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Stratified medicine approaches have potential to improve the efficacy of drug

development for schizophrenia and other psychiatric conditions, as they have for

oncology. Latent inhibition is a candidate biomarker as it demonstrates differential

sensitivity to key symptoms and neurobiological abnormalities associated with

schizophrenia. The aims of this research were to evaluate whether a novel latent

inhibition task that is not confounded by alternative learning effects such as learned

irrelevance, is sensitive to (1) an in-direct model relevant to psychosis [using 7.5% carbon

dioxide (CO2) inhalations to induce dopamine release via somatic anxiety] and (2) a

pro-cognitive pharmacological manipulation (via nicotine administration) for the treatment

of cognitive impairment associated with schizophrenia. Experiment 1 used a 7.5% CO2

challenge as a model of anxiety-induced dopamine release to evaluate the sensitivity

of latent inhibition during CO2 gas inhalation, compared to the inhalation of medical

air. Experiment 2 examined the effect of 2mg nicotine administration vs. placebo on

latent inhibition to evaluate its sensitivity to a potential pro-cognitive drug treatment.

Inhalation of 7.5% CO2 raised self-report and physiological measures of anxiety and

impaired latent inhibition, relative to a medical air control; whereas administration of

2mg nicotine, demonstrated increased latent inhibition relative to placebo control.

Here, two complementary experimental studies suggest latent inhibition is modified by

manipulations that are relevant to the detection and treatment of schizophrenia. These

results suggest that this latent inhibition task merits further investigation in the context of

neurobiological sub-groups suitable for novel treatment strategies.

Keywords: schizophrenia, biomarker, latent inhibition, carbon dioxide challenge, nicotine

INTRODUCTION

The biological heterogeneity of schizophrenia continues to be a major obstacle for clinical practice
and the development of novel drug treatments. A non-invasive biomarker to define sub-groups
of patients with common neurobiological underpinnings would improve detection, diagnosis
and the efficacy of drug development. Abnormal attention is a core deficit of schizophrenia
that is commonly modeled pre-clinically using a latent inhibition paradigm (1–4) which may
have potential in this regard. In latent inhibition, a stimulus is rendered irrelevant by mere
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exposure, before being established as a cue for an outcome.
Latent inhibition is observed when participants learnmore slowly
about the preexposed cue than a non-preexposed control cue
during a subsequent test of learning (5). Theoretical analyses of
latent inhibition have focused upon an attentional explanation—
proposing that during preexposure, attention diminishes to the
preexposed stimulus so that, subsequently, participants take
longer to learn the association between this stimulus and the
outcome than the non-preexposed cue (6–8).

Disrupted latent inhibition is widely observed in
schizophrenia [for a review see (9)] and can happen in two
distinct ways: (1) An attenuation of latent inhibition, in which
the difference in the rate of learning to the preexposed and
non-preexposed stimuli is reduced (and we posit a disrupted
ability to reduce attention to the preexposed/irrelevant stimulus).
(2) An enhancement of latent inhibition in which the difference
in the rate of learning to the preexposed and non-preexposed
cues is increased (and we posit an enhanced ability to reduce
attention to the preexposed/irrelevant stimulus). Latent
inhibition thus provides a measure of the balance between these
two extremes of attentional processing, which together, are
thought to underpin the key symptoms of schizophrenia (4, 10).
Attenuated latent inhibition is deemed particularly relevant
to the positive symptoms (i.e., hyper-dopaminergic state) of
the disorder; with an inability to reduce attention to irrelevant
information driving a psychotic state. Whereas enhanced latent
inhibition is related to the negative and cognitive symptoms [i.e.,
cholinergic and hypo-glutamatergic; see (11)]; where augmented
reduction in attention to the preexposed stimulus is considered
a reflection of an inability to switch attentional responding and
learn that the preexposed stimulus is now a predictor of an
outcome (9).

In line with the well-known dopaminergic contribution to
psychosis (12, 13), rats treated with amphetamine show an
attenuation of latent inhibition (14, 15) which is successfully
reversed by dopamine-blocking antipsychotic drugs [for a review
see (10)]. This has been replicated in humans [see (10, 11)],
providing support for amphetamine-induced disrupted latent
inhibition as a model of positive symptoms of schizophrenia. In
contrast to dopaminergic effects, and in line with the idea that
glutamatergic and cholinergic signaling drives the negative and
cognitive symptoms of schizophrenia, NMDA antagonists (i.e.,
MK801) that inhibits glutamate as well as nicotinic acetylcholine
receptors (nAChRs) (16) have demonstrated an opposing effect,
producing enhancement (excess) of latent inhibition in humans
and animals [(10); but see (17)].

