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BACKGROUND AND PURPOSE

Schizophrenia is a highly debilitating disorder characterized by hallucinations and delusions, but also impaired cognition such
as memory. While hallucinations and delusions are the main target for pharmacological treatment, cognitive impairments are
rarely treated. Evidence exists that histamine has a role in the cognitive deficits in schizophrenia, which could be the basis of
the development of a histamine-type treatment. Histamine Hs antagonists have been shown to improve memory performance
in experimental animals, but these effects have been little investigated in humans within the context of impaired cognition in
schizophrenia and using sensitive measures of brain activity. In the present study, the effects of betahistine (H; antagonist/H;
agonist) on learning and memory, and associated brain activity were assessed.

EXPERIMENTAL APPROACH

Sixteen healthy volunteers (eight female) aged between 18 and 50 years received two p.o. doses of betahistine (48 mg) or
placebo separated by 30 min, on separate days according to a two-way, double-blind, crossover design. Volunteers performed
an N-back working memory task and a spatial paired associates learning task while being scanned using a MRI scanner.

KEY RESULTS

Task-related activity changes in well-defined networks and performance were observed. No betahistine-induced changes in
brain activity were found in these networks. Alternatively, liberal whole-brain analyses showed activity changes in areas outside
task networks, like the lateral geniculate nucleus.

CONCLUSIONS AND IMPLICATIONS
Clear effects of betahistine on working memory could not be established. Future studies should use higher doses and explore
the role of histamine in visual information processing.

LINKED ARTICLES
This article is part of a themed issue on Histamine Pharmacology Update. To view the other articles in this issue visit
http://dx.doi.org/10.1111/bph.2013.170.issue-1

Abbreviations

BA, Brodmann area; EPI, echo planar imaging; FWE, family wise error; GLM, general linear model; LGN, lateral
geniculate nucleus; MNI, Montreal Neurological Institute; PAL, paired associates learning; TE, time of echo; TR, time of
repetition
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Introduction

Schizophrenia is a highly debilitating disorder and has a
lifetime prevalence of up to 0.66% affecting many people
worldwide. Its characteristic positive and negative symptoms
include delusions/hallucinations and anhedonia, which
largely prevent normal everyday functioning and have been
the focus of pharmacological treatment in the past (for
review, see, van Os and Kapur, 2009). In addition, patients
with schizophrenia suffer from impaired cognitive function,
which is characterized by deficits in attention, memory
and executive functioning. These cognitive impairments in
schizophrenia are now gaining increasing attention as a
target for treatment (Keefe and Fenton, 2007).

The main current theory describing neural deficits in
schizophrenia was proposed over 30 years ago and postulates
that altered activity in two dopamine pathways in the brain
explain both the positive and cognitive symptoms (Meltzer
and Stahl, 1976; Davis etal.,, 1991). Increased striatal
dopaminergic activity is associated with positive symptoms
such as hallucinations (Keshavan et al., 2008; Kegeles et al.,
2010). Decreased activity in the mesocortical dopamine
pathway is associated with decreased functioning of the
frontal cortex (Keshavan etal., 2008; Abi-Dargham etal.,
2012) and associated cognitive deficits, which include
impaired episodic memory, working memory and executive
functioning (Abi-Dargham et al., 2002; Weiss et al., 2007; Pae
et al., 2008).

Current pharmacological treatments are mainly based
on this dopamine hypothesis. Antipsychotics block the
dopamine D, receptor whereby dopaminergic activity at this
receptor is decreased, which effectively reduces the positive
symptoms. However, the action of existing antipsychotics
does not alleviate the cognitive symptoms (Meltzer et al.,
1999; Marder, 2006), despite atypical drugs increasing pre-
frontal dopamine release (Kuroki et al., 1999; Westerink et al.,
2001). Cognitive improvements and clinical changes appear
to be unrelated (Harvey et al., 2006), suggesting that cogni-
tive deficits are a separate target for drug treatment. There-
fore, other transmitter systems should be explored to improve
the understanding of the neural mechanisms underlying
schizophrenia symptomatology with an emphasis on cogni-
tive functions.

