of
a beta-adrenergic blocker (e.g. propranolol) improved test-taking performance (Faigel, 1991).
Furthermore, as described above, stress also appears to impair flexibility of access to lexical/
semantic and associative networks in subjects without any history of susceptibility to stress,
an effect which is reversed by propranolol (Alexander et al., 2007). A recent study done to test
the effects of anxiolytic medications on cognition found that lorazepam (an anxiolytic that acts
on the GABAergic system rather than the noradrenergic system) did not significantly improve
cognitive flexibility involving a search of the lexical/semantic network (Silver et al., 2004).
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Previous research has further suggested that catecholaminergic agents have an effect on
semantic networks independent of stressors. L-dopa was found to cause restriction of the
semantic network in a semantic priming task (Kischka et al., 1996). Specifically, subjects were
presented with a series of word pairs where the first word was paired with a closely related
word, a distantly related word, a non-related word, or a non-word, and they were directed to
indicate if the second series of letters was a word or a non-word. In the placebo condition,
subjects recognized the closely and distantly related words more quickly than non-related
words. L-Dopa, which is converted into dopamine and norepinephrine in the central nervous
system, resulted in quicker recognition of the closely related words, but not the distantly related
words, suggesting a catecholaminergic restriction of the semantic network. Such restriction of
the semantic network may also apply to other neuronal networks, specifically those involved
in searching for solutions to complex problems that would be implicated in the type of cognitive
flexibility involved in our tasks.

In order to expand our previous findings on the anagram task (Beversdorf et al., 1999, 2002),
and elucidate the most efficacious dose of beta-blocker, we compared performance on
anagrams after administration of propranolol at 20, 40, and 60 milligrams to placebo.
Performance was stratified according to task difficulty within subject, as well as between
subjects according to ability to solve problems, in order to determine whether part of the effect
of propranolol on performance under stress previously described (Alexander et al., 2007) could
relate to effects of task difficulty. Performance on a number of other tasks was also assessed
at our previously utilized 40mg dose to better determine the effect of noradrenergic modulation
on other cognitive domains, including set shifting cognitive flexibility, word fluency (which
may similarly involve access to lexical/semantic networks), spatial problem solving, and
various aspects of memory.

Materials and Methods
Subjects

Seventy two normal healthy adults (36 males, 36 females) with a mean age of 22.75 ± 1.0
years, range 18–35 years, were recruited from the local university (including students and
employees) and the surrounding area. All subjects were screened for exclusionary criteria.
Subjects with a reported history of contraindications to beta-blockers or a reported history of
learning disorders including dyslexia or attention deficit disorder were excluded, as were
subjects with other psychiatric conditions such as depression. English was the primary
language for all participants. The study protocol was approved by the Ohio State University
Institutional Review Board and all subjects provided informed written consent before
participation.

Procedures
Experiment 1—Each subject participated in four test sessions spaced four to seven days
apart. Test version order and drug condition order were counterbalanced across equal numbers
of male and female subjects for all sessions. Drug administration was conducted in a double-
blind manner. Heart rate before medication administration was compared to heart rate at the
time of testing (45 minutes after administration) for each session to determine the effectiveness
of the drugs for autonomic changes.

To address dose effects and task difficulty effects of propranolol on anagrams, one of four sets
of the anagram task was administered to assess cognitive flexibility for access to the lexical/
semantic network at each test session (placebo, 20mg, 40mg, 60mg propranolol) 45 minutes
after administration of the drug (as with our previous research (Beversdorf et al., 1999), and
to allow sufficient time under peak for multiple tests in Experiment 2). This task required the
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subject to unscramble each of twenty words (anagrams) as quickly as possible with a maximum
of two minutes allowed to solve them (Beversdorf et al., 1999, 2002; Silver et al., 2004).
Failures were recorded as 120 seconds. Raw solution latencies were calculated, then, as with
previous work (Beversdorf et al., 1999, 2002; Silver et al., 2004), the natural log of solution
latency was then calculated. The logarithmic transformation was performed because the
difference between a 5 second and 15 second solution latency is more meaningful for our
purposes than the difference between a 105 and 115 second latency. Without this
transformation, the results are largely driven by the results of the more difficult problems.

