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Abstract

Rationale—Rapid-response impulsivity, characterized by inability to withhold response to a
stimulus until it is adequately appraised, is associated with risky behavior and may be increased in
a state-dependent manner by norepinephrine.

Objective—We assessed effects of yohimbine, which increases norepinephrine release by
blocking alpha-2 noradrenergic receptors, on plasma catecholamine metabolites, blood pressure,
subjective symptoms, and laboratory-measured rapid-response impulsivity.

Methods—Subjects were twenty-three healthy controls recruited from the community, with
normal physical examination and ECG, and negative history for hypertension, cardiovascular
illness, and Axis | or 11 disorder. Blood pressure, pulse, and behavioral measures were obtained
before and periodically after 0.4 mg/kg oral yohimbine or placebo in a randomized,
counterbalanced design. Metabolites of norepinephrine (3-methoxy-4-hydroxyphenylglycol,
MHPG; vanillylmandelic acid, VMA) and dopamine (homovanillic acid, HVA) were measured by
high pressure liquid chromatography with electrochemical detection. Rapid-response impulsivity
was measured by commission errors and reaction times on the Immediate Memory Task (IMT), a
continuous performance test designed to measure impulsivity and attention.

Results—Yohimbine increased plasma MHPG and VMA but not HVA. Yohimbine increased
systolic and diastolic blood pressure and pulse rate. On the IMT, yohimbine increased impulsive
errors and impulsive response bias and accelerated reaction times. Yohimbine-associated increase
in plasma MHPG correlated with increased impulsive response rates. Time courses varied; effects
on blood pressure generally preceded those on metabolites and test performance.

Conclusions—These effects are consistent with increased rapid-response impulsivity after
pharmacological noradrenergic stimulation in healthy controls. Labile noradrenergic responses, or
increased sensitivity to norepinephrine, may increase risk for impulsive behavior.
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Introduction

Impulsivity, a pattern of inability to conform action to its context or consequences, is
prominent in affective, substance-use, and personality disorders (Moeller et al. 2001).
Susceptibility to state-dependent changes in impulsive behavior may have consequences
including substance use, and suicidal or aggressive behavior. Yet, while impulsivity as a
trait characteristic has been extensively investigated, less is known about potential causes of
state-dependent changes in expression of impulsivity. Mechanisms of immediate, or state-
dependent, risk for impulsive behavior can identify markers of risk and targets for treatment
aimed at reducing likelihood or severity of episodic increase in impulsive behaviors. In this
paper we explored effects of norepinephrine on changes in impulsive responses on
laboratory tasks.

Impulsivity is complex and includes trait-like impulsivity measured by questionnaires and
more state-dependent laboratory measures of inability to fully appraise a stimulus before
responding (rapid-response impulsivity), or inability to withhold response for a delayed
larger reward over a smaller immediate one (reward-delay impulsivity) (Dougherty et al.
2003a; Swann et al. 2002). Compared to questionnaire measures of trait impulsivity,
responses on laboratory measures have advantages of being pharmacologically modifiable,
relatively unaffected by recall or other biases, and having animal analogs for translational
studies.

Rapid-response impulsivity can be measured by commission errors on continuous
performance tests (CPT) while controlling for effects on attention, which could also affect
commission errors (Dougherty et al. 2003a; Swann et al. 2002). Increased commission
(impulsive) errors are associated with many aspects of impulsive and risky behavior, and are
increased in disruptive behavior disorders (Dougherty et al. 2003a), alcohol-use disorders
(Bjork et al. 2004), and patients with bipolar disorder (Malloy-Diniz et al. 2011) and their
siblings (Doyle et al. 2009). Further, commission errors are increased in subjects with
history of severe suicidal behavior, both with (Swann et al. 2005b) and without (Dougherty
et al. 2004) histories of bipolar disorder. Increased commission errors appear to be familial
(Dougherty et al. 2003b) and associated with stress (Schepis et al. 2011). Therefore, CPT
commission errors are a robust measure of risk for impulsive behavior, with potential value
in exploring its mechanisms.

Impulsivity results from imbalance between mechanisms that facilitate and inhibit the
initiation of action (Fineberg et al. 2010). Table 1 summarizes effects of noradrenergic
manipulations on animal models of impulsivity and related phenomena. The most consistent
effects of NE appear to be on rapid-response impulsivity, so we will focus on those effects.

