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Abstract

Rationale: Amphetamine challenge in rodent prepulse inhibition (PPI) studies has
been used to model potential dopamine involvement in effects that may be relevant to
schizophrenia, though similar studies in healthy humans have failed to report
replicable or robust effects.

Objectives: The present study investigated dexamphetamine effects on PPI in healthy
humans with an increased dose and a range of startling stimulus intensities to
determine participant’s sensitivity and range of responses to the stimuli.

Methods: A randomised, placebo-controlled dexamphetamine (0.45 mg/kg, P.O.),
double-blind, counterbalanced, within-subject design was used. PPI was measured in
sixty-four participants’ across a range of startling stimulus intensities, during two
attention set conditions (ATTEND and IGNORE). Startle magnitudes for pulse-alone
and prepulse-pulse magnitudes were modelled using the startle reflex magnitude
(sigmoid) function. Parameters were extracted from these fits, including the upper
limit of the asymptote (maximum startle reflex capacity, Rmax), intensity threshold,
stimulus intensity that elicits a half-maximal response (ESso) and the maximum rate
of change of startle response magnitude to an increase in stimulus intensity.

Results: Dexamphetamine increased the threshold and ESs of the response to pulse-
alone trials in both sexes and reduced Ryax exclusively in females. Dexamphetamine
modestly increased PPI of the Ryax across both attention conditions. PPI of Ryax

was reduced during the ATTEND condition compared to the IGNORE condition.
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Conclusions: Results indicate that sex differences exist in motor, but not sensory,
components of the startle reflex. Findings also reveal administration of 0.45mg/kg
dexamphetamine to healthy humans does not mimic PPI effects observed in

schizophrenia.
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Introduction

Hyperactivity of the dopaminergic system is one postulated mechanism for the
emergence of the positive symptoms of schizophrenia; also known as the dopamine
hypothesis of schizophrenia (Howes and Kapur 2009). This hypothesis is the longest
lasting postulated mechanism for schizophrenia, and is supported by several lines of
converging evidence. Firstly, all effective antipsychotics reduce activity at dopamine
D, receptors (Seeman et al. 1975; Seeman and Lee 1975; Creese et al. 1976)).
Secondly, more dopamine is released in the brains of people with schizophrenia
compared with healthy volunteers following amphetamine challenge (Abi-Dargham et
al. 1998; Abi-Dargham et al. 2009; Breier et al. 1997; Laruelle et al. 1996) and they
show higher basal release of dopamine (Abi-Dargham et al. 2009). Thirdly, dopamine
synthesis is higher in people with schizophrenia than in healthy controls (Kumakura
et al. 2007).

Reduced prepulse inhibition (PPI) of the startle reflex is consistently reduced in
individuals with schizophrenia and their relatives, suggesting that it is an
endophenotype of the disorder (Braff et al. 2001; Cadenhead et al. 2000; Parwani et
al. 2000; Scholes and Martin-Iverson 2010; Swerdlow et al. 2006; Turetsky et al.
2007). In preclinical research, changes in PPI have become one of the leading non-
human animal models for schizophrenia, and results from rodent research of PPI have
been consistent with the dopamine hypothesis. For example, PPI reductions were
observed in rodents following infusions of dopamine (Swerdlow et al. 1990) or
dopamine D, receptor agonists (Wan and Swerdlow 1993) into the nucleus
accumbens as well as after systemic injection of dexamphetamine (Mansbach et al.
1988). Furthermore, reductions in PPI that are induced by dopamine agonists can be
reversed by administration of haloperidol (a D,-receptor antagonist) or by lesioning
the dopaminergic neurons of the ventral tegmental area (Swerdlow et al. 1990).

Currently there is little evidence in humans that strongly implicate dopamine
hyperactivity in the PPI deficits observed in people with schizophrenia. An initial
paper by Hutchison and Swift (1999) reported a significant reduction of PPI by a low
dose of dexamphetamine (20 mg) at 90 minutes post-dose, but not at 60 or 120
minutes post-dose. Similar investigations by Swerdlow’s group (Swerdlow et al.
2002; Talledo et al. 2009) with the same dose of amphetamine did not find an effect
on PPI. Though in one study (Swerdlow et al. 2003), a modest decrease in PPI was
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observed at 25 minutes post-dose followed by a non-significant increase at the more
physiological plausible time of 150 min post-dose. These inconsistent findings are
surprising given dopamine’s well-documented association with psychosis and
schizophrenia and its status as a strong candidate for the causation of impaired PPI in
schizophrenia.

The failure to replicate in humans the relatively consistent disruptive effects of
high doses of dexamphetamine on PPI in rodent studies may be driven by a number of
methodological limitations. Firstly, previous studies may have had insufficient sample
sizes to reliably detect PPI deficits at the dose of dexamphetamine administered.
Second, the safe dose of dexamphetamine for humans is much less than the 2-6 mg/kg
doses of dexamphetamine needed to robustly cause disruptions of PPI in rodents
(Salum et al. 2006). Thirdly, previous studies have used a single startling stimulus,
which does not enable the detection of inter-individual and inter-group differences in
sensitivities to startling stimuli. Fourthly, the role of top-down attentional influences
on PPI is rarely controlled in PPI experiments and remains an important potential
confounder that limits the inferences and interpretations drawn from PPI research
(Scholes and Martin-Iverson 2009). Lastly, there have been several observations of
sex differences in PPI in healthy humans (Kumari et al. 2004; Swerdlow et al. 1999)
and in dopamine neurophysiology (Boudikova et al. 1990; Chen et al. 2004; Floderus
et al. 1981) that may interact to substantially affect the relationship between dopamine
and PPL

Aims

The present study investigated dexamphetamine effects on PPI in healthy
humans, while addressing the methodological limitations of previous work. This was
achieved by using a wide range of startling stimulus intensities to clearly determine
startling stimulus thresholds, potencies (ESs(), and maximum effects (Ryax) for each
individual under each experimental condition. Moreover, we have collected the
largest sample size and administered the highest dose of dexamphetamine to be used
to date in a human dexamphetamine study of PPI.