Experiment 2—For the other tasks, the effect or propranolol was assessed at doses previously
studied on anagrams. Therefore, at the 40mg and placebo sessions, subjects completed a battery
of neuropsychological tests assessing a number of cognitive domains subsequent to completing
the anagrams as described above. The two sessions involving administration of the
neuropsychological test battery included one of two versions of seven different tests and
required approximately 1.5 hours to complete. For the other two sessions subjects received
propranolol 20 mg or propranolol 60 mg and did not proceed to perform the subsequent
neuropsychological testing after the anagrams.

For the neuropsychological battery during the placebo and propranolol 40 mg sessions, one of
two sets of the Compound Remote Associates (CRA) test was given to assess cognitive
flexibility of access to semantic/associative networks as is described for “insight-based”
problem solving (Bowden and Beeman, 1998, 2003). In this task subjects were presented with
a problem containing three words, each of which formed a compound word or phrase with the
solution (e.g. problem: tooth/potato/heart – solution: SWEET). Subjects were given seven
seconds to produce a response and solution latency was recorded, with failures were recorded
as seven seconds. One of two versions of the Rey Complex Figure (RCF) memory task was
given to assess visuospatial memory (Corwin and Bylsma, 1993; Osterrieth, 1944). Thirty
minutes after copying the figure subjects were asked to recall the figure from memory. This
task was scored for accuracy of recall of the figure based on a 36-point scale. In order to assess
verbal fluency one of two versions of the Controlled Oral Word Association (COWA) test
(letters and categories) was administered (Lezak, 1995). In this test subjects were given a letter
of the alphabet (e.g. F, A, S) and a category (e.g. animals, clothes, vegetables) and asked to
generate as many words as possible within one minute. To assess attention and working
memory the digit span subtest derived from the Wechsler Adult Intelligence Scale (WAIS-III)
was administered (Wechsler, 1981). One half of the problems from Raven Progressive Matrices
(RPM) test (parts C, D, and E) were given to assess visuospatial problem solving skills (Raven,
1976; Raven et al., 2000). The number of problems solved correctly was recorded for this task.
To assess verbal learning and memory one of two versions of the California Verbal Learning
Test (CVLT) was given (Delis et al., 1987). The immediate recall score was used for
comparison. Neuropsychological battery version order and drug condition order were
counterbalanced across equal numbers of male and female subjects for all sessions, and drug
administration remained double-blinded.

The Wisconsin Card Sorting Test (Heaton, 1981) was administered, in order to assess cognitive
flexibility for set-shifting, during either the placebo session or propranolol 40 mg session once
for each subject due to lack of reliability of repeat testing. The percent of total errors and total
number of perseverative errors were used for comparison.

Analysis
Comparison was made between performance on each task after propranolol and placebo for
each drug dosage. For t-tests, scores for all tasks were adjusted for test order and test version,
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utilizing the counterbalanced design in order to adjust for practice effects and possible
variations in difficulty between different versions of the tests.

Experiment 1—As with our previous work, for each subject the sum of the natural logarithm
of anagram completion times were calculated and compared between drug conditions
(Beversdorf et al., 1999), in addition to the raw solution latencies. The overall solution latencies
were compared using paired t-tests between each dose of propranolol and placebo to determine
which drug condition revealed a significant effect. Similarly, the total number of anagrams
solved correctly as well as the raw solution latencies (without logarithmic transformation) were
compared using a paired t-test. To determine whether this drug proposed to aid the search
through the network for remote solutions is be helpful for more difficult problems, subjects
were also divided into three groups based on anagram solution latencies in the placebo
condition –high, medium, and low. Repeated measures analysis of variance (ANOVA) was
performed to determine whether an interaction effect was present suggesting that solution
latency grouping affected the drug effects. If significant effects were revealed by ANOVA, the
adjusted anagram solution times for those subject groups were compared using paired t-tests
to clarify these effects. In order to determine if task difficulty had an effect on performance
(independent of subject) individual anagram problems were ranked by difficulty based on mean
subject latencies for the placebo condition. The five most difficult (longest average solution
times) and the five most simple (shortest average solution times) problems were isolated from
each list and adjusted solution times for these specified problems were then summed for each
subject. Repeated measures ANOVA was performed to determine whether an interaction effect
was present suggesting that task difficulty groupings affected the drug effects. If significant
effects were revealed by ANOVA, performance on these sets of problems were then compared
across drug conditions using paired t-tests to clarify these effects.