Depending on arousal and the degree of increase, norepinephrine (NE) can increase or
decrease impulsive behavior (Berridge and Waterhouse 2003). For example, NE released in
response to stress can impair inhibitory functions of the prefrontal cortex (Arnsten and Li
2005;Fitzgerald 2011). Accordingly, blockade of alpha-2 NE receptors, which increases NE
release, has been shown to increase analogs of rapid-response impulsivity in rats (Arnsten
and Li 2005;Sun et al. 2010), and in a preliminary study in humans (Swann et al. 2005a).

Presynaptic alpha-2 NE receptors are part of a negative feedback mechanism whereby
synaptic NE inhibits NE release (Aghajanian 1978), potentially stabilizing CNS and
peripheral autonomic NE function. Blockade of alpha-2 NE receptors increases NE release
(Aghajanian 1978), concentration of NE or its metabolite 3-methoxy-4-hydroxyphenylglycol
(MHPG) in plasma (Charney et al. 1982;Gurguis and Uhde 1990) and CSF (Peskind et al.
1989), and blood pressure (Charney et al. 1982). Behavioral effects in susceptible
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individuals can include transient anxiety, panic (Gurguis and Uhde 1990), or manic
symptoms (Price et al. 1984).

Treatments that increase synaptic NE have varying, even contrasting, effects on overall NE
activity and behavior. For example, blockade of NE reuptake increases synaptic NE, but

firing rate and NE release are reduced by stimulation of presynaptic alpha-2 autoreceptors;
this reduction in NE release is prevented by alpha-2 antagonists (Owen and Whitton 2003).

These results suggest that alpha-2 receptor blockade is a promising strategy for initial
investigations of possible noradrenergic effects on impulsivity in humans. As noted in Table
1, NE appears to increase impulsivity-related behavior via several receptor subtypes.
Blockade of alpha-2 receptors increases NE release in general, potentially stimulating both
alpha-1 and beta-receptors. Further, turnover of NE, as measured by its stable metabolite
MHPG, can provide an index of the effectiveness of alpha-2 blockade.

Blockade of alpha-2 heteroceptors can also increase release of dopamine, serotonin, or
acetylcholine, but generally at higher doses than those increasing NE release (Kalsner and
Abdali 2001). In addition, compounds that inhibit alpha-2 receptors, including yohimbine,
can interact with other receptors, perhaps especially serotonergic. Behavioral studies of
yohimbine should therefore measure some index of NE turnover, and must interpret the
results in terms of known effects of other transmitter systems. With these caveats, alpha-2
noradrenergic blockade is an effective strategy to investigate noradrenergic effects on state-
like transient changes in impulsive behavior in humans, with potential for translation
between human and animal effects (Sun et al. 2010).

In a pilot study with eight subjects, we showed that yohimbine, an alpha-2 receptor
antagonist which increases NE, could increase laboratory-measured impulsivity (Swann et
al. 2005a). However, straightforward interpretation of data from that study was limited by 1)
a single time point after yohimbine administration, making it difficult to compare maximal
effects on measures that could have different time courses, 2) no measures of transmitter
effects of yohimbine, which can increase release of dopamine (de Villiers et al. 1995),
another potential mechanism for increased impulsivity (Fineberg et al. 2010), and 3)
inadequate sample size for investigating correlations between effects of yohimbine on
autonomic measures and behavior. Therefore, we examined neurochemical, autonomic, and
behavioral responses to yohimbine, in a larger group of healthy subjects, with multiple
observations after administration of placebo or yohimbine, and measurement of plasma NE
and DA metabolites. Our hypotheses were that yohimbine would increase rapid-response
impulsivity, correlating with change in MHPG but not with change in HVA, and that
yohimbine would increase subjective activation.