There is evidence that the histamine neurotransmitter
system is involved in schizophrenia (for reviews, Ito, 2004;
Vohora and Bhowmik, 2012), possibly analogous to the
dopamine system with hyper-functional neurotransmission
(Prell etal.,, 1995; Arrang, 2007; Keshavan etal.,, 2008)
and hypo-functional prefrontal neurotransmission possibly
underlying cognitive deficits. Evidence for histaminergic
hypo-functionality comes from the studies of Nakai et al.
(1991) and Iwabuchi et al. (2005), who found decreased den-
sities of histamine H; receptors. Also, Jin et al. (2009) dem-
onstrated an increase in H; receptor binding specifically in
the frontal cortex of patients with schizophrenia. When acti-
vated, the histamine H,; receptor has excitatory properties
and the H; receptor has inhibitory properties. Taken together,
these results suggest that the typical cognitive impairments
observed in schizophrenia patients could be as a result of
neuronal histaminergic hypo-functionality specifically in the
frontal cortex. Increasing frontal histaminergic activity may,
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therefore, help to alleviate the cognitive deficits of patients
with schizophrenia. As the effects of H; antagonism/inverse
agonism may be restricted to cognition, the present study
focused on testing the effects of increasing histamine trans-
mission on prefrontal cortical functioning.

During the past 10 years, the histamine H; receptor has
been studied extensively in animals for its potential to
improve cognitive functioning. Blocking the H; receptor
using H; antagonists has been shown to increase histamine
neurotransmission (Schwartz et al., 1991) and improve cog-
nitive functions in a variety of animal models (Esbenshade
etal., 2008). More specifically, in an animal model of
schizophrenia-related symptoms, H; antagonists have been
found to improve cognitive performance on tasks measuring
memory and executive functions (Ligneau etal., 2007;
Mahmood etal., 2012; for review, see Esbenshade et al.,
2008). Many H; inverse agonists/antagonists are in clinical
test trial, but unfortunately, are not freely available to estab-
lish the promising cognitive enhancing effects in humans.
However, betahistine may be useful in this respect, the effects
of which will be assessed in the present study.

Betahistine is a drug that has been used for over 40 years
to treat Meniere’s disease and acts as a H; antagonist/H,
agonist. Betahistine enters the CNS where it increases hista-
mine neurotransmission (Tighilet efal.,, 2002; 2005), and
where it may be able to enhance cognitive functioning. Beta-
histine’s effects on psychomotor performance have been
assessed in several studies. However, these studies found no
change in performance after p.o. doses ranging from 48 mg to
three times 72 mg (Betts etal.,, 1991; Gordon et al., 2003;
Banqui et al., 2008; Szabadi et al., 2009).

In contrast, Vermeeren et al. (2006) did find a small, but
significant increase in electrophysiological measures of
arousal during a vigilance task after a single dose of betahis-
tine of 64 mg suggesting (i) the presence and effects of beta-
histine in the brain, and (ii) that brain activity may be more
sensitive to drug-induced changes than behaviour. Therefore,
the aim of the present study is to determine if the adminis-
tration of betahistine leads to a change in performance on
tasks of functions known to be impaired in schizophrenia
and their associated brain activity as measured using func-
tional MRI (fMRI) in healthy volunteers.

Interestingly, Vermeeren etal. (2006) observed their
effects between 1 and 2 h after drug administration, but
observed the strongest effects between 3 and 4 h after admin-
istration. In contrast, in a previous study in which the phar-
macokinetics of betahistine were assessed, a very short fya.x
(+30 min) was observed (Obecure, Clinical Study Report,
Cinca, 2010). The relatively long-lasting effects and delayed
peak effects after administration observed by Vermeeren ef al.
(2006) may be explained by the fact that betahistine’s
metabolites also show affinity for the H; receptor (Fossati
et al., 2001), possibly causing the delayed effects. However, as
the main focus of the present paper was on betahistine’s
effects and not its metabolites, we chose to assess the effects
directly after dosing in accordance with the pharmacokinetic
data.