Experiment 2—Similar analyses were performed for the CRA task. Latency for each problem
was summed for each list and compared across the two drug conditions using paired t-tests.
The number of problems solved correctly per list across drug conditions was also compared in
a similar manner. As with the anagrams, subjects were ranked and grouped in thirds (high,
medium, and low latency) based on total solution times for the placebo condition. Solution
times were then compared within these groups across drug conditions using ANOVA and
subsequent paired t-tests, as with the anagrams. The CRA problems have been previously
analyzed for difficulty (Bowden and Jung-Beeman, 2003). The five most difficult and five
most simple problems were isolated and compared for each subject across drug conditions
using ANOVA and subsequent paired t-tests, as with the anagrams.

The remaining tasks were analyzed to determine differences in scores between drug conditions
(propranolol 40 mg versus placebo). Measures of the RCF, COWA, digit span, RPM, and
CVLT (adjusted for test order and test version, as with the anagrams) were analyzed separately
using paired t-tests. Scores on the Wisconsin Card Sorting Task were compared between
subjects for the first test session due to lack of repeat testing reliability using between-subject
t-tests.

For these multiple other tasks, where multiple t-tests were performed which were not driven
by ANOVAs, Bonferroni corrections were performed.

Results
Heart rate decreased significantly from baseline for all doses of propranolol. Results of heart
rate analysis are summarized in Table 1.
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Experiment 1
More anagrams were solved with the 40 mg dose of propranolol than with placebo (see Table
2). A significant improvement in raw latency scores to solve anagrams was observed in groups
treated with 40 mg propranolol vs. placebo. However, as described above, the raw scores could
be misleading as the result is driven mostly by the difficult problems. No dose of the propranolol
produced a significant effect on the solution times (logarithmic transformed) for these tasks
overall. To test whether a subject’s ability to solve problems affected the effect of drug on
anagram problem solving, repeated measures ANOVA was performed examining whether
individual variations in ability to solve problems (fastest 1/3 vs. middle 1/3 vs. slowest 1/3 of
subjects in the placebo condition) interacted with the effect of administration of drug on
performance, separately performed for each dose of propranolol. A significant drug by subject
ability interaction effect was found for placebo vs. propranolol 20 mg (F(2,69) = 6.63, P =
0.002), for placebo vs. propranolol 40 mg (F(2,69) = 3.38, P = 0.040), and for placebo vs.
propranolol 60 mg (F(2,69) = 4.26, P = 0.018). Subsequent between-subject t-tests
demonstrated in the separate assessment of the performance of subjects with the most difficulty
solving problems, that the group with the highest solution latency (the slowest 1/3) benefited
significantly from 40 mg of propranolol (but not 20 mg or 60 mg) in ability to solve the
anagrams as compared to placebo. Subjects that fell into the group with the lowest solution
latency (fastest 1/3) were hindered by propranolol at 20 and 60 mg, but were not significantly
impaired by 40 mg (Table 2). When the individual anagram problems (for all subjects) were
stratified by difficulty, a significant drug by task difficulty interaction effect was also found
for placebo vs. propranolol 20 mg (F(1,71) = 8.88, P = 0.004), for placebo vs. propranolol 40
mg (F(1,71) = 7.95, P = 0.006), and for placebo vs. propranolol 60 mg (F(1,71) = 7.94, P =
0.006). Subsequent within-subject t-tests demonstrated that problems that were the most
difficult were solved significantly faster with propranolol 40 mg (but not 20 mg or 60 mg) than
with placebo independent of subject. It was also found that the simple problems were solved
significantly more slowly with propranolol at 20 and 60 mg as compared to placebo, but were
not significantly impaired by 40 mg (Table 2). A plot of the proportion of problems solved vs.
anagram solution times for all data points in the placebo and propranolol 40 mg conditions
graphically illustrates the beneficial effect of 40mg propranolol at longer solution times (Figure
1), with no benefit at shorter solution times.