Twenty-three healthy subjects (age 33.8 + 10.6; education 13.9 + 1.8 years; 10 men, age
34.4 + 10.5 years, 13 women, age 32.7 £ 11.1 years), were recruited from the community by
advertisement. None had participated in our pilot study. Subjects gave written informed
consent after full presentation of the study and opportunity to ask questions. The study was
approved by the Committee for the Protection of Human Subjects, Institutional Review
Board for the University of Texas Houston Health Science Center (project HSC-
MS-05-0036). Subjects received community standard reimbursement for time and parking/
bus transportation and were given a light lunch. Diagnoses used the Structured Clinical
Interview for DSMIV (SCID-1 and -2) (First et al. 1996); subjects could not meet present or
past DSMIV criteria for any Axis | or Axis |1 disorder. Four subjects were smokers but none
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met criteria for nicotine dependence or abuse. Subjects had medical screening, including
history, physical exam, ECG, and cardiology consultation. Hypertension (by history or
examination) or treatment with noradrenergic, anti-noradrenergic, cardiovascular, or
psychotropic drugs was exclusionary. Yohimbine/placebo administration was not scheduled
until subjects had completed all baseline psychiatric and medical evaluations. Negative urine
drug screens and breath alcohol were required on study days.

Yohimbine administration

Yohimbine (0.4 mg/kg) or matching placebo was given orally, double-blind, in
counterbalanced order. Average weight was 78.5+14.7 kg (range 54.1-126.9); dose was
30.2+5.0 mg (range 21.6-43.2 mg). Dose did not correlate significantly with baseline or
change in catecholamine metabolites, vital signs, or IMT performance. The dose was based
on our preliminary study where 20 mg yohimbine had only small effects and 40 mg had
unpleasant side effects, especially nausea and activation (Swann et al. 2005a). Study
medication was randomized and dispensed by the pharmacy of the Memorial Hermann
Hospital. Study personnel were blinded to study medication during data acquisition and
analysis. Procedures were performed at the Memorial Hermann Clinical Research Unit, part
of the Center for Clinical and Translational Sciences (CCTS) for the University of Texas
Health Science Center at Houston.

Metabolite assays

Blood was obtained (EDTA anticoagulant), placed on ice, and centrifuged; plasma was
separated and promptly frozen and stored at —80 °C until assay. Samples were shipped
overnight on dry ice for assay by Martin Javors, Ph.D., at the University of Texas Health
Science Center at San Antonio. Concentrations of homovanillic acid (HVA, a dopamine
metabolite), 3-methoxy-4-hydroxyphenylglycol (MHPG, a norepinephrine metabolite), and
vanillylmandelic acid (VMA, a metabolite of peripherally released norepinephrine) were
measured using high pressure liquid chromatography (HPLC) with electrochemical
detection (Scheinin et al. 1983). Plasma VMA values were only available for 5 men and 8
women because of a technical problem. Baseline MHPG, HVA, autonomic, impulsivity, and
other psychiatric measures did not differ between subjects with versus without plasma VMA
data.

Behavioral measures

Trait impulsivity was assessed during initial evaluation, using the Barratt Impulsiveness
Scale (BIS-11), a well validated 30-item self-report (Stanford et al. 2009). The BIS-11,
which is not designed to measure short-term changes, measures impulsivity as three
constructs: attentional (lack of sustained attention or cognitive perseverance); motor
(tendency to act on the spur of the moment); and nonplanning (lack of future sense).

Rapid-response impulsivity—Immediate Memory Task (IMT) is a computerized
continuous performance test designed to assess impulsivity and attention (Dougherty et al.
2003a). Subjects are shown 5 digit numbers, for 0.5 sec, 0.5 sec apart, and instructed to
respond as quickly as possible when a number matches the previous one. Responses are
correct detections (accurate responses to a matching number), commission errors (4 of 5
digits match), and random errors (no digits match). Commission errors are considered
impulsive responses (Dougherty et al. 2003a;Swann et al. 2002). Reaction times to
responses, and signal detection parameters including discriminability (A’ ability to detect
signal from noise), and response bias (B, with negative numbers representing impulsive bias)
(Green and Swets 1966), were also determined.
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Symptom scales—Subjects were given the Internal State Scale (1SS),a self-rated visual
analog scale with 4 factors: Activation, Depression, Perceived Conflict, and Well-being
(Bauer et al. 1991). Changes in symptoms were measured using the Profile of Mood States
(van Kammen and Murphy 1975), with 6 factors: Tension (T), Depression (D), Anger-
hostility (A), Vigor-activity (V), Fatigue (F), and Confusion (C). Baseline psychiatric
symptoms were measured using mania, depression, anxiety, and psychosis factors from the
Schedule for Affective Disorders and Schizophrenia, Change version (SADS-C) (Spitzer
and Endicott 1978); Change in SADS-C scores was not investigated because this instrument
is not designed to be given repeatedly over a short period.