In the present study, it was hypothesized that betahistine
increases histamine neurotransmission and performance on
tasks depending on frontal lobe activity, which is typically
impaired in schizophrenia. To test this hypothesis, healthy
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volunteers were recruited to perform working memory and
associative learning tasks, while their brain activity was
measured using fMRI, after they had received two doses of
betahistine or placebo, each dose separated by 30 min. Beta-
histine did not induce any changes in performance or brain
activity in the task-related areas.

Methods

Volunteers

Sixteen healthy right-handed volunteers were recruited
(eight females; mean age = SEM: 24.5 = 1.0 years) by the
institution’s email ‘circulars’. Honey et al. (1999), who also
used a similar task to the one used in the present study,
observed effects of antipsychotics with only 10 subjects per
group. Since the effects of betahistine are expected to be
small, we recruited sixteen volunteers. Inclusion criteria
were a good physical and mental health, including a BMI
between 18 and 30 kg-m™, total weight between 50 and
100 kg, blood pressure between 60-90 mmHg diastolic and
100-150 mmHg systolic and QTc interval <450 ms as dem-
onstrated with a 12-lead electrocardiogram. Exclusion crite-
ria were presence or history of clinically significant
haematological, renal, endocrine, pulmonary, gastrointesti-
nal, cardiovascular, hepatic, psychiatric or neurological
diseases/disorders. This included volunteers with a history
of epilepsy or seizures and more than one febrile convulsion
or glaucoma.

Volunteers using prescription or non-prescription drugs
(except paracetamol or acetaminophen at <1 g-day', and p.o.
contraceptives for female volunteers), within 7 days or 5 half-
lives (whichever was longest) before the first dose of trial
medication, were excluded. Volunteers with a history of
regular alcohol consumption exceeding 28 drinks week™
within 6 months of screening were also excluded, (one drink
equals 5 ounces (=150 mL) of wine or 12 ounces (=360 mL)
of beer or 1.5 ounces (=45 mL) of hard liquor). Further exclu-
sion criteria were use of tobacco- or nicotine-containing
products in excess of the equivalent of five cigarettes per day,
fulfilment of any MRI contra-indications such as a history of
surgery involving metal implants, history of claustrophobia
or inability to tolerate the mock-scanner environment during
the habituation/screening session.

The study was approved by the South-East London
Regional Ethics Committee (ref. nr.: 10/H0807/82) and con-
ducted in accordance with the World Medical Association
Declaration of Helsinki and its amendments (Seoul, Korea,
2008; World Medical Association, 1964, 2008).

Study design and treatments

Volunteers received two doses of betahistine 48 mg, p.o.
[for single dose: fmasx = *= 30 min, Cpax = = 1.26 ug-mL™!
(Obecure, Clinical Study Report, Cinca, 2010)], separated by
30 min and placebo on separate days according to a two-
way double-blind crossover design. Treatment days were
separated by a washout period of at least 1 week to exclude
any carry-over effects. Treatment order was randomized and
counterbalanced.
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Procedure

Volunteers visited the test facility on three occasions. First,
volunteers were screened and trained to perform the tasks.
On treatment days, participants were instructed to have a
light breakfast at least 2 h before arrival. A urine drug screen
and a breath alcohol test were performed to test for other
drugs that might interfere with study measurements. Partici-
pant’s medical history was reviewed and a brief physical
examination was performed by a medical doctor to confirm
suitability including measurements of cardiovascular system,
respiratory systems, supine and standing blood pressure and
pulse rate.

One hour after arrival participants received a dose of
betahistine 48 mg or placebo p.o.. Participants always took
their p.o. medication with 150 mL tap water, and in the
presence of a responsible medical doctor and a research nurse
and/or investigator. After the participants indicated they had
swallowed the capsules, the inside of their mouth was
checked to ensure that the capsules have been swallowed.
The participants were then immediately positioned in the MR
scanner where clinical and structural scans were performed.
Thirty minutes after the first dose, volunteers received
another dose of 48 mg betahistine or placebo p.o.. After the
second dose, the participants performed an N-back working
memory task and a visuospatial paired associates learning
(PAL) task, which assesses spatial learning. Thereafter, the
brief physical examination was repeated to ensure volunteers
were fit to be transported home.