Methods

Participants

A total of 75 participants were recruited. Of those, three had identified drug use
within seven days of testing, one registered baseline hypertension, and seven either

had insufficient startle responses or had poor EMG recordings and therefore were
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excluded from analysis. This left a total of 64 participants (24 females) in the final
analysis. All participants were administered 0.45 mg/kg (P.O.) dexamphetamine
sulphate. Participant demographic characteristics are presented in Table 1. All
participants were screened prior to enrolment by the study psychiatrists. Exclusory
criteria consisted of previous head injury involving loss of consciousness, current
mental illness, family history of schizophrenia, inability to detect the prepulses in a
sound detection test and participants taking any medications except for the
contraceptive pill. Participants were compensated $100 for their time. The study was
approved by the University of Western Australia Ethics Committee and the North
Metropolitan Area Mental Health Services Human Research Ethics Committee, and
was registered with the Australian New Zealand Clinical Trial database, registry
numbers ACTRN12608000610336.

Design and Statistical Analysis

The experiment was a randomised, placebo-controlled, double-blinded,
counterbalanced, within-subject study. Participants were required to attend two
sessions five to seven days apart (with most at seven). Sessions started at
approximately 9:30am. After the consent and physical exam, resting blood pressure
(BP) and heart rate (HR) measurement were taken with an Omron M4 digital blood
pressure monitor. Participants were then administered placebo or drug. Table 1
outlines the drug order of the participants (i.e. whether they were administered the
active pill or placebo in the first session). At 80 min post-ingestion, BP and HR
measurements were taken and startle/PPI testing began at 90 min post-ingestion.

First, participants completed the sound detection task to ensure detection of the
prepulse. Participants were then assigned an attention order (i.e. whether they
completed the ATTEND or IGNORE startle/PPI condition first or second, see Table
1). The ATTEND and IGNORE conditions had two blocks and each block consisted
of three trials of each startling stimulus that consisted of white noise pulses ranging in
intensity from 80-115 dB in 5 dB increments over a 65 dB white noise background.
Two-thirds of these trials were proceeded by a 74 dB prepulse with stimulus onset
asynchrony (SOA) of either 60 ms or 100 ms. There was also one prepulse alone trial
and one null trial in each block. This gave 26 trials per block, totalling 52 trials across
the two blocks and took approximately 15 minutes. The stimuli were presented in a
random order within each block.

ATTEND and IGNORE conditions

Page 6 of 28
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In the ATTEND condition the participants were instructed to pay close attention
to the sounds (pulse only, prepulse + pulse and a null trial) and to press a button
corresponding to the number of sounds they heard after each trial. In the IGNORE
condition the participants were instructed to ignore the sounds and to count the
number of smiley faces hidden within the pictures displayed on the screen. The visual
stimuli were chosen from the International Affective Picture System and had neutral
pleasantness/unpleasantness ratings and low arousal scores; with average valence and
arousal ratings of 4.93 (SD = 0.96) and 3.77 (SD = 1.47), respectively. The
instructions presented on the screen after the picture was presented asked the
participants to press the button corresponding to the number of smiley faces they
found from 1-5. The prepulse and stimulus were presented at various times after the
picture was presented. The order of attention condition was counterbalanced between
participants.

Scoring

Responses were recorded using a standard National Instruments data acquisition
(DAQ) card (DAQ 6062E; San Diego, USA). The stimuli were presented binaurally
through a pair of stereo headphones (Sennheiser HD25-1), with 600 ms of baseline
recording before the startle stimulus and 400 ms after the startle stimulus was
presented. The EMG signal was hardware bandpass filtered (30-500 Hz), and
hardware notch filtered at 50 Hz before being sampled at 1000 Hz. The EMG
recordings were further filtered oftline (78-240 Hz bandpass plus 60 Hz notch filter)
and rectified before scoring. Scoring was carried out automatically according to pre-
defined criteria: baseline — mean muscle activity in the 600 ms baseline period; peak
magnitude — maximum EMG response recorded between 20-200 ms post-startling
stimulus; onset latency — onset of EMG response where the blink crosses the response
threshold (defined as 3 SD above the baseline mean) within the 20-200 ms response
zone. A scorer blind to drug and stimulus conditions manually checked the accuracy
of the automatic detection.

Bayesian non-linear regression curve fitting

Bayesian hierarchical non-linear regression was used to fit the 3-parameter

sigmoidal function shown in equation 1 to the data:

(0 — RMAX)
y = RMAX + .