The existence of dissociable forms of perturbation in
latent inhibition is supported by observations of attenuated
latent inhibition in acutely psychotic patients experiencing
positive symptoms [e.g., (18–21)], and an enhancement of
latent inhibition demonstrated in patients experiencing a
predominance of negative and cognitive symptoms (9, 20,
22–24). As these attentional manifestations can be mapped
onto underlying neural systems considered dysfunctional in
schizophrenia, latent inhibition lends itself as a potential
tool for detecting patients with different neurochemical states
and symptomologies.

As anti-psychotic treatments are largely ineffective at
treating the negative and cognitive symptoms of schizophrenia
(25–27), many attempts have been made to develop non-
dopaminergic treatments for cognitive impairment associated
with schizophrenia. Several of these efforts have emphasized the
α7 subtype of nAChRs due to the preponderance of patients
with schizophrenia who self-medicate with nicotine to manage
cognitive and negative symptoms and the side effects of anti-
psychoticmedications [(28), but see (29)]. This hypothesis is built
on evidence that nicotinic receptor signaling is fundamentally
decreased in individuals experiencing schizophrenia, and thus
patients are using the most readily available method for
pharmacologically targeting this system in an attempt to restore
signaling to appropriate levels (30).

In humans, reports of the effects of nicotine on latent
inhibition are however limited. Thornton et al. (31) reported that
nicotine failed to affect latent inhibition in non-smokers who
were tested following subcutaneous administration of nicotine,
vs. a placebo-treated control group. Although, in a group of
smokers vs. non-smokers, Della Casa and Feldon (32) reported
that latent inhibition was enhanced. Pre-clinically however,
a α7-nAChR partial agonist, SSR180711, has been shown to
reinstate latent inhibition following administration of the NMDA
receptor antagonist MK801 (33), as well as improve attention
and memory performance. Furthermore, α7-nAChR agonists
have been shown to improve P50 attentional gating deficits
as well as cognitive performance on measures of sustained
attention, measured by the Cambridge Neuropsychological
Test Automated Battery (CANTAB) in patients with chronic
schizophrenia (34). Additional evidence supports a moderate
correlation between P50 and latent inhibition [r > 0.6 (35)].
With the pro-cognitive potential of nicotine-enhancing agents
for the treatment of cognitive impairment associated with
schizophrenia, the current study aimed to investigate the
sensitivity of a novel latent inhibition task [see (36)] to nicotine
exposure vs. placebo in non-smoking individuals. Treatment
of improved attentional filtering (enhanced latent inhibition)
following nicotine vs. placebo treatment could provide evidence
to determine the future research and potential clinical validation
of this latent inhibition task that may serve as a potential tool
to identify patients with schizophrenia most likely to benefit
cognitively from a nicotinic-based treatment.

This study aimed to evaluate the sensitivity of latent inhibition
to both clinically-relevant (dopaminergic) and pro-cognitive
pharmacological (nicotinic) manipulations. Experiment 1
explored the sensitivity of the latent inhibition task to a 7.5%
carbon dioxide (CO2) challenge as a model of anxiety-induced
dopamine release. Given evidence that the 7.5% CO2 challenge
is accepted as a robust method to induce state anxiety (37, 38)
and state anxiety increases dopamine release (39, 40), it was
hypothesized that latent inhibition would be attenuated during
the CO2 gas inhalation, compared to inhalation of medical
air, in a single-blind crossover design in healthy volunteers.
Experiment 2 conversely explored the sensitivity of the latent
inhibition task to a pro-cognitive model relevant to the
treatment of cognitive impairment associated with schizophrenia
by examining the effect of nicotine administration on latent
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inhibition. It was hypothesized that latent inhibition would be
increased (i.e., improved attentional filtering) following nicotine
administration, compared to placebo, in a single-blind crossover
design in non-smoking healthy volunteers.

EXPERIMENT 1: EFFECTS OF 7.5%
CARBON DIOXIDE INHALATION ON
LATENT INHIBITION

Materials and Methods
Design
In experiment 1, 30 healthy volunteers were administered either
7.5% CO2 or medical air to induce dopamine release via
induction of state anxiety, in a single-blind crossover design, with
30-min washout between gas inhalations. The gas orders were
counterbalanced across participants.

Participants
Thirty non-smoking healthy volunteers were recruited from the
University of Bristol and the local community via email lists,
poster, and fllier advertisements and the Tobacco and Alcohol
Research Group newsletter and website. The exclusion criteria
were age under 18 or over 50 years, daily smoking, history of
drug/alcohol dependency, pregnancy or breast feeding, recent
use of prescribed or illicit drugs, uncorrected visual or hearing
problems, diagnosed medical illness, and not being registered
with a general practitioner. Pregnancy and recent drug use
were assessed by urine screen, whereas all other criteria were
confirmed by self-report. Participants were also excluded if
they had high systolic or diastolic blood pressure (SBP/DBP)
(<140/90 mmHg), bradycardia or tachycardia (<50 or >90
beats per min), or a body mass index (BMI) outside a healthy
range (<18 or >30 kg/m2) (all physically assessed). Psychiatric
health was assessed using a truncated MINI International
Neuropsychiatric Interview (41). Participants refrained from
consuming alcohol for 36 h prior to the study day. Expired
breath alcohol and carbon monoxide readings were taken, and
participants were to be excluded if the readings were >0 or ≥10,
respectively. No candidate participants had to be excluded from
the research. The study was approved by the University of Bristol,
Faculty of Science Research Ethics Committee. Sample size was
determined based on a previous study of a similar nature (38).