Experiment 2
Similarly, for the comparison of the sum of the solution times for CRA problems within subject
between placebo and propranolol 40 mg, no significant differences were found. The total
number of problems solved correctly also revealed no significant difference between drugs.
However, a significant drug by subject ability interaction effect was found for the CRA (F
(2,69) = 10.01, P < 0.0005). To further clarify this effect with subsequent t-tests, in assessment
of performance of the subjects with the most difficulty solving problems, a significant decrease
in CRA solution times for propranolol 40 mg was found for the high latency (slowest 1/3)
group as compared to placebo. Furthermore, a significant increase in solution times was found
for the low latency (fastest 1/3) group. No significant drug by task difficulty interaction effect
was found for the CRA. Whereas it was not driven by a significant interaction on the ANOVA,
further analysis was performed based on the hypothesis and the other previously described
results. For the most difficult problems, independent of subject, t-tests revealed a trend towards
better performance on propranolol 40 mg compared to placebo. No difference was found for
the least difficult problems between drugs (Table 3).

For the COWA test a significant increase in the number of words listed starting with a given
letter by subjects was found while on propranolol 40 mg (Table 3). Analysis of the digit span
task derived from the WAIS-III also revealed a significant increase in the number of digits
repeated back while on propranolol 40 mg for the forward task as well as for the backward
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task. No other differences were found for COWA categories task, Raven Progressive Matrices,
the California Verbal Learning task or the Rey Complex figure task (Table 3).

For the Wisconsin Card Sorting task, compared using between-subject ANOVA, no significant
differences were found between propranolol 40mg and placebo in the percent of total errors,
or the number of perseverative errors made (Table 3).

After Bonferroni correction for these multiple tasks not driven by ANOVA, the benefit for
propranolol on the COWA letters task and a strong trend for benefit for digit span backwards
remained.

Whereas this was not driven by the initial hypothesis, given the effects of subject ability on
the anagram and CRA tasks, post hoc analysis was performed to examine for interaction effects
between subject ability (top 1/3 vs. middle 1/3 vs. bottom 1/3 in the placebo condition) and
effect of drug for the other tasks using a repeated measures ANOVA for those tasks not reaching
significance above. Significant interaction effects were found for all such tasks (word fluency
categories: (F(2,69) = 7.00, P = 0.002); Raven Progressive Matrices: (F(2,69) = 10.62, P <
0.0005); California Verbal Learning Test trial 1: (F(2,69) = 21.53, P < 0.0005); Rey complex
figure recall: (F(2,69) = 23.92, P < 0.0005)). Performance was significantly better on
propranolol 40 mg than on placebo for the bottom 1/3 on all of these tasks (word fluency
categories: (t(23) = 3.18, p = 0.004); Raven Progressive Matrices: (t(23) = 2.55, p = 0.018);
California Verbal Learning Test trial 1: (t(23) = 3.53, p = 0.001); Rey complex figure recall:
t(23) = 5.87, p < 0.0005)). For the best 1/3, performance was significantly worse on propranolol
40 mg than on placebo for Raven Progressive Matrices, California Verbal Learning Test trial
1, and the Rey complex figure recall, with no significant difference between drugs for the word
fluency categories task (word fluency categories: (t(23) = 1.17, p = 0.26); Raven Progressive
Matrices: (t(23) = 4.02, p = 0.001); California Verbal Learning Test trial 1: (t(23) = 5.53, p <
0.0005); Rey complex figure recall: t(23) = 3.21, p = 0.004)).