Tasks

Working memory. The N-back task is a stimulus detection task
with a working memory component that is parametrically
varied by memory load. This version of the N-back task is
modified from our previous version, which reliably activates
frontal and parietal regions of the brain (Caceres et al., 2009).
Volunteers were required to monitor a series of letters sequen-
tially presented in the centre of a computer screen, and to
respond by pressing the right button on a two-button box as
fast as possible with their dominant (right) hand whenever a
letter was presented that was the same as the letter presented
one, two or three trials previously (i.e. 1-back, 2-back and
3-back respectively). In the fourth (control) condition, volun-
teers had to press the button as fast as possible whenever they
detected the target letter (e.g. X; O-back). In all other cases,
volunteers pressed the left button. The relevant condition (i.e.
N-back) was indicated at the beginning of each block of trials.
Letters were presented 21 times per block for 1000 ms at a rate
of 1 per 3000 ms including 3 or 4 targets, totalling 11 targets
per N-back level. Volunteers completed blocks of 0-, 1-, 2- or
3-back trials repeated three times in pseudorandom order.
Percentage and speed of correct responses and associated
brain activity were recorded per N-back level. Total duration
of the task was approximately 6 min.

Learning. The PAL task requires learning of stimulus-
location associations and is based on the version of CANTAB
(http://www.cantab.com). Initially, six distinct patterns
appeared on the screen, one by one in a pseudorandom order.
Each pattern appeared in a different location and remained
there for 1000 ms. After the last pattern was revealed, the six
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patterns were shown one by one in the centre of the screen
for 4000 ms. Volunteers respond to each stimulus by moving
the joystick towards the position they believe to be the origi-
nal location. This cycle was presented twice more with the
same stimuli in the same locations but shown in a different
order, giving volunteers three opportunities (named first,
second and third learning block) per stimulus set to learn
stimulus-location associations. Overall, the task consisted of
six unique sets of stimuli to be learned. The control condition
involved viewing a single (previously learned) stimulus
appearing in each location followed by the same stimulus
appearing in the centre of the screen accompanied by a
grey rectangle highlighting the location to which the
joystick should be moved. The control condition was also
presented six times, controlling for the visual and motor
requirements within the same framework as the learning
conditions. The total task length was 12 min and 12 s. The
number of correct responses, reaction time and brain activity
were recorded.

Image acquisition

Volunteers were scanned using a 1.5T GE Signa scanner (GE
Healthcare, Buckinghamshire, UK) located at the Maudsley
Hospital, London, using an eight-channel head coil for radio
frequency transmission and reception. High-resolution gradi-
ent echo planar imaging (EPI) volume was acquired to assist
with image registration: 43 slices, time of repetition (TR) =
3000 ms and time of echo (TE) = 40 ms. Slices consisted of
1 mm?® voxels in a 128 x 128 matrix with a 0.3 mm gap
between the slices. The functional data for N-back and PAL
tasks were collected using an EPI sequence consisting of TR =
2000 ms and TE = 40 ms with 29 slices per volume acquired
sequentially, collected with 0.75 mm gap between slices and
a voxel size of 3 mm? in a 64 x 64 matrix. During scanning,
volunteers were asked to lie as still as possible.

Image processing

The functional data were analysed using the Statistical and
Parametric Mapping suite (SPMS8: http://www.fil.ion.ucl.ac.
uk/spm). Time series were initially corrected for slice time
acquisition and head movements were corrected by realign-
ing images to the mean image. In order to minimize the effect
of excessive movement, a threshold value was used of one
voxel (3.75 mm) for translational movement and one voxel
on the edge of the brain for rotational movement (2.53
degrees), beyond which participants were excluded if such
movements occurred on three occasions in one run. No vol-
unteers showed any excessive head movements. Functional
data were co-registered with anatomical data from the first
session. All data were transformed to a standardized space
[Montreal Neurological Institute (MNI) template] and spa-
tially smoothed using a Gaussian filter with an 8 x 8 x 8§ mm
full-width half maximum.