Gases and Questionnaires
The gases were 7.5% CO2 or medical air (21% oxygen; BOC
Ltd.). These were administered using an oro-nasal mask (Hans
Rudolph, Kansas City, MO, USA). Questionnaires included
the State-Trait Inventory for Cognitive and Somatic Anxiety
(STICSA) (42), Positive and Negative Affect Schedule (PANAS)
(43), and the Oxford-Liverpool Inventory of Feelings and
Experiences as a measure of schizotypy to ensure baseline
schizotypy scores were within normative range [O-LIFE (44)].

Latent Inhibition Task
A modification of Granger et al.’s (36) latent inhibition task
was used and delivered via the CANTAB Connect web-based
software platform. Two equivalent versions of the task were used

(one during each gas inhalation). Each participant completed
the task on a 17-in. LCD monitor at a resolution of 1,280 ×

1,024 with a 60-Hz refresh rate. The latent inhibition task was
accessed via a web-based link that directed participants to the
CANTAB Connect platform-hosting site for the task and data
collection. Stimuli were white capital-letters in Arial-font (7mm
× 5mm; h × w) presented for 1,000ms each on the computer-
screen with a black background. There were two versions of the
task to enable repeat testing that were counterbalanced across
participants. For version 1, the stimulus-letters were S and H;
one of the letters served as the preexposed stimulus and the
other was the non-preexposed stimulus, counterbalanced across
participants. The target was the letter X, with filler-letters D, M,
T, and V; see Figure 1 for an example. For version 2, the stimulus
letters were R and O, and again one of the letters served as
the preexposed stimulus and the other was the non-preexposed
stimulus, counterbalanced across participants. The target was the
letter Z, with filler-letters F, N, K, and A.

Each version of the task had two stages: Preexposure and Test.
After reading an information sheet and signing a consent form,
the following instructions were presented to participants on the
computer monitor prior to the task:

“In this task you will see a sequence of letters appearing on the

screen. Your task is to press the response button at the bottom of

the screen each time the current letter is the same as the one that

was presented before last, which is 2 positions back in the sequence.

Otherwise, do not respond. When this task ends, you will be given a

new set of instructions. Press the arrow below when you are ready

to begin.”

During the preexposure stage the preexposed stimulus was
presented 20 times, intermixed in a random order with
presentations of filler letters each of which was presented 15
times; each stimulus was presented for 1,000ms separated by
a 150ms inter-stimulus interval. The non-preexposed stimulus
and target letter (X or Z) were not presented during the
preexposure stage. Following completion of the pre-exposure
phase, participants were presenting with a new set of instructions
prior to the test phase:

“In this task you will see a sequence of letters appearing on the

screen. Your task is to try and predict when a letter ’X’ is going to

appear. If you think you know when the ’X’ will appear then you

can press the response button early in the sequence, which is before

the ’X’ appears on screen. Alternatively, if you are unable to do this

please press the response button as quickly as possible when you see

the letter ’X’. There may be more than one rule that predicts the

’X’. Please try to be as accurate as you can, but do not worry about

making the occasional error. If you understand the task, please press

the arrow below when you are ready to begin.”

The test stage instructions were the same for the second version
of the latent inhibition task but with the instruction to predict
the letter “Z” rather than “X.” For the test stage, the preexposed
stimulus and the non-preexposed stimulus were each presented
20 times followed by a 1,000ms presentation of the target
stimulus. There were also 20 non-cued presentations of either “X”
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FIGURE 1 | Experimental design and example stimuli for the test stage of the latent inhibition task. Each trial comprised a 1,000ms presentation of a stimulus

separated by an inter-stimulus interval (ISI) of 150ms. Participants were required to use the computer mouse to click the button on-screen either when the target

stimulus “X” appeared on screen, or before it appeared if they could predict it as the next letter in the sequence. The preexposed (PE) and non-preexposed (NPE)

stimuli were counterbalanced across participants. Numbers in parentheses in the insert refer to trial frequencies.

or “Z” during which the target was preceded by one of the four
filler letters, each of which preceding the target five times. In total
there were 64 presentations of the filler letters throughout the test
phase. The whole task lasted 7 min.