Discussion
Previous research has demonstrated that performance on cognitive flexibility for tasks
involving access to lexical/semantic networks is modulated by the noradrenergic system, but
no significant difference was found when comparing propranolol and placebo (Beversdorf et
al., 1999, 2002). Subsequent results showed a significant improvement on such tasks on
propranolol in the setting of stressors (Alexander et al., 2007). Current results show that the
benefit of beta-adrenergic blockade depends on the difficulty of the cognitive flexibility task
as well as individual ability to solve these types of tasks in the unstressed condition. For subjects
struggling with the task (subjects in the slowest 1/3) as well as for the most difficult tasks, 40
mg propranolol was beneficial. This would be consistent with what one might expect for a drug
that might help in a search through the network for more remote solutions. Furthermore, 40
mg of propranolol was the only dose yielding significant benefit for difficult problems and for
struggling subjects. The 20 mg and 60 mg doses did not yield significant benefit for these
conditions, but revealed impaired performance for easy problems as well as for the subjects
best able to solve problems. For the CRA (at 40 mg), benefit was also seen for struggling
subjects (subjects in the slowest 1/3) as well as a beneficial trend for difficult problems, and
impairment was also seen for the subjects best able to solve problems as was seen for the
anagrams at the 20 mg and 60 mg doses.

Changes in noradrenergic activity elicit changes in the signal-to-noise ratio of cortical neurons.
Specifically, increases in noradrenergic activity decrease background noise and may facilitate
memory and learning specific to environmental cues, however increased “noise” with
decreased noradrenergic activity may represent increased intrinsic associative activity
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(Hasselmo et al., 1997), which may aide in access to more remote nodes in the lexical/semantic
and associative networks (Alexander et al., 2007). This need for greater access to more remote
nodes in a network may be the mechanism by which difficult tasks and struggling subjects are
influenced by noradrenergic modulation in problem solving. By using a beta-adrenergic
antagonist (propranolol), responses to noradrenergic activity are decreased presumably by
inhibition of neurotransmitter binding at the central target neuron from the locus coeruleus
projection, thus decreasing the signal-to-noise ratio in cortical areas receiving noradrenergic
projections. Based on the results of this study, individuals having the most difficulty solving
cognitive flexibility tasks benefited from beta-adrenergic blockade whereas those individuals
having the least amount of difficulty did not benefit from it. It appears that in conditions, such
as problem solving involving access to lexical/semantic/associative networks, where effort is
required to search for the correct solution, decreased noradrenergic activity may be beneficial.
In conditions when the correct solution is immediately available, and may be the dominant
response, noradrenergic antagonism is not beneficial. However, the magnitude of these effects
is modest in unstressed normal subjects. Alternatively, the apparent specificity of these findings
to one dose and certain levels of task difficulty could be related to optimization of arousal for
performance on the inverted “U” curve (Cools and Robbins, 2004). Furthermore, it is also
possible that the process of struggling with more difficult tasks could itself activate the
noradrenergic system, affecting cognitive performance, and secondarily allowing an effect of
propranolol, as appears to occur in rodent learning and memory experiments (Gold and van
Buskirk, 1975, 1978a, 1978b), rather than simply resulting from modulation of signal-to-noise
in a network search. Further investigation of this finding is warranted in other conditions where
the noradrenergic system may be affected.

Improvements in the COWA letters task and the digit span tasks were also observed. However,
the COWA letters task also involves a search of the lexical/semantic network to produce
associated words, thus also possibly implicating the modulatory role of the noradrenergic
system in the network search. This may explain the increase in words given by subjects while
on the noradrenergic antagonist propranolol. Furthermore, the finding of the same task
difficulty by drug interaction effect as with the cognitive flexibility tasks for the COWA
categories (greater benefit for subjects in the bottom 1/3 of performance) seems to further
support this hypothesis. The same interaction for the RPM my suggest that this effect extends
to problem solving beyond the lexical/semantic network to other networks such as that of
spatial representations, and the RCF and CVLT interaction findings suggest that this effect
also may apply to accessing these networks for recall. However, these interaction findings
would be equally supportive of the act of struggling activating the noradrenergic system and
affecting performance, and secondarily allowing an effect of propranolol, as described above
(Gold and van Buskirk, 1975, 1978a, 1978b). This will need further study.