General procedure

Subjects were fasting on study days because food alters plasma HVA (Swann et al. 1980).
Between 0800 and 0900 (due to diurnal variations in plasma HVA and MHPG (Swann et al.
1980)), an intravenous catheter was inserted. Thirty minutes after blood pressure was stable,
baseline procedures (IMT, event-related potentials to be reported elsewhere, vital signs, and
symptom scales) were conducted, and 5 minutes later, subjects were given placebo or
yohimbine. Procedures from baseline were repeated 30, 60, 120, and 180 minutes after
yohimbine/placebo. Each testing session lasted 20 minutes. Blood pressure, temperature,
and heart rate were monitored continuously and were recorded at baseline, 30, 60, 120, and
180 minutes. Subjects were observed on the unit until blood pressure was less than 10 mm
Hg above baseline. IRB-approved procedures were in place for hypertensive urgencies, but
were never required.

Statistical analyses

For each variable, differences between placebo and yohimbine administration were
calculated at baseline and each of the four post-administration sessions. Repeated measures
ANOVA was performed with Session (5 levels) as within subjects variable. Covariates,
based on correlations with baseline demographic variables, are given in the Tables. A
significant Session effect was taken as evidence for a significant effect of yohimbine
administration. If a significant Session main effect was found, significance of differences
between individual session times and baseline were assessed using the Newman-Keuls test.
The session of the maximal net change with yohimbine compared to placebo was
determined. Univariate maximal effect sizes were calculated as differences divided by
pooled standard deviations for the peak effect session versus baseline.

To compare timing of yohimbine effects across variables, post-administration sessions were
designated as 1, 2, 3, and 4 (30, 60, 120, and 180 minutes). Times of maxima for each
variable were compared using nonparametric statistics. Friedman’s analysis of variance with
peak net-change times as within-subjects measures was conducted first. If this was
significant, maximum times for individual variables were compared using Wilcoxon tests.

For IMT or subjective response variables with significant Session effects, relationships to
yohimbine-associated catecholamine metabolite change were assessed using forward
stepwise multiple regression analysis. Maximal change in the behavioral variable was the
dependent variable; independent variables were age, years of education, and maximal
changes in HVA and MHPG.

Before analyses, normality of distributions for baseline and change measures was tested
using the Shapiro-Wilks test. Change in ISS Activation, and POMS Depression, Anger, and
Fatigue scales were not normally distributed. As these variables could not be normalized by
natural log, inverse, or square root transformation, the nonparametric Friedman’s repeated
measures analysis of variance was used.
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Subject characteristics

Baseline characteristics—BIS-11 total score was 56.9 + 8.8 (SD), GAF was 88.8 + 4.5,
and SADS-C factor scores for depression, mania, anxiety, and psychosis did not differ
significantly from zero. Baseline vital signs, metabolites, and symptom scores did not differ
between the two testing days. Men and women did not differ in any of the variables studied.
Age correlated with baseline plasma HVA (n=23, r=0.516, p=0.012), plasma VMA (n=13,
r=0.582, p=0.037), and reaction times to correct detections (r=0.506, p=0.016) and
commission errors (r=0.454, p=0.034), as previously reported (Swann et al. 1980;Swann et
al. 2002). Years of education correlated positively with baseline plasma MHPG (n=22,
r=0.619, p=0.002) and negatively with commission errors (r=—0.426, p=0.048). BIS total
and subscale scores did not correlate significantly with baseline catecholamine metabolite or
IMT performance measures.

Subject characteristics and effects of yohimbine—Yohimbine-induced peak
change in plasma MHPG correlated with years of education (r=0.620, p=0.002). Age
correlated significantly with peak change in IMT correct detections (r=—0.479, p=0.028),
commission errors (r=—0.428, p=0.027), and response bias (r=0.458, p=0.032). BIS total and
subscale scores did not correlate with yohimbine-associated changes in catecholamine
metabolites, blood pressure, or IMT performance. Age and/or education were included as
covariates when appropriate, as shown in the relevant Tables.

Effects of yohimbine on catecholamine metabolites and autonomic function

As summarized in Table 2, yohimbine significantly increased plasma MHPG and VMA,
without significantly affecting plasma HVA. Figure 1 shows time courses of the effects.
Plasma MHPG had median and modal peak increases at three hours after yohimbine
administration. Time course for VMA had modal and median peak increases at two hours.