Statistical analyses and models

For N-Back task, performance data (correct responses and
reaction time) were analysed using a 2 x 4 factorial general
linear model (GLM) with Treatment (two levels: betahistine,
placebo) and Memory load (four levels: 0, 1, 2 and 3 back) as
factors. Main effects and interactions were further explored
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using specific contrast, with P < 0.05 as significance level. All
behavioural data were analysed using SPSS 18 software
package (SPSS Inc., Chicago, IL, USA).

For the first-level analysis of the functional data, 11
regressors were defined: O0-, 1-, 2- and 3-back, task instructions
and six movement parameters (three rotational, three trans-
lational). Thereafter, beta values were estimated and three
contrasts of interest were derived by contrasting 1-, 2- and
3-back with 0-back to be used in a second-level analysis
testing for Treatment effects and Treatment by N-back level
interactions.

Performance data from PAL (correct responses and reac-
tion time) were analysed using GLM for repeated measures
with Treatment (two levels: betahistine, placebo) and Block
(three levels: first, second and third) as within-subjects
factors. One participant performed very poorly on all trials
and the data were therefore excluded from the analysis.

Functional data during encoding and recall were sepa-
rately analysed. For the first-level analysis, 14 regressors were
defined: Control-, first, second and third block of task per-
formance and corresponding task instructions. Additionally,
six movement parameters (three rotational, three transla-
tional) were modelled. Thereafter, beta values were estimated
and three contrasts of interest were derived by contrasting
activity during the first, second and third block with the
control block.

For all functional data, second-level analysis was per-
formed to determine significant effects of task conditions and
Treatment, and their interactions. Therefore, a flexible facto-
rial ANova was set up with subject as random factor, and
Treatment and N-back (for N-back) or Block (for PAL) as
within-subject factors. To determine task networks, two
analyses were performed. First, masks were derived (P = 0.001
cluster-forming threshold and P = 0.05 cluster threshold) to
be used to test for drug effects within task networks based on
activity data obtained from an independent sample of eleven
healthy volunteers. Second, activity during the placebo
session of the volunteers included in the drug study was also
analysed to assist interpretation of any findings (because
these maps were used in a qualitative manner and to mini-
mize type II errors we used a cluster-forming threshold of P =
0.001 and included clusters of =20 voxels). Three t-contrasts
(0-back = 1-back, 0-back = 1-back, 0-back = 3-back) were
used to determine activity in regions involved in N-back
performance, as strategy might change with N-back, net-
works used might differ and activity needs to be considered
per N-back level. For the PAL task, two F-contrasts (main
effect of Block during encoding and recall) for performance in
the placebo condition were used to keep the number of com-
parisons relatively low as the each PAL condition consisted of
six blocks. An analysis was performed using N-back masks
(for 1- 2- and 3-back networks separately) and PAL masks (for
encoding and recall separately) to ascertain main treatment
effects or Treatment by N-back/Block interactions within the
respective networks. We used a P < 0.001 voxelwise, cluster-
forming threshold with multiple comparisons correction at
cluster level of P < 0.05 [family wise error (FWE)-corrected].
Given the novelty, and therefore, exploratory nature of this
study, we also report large clusters with a minimal cluster size
of 20 voxels at an uncorrected level of P < 0.001 based on a
whole-brain analysis.
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Results

Behavioural data

N-back. With increased memory load, reaction time
increased (Fs;i13 = 8.6, P < 0.002) and the number correctly
identified targets decreased (Fs;3 = 12.6, P < 0.001). Reaction
time was longer and fewer targets were identified for 2-back
compared to 1-back (Fy5=7.7, P <0.016 and F;5=7.1, P <
0.017, respectively) and for 3-back compared to 2-back (F; s =
14.8, P < 0.002 and F,,5 = 10.3, P < 0.006 respectively). There
were no significant effects of betahistine on N-back perform-
ance. Table 1 shows the means = SEM and details on main
task and drug effects and their interaction.