Reaction times (RTs) in the test stage were recorded from
the onset of the preexposed and non-preexposed stimulus that
preceded the target letter (X or Z) for each participant. Each
stimulus was presented for 1,000ms separated by a 150ms inter-
stimulus interval. Reaction times could range from 0 to 2,150ms;
reaction times <1,150ms, indicated participants predicted the
occurrence of the target as the next letter in the sequence.
Whereas, reaction times between 1,150 and 2,150ms, indicated
participants responded to the target when it appeared on screen.
Median reaction times for responses to the preexposed and non-
preexposed stimuli were calculated for each participant as the
median is less biased by extreme values compared to the mean.
Correct responses were also calculated for each individual. If the
participant had predicted the target (i.e., they had pressed the
spacebar on the letter immediately preceding the target) it was
deemed that this was a correct response. For each participant
the number of correct responses to the preexposed and non-
preexposed stimuli were counted separately for each stimulus
type (preexposed and non-preexposed).

Procedure
Prior to the session, a telephone screen assessed basic eligibility.
Eligible participants attended a single test session, at which
full written informed consent was obtained and further
screening assessments were conducted. If eligibility was met,
baseline questionnaire (STICSA, PANAS, and O-LIFE) and
cardiovascular [blood pressure (BP) and heart rate (HR)]
measures were recorded. The inhalation began with 60 s of
free breathing before the tasks were started (this allowed for

the gas to start taking effect before data collection began).
Inhalations then continued for the duration of the latent
inhibition task (up to 20min for each inhalation). Immediately
after each inhalation, measures of BP, HR, STICSA, and
PANAS were completed, and there was a 30-min washout
period between gas inhalations. The second inhalation followed
the same procedure as the first. After the inhalations were
complete, participants remained in the room for a minimum
of 20min, to allow any effects to dissipate. Participants were
then debriefed and reimbursed £20. A follow-up call was
conducted 24 h later to assess whether any adverse events
had occurred.

Results
Characteristics of Participants
The participants (n = 18; 60% female) were between 19 and
32 years of age (M = 23, SD = 3.4). STICSA state and trait
baseline scores ranged between 21 and 50 (M = 28, SD = 7)
and between 2 and 31 (M = 25, SD = 5), respectively. Baseline
PANAS scores ranged between 21 and 43 (M = 25, SD = 5)
and for the sub-dimensions of O-LIFE: Unusual Experiences
(positive schizotypy); 0 and 19 (M = 4, SD = 5), Cognitive
Disorganization; 0 and 18 (M = 7, SD = 6), Introvertive
Anedonia (negative schizotypy); 1 and 11 (M = 4, SD = 3)
Impulsive Non-conformity; 0 and 11 (M = 6, SD = 2). O-
LIFE scores were relatively comparable to normative values and
those reported in previous studies (44) demonstrating baseline
schizotypy scores representative of a healthy sample.

Subjective and Cardiovascular Effects
State anxiety (STICSA), negative affect (PANAS-negative), SBP,
DBP, and HR were higher, and positive affect (PANAS-positive)
was lower, after CO2 than after medical air inhalation (see
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TABLE 1 | State anxiety, affect, and cardiovascular function show significant differences during CO2 vs. air inhalation (paired t-test comparisons).

Mean difference

(SD): CO2 vs. air

Effect size (Cohen’s d) df 95% CI p-value

STICSA state 10.33 (11.11) 0.95 29 −6.18 to −14.48 0.001

PANAS-positive −5.23 (4.92) 0.67 29 7.07–3.39 0.001

PANAS-negative 2.73 (3.76) 0.55 29 −1.33 to −4.13 0.001

Systolic BP 9.77 (10.67) 0.75 29 −5.79 to −13.75 0.001

Diastolic BP 1.60 (4.11) 0.18 29 −0.07 to −3.14 0.041

Heart rate 8.27 (10.57) 0.64 29 −4.32 to −12.21 0.001

STICSA, State-Trait Inventory for Cognitive and Somatic Anxiety; PANAS, Positive and Negative Affect Schedule; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR,

heart rate.

FIGURE 2 | The mean reaction time to the target cued by preexposed stimuli and non-preexposed stimuli in the test stage of the latent inhibition task. Successful

effect of latent inhibition is seen in the medical air condition, but attenuated or reversed during CO2 inhalation. Error bars are 1± within-subject standard error of the

mean [see (45)].

Table 1), confirming the validity of the manipulation to induce
state anxiety. Importantly, at baseline, there were no significant
differences between conditions (CO2 vs. medical air) for any
subjective or cardiovascular event using independent sample
t-tests (all p > 0.45).