(1 (ESSO

)hillslope

where y is the startle magnitude, Ryax is the upper asymptote, ESsg is the stimulus
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intensity required to produce a half-maximal response, hillslope is the velocity at the
ESs, and, because the data were baseline corrected, the y-intercept (or lower
asymptote) is set at 0.

For each individual, an overall curve estimate was fitted for pulse alone and
prepulse-pulse conditions. These participant level hyperparameters were described by
flat priors on the approximate scale of the coefficients: Ryjax = Uniform distribution
bounded between 0 and 1.5 * maximum response for that person; ESso = Uniform
distribution on the log hillslope bounded between 1 and 7 dB; hillslope = Uniform
distribution bounded between 2 and 500. The resulting estimates from the higher level
curves within each participant informed parameter estimates of the Ryax, ESso, and
the hillslope for each drug by attention by SOA condition. The lower level priors for
Rmax and ESsy were described by normal distributions and the hillslope priors
described by a lognormal distribution each centred on the higher level estimate with
the precisions estimated from Cauchy distributions. Hierarchical models have the
advantage of partially-pooling estimates towards each other (shrinkage) which yields
more precise and efficient estimates of the parameters of interest (Gelman et al.
2003). In our simulations (see Supplementary Material 1), they consistently out-
performed least squares fits. More model fitting details and example fits are presented
in Supplementary Material 2.

After 5,000 adaptation steps and 10,000 burn-in steps, a total of 1,000,000 total
samples of the posterior were taken, thinned every 20th step giving a total of 50,000
saved samples spread across 3 chains. Convergence was monitored using the Gelman-
Rubin diagnostic (Gelman and Rubin 1992) and more than 99% of extracted
parameters had > 1000 effective samples.

Analysis

The median of the posterior parameter estimates of Ryax, ESso, and hillslope
were used for the analyses. From these estimates an extra parameter “threshold” (the
minimum stimulus intensity required to illicit startle) was calculated according to the
equation:

Threshold = ES50 — aiX — Y0
Hillslope

Each parameter was also converted to a PPI measure. PPI of Ryiax was calculated as

P(RMAX)-PP(RMAX)
P(RMAX)

follows: %PPI = x 100

Page 8 of 28
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where P(Rmax) = Rmax of the pulse alone trials, PP(Rmax) = Rmax of the prepulse +
pulse trials (SOA = 500 or 540 ms). PPI of ESs, threshold and hillslope were
calculated by subtracting the estimate from the prepulse + pulse trials away from the
pulse only trials (e.g., P(ESso) - PP(ESsy)). Positive PPI of ESsy and threshold values
indicate a shift to the right of the curve (see Figure 1). PPI of hillslope was calculated
by P (hillslope) — PP (hillslope), so that positive values indicate a flattening of the
slope in response to prepulse + pulse trials (as can be seen from Figure 1, hillslope
increases during prepulse + pulse trials).

All extracted startle and PPI parameters were entered into a Bayesian linear
mixed-effects model using the “MCMCglmm” package and its associated default
priors (Markov Chain Monte Carlo generalised linear mixed models; (Hadfield
2010)). Factors entered into the model were sex, drug order, drug condition (placebo
vs dexamphetamine), attention, and SOA with participant treated as the random
effects term. The mixed-model was run for 2,000,000 iterations, with a burn-in period
of 10,000 steps. The posterior was thinned every 10 steps. From the posterior of the
mixed-model, means £+ 95% highest density intervals (HDI) were used to describe the
credible interval for each of the estimates and contrasts.

All statistical analyses were conducted in R version 2.15.1. The Bayesian
hierarchical non-linear fitting was carried out using the “rjags” package (Plummer
2013).

Results

Autonomic measures

Participants' systolic and diastolic blood pressure and heart rate at baseline were
roughly equivalent across placebo and dexamphetamine conditions (mean placebo
heart rate = 71.3, Dex-Pla contrast = -1.08, 95% HDI = -3.17, 1.01; mean placebo
systolic pressure = 123.5, Dex-Pla contrast = 0.16, 95% HDI = -2.76, 3.02; mean
placebo diastolic pressure = 73.0, Dex-Pla contrast = -0.046, 95% HDI = -1.78, 1.71).
At 75 and 130 minutes post-dose, the times immediately before and after startle
testing respectively, blood pressure and heart rate were substantially elevated by
dexamphetamine. At 75 minutes, dexamphetamine increased systolic pressure,
diastolic pressure and heart rate by 11.3 mm Hg (95% HDI = 5.83, 16.6), 7.91 mm Hg
(95% HDI = 4.25, 11.7), and 3.32 bpm (95% HDI = 0.77, 5.94). Similarly at 130
minutes, dexamphetamine increased systolic pressure, diastolic pressure and heart rate

by 14.9 mm Hg (95% HDI = 8.64, 21.1), 7.57 mm Hg (95% HDI = 3.87), and 8.92
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bpm (95% HDI = 4.95, 13.0), respectively.

Startling pulse alone trials

Figure 1 illustrates the startle intensity response curves and the contrasts for the
main effect of dexamphetamine, main effect of sex, and the interaction between
dexamphetamine and sex during the pulse alone trials. Dexamphetamine reduced the
Rmax (Dexamphetamine — Placebo contrast = -18.0 uV, 95% HDI =-26.7, -9.54) and
increased the ESs, (contrast = 2.46 dB, 95% HDI = 1.39, 3.46) and threshold (contrast
= 1.88 dB, 95% HDI = 0.65, 3.12) parameters during the pulse alone condition. The
reduction in Ryax, but not ESsy, was driven by a drug by sex interaction (Ryax drug
by sex interaction contrast =-28.3 uV, 95% HDI = -44.9, -10.9), where
dexamphetamine was only effective in reducing the Ryax parameter in females but
not in males (Figure 1C). No other effects were credibly different to 0 (see
Supplementary Material 3).