Table 2 also shows that yohimbine significantly increased systolic blood pressure, diastolic
blood pressure, and pulse rate. Figure 2 shows the time course of these effects. Systolic and
diastolic blood pressure peaked at about one hour after yohimbine, while pulse rate
increased steadily over the three hours.

Effects of yohimbine on rapid-response impulsivity

Table 3 shows that, after covarying for age and education, yohimbine increased commission
errors (impulsive responses) and impulsive response bias, and reduced reaction times for
both correct detections and commission errors. Yohimbine had no effect on correct
detections, random errors, or discriminability. Thus, yohimbine increased impulsivity
measures but did not affect other performance indices.

Time courses of yohimbine effects are shown in Figure 3. Modal time of maximal increase
in commission errors after yohimbine was 180 minutes; median was 120 minutes. Reaction
time to a commission error had median and modal maximal times of 120 minutes; reaction
times to correct detections (not shown) had similar timing.

Relationships between yohimbine-induced MHPG or HVA and IMT performance changes
were investigated as described in Methods. Change in MHPG was related significantly to
change in commission errors (beta = 0.727 + 0.243; for the model, F(2,18) = 4.67, P=0.023),
while change in HVA did not contribute to the model (F < 1).
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Subjective effects of yohimbine
Yohimbine had no significant effects on POMS or ISS.

Timing of yohimbine effects

The analyses used the dummy variables for times of maximal yohimbine effects for plasma
MHPG, systolic blood pressure, and IMT commission errors, as described in Methods.
Friedman’s analysis of variance was significant across these variables (X2(2 df)=7, p=0.03).
Yohimbine effects peaked significantly later for plasma MHPG than for systolic blood
pressure (Wilcoxon z=2.67, p=0.008). There were no other significant differences among
these variables (for plasma MHPG vs commission errors, z=1.82, p=0.069; for systolic
blood pressure vs commission errors, z=1, p=0.3).

Discussion

Relative to our hypotheses, yohimbine administration increased rapid-response impulsivity
and accelerated reaction times (Table 3), consistent with results of our pilot study (Swann et
al. 2005a). Increase in plasma MHPG, but not plasma HVA, predicted increase in impulsive
IMT responses. Yohimbine had no effect on discriminability or correct detections. This is
consistent with animal results where NE depletion by 6-hydroxydopamine reduced speed
and impulsivity, but not discriminability (Cole and Robbins 1989). As anticipated (Charney
et al. 1982;Gurguis and Uhde 1990), yohimbine increased plasma NE metabolites, blood
pressure, and pulse. Yohimbine had no significant subjective effects. We will discuss these
results in terms of relationships between NE and mechanisms of impulsivity, effects of
yohimbine on catecholaminergic activity, relationships between effects of yohimbine on
autonomic function and behavior, and specificity of yohimbine effects.

Rapid-response impulsivity and NE

Impulsivity, related to control of the initiation of action, is complex. Three interacting
aspects potentially related to NE are behavioral mechanisms, neural mechanisms, and time
course. Each will be discussed below.

Behavioral mechanisms—Rapid-response impulsivity, measured by procedures like
stop-signal tasks or continuous performance tests, represents inability to conform the
response to a stimulus to its context or to assess the stimulus adequately before responding;
reward-based impulsivity, sometimes called impulsive choice, is related to inability to delay
response for a larger reward (Evenden 2000;Swann et al. 2002). These mechanisms of
impulsivity differ in their apparent responses to neurotransmitters, with NE potentially
related to analogs of rapid-response, but not reward-based, impulsivity (Evenden 2000;Sun
et al. 2010). Because of time constraints, we did hot measure choice impulsivity, and thus
cannot compare yohimbine effects across these two types of impulsivity.

Neural mechanisms—Impulsivity can be related to dysregulation of limbic arousal,
imbalance between facilitatory and inhibitory behavioral systems, or impairment of attention
(Fineberg et al. 2010). These mechanisms vary in neurotransmitter sensitivity (Evenden
2000). NE, for example, can have opposite effects on impulsivity or attention depending on
context, by enhancing attention or orientation (Berridge and Waterhouse 2003;Riba et al.
2005), or by disrupting inhibitory prefrontal cortex function (Arnsten and Li 2005;Fitzgerald
2011).