Latent Inhibition: Reaction Time
Figure 2 shows the group mean of individual median reaction
times to the target (X or Z) across the 20 test trials for the
preexposed and non-preexposed stimuli. For the medical air
condition, it can be seen that reaction times were slightly faster
during the non-preexposed than the non-preexposed stimulus
trials, indicating successful induction of the expected latent
inhibition effect. In the CO2 condition however, the effect is,
if anything, in the reverse direction indicating slightly faster

reaction times to the preexposed stimulus. This impression
was explored using a 2 (stimulus: preexposed, non-preexposed)
× 2 (gas: CO2, medical air) repeated measures analysis of
variance (ANOVA) on individual median reaction times, which
revealed a significant main effect of stimulus F(1, 29) = 7.718,
p = 0.009, partial η² = 0.210 indicating an overall effect of
latent inhibition; there was no significant main effect of gas (F
< 1). Pre-planned comparisons revealed a significant effect of
stimulus in the medical air F(1, 29) = 8.440, p = 0.0017 partial
η² = 0.225 but not the CO2 condition F(1, 29) = 1.875, p =

0.181; confirming an effect of latent inhibition observable in
the anticipated direction in the medical air condition, and an
absence of this effect, in the CO2 condition, see Figure 2. The
overall 2-way interaction (stimulus × gas) was however not
significant (F < 1).
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FIGURE 3 | The mean number of correct responses to the target cued by preexposed stimuli and non-preexposed stimuli in the test stage of the latent inhibition task.

Successful effect of latent inhibition is seen in the medical air condition, but attenuated or reversed during CO2 inhalation. Error bars are 1± within-subject standard

error of the mean [see (45)].

Latent Inhibition: Correct Responses
Figure 3 shows the group mean of individual correct responses
to the target (X or Z) across the 20 test trials with the preexposed
and non-preexposed stimuli. For the medical air condition, it
can be seen that correct responses were higher for the non-
preexposed than the preexposed stimulus trials, illustrating a
potential effect of latent inhibition. In the CO2 condition, by
contrast, the amount of correct responses to both preexposed
and non-preexposed stimuli appear relatively equal, indicating
an absence of latent inhibition. This impression was confirmed
with pre-planned comparisons revealing a significant effect of
stimulus (preexposed vs. non-preexposed) only in the medical
air condition, F(1, 29) = 5.805, p = 0.023, partial η² = 0.167,
indicating the presence of latent inhibition. There was no
significant effect of stimulus in the CO2 condition F(1, 29) = 0.011,
p = 0.919, indicating the absence of this effect (see Figure 3) in
this sample of participants. There was however no overall main
effect of stimulus F(1, 29) = 2.690, p = 0.112 or of gas using a 2
(stimulus: preexposed, non-preexposed) × 2 (gas: CO2, medical
air) repeated measures ANOVA but the overall 2-way interaction
between stimulus × gas approached significance F(1, 29) = 3.554,
p= 0.069, partial η²= 0.109.

Discussion
Experiment 1 was successful in using 7.5% CO2 inhalation
vs. medical air inhalation to induce state anxiety with results
were in the anticipated direction: state anxiety measured by the
STICSA (42) was significantly higher following CO2 inhalation

with a large Cohen’s d effect size. In addition, negative affect
as measured by the PANAS (43), heart rate, systolic and
diastolic blood pressure were all significantly higher following the
inhalation of CO2, with generally large effect sizes. The validity of
this manipulation to induce state anxiety is in line with previous
research findings [see (38)].

Using both reaction time and correct response data, the
results indicated that an effect of latent inhibition (faster/better
learning to the non-preexposed stimuli compared to the
preexposed stimuli) was only observable during the inhalations
of medical air. During the 7.5% CO2 inhalations, the effect of
latent inhibition was absent, which was particularly prominent
when correct responses were used as the dependent variable.
Interestingly, the absence of the latent inhibition effect in the CO2

condition seems to be primarily driven by a reduction in learning
to the non-preexposed stimulus, indicating an observation of an
induced learning deficit by CO2 exposure. The lack of overall
interaction however between latent inhibition and gas condition
is potentially due to a lack of power, as the sample size of
the current study was relatively small. To increase the power
of the study e.g., to 95%, we recommend the use of N = 40
in future studies to obtain a moderate effect size of dz = 0.6
at an alpha level of 5%. The direction of the current results
nevertheless provide support for the Experiment 1 hypothesis
and existing research that reports an absence and/or attenuation
of latent inhibition under state anxiety, and by extension,
augmented dopaminergic conditions relevant to schizophrenia
[e.g., (10, 18–21)].
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EXPERIMENT 2: EFFECTS OF NICOTINE
ON LATENT INHIBITION IN
NON-SMOKERS

Materials and Methods
Design
To assess the sensitivity of latent inhibition to a pro-cognitive
pharmacological manipulation, Experiment 2 evaluated latent
inhibition in healthy non-smoking volunteers who received a
2mg dose of nicotine or placebo in a single-blind crossover
design with 2-day washout between treatment administrations.