The trend towards a digit span finding is less readily explained in this manner. The digit span
task is considered to be a task of attention and working memory (Wechsler, 1981). While
increased noradrenergic activity is required for attention related behavior, there may be an
optimal level for best functioning on tasks such as these. As described above for anagrams,
according to early theories on learning, a lower level of arousal is necessary for optimal
performance on difficult cognitive tasks (Yerkes and Dodson, 1908). If noradrenergic activity
is too high subjects may enter a state of hyper-arousal and be unable to focus attention on one
specific task, while a very low level of noradrenergic activity may cause arousal to be too low
to allow peak performance on any specific behavioral task. Perhaps this also relates to our
finding of improved digit span on propranolol due to optimization of arousal on a challenging
task. More research is needed to better understand the role of the noradrenergic system in this
finding in order to disentangle the contributions of working memory and sustained attention
by including more tasks focusing on each of these domains within this pharmacological setting,
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particularly as this contrasts with previous studies showing impaired working memory with
propranolol (Chamberlain et al., 2006a).

The WCST did not reveal any differences in performance between drugs in the between-subject
comparison. The WCST as a cognitive flexibility task involves set-shifting, rather than the
search through a network for a remote solution as with the anagrams or CRA tasks. Usher et
al (1999) suggested that increased norepinephrine might facilitate set shifting. Set shifting,
though, usually involves shifting between a limited number of options (“constrained
flexibility”), which would not be impaired by norepinephrine in our model, whereas tasks
involving a search through the network for a remote solution among many options
(“unconstrained flexibility”) for difficult tasks may be improved by norepinephrine. However,
since repeat testing with the WCST would not be valid, comparison between drug conditions
is only possible between subjects for the WCST. Thus, the weakness of a between-subjects
analysis limits the conclusions that can be drawn from the results of this WCST aspect of the
study.

More insight into the underlying mechanism of cognitive flexibility and noradrenergic
modulation thereof may be relevant for treatment of conditions of dysregulated noradrenergic
activity and otherwise impaired flexibility such as situational anxiety, cocaine withdrawal, and
autism spectrum disorders (ASD). While literature supports the use of beta-adrenergic
blockade in test taking situations and during public speaking for individuals susceptible to
anxiety for these situations (Faigel, 1991; Drew et al., 1985; Lader, 1988; and Laverdue and
Boulenger, 1991), more research is needed to find how this benefit extends to other situations
involving anxiety. Furthermore, previous research has shown that the noradrenergic system is
up-regulated during acute cocaine withdrawal (McDougle et al., 1994), and performance in
acute withdrawal is impaired on tasks involving unconstrained flexibility (Kelley et al., 2005),
suggesting that such patients may benefit from propranolol. Some benefit has been shown with
propranolol among cocaine withdrawal subjects with greater withdrawal symptomatology in
clinical studies (Kampman et al., 2001). Further research is needed to determine how
propranolol or other noradrenergic agents affect this population. Patients with autism spectrum
disorders have been found to have restricted semantic network flexibility (Beversdorf et al.,
2000) and may also benefit from noradrenergic blockade. Some evidence suggests that there
are social language benefits from propranolol in this population (Ratey et al., 1987). Further
research is needed to determine how noradrenergic agents affect this population as well.
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Figure 1.
The proportion of problems solved vs. solution times of all of the anagram problems for all
subjects for placebo and propranolol 40 mg. The arrow indicates the point where solution times
for propranolol 40 mg become faster than solution times for placebo.
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Table 1
Summary of Heart Rate Results (HR = heart rate_

HR baseline (mean
± std dev)

HR 45 minutes after
medication
administration (mean ±
std dev)

Significance t(71) =,
p =

HR on medication vs.
placebo (after
administration)
Significance t(70) =, p =

Placebo 74.83 ± 9.87 76.58 ± 11.31 1.93, 0.06
Propranolol 20mg 77.0 ± 8.52 72.88 ± 8.78 4.75, < 0.001 3.13, 0.002
Propranolol 40mg 75.59 ± 9.09 70.72 ± 8.55 4.92, < 0.001 5.29, < 0.001
Propranolol 60mg 74.68 ± 8.95 70.37 ± 9.17 4.82, < 0.001 5.47, < 0.001
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