Time course—Potential for impulsivity may be a trait-like characteristic, but its

expression at a given time can depend on internal or external conditions (Barratt 1985),
potentially including increased NE due to stress or increased arousal (Soltis et al. 1997). NE-
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mediated state-dependent increase in impulsive behavior could be reflected in phenomena
such as transient hypomania following yohimbine administration in subjects with bipolar
disorder (Price et al. 1984).

NE and yohimbine effects

Our results suggest that excessive NE can increase potential for impulsive behavior in a
state-dependent manner, consistent with the model proposed by Arnsten (Arnsten and Li
2005). Rapid-response impulsivity is increased in mania (Swann et al. 2003), and manic
symptoms correlate with NE metabolite levels (Swann et al. 1987). The results in Table 3
and Figure 3 show that pharmacologically stimulated NE release increased rapid-response
impulsivity, confirming an earlier pilot study (Swann et al. 2005a) and more recent studies
in rats (Sun et al. 2010; Torregrossa et al. 2012) (see Table 1). This increase correlated with
change in plasma MHPG but not plasma HVA. Laboratory behavioral models of impulsivity
may therefore provide a useful strategy for translation between animal and human models of
impulsive behavior (Winstanley 2011).

Yohimbine-induced maximal changes in plasma MHPG and impulsive errors were
significantly related, but neither correlated with baseline plasma MHPG. This is consistent
with models of NE regulation positing two types of NE response, phasic and tonic (Aston-
Jones and Cohen 2005;Berridge and Waterhouse 2003). The tonic response may be related
to baseline NE, while the phasic effect may represent specific task-focused NE release. The
phasic effect could enhance task performance (Aston-Jones and Cohen 2005); excessive
tonic release, associated with acute stress or pharmacological alpha-2 receptor blockade,
could result in impulsivity and poor task performance (Arnsten and Li 2005) (Table 1).

BI1S-11 scores did not correlate with catecholamine metabolites or IMT performance, either
at baseline or after yohimbine. Previous studies showed that IMT commission errors, but not
BI1S-11 scores, correlated with severity of ASPD (Swann et al. 2009) and severity of
personality disorder symptoms in a mixed population (Swann et al. 2002). Further, history
of criminal conviction in bipolar disorder (Swann et al. 2011), or of severe suicidal behavior
with (Swann et al. 2005b) or without (Dougherty et al. 2004) bipolar disorder, was
associated with increased IMT commission errors and faster reaction times, but not with
higher BIS-11 scores. These results are consistent with previous work showing lack of
correspondence between laboratory and psychometric markers of impulsivity (Lane et al.
2003;Reynolds et al. 2008).

Yohimbine and catecholamine function

Blockade of alpha-2 NE receptors increases NE release (Aghajanian 1978) and peripheral
(Charney et al. 1982;Gurguis and Uhde 1990) and central NE metabolite levels (Peskind et
al. 1989), providing a potential probe for effects of increased endogenous NE.

NE released in the brain leaves the CNS as MHPG, which is also produced in the
sympathetic nervous system (Maas and Landis 1968). Analogously, DA from either the
CNS or periphery is metabolized to HVA. Plasma MHPG, HVA, and VMA are reliable
measures in healthy subjects (Baker et al. 1988). Studies using human brain arteriovenous
differences (Maas et al. 1979) and peripheral monoamine oxidase inhibition (Swann et al.
1980) show that roughly half of plasma MHPG and about 20-25% of plasma HVA are from
the brain. Plasma VMA is, essentially, exclusively from the peripheral sympathetic nervous
system and may be the most sensitive metabolite in response to stressors (Fukuda et al.
1996).

Plasma MHPG is an integrated measure of NE turnover over at least 60 minutes (Szemeredi
et al. 1991). In contrast, effects of yohimbine on blood pressure or performance occur at the
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time of measurement. Because the effect being measured is of NE rather than MHPG, this
complicates studies measuring effects with different time courses. The results suggest that
human laboratory studies of oral yohimbine need at least three hours.