Participants
Twenty non-smoking healthy volunteers were recruited from
among members of the University of Bristol and the local
community via email lists, poster and fllier advertisements and
the Tobacco and Alcohol Research Group newsletter and website.
Non-smokers were defined as not having smoked in the past
12 months, and not smoked more than 100 cigarettes in their
lifetime. The exclusion criteria were age under 18 or over 50
years, pregnancy or breast feeding, recent use of prescribed or
illicit drugs, uncorrected visual or hearing problems. Participants
refrained from consuming alcohol for 24 h prior to the study
day and were required to refrain from caffeine consumption
on test days prior to assessments. Expired breath alcohol and
carbon monoxide readings were taken, and participants were to
be excluded if the readings were >0 or ≥10, respectively. No
candidate participants had to be excluded from the research.
The study was approved by the University of Bristol Faculty Of
Science Research Ethics Committee. Sample size was determined
based on a previous study of a similar nature (46).

Questionnaires and Latent Inhibition Task
A 12-item visual analog scale (VAS) was used to assess
aversive effects of nicotine (nausea, dizziness, sweatiness, light-
headed, nervous, headache, heart racing, indigestion, tight-
throat, increased saliva, change in taste, fatigue), which relate
to the most common side effects associated with acute nicotine
administration reported in previous studies (47, 48). Additional
questionnaires included the STICSA as measure of state and trait
anxiety (42) and the O-LIFE as measure of schizotypy (44) to
ensure baseline schizotypy scores were within normative range.
The modified version of the Granger et al. (36) latent inhibition
task was used, as described in Experiment 1.

Procedure
Eligible participants attended two sessions (minimum 2 days
apart) at approximately the same time of day. After providing
informed consent at the first testing session, further screening
assessments were conducted and an expired CO test using
a piCO smokelyser (Bedfont Scientific Ltd.) was used to
rule out recent smoking. Baseline questionnaire measures
(VAS, O-LIFE and STICSA) were then completed, after which
participants were administered either 2mg nicotine mouth spray
or placebo (peppermint mouth spray, Boots UK). Treatment
administration was single-blind and order of administration was
counterbalanced across participants. Following administration,
participants were required to sit quietly for 30min to allow

peak plasma nicotine levels to be reached. After which, the
latent inhibition task was completed, followed by the self-report
questionnaires. Prior to the second session, there was a washout
period for a minimum of 2 days. The second session followed
the same procedure as the first but delivered the alternative
treatment (i.e., nicotine or placebo). At the end of the second
session participants were debriefed and reimbursed £30.

Results
Characteristics of Participants
The participants (n = 12; 60% female) were between 18 and
39 years of age (M = 23, SD = 4.6). STICSA trait baseline
scores ranged between 22 and 42 (M = 31, SD = 6) and
the sub-dimensions of O-LIFE between: Unusual Experiences
(positive schizotypy); 0 and 15 (M = 5, SD = 4), Cognitive
Disorganization; 0 and 18 (M = 8, SD = 6), Introvertive
Anhedonia (negative schizotypy); 1 and 19 (M = 7, SD = 5)
Impulsive Non-conformity; 1 and 14 (M = 6, SD = 3). O-
LIFE scores were relatively comparable to normative values and
those reported in previous studies (44) demonstrating baseline
schizotypy scores representative of a healthy sample.

Subjective Effects (Nicotine vs. Placebo)
State anxiety (STICSA) and each of the VAS scores were higher
after nicotine than after placebo (see Table 2), indicating that
participants experienced the commonly experienced aversive
effects of nicotine administration. At baseline, there were no
significant differences between treatment groups (nicotine vs.
placebo) for any of the subjective self-report measures (STICSA
and VAS scores), derived using independent sample t-tests
(all p > 0.07).

Latent Inhibition: Reaction Time
Figure 4 shows the group mean of individual median reaction
times to the target (X or Z) across the 20 test trials with
the preexposed and non-preexposed stimuli. For the nicotine
condition, reaction times were faster during the non-preexposed
than the preexposed stimulus trials, indicating an effect of latent
inhibition compared to the placebo group. This impression was
explored using a 2 (stimulus: preexposed, non-preexposed) ×

2 (treatment: nicotine, placebo) repeated measures ANOVA on
individual median reaction times, which revealed a significant
main effect of stimulus F(1,19) = 6.246, p = 0.002, partial η² =
0.247, indicating an overall effect of latent inhibition; there was
no main effect of treatment (F < 1). Pre-planned comparisons
revealed a significant effect of stimulus only in the nicotine
treatment F(1,19) = 7.288, p= 0.014, partial η²= 0.277, indicating
an effect of latent inhibition. There was however no significant
effect of stimulus in the placebo arm (F < 1), see Figure 4,
indicating an absence/reduction of the effect compared to the
nicotine treatment. The overall 2-way interaction (stimulus ×

treatment) was however not significant (F < 1).