PPI

Figure 2 illustrates the main effects of dexamphetamine, attention, sex, and
SOA on PPI of the Ryax, ESsg, threshold and hillslope, including the results of the
tested contrasts. As can be seen from Figure 2, there was a modest increase in PPI of
Rmax after dexamphetamine administration (dexamphetamine — placebo contrast =
4.20%, 95% HDI = 0.75, 7.74).

Attention was also shown to be a modulator of PPI, replicating previous results
from our laboratory. Figure 2 demonstrates that PPI of Ryax was reduced during the
ATTEND condition compared to the IGNORE condition (ATTEND — IGNORE
contrast = -4.61%, 95% HDI = -8.07, -1.13).

Figure 3 presents the interaction between drug and attention. None of the
contrasts for this interaction credibly excluded O (interaction contrast for PPI of Ryax
=-2.02, 95% HDI = -8.77, 5.15; ESs¢ = -0.29, 95% HDI = -1.90, 1.25; threshold = -
2.13, 95% HDI = -4.26, 0.086; hillslope = 0.12, 95% HDI =-0.32, 0.27). .

Discussion

Administration of 0.45 mg/kg of dexamphetamine to healthy participants
reduced the sensitivity of the startle response to pulse-alone trials (increased threshold
and ESs) in both males and females and reduced the maximum startle response
elicited (Rmax) exclusively in females. In the PPI analysis, dexamphetamine modestly
increased PPI of Ryax. PPI of Ryax was also reduced during the ATTEND condition

compared to the IGNORE condition, an effect similar to that previously found in

10
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healthy controls (Scholes and Martin-Iverson 2010).

Startling Pulse Alone trials

Our study has uncovered interesting differences between males and females in
startle amplitudes after dexamphetamine administration. This supports accumulating
evidence of sex differences in dopamine neurophysiology (Boudikova et al. 1990;
Chen et al. 2004; Floderus et al. 1981) and its modulation of behaviour. A study in
healthy humans with no pharmacological manipulation found a consistently higher
startle response in females across all blocks (Aasen et al. 2005) which was also
demonstrated in females with schizophrenia who displayed greater response
amplitude than affected males (Kumari et al. 2004), reflecting the placebo results in
the present study. An elevated baseline startle may provide more reduction potential
for dexamphetamine in females compared to males. By contrast, a female-specific
dexamphetamine-induced reduction in Ryax produced by startling pulses alone may
be due to a greater shift towards a D, receptor state in females after dexamphetamine.
This is suggested for three reasons. Firstly, research using selective D and D,
receptor agonists have shown that increased D, receptor activation increases startle
(Meloni and Davis 1999), and D, receptor activation decreases startle (Martin-Iverson
and Else 2000). This suggests a D, receptor mediated effect in our females given
dexamphetamine. Secondly, findings of greater frontal D, receptor densities in
females (Kaasinen et al. 2001, although see Glenthoj et al. 2006), is also supportive of
a relatively stronger D, receptor mediated effect in females. Thirdly, females have
higher striatal presynaptic dopamine synthesis capacity (Laakso et al. 2002), higher
endogenous synaptic concentrations of dopamine (Pohjalainen et al. 1998), and higher
amphetamine-induced dopamine release within the right globus pallidus and right
inferior frontal gyrus (Riccardi et al. 2006). This elevation of baseline dopamine tone
may result in an enhanced elevation of synaptic dopamine concentrations leading to
more D, receptors to be activated in response to dexamphetamine in females, pushing
the functional brain dopamine state more towards a D, receptor mediated state
(Durstewitz and Seamans 2008).

In addition to the sex-specific effects on the Ryax of the startling pulse alone
condition, dexamphetamine administration reduced the sensitivity of the startle
response (participants became less sensitive to more intense sounds) in both males
and females, as indicated by the increase in ESsy and threshold. This provides further

evidence that the components of the startle curve are separable and differentially

11
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effected by pharmacological manipulation. It also provides clearer picture of
dexamphetamine action in this context; in males it is reducing the sensitivity of the
startle circuit, yet not disrupting the maximum startle. Whilst in females it is reducing
startle sensitivity, with a corresponding reduction in maximum startle.

Interestingly, there was no effect of attention or drug by attention interaction on
any of the startle measures.

PPI

In the present study, dexamphetamine increased PPI of Ryjax by approximately
4%. This is substantially different to the approximately 13% reduction at 90 minutes
post-dose in Hutchison and Swift (1999) and more similar to the marginal effects
reported in Swerdlow et al (2003). Differences between these studies, including the
present study, may be attributable to startle effects, not PPI effects, which are
modulated by the startling stimulus intensity used. For example, one group used a
startling stimulus intensity (118 dB; Swerdlow et al. 2002; 2003) most likely to
correspond to the upper asymptote range of the startle curves generated in the present
study, while the other study used an intensity (105 dB, Hutchison and Swift 1999)
more likely to correspond to the dynamic range (close to the ESsy) presented here.
Given that our study is the largest human amphetamine PPI study (n=64), has used
the largest dose of dexamphetamine in humans to date (0.45 mg/kg), has used highly
controlled experimental manipulations (variable startling stimuli and attention
constraints), and previous research has shown either inconsistent eftects or has not
demonstrated any strong disrupting effects (Hutchison and Swift 1999; and Swerdlow
et al. 2002; 2003) it appears as though the effect of amphetamine on human PPI up to
0.45 mg/kg is relatively negligible.