Like yohimbine, selective NE reuptake inhibitors such as atomoxetine can increase synaptic
NE (Owen and Whitton 2003). However, their effects on integrated NE function relative to
impulsive behavior are quite different from those of yohimbine. For example, Arnsten has
reported opposing effects of alpha-1 and alpha-2 NE receptors in prefrontal cortex, where
stimulation of alpha-1 receptors disrupts inhibitory prefrontal cortex function, while
stimulation of alpha-2 receptors enhances it (Arnsten and Pliszka 2011). NE reuptake
blockers increase alpha-2 receptor stimulation, and their effects on impulsive behavior
resemble those of alpha-2 agonists (Arnsten and Pliszka 2011;Fernando et al. 2012).
Yohimbine, an alpha-2 antagonist, has opposite effects. Further, it blocks the feedback
regulation by alpha-2 receptors of NE release, which limits the increase in overall NE
function associated with NE reuptake blockade, resulting in reversal of the reduction in NE
release by atomoxetine (Owen and Whitton 2003). Therefore, compared to atomoxetine,
yohimbine increases net NE release, and blocks any direct behavioral effect of alpha-2
receptor stimulation. Although yohimbine and atomoxetine are both considered to be NE-
enhancing drugs, they have opposite effects on NE-induced cyclic AMP production and
CREB phosphorylation that run parallel to their opposite effects on impulsivity (Sun et al.
2012).

Relationships between autonomic and behavioral effects of yohimbine

Effects of yohimbine could have interacted with stress of testing. Yohimbine was reported to
increase autonomic responses to mental arithmetic in controls, but had no interaction with a
continuous performance task (Albus et al. 1992). Cognitive task administration was reported
not to alter salivary MHPG (L. et al. 2004).

Yohimbine had no significant effects on POMS or ISS symptom measures. In our pilot
study, yohimbine increased ISS Activation (Swann et al. 2005a). The studies differed in
doses of yohimbine, order of administration (counterbalanced in this study, progressive in
the earlier study), timing of measures (a single post-treatment measure at 90 minutes in the
earlier study, instead of serial measures), and in the greater number and frequency of
procedures during the current study. Repeated structured non-stressful task performance
reduces subjective effects of pharmacologically altered NE (Albus et al. 1992;L.i et al.
2004), consistent with the lack of subjective effects in the present study. Behavioral
responses to yohimbine in healthy subjects have varied, with relatively modest effects in
controls, especially in low-anxiety subjects (Mizuki et al. 1996), and more prominent effects
in anxiety disorders (Goddard et al. 1995;Gurguis and Uhde 1990) or controls with high
baseline anxiety (Mizuki et al. 1996). Therefore, the combination of multiple structured
procedures and low baseline anxiety may have contributed to the lack of significant
subjective effects.

Timing of yohimbine effects varied. Effects on blood pressure preceded those on IMT
performance and plasma MHPG. IMT effects might be expected to take longer than those on
blood pressure, as they involved more complex attentional and stimulus discrimination
processes in the CNS. Effects on metabolites, requiring reuptake of released NE, oxidative
metabolism, and equilibration of metabolites into plasma, were the slowest to appear.

Non-noradrenergic effects of yohimbine

Heterosynaptic alpha-2 receptors can also inhibit release of dopamine, serotonin, and
acetylcholine (de Villiers et al. 1995;Kalsner and Abdali 2001). Stimulation of postsynaptic
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alpha-2 receptors also has endocrine effects, including release of growth hormone (Baumann
et al. 2004) and inhibition of CRH release (Vythilingam et al. 2000). Many alpha-2
noradrenergic receptor ligands also act through imidazoline receptors, which alter blood
pressure but not attentional state (Tibirica et al. 1991). Yohimbine is relatively selective for
alpha-2 relative to imidazoline receptors (Szabo and Urban 1995), but effects such as
increased blood pressure, which did not correlate with MHPG change, could have resulted
from non-noradrenergic effects of yohimbine.

Yohimbine is also a ligand for other behaviorally relevant receptors. Yohimbine was
reported to bind to monoaminergic receptors with greatest affinity for alpha-2 NE receptors,
followed by 5HT-1A (agonist), 5SHT-1B and 1-D, and D3 receptors, with lowest affinity for
D2 receptors (Millan et al. 2000). While affinity was highest for alpha-2 receptors, the
5HT1A effect appears to account for disruption of prepulse inhibition of acoustic startle by
yohimbine (Powell et al. 2005). Serotonergic and noradrenergic effects of yohimbine may
interact in anxiety (Goddard et al. 1995) and alcohol reinstatement (Dzung et al. 2009).
However, 5HT1A receptors have effects on accuracy (conservative bias) and speed of
responding (slowed) that are opposite to those of yohimbine reported here (Carli and
Samanin 2000).