Latent Inhibition: Correct Responses
Figure 5 shows the group mean of individual correct responses
to the target (X or Z) across the 20 test trials with the
preexposed and non-preexposed stimuli. For the nicotine
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TABLE 2 | State anxiety and subjective measures demonstrate anticipated aversive effects of 2mg nicotine vs. placebo in non-smokers (paired t-test comparisons).

Mean difference (SD):

nicotine vs. placebo

Effect Size (Cohen’s d) df 95% CI p-value

STICSA state 3.25 (5.53) 0.54 19 0.66–5.84 0.017

Dizziness 23.60 (28.98) 1.11 19 10.04–37.16 0.002

Fatigue 1.85 (14.02) 0.08 19 −4.71–8.41 0.562

Headache 8.10 (20.26) 0.35 19 −1.38–17.58 0.090

Heart racing 11.00 (15.25) 0.69 19 3.86–18.14 0.004

Indigestion 2.45 (8.65) 2.44 19 −1.60–6.50 0.221

Nausea 13.90 (24.56) 0.74 19 2.41–25.39 0.020

Nervousness 7.90 (19.49) 0.54 19 −1.22–17.02 0.086

Salivation 7.65 (15.89) 0.38 19 0.21–15.09 0.044

Sweatiness 11.20 (19.47) 0.77 19 2.09–20.31 0.019

Taste 10.05 (20.75) 0.51 19 0.34–19.76 0.043

Throat-tightness 22.45 (31.41) 1.00 19 7.75–37.15 0.005

STICSA, State-Trait Inventory for Cognitive and Somatic Anxiety.

FIGURE 4 | The mean reaction time to the target cued by preexposed stimuli and non-preexposed stimuli in the test stage of the latent inhibition task. A potentiation

of latent inhibition is seen in the nicotine treatment arm which is reduced for the placebo arm. Error bars are 1± within-subject standard error of the mean [see (45)].

treatment arm, correct responses were higher for the non-
preexposed than the preexposed stimulus trials, indicating an
effect of latent inhibition that appears increased relative to the
placebo treatment arm. This impression was explored using
a 2 (stimulus: preexposed, non-preexposed) × 2 (treatment:
nicotine, placebo) repeated measures ANOVA on individual
correct responses, which revealed a significant main effect of
stimulus F(1, 19) = 7.563, p= 0.013, partial η²= 0.285 indicating
an overall effect of latent inhibition; there was no significant main
effect of treatment (F < 1). Pre-planned comparisons revealed
a significant effect of stimulus only in the nicotine treatment

arm, F(1, 19) = 6.717, p = 0.018, partial η² = 0.261, indicating
an effect of latent inhibition. There was however no significant
effect of stimulus in the placebo arm (F < 1), see Figure 5. The
overall 2-way interaction (stimulus × treatment) was however
not significant (F < 1).

Discussion
This experiment confirmed that nicotine (vs. placebo) induced
the commonly experienced aversive effects in non-smokers [cf.
(49)], in particular, state anxiety, racing heart, nervousness,
sweatiness, and throat-tightness. Both reaction time and correct
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FIGURE 5 | The mean number of correct responses to the target cued by preexposed stimuli and non-preexposed stimuli in the test stage of the latent inhibition task.

A potentiation of latent inhibition is seen in the nicotine treatment arm which is reduced for the placebo arm. Error bars are 1± within-subject standard error of the

mean [see (45)].

response data confirmed an overall effect of latent inhibition.
Nicotine treatment appeared to produce a greater degree of
latent inhibition than the placebo arm (see Figure 5 in particular)
indicated by the significant effect of stimulus relative to nicotine
administration but not placebo. Whilst the effect of stimulus in
the placebo arm was not significant, the anticipated direction
of effect for latent inhibition was observable (in particular more
correct responses to the non-preexposed stimuli, compared to the
preexposed stimuli; Figure 5). This lack of/small demonstration
of latent inhibition in the placebo arm could potentially be
a result of participant’s anticipation of receiving nicotine,
generating a compensatory response that is agonistic to the
normal effect of nicotine [see e.g., (50)]. In line with this,
the anticipatory effect would then also presumably be present
in the nicotine treatment condition, but overcome by the
pharmacological effect of nicotine itself, as illustrated by the
presence of latent inhibition. The statistical exploration of this
in the current study e.g., by exploring the order effects of
treatment administration on latent inhibition is not however
attainable due to restrictions on sample size. To increase the
power of the study e.g., to 95%, we recommend the use of N
= 40 in future studies to obtain a moderate effect size of dz =

0.6 at an alpha level of 5%. Nevertheless, the current finding
which illustrates an observable effect of latent inhibition from
nicotine administration, compared to placebo, provides support
for existing research [e.g., (31)]. It would be of interest for future
research to explore differences in latent inhibition to e.g., 2
vs. 4mg of nicotine to establish dose sensitivity of the latent

inhibition effect. In addition, to further understand the effects of
nicotine on latent inhibition, a larger future research study could
recruit smokers and non-smokers to evaluate whether a reduced
effect of latent inhibition potentiation by nicotine is observed in
those who already smoke cigarettes, compared to those who do
not [cf. (51)].