In the present experiment, participants showed less PPI of Ryax when their
attention was directed toward the startling stimuli compared to when attention was
diverted away from the startling stimuli. This supports previous reports of attentional
modulation of PPI found in controls (Dawson et al. 1993; Scholes and Martin-Iverson
2010). Attention toward the prepulse may reduce the unexpectedness of the startling
stimuli and inhibitory potential of the prepulse (Scholes et al. 2010). However, we did
not find an effect of attention during the startling pulse alone trials, failing to support
the hypothesis that attention toward the stimuli itself might reduce the size of the
reflex (Ekman et al. 1985; Foss et al. 1989). People with schizophrenia have generally

failed to show attentional modulation of PPI compared to healthy controls (Dawson et

12
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al. 1993; Dawson et al. 2000; Kedzior and Martin-Iverson 2007; Scholes and Martin-
Iverson 2010). In studies that have explicitly manipulated attention, PPI deficits in
schizophrenia have only been observed when controlled selective attention processes
are required, suggesting that decreased PPI may be consequent to dysfunctions in
selective attention (Dawson et al. 2000; Kedzior et al. 2007). We did not find any
effect of dexamphetamine on attentional modulation of PPI, another indication that
dexamphetamine administration in healthy humans may not model the PPI deficits
observed in schizophrenia at a single dose of 0.45 mg/kg.

That said, the dose of dexamphetamine used in this PPI study (the highest dose
given to humans to date in a PPI experiment), is still substantially lower than the
minimum dose of 1.0 mg/kg required to elicit a disruptive effect in rodents
(Mansbach et al. 1988) with more robust effects requiring at least 2.0 mg/kg (Salum
et al. 2006). Doses of this magnitude are ethically unviable in human volunteers, so
this issue is unlikely to be resolved.

The present study used full stimulus intensity response curves to better account
for individual differences in the response to startling stimulus. To a limited extent,
this method can be compared to PPI studies that administer single dB levels,
regardless of variations across the participant sample in sensitivities to sound and
startle responses. The results obtained from the Ryjax parameter would be closer to
those observed after high startle stimulus intensities >= 115 dB, while the ESs,
parameter would tend to be more variable as it is the centre of the dynamic range, and
this can vary by tens of dB (several log units) across individuals. Therefore, it is safe
to assume that if the intensity of a fixed startling stimulus is below 115 dB, the more
people in the sample will be within the dynamic range (Scholes and Martin-Iverson
2009). Researchers should keep this in mind when they make comparisons of this
study to the wider literature, or between studies such as the Hutchison & Swift (1999,
with 105 dB startling stimuli and 50% females) and the Swerdlow et al (2002, 2003
papers, with 118 dB startling stimuli and 100% males).

Dexamphetamine significantly reduced sensitivity to startling stimuli (increased
thresholds) and startling stimulus potency (increased ESsp) in both males and females,
and decreased the maximum startle response in females, but not males. These findings
support the accumulating evidence of sex differences in dopamine neurophysiology.
Dexamphetamine also modestly increased PPI of Ryjax. Given the modest enhancing

effect of dexamphetamine on PPI and the lack of a drug by attention interaction in the

13
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present study, dexamphetamine administration in healthy humans may not be a
suitable model of the PPI deficits observed in schizophrenia at the single dose of 0.45
mg/kg. Larger doses of dexamphetamine may be needed, but this poses a number of

ethical considerations that may not be easily overcome in healthy human volunteers.
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Tables
Table 1
Drugorder 1 | Drugorder?2 | t / x? p Overall
(PLA 1%) (DEX 1%)
Mean age (SD) 23.0 (4.9)
Mean Weight (SD) 74.6 (13.9)
Sex (FIM) (111]22) (13]18) 0.20 | 0.65 24140
Attorder (ATT 1™ 1G 1) (15]18) (15]16) 0.00 1.00 30|34
Amph Use (N]Y) (191]14) (191 12) 0.00 | 0.96 3826
Curr Smoker (N|Y) (2815) (23198) 0.56 | 0.45 51|13
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PLA 1%, placebo in first session; DEX 1%, dexamphetamine in first session; Attorder,
order of attention conditions; ATT 1%, attend condition first; IG 1, ignore condition
first; Amph use, ever used amphetamines; curr smoker; current smoker.