1) While effect sizes for NE metabolites and autonomic effects were substantial, the number
of subjects was too small to investigate complex interactions across time; 2) these results
cannot distinguish direct behavioral effects of alpha-2 receptor blockade from indirect
effects mediated by increased NE release; 3) roles of other possible results of alpha-2
receptor binding, such as growth hormone and heteroceptor effects (except for plasma
HVA), and other potential non-alpha-2 effects, were not determined; 4) while effects of
yohimbine on impulsive responding correlated with those on NE metabolites, contributions
of serotonergic and other systems cannot be ruled out.

Yohimbine, at a dose that increased plasma MHPG, VMA, and blood pressure, without
effect on plasma HVA, elicited an impulsive pattern of responding on a test of rapid-
response impulsivity. Noradrenergic reactivity may be related to state-dependent risk for
impulsive behavior. Future studies are needed linking possible noradrenergic effects to
specific noradrenergic effector systems.
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Fig 1. Yohimbine Effects on Plasma Catecholamine Metabolites

The Figure shows net changes in plasma (A) MHPG, (B) VMA, and (C) HVA, in ng/ml,
with standard errors. Statistics are summarized in Table 1. *: Different from baseline,
Newman-Keuls test, p < 0.05.
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Fig 2. Yohimbine Effects on Blood Pressure and Pulse

The Figure shows net changes in (A) systolic and (B) diastolic blood pressure in mm Hg,
and (C) pulse rate in beats/min, with standard errors. Statistics are summarized in Table 1. *:
Different from baseline, Newman-Keuls test, p < 0.05.
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Fig 3. Yohimbine Effects on Immediate Memory Task Performance

The Figure shows net changes in (A) percent commission errors, (B) commission errors/
correct detections (CE/CD) ratio, (C) reaction time to a commission error (CE, in ms),and
(D) response bias, with standard errors. Negative bias scores represent impulsive
responding. Statistics are summarized in Table 2. *: Different from baseline, Newman-Keuls
test, p < 0.05.
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Table 1

Norepinephrine and Animal Models of Impulsivity-related Behavior
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Mechanism

Examples

Behavioral effect

Pharmacology

LC effect

NE Reuptake blockade

Atomoxetine (Bari and
Aston-Jones
2013;Economidou et al.
2012;Paterson et al. 2012),
reboxetine (Liu et al. 2009),
nortriptyline (Roychowdhury
etal. 2012)

Improve response-
inhibition, working
memory, decreased
5CSRT impulsivity but no
effect on impulsive choice

Reversed by alpha-1,
alpha-2, or beta-2
blockade

Decrease FR, reduce
MHPG, decrease
phasic/tonic NE
release

Alpha-2 receptor stimulation

Guanfacine (Avery et al.
2000), clonidine (Birnbaum
et al. 2000)

Improve attention and
working memory; reverse
stress-induced PFC
dysfunction

Reduced by alpha-1
blockade (medial PFC)
or beta-2 blockade
(DL PFC)

Decrease FR, reduce
MHPG, decrease
tonic/phasic NE
release

Alpha-2 receptor blockade

Yohimbine (Arnsten and
Dudley 2005;Arnsten and Li
2005;Ma et al. 2005;Mantsch
etal. 2010;Sun et al. 2010)

Increase stress- induced
drug reinstatement and
5CSRT impulsivity; block
beneficial effect of MPH

Reversed by beta-2
blockade or reduced
CREB expression

Increase FR and
MHPG,; increase
tonic/phasic release

Alpha-1 receptor stimulation

Phenylephrine (Arnsten et al.
1999;Birnbaum et al. 1999)

Impaired delayed
alternation, working
memory and attention

Reversed by alpha-1
blockade or lithium

Acute stress

Experimental or
pharmacological (Arnsten
2000;Mantsch et al.
2010;0tte et al. 2005)

Increase drug
reinstatement, PFC
impairment

Reversed by alpha-2
agonist (all effects),
beta-2 antagonist (drug
reinstatement), alpha-1
antagonist, resembles
yohimbine

Increase MHPG

Abbreviations: NE Norepinephrine, LC locus coeruleus, MHPG 3,methoxy,4-hydroxyphenylglycol, FR firing rate, PFC prefrontal cortex, DL
Dorsolateral, 5CSRT 5-choice serial reaction time test, MPH methylphenidate
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