General Discussion
Inhalation of 7.5% CO2 raised self-report and physiological
measures of anxiety and impaired latent inhibition compared
to medical air control; whereas administration of nicotine
demonstrated an increased effect of latent inhibition, compared
to placebo control. Given supporting evidence that state anxiety
increases dopamine (39, 40), the aim of Experiment 1 was to
explore the sensitivity of the modified latent inhibition task (36)
to an in-direct model relevant to psychosis (positive symptoms
associated with schizophrenia) by using the 7.5% CO2 challenge
as a way to stimulate dopamine release via induction of state
anxiety. In contrast, Experiment 2 aimed to explore the sensitivity
of latent inhibition to a pro-cognitive model relevant to the
treatment of cognitive impairment associated with schizophrenia
by examining the effect of nicotine administration on latent
inhibition vs. placebo. The results from these initial experiments
suggest latent inhibition warrants further investigation as a
potential biomarker for schizophrenia [see also (24)].

Given the sensitivity of latent inhibition to dopaminergic
manipulations as seen from existing research [see (10)], and
by corollary underlying dopaminergic perturbations observed
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in psychosis patients (9), further studies should assess whether
latent inhibition can be used as a tool to help identify patients
and also accelerate or rationalize treatment strategies for patients
with psychotic disorders to support decision making. With no
biomarker currently available to identify, for example, individuals
at ultra-high risk (UHR) for developing psychosis, a means to
do so would allow anti-psychotic treatment to be initiated at an
earlier stage to reduce the risk of conversion to a full-blown state
of psychosis. Currently, treatment for psychosis is not initiated
until the first full episode of the disorder emerges (52), and is
thus rarely (if at all) provided to UHR individuals. Given existing
research supporting the sensitivity of latent inhibition, it has the
potential, with further clinical validation, to act as a surrogate
marker to detect underlying neurotransmitter perturbations
and provide a non-invasive proxy measure of e.g., hyper-
dopaminergic state to identify which individuals would, along
biological lines, be suited to receiving a dopamine blocker (the
mainstream anti-psychotic treatment) to remediate psychosis, or
a non-dopaminergic alternative. Considering around one third
of patients are also classified as treatment resistant [see (53)], it
is a major clinical need to identify ways for patients to be fast-
tracked to an appropriate treatment, ideally at initial diagnosis
depending upon their neurobiology. Experimental investigations
should continue to focus on this in future research, particularly
as specialist clinical services are well-placed to benefit from novel
means for better identification and/or early treatment options for
affected individuals.

The effect of latent inhibition by nicotine administration
compared to placebo observed in Experiment 2, provides
encouraging support for existing research demonstrating a
potentiation of latent inhibition in smokers compared to non-
smokers (32) and for preclinical findings that demonstrate
demonstrating pro-cognitive effects of an α7-nAChR partial
agonist, SSR180711 using latent inhibition as a model to
demonstrate treatment efficacy [see (33)]. Given the sensitivity
of latent inhibition to cholinergic manipulations and associated
neurobiological disruptions, future research should investigate
the sensitivity of latent inhibition as a stratification tool to
identify the sub-population of patients with schizophrenia that
could benefit from pro-cognitive treatment with a α7-nAChR
agonist. Despite the biological complexity and heterogeneity
of schizophrenia, inclusion criterion for previous clinical trials
investigating these potentially pro-cognitive drugs have relied on
subjective diagnoses and self-report measures (i.e., the Diagnostic
and Statistical Manual of Mental Disorders, 5th Edition: DSM-
5). Since DSM-5 criteria neither determine the presence of
cognitive impairments cognitive ability nor classify according

to underlying neurobiological abnormalities, it is not surprising
that these drugs have failed to universally improve cognition
among such a heterogeneous group. To date, 87 novel agents have
been unsuccessfully trialed for cognitive impairment associated
with schizophrenia [see (54)]: a tool to enhance the prediction
of treatment efficacy for a core area of schizophrenia where no
treatments currently exist has the potential to greatly improve the
chances of an effective drug becoming available.

Conclusions
The experiments reported here provide initial research findings
that support the potential utility and sensitivity of latent
inhibition to relevant manipulations which underpin key
neurobiological dysfunctions and symptoms associated with
schizophrenia; a tool that is sensitive to these neurobiological
states and associated treatment-induced changes holds potential
to advance schizophrenia research. Latent inhibition holds
potential promise as a biomarker/stratification tool for use in
both clinical practice and clinical development for patients that
are in need of improved means of illness detection, and improved
efficacy of treatment options and outcomes.
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