Figure legends

Fig 1

Startle only curves (right) and contrasts (left) illustrating the effect of
dexamphetamine (A), sex (B), and the interaction between drug and sex (C). Solid
curves (right) were generated from the mean parameter estimates (£ 95% highest
density intervals, as indicated by the dashed curves) that were obtained from the each
of the respective mixed-effects models for Ryax, ESso, and hillslope. Small dots
indicate the average startle magnitudes for each stimulus amplitude and for each
participant during the respective experimental conditions. The contrasts (left) for each
startle only parameter are dexamphetamine — placebo (A), female — male (B), and the
drug by sex interaction [dexamphetaminergmarg — placeboremare] —
[dexamphetaminepar g - placebomare] (C) n = 64

Fig 2

Main effects of drug (top: PI = Placebo, Dx = Dexamphetamine), Attention (2™ from
top: At = Attend, Ig = Ignore), Sex (2nGl from bottom: M = Male, F = Female), and
SOA (bottom: 60 = 60 ms SOA, 100 = 100 ms SOA) on PPI of Ryax (leftmost
column), ESs (2nd from left), threshold (2nd from right), and log) hillslope (rightmost
column). Large open circles (+ error bars) indicate the mean parameter estimate (+
95% HDI) obtained from the posterior of the mixed-effects model. Contrasts indicate
the difference in the posterior estimates between the respective main effects factors.
Small circles depict the average of the raw data over each of the respective main
effects factors, or the difference between main effects factors for the contrast
estimates (except for Sex, which is a between subjects factor so there are no raw
difference scores)

Fig 3

Drug by Attend interaction for the PPI of Ryax (leftmost column), ESsg (2ndl from
left), threshold (2™ from right), and log; hillslope (rightmost column). The top row
presents the means (+ 95% HDIs) obtained from the posterior of the mixed-effects
model for each drug by attention condition (top row). The bottom row presents the
contrasts for Attend — Ignore for Placebo (P1), Attend — Ignore for Dexamphetamine
(Dx) and the interaction between drug and attention (Drug*Att = Dx[At-Ig] — PI[At-

Ig])
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Supplementary Material 1:

This is a script for the “R” package which evaluates non-linear least squares
estimation versus a Hierarchical Bayesian method for fitting sigmoidal curves for
startle data as used in the present paper. Parameters are simulated from random
uniform distributions that have upper and lower limits appropriate for each parameter.
The parameters obtained from the Hierarchical Bayesian method consistently show
less deviation from the simulated parameters compared to the least squares fits

Supplementary Material 2

A random selection of three parameter Sigmoidal fits (see paper and Supplementary
Material 1 for formula) from the Bayesian nonlinear hierarchical model to show the
goodness of fit to the startle and PPI data. Each box represents one individual's fits for
one prepulse condition (either no prepulse, 60 ms SOA or 100 ms SOA) across each
of the drug (placebo and dexmaphetamine) and attention (Attend and Ignore)
conditions. A total of 80 sigmoidal curves are shown. Raw data (circles) and the fitted
function (solid lines). See Supplementary Material for a script simulating startle data
and fitting the Bayesian model with a comparison to least squares fits

Supplementary Material 3

Tables showing the means (= 95% HDI) and contrasts (= 95% HDI) for Startle only
(Table 1) and PPI (Table 2). All parameter estimates and contrasts were obtained
from the mixed-effects models
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Supplementary Material 1

#### Non-linear fits
#### least squares vs hierarchical Bayes
require(rjags); require(data.table)

# Curve Fitting Functions
nlscurve <- function(x,y) {
fits<-nls(y ~ U + (y0 - U)/(1 + (x/ES50)*hillslope),
start = list("U" = 100, "y0" = 0, "ES50" = 100, "hillslope" = 10),
lower =list("U" =0, "y0"=0,"ES50" =79, "hillslope" = 2),
upper = list("U" = maxUP,"y0" = 0, "ES50" = 116, "hillslope" = 500),
control = nls.control(warnOnly = TRUE, maxiter=1000),
algorithm = "port")
}
bayescurve <- function(){
modeltext ="
model{
for(j in 1:y1){
for(iin 1:x1){
y[i,j] ~ dnorm(muli,j], tau)
;nu{ili] <-upAsym([j] + (0 - upAsym([j]) / (1 + (x[i]/ES50[j]) *hill[j])
)
for(j in 1:y1){
upAsym[j] ~ dnorm(HupAsym, asymTau)T(0, maxUP)
ES50[j] ~ dnorm(HES50, es50Tau)T(79, 116)
hill[j] ~ dlnorm(Hhill, hillTau)T(2, 500)
}
HupAsym ~ dunif(0, maxUP)
HES50 ~ dunif(79, 116)
Hhill ~ dunif(0, 7)
asymTau <- pow(asymSD, -2)
es50Tau <- pow(es50SD, -2)
hillTau <- pow(hillSD, -2)
asymSD ~ dt(0,1/10000, 1)T(0,)
es50SD ~ dt(0,1/10000, 1)T(0,)
hillSD ~ dt(0,1/1000, 1)T(0,)

tau <-pow(sd,-2)
sd ~ dunif(0, 1000)
)

"

# Write out modelString to a text file
writeLines( modeltext, con="mod1.txt" )

parameters = c( "upAsym", "ES50", "hill", "sd",
"HES50", "HupAsym", "Hhill",
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"asymSD", "es50SD", "hillSD")  # The parameters to be monitored
adaptSteps = 1000 # Number of steps to "tune" the samplers
burnInSteps = 5000 #prob need this higher due to the model parameterisation
nChains = 3
numSavedSteps = 10000 # Also this should be larger
nlter = ceiling( ( numSavedSteps ) / nChains )

# Create, initialize, and adapt the model:

jagsModel = jags.model( "mod1.txt", data=dataList,

n.chains=nChains, n.adapt=adaptSteps )

cat( "Burning in the MCMC chain...\n" )

update( jagsModel , n.iter=burnInSteps )

cat( "Sampling final MCMC chain...\n" )

codaSamples = coda.samples( jagsModel , variable.names=parameters,
n.iter=nlter )

mcmcChain <- as.matrix(codaSamples)
return(mcmcChain)
}

extract <- function(){

Is <-list()

for(j in 1:y1){

}IS[[J']] <- sigcurve(x, y[,j])

hillN  <- sapply(1:yl, function(j) coef(Is[[j]])[4])
ES50N <- sapply(1:yl, function(j) coef(Is[[j11)[3])
upAsymN <- sapply(1:yl, function(j) coef(Is[[j]1)[1])

hillB  <- sapply(1:y], function(j) median(mcmcChain[, pasteO("hill[", j, "1")]))

upAsymB <- sapply(1:yl, function(j) median(mcmcChain|[, pasteO("upAsym[", j,
“11)

ES50B <- sapply(1:yl], function(j) median(mcmcChain[, paste0("ES50[", j,
“11)

aa <- cbind(upAsym, upAsymB, upAsymN, ES50, ES50B, ES50N, hill, hillB, hilIN)

rownames(aa) <- 1:yl

return(aa)
}
# Simulation
k <-1000 # Number of simulations
x <-seq(80,115,5) # Startling stimuli intensities
xl  <-length(x)
yl <-4 # Number of experimental conditions

difs <- matrix(0, nrow=k, ncol=12) # Output for diffences between nls and
Bayes

for(Rin 1:k){
#Data
upAsym <- runif(yl, min=5, max=500) # Sample parameters from
ES50 <- runif(yl, min=75, max=120) # a uniform distribution
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1

2

3 hill <- runif(yl, min=2, max=500)

4 y <- matrix(0, nrow=xl, ncol=yl)

> for(j in 1:y1){ # Create y data

? y[,il <-upAsym[j] + (0 - upAsym([j]) / (1 + (x/ES50[j])*hill[j]) + rnorm(xI,

8 0,20)

9 ylyLjl<0,j] <- 0

10 }

11

12 maxUP = max(y)*1.5 # Upper limit for Rmax for each person

ﬁ dataList <- list(x=x, y=y, xI=xI, yl=yl, maxUP=maxUP)
#fits

ig mcmcChain <- bayescurve() # Obtain Bayes fits

17 aa <- extract() # Obtain nls fits + comparison output

18 aa <- data.table(aa)

19 aal[, difAsymB := upAsymB - upAsym)]

20 aa[, difES50B := ES50B - ES50]

21 aa[, difhillB := hillB - hill]

22 aa|, difAsymN := upAsymN - upAsym]|

gi aa[, difES50N := ES50N - ES50]

o5 aa[, difhillN := hilIN - hill]

26

27 difs[R,] <- c(colMeans(aa], 10:15, with=F]), colMeans(abs(aa[, 10:15, with=F])))

28

29 J

30 # Evaluation

g; df1 <- data.table(difs)

33 setnames(df1, names(df1), c(names(aa)[10:15], paste0("a", names(aa)[10:15])))

gg mdifs <- colMeans(df1)

36 mdifs <- matrix(mdifs, nrow=3)

37 rownames(mdifs) <- c("upAsym", "ES50", "hill")

gg colnames(mdifs) <- c("DifB", "DifF", "absDifB", "absDifF")

40

41

42

43

44
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1

é Startle

4 Supplementary material 3

5 _Startleonlymeans & Contrasts .
6 Rmax ES50 Threshold Hillslope
7] Mean 95%HDI | Mean 95%HDI _ Mean 95%HDI | Mean 95%HDI
8 Placebo

9 Female Ignore 231.8  184.2,279.6 947 916,977 85.4 81.1, 89.6 1.34 1.20, 1.48
10 Female Attend 2345  185.4,280.6 942 911,972 82.2 78.0, 86.4 1.19 1.04,1.32
11 Male Ignore 197.3  160.6, 233.7 954 931,978 86.1 82.7, 89.3 1.27 1.15,1.37
12 Male Attend 184.0  146.5,219.9 956  93.3,98.0 86.9 83.7,90.3 1.28 1.17,1.39
13 Dexamphetamine

14 Female Ignore 197.1 149.0, 244.5 97.2 94.2,100.2 854 81.1,89.5 1.18 1.04,1.32
15 Female Attend 205.0  156.8,252.6 97.0  94.0,99.9 85.9 81.6, 90.0 1.28 1.14,1.43
16 Male Ignore 188.0  152.9,226.5 979 95.6,100.2 885 85.3,91.8 1.30 1.19, 1.41
17 Male Attend 185.7  149.7,223.1 97.8 954,100.1 883 85.1,91.6 1.30 1.20, 1.41
18 Contrasts

19 Drug (Dex — Placebo)  -18.0 -26.7, -9.54 2.46 1.39, 3.46 1.88 0.65,3.12 -0.002 -0.077,0.074
20 Attention (Att — Ig) -1.21 -9.65, 7.35 -017  -1.23,0.84 -049 -1.75,0.68 -0.006 -0.083,0.070
21 Sex (F - M) 28.4 -30.3, 85.9 -0.88 -4.23,246 -2.73 -7.51,2.33 -0.044 -0.17,0.079
22 Drug * Attend 8.16 -9.19, 25.3 0.02 -2.04,2.09 1.26 -1.16,3.69 0.121  -0.033,0.27
23 Drug * Sex -28.3 -44.9,-10.9 026 -1.83,234 -0.07 -251,236 -0.062 -0.21,0.091
24 Attend * Sex 13.1 -4.79, 29.7 -0.34 -247,168 -165 -4.17,0.72 -0.033 -0.19,0.12
gg ,,,,,, Attend*Sex*Drug  -5.27  -33.3,211  -0.34 -3.64,287 -364 -746,0.15 -0.257 -049,-0.012
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PPI
PPl means & Contrasts
- Rmax ES50 Threshold Hillslope
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Mean  95%HDI  Mean = 95%HDI  Mean  95%HDI  Mean  95%HDI
Placebo
Female Ignore 60 41.0 28.1,53.9 7.23 4.32,10.2 8.66 5.03,12.3 -0.01 -0.20, 0.18
Female Ignore 100 38.3 25.5,51.3 6.69 3.75, 9.64 9.73 6.17,13.4 -0.17 -0.35, 0.026
Female Attend 60 36.4 23.8,49.3 6.80 3.81, 9.64 11.20 7.47,14.8 -0.30 -0.49, -0.11
Female Attend 100 36.9 24.0,49.8 6.15 3.30,9.12 10.50 6.88, 14.1 -0.24 -0.43, -0.051
Male Ignore 60 441 34.4,54.1 5.86 3.63, 8.14 9.07 6.24, 11.8 -0.05 -0.19, 0.11
Male Ignore 100 39.5 29.7,49.4 5.23 3.07,7.58 8.88 6.01, 11.6 -0.19 -0.33, -0.036
Male Attend 60 41.0 31.0,51.0 6.25 4.04, 8.51 9.03 6.24, 11.9 -0.11 -0.26, 0.036
Male Attend 100 34.1 243,443 6.38 4.16, 8.66 9.88 7.08,12.7 -0.15 -0.30, -0.0084
Dexamphetamine
Female Ignore 60 44.0 31.0, 56.6 5.62 2.81,8.68 11.6 8.10, 15.3 -0.18 -0.37, 0.0055
Female Ignore 100 43.3 30.4, 56.0 5.59 2.66, 8.56 12.5 9.01,16.2 -0.29 -0.48, -0.10
Female Attend 60 38.1 25.7,51.4 5.31 2.34,8.20 10.4 6.89, 14.1 -0.15 -0.34, 0.035
Female Attend 100 37.8 24.9,50.4 6.27 3.42,9.25 10.7 717,144 -0.16 -0.34, 0.043
Male Ignore 60 47.8 37.9,57.8 6.23 3.93, 8.44 10.1 7.21,12.8 -0.04 -0.19, 0.099
Male Ignore 100 48.7 38.7, 58.6 5.23 3.01,7.55 10.2 7.37,13.0 -0.12 -0.27, 0.031
Male Attend 60 46.2 36.3, 56.2 5.45 3.15, 7.66 8.92 6.07, 11.6 -0.09 -0.23, 0.063
Male Attend 100 39.1 29.0,48.9 5.03 2.75,7.27 10.2 7.33,12.9 -0.17 -0.32, -0.027
Contrasts
Drug (Dex — Placebo) 4.20 0.746, 7.74 -0.73 -1.51, 0.080 0.96 -0.12, 2.04 0.00 -0.071, 0.078
Attend (Att — 1g) -4.61 -8.07, -1.13 0.00 -0.80, 0.81 0.01 -1.03, 1.15 -0.04 -0.12, 0.031
SOA (100 - 60) -2.62 -6.08, 0.911 -0.27 -1.09, 0.499 0.44 -0.66, 1.51 -0.07 -0.15, 0.0032
Sex (F - M) -3.10 -16.9, 9.88 0.50 -2.47, 3.56 1.14 -2.45, 4.64 -0.07 -0.21, 0.068
Drug * Attend -2.02 -8.77,5.15 -0.29 -1.90, 1.25 -2.13 -4.26, 0.086 0.12 -0.032, 0.27
Drug * Sex -3.12 -9.88, 4.05 -0.57 -2.16, 1.03 0.66 -1.52, 2.83 -0.03 -0.18, 0.12
Drug * SOA 1.60 -5.50, 8.44 0.30 -1.28, 1.89 0.41 -1.79, 2.55 0.00 -0.15, 0.15
Attend * Sex 0.59 -6.34, 7.63 -0.29 -1.92, 1.28 0.10 -2.02, 2.33 -0.01 -0.16, 0.14
Attend * SOA -1.68 -8.80, 5.15 0.56 -1.10, 2.12 -0.05 -2.18,2.20 0.10 -0.043, 0.25
Sex * SOA 3.62 -3.33, 10.5 0.41 -1.24,1.98 -0.12 -2.23,2.05 0.03 -0.12,0.18
Attend * Sex * Drug 2.66 -8.44, 13.6 -0.68 -3.18, 1.80 3.21 -0.31, 6.62 -0.27 -0.51, -0.036
,,,,,,,,,,,,,, Attend*Drug*SOA 417 573,140 006 214,237 178  -1.23,496  -0.06  -0.28,0.14
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