Paired associates learning. 'With increased blocks of encoding,
reaction time decreased (F,:3 = 61.4, P <0.001) and number of
correctly identified target locations increased (F,.3=72.1, P <
0.001) during recall. Reaction time was shorter and number
of correctly indicated locations was higher for the second
block of recall compared to the first (F; 14 =18.7, P<0.001 and
Fi14 =31.1, P < 0.001, respectively), and for the third com-
pared to the second (Fi14=47.1, P<0.001 and F;:4=3.8, P <
0.001 respectively). There were no significant effects of beta-
histine on PAL performance. Table 1 shows the mean = SEM
values and details of the main task and drug effects and their
interaction.

Table 1

Effects of treatments on N-back and PAL performance

Main effect

Imaging data

N-back. After placebo, the 1-back condition did not induce
significantly more or significantly less activity compared to
the 0-back condition in areas previously found involved in
1-back processing. In contrast, significantly increased activity
during 2-back compared to 0-back was observed in the right
superior parietal cortex [Brodmann area (BA7); t=35.28, P <
0.001], left inferior parietal cortex (BA40; t=4.13, P = 0.001),
right dorsolateral prefrontal cortex (BA4S5; t=4.09, P < 0.001)
and right middle frontal cortex (BA6; t = 3.87, P = 0.001).
Decreased activity was observed in the left precuneus (BA30;
t=6.89, P = 0.001), right middle cingulate (BA23: t = 6.06, P
= 0.001), left fusiform gyrus (BA37; t = 5.92, P = 0.001), left
superior occipital cortex (BA39; t = 5.82, P = 0.001), left
superior frontal gyrus (BA9; t = 5.60, P =< 0.001), left inferior
temporal gyrus (BA20; t = 4.22, P = 0.001) and right inferior
parietal cortex (BA48; t = 3.79, P = 0.001). Activity in the
3-back network showed a similar pattern. Activity increases
during 3-back compared to O-back were observed in right
superior parietal cortex (BA7; t=6.17, P = 0.001), left inferior
parietal cortex (BA40; t=5.41, P = 0.0001), right dorsolateral
prefrontal cortex (BA45; t=4.07, P < 0.001) and left and right
medial frontal cortex (BA6; t = 3.68, P = 0.001). Decreases
were observed in the left precuneus (BA30; t = 6.71, P =
0.001) and left medial orbitofrontal cortex (BA10; t = 5.30,
P = 001) See Table 2 for details.

Main effect

Interaction

Mean = SEM
Task measure Placebo Betahistine
N-back (rt) 8.6
0-back 565 + 26 555 + 28
1-back 542 £ 23 547 £ 29
2-back 594 + 36 578 = 32
3-back 647 = 42 621 + 34
N-back (num. cor.) 12.6
0-back 8.5+0.3 8.5+ 04
1-back 8.8 = 0.1 8.7 £0.2
2-back 8.2+0.2 8.4 +0.2
3-back 7.6 =0.2 7.6 =0.3
PAL (rt) 61.4
First block 1054 = 37 1028 = 31
Second block 952 + 36 938 = 22
Third block 878 = 29 875 + 21
PAL (num. cor.) 72.1
First block 3.4+0.2 3.5+0.2
Second block 48 +0.2 49 +0.2
Third block 54 +0.2 53+0.2

Task treatment treatment X task
d.f. P d.f. P

3,13 0.002 <1 1,15 n.s. <1 3,13 n.s.

3,13 <0.001 <1 1,15 n.s. <1 3,13 n.s.

2,13 <0.001 <1 1,14 n.s. <1 2,13 n.s.

2,13 <0.001 <1 1,14 n.s. <1 2,13 n.s.

Mean = SEM of reaction time and number of correct responses per task condition and drug treatment. Main effects of task condition and
drug treatment, and their interaction for N-back performance and PAL performance are displayed. Significant (P < 0.05) main effects are

displayed in boldface.
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Table 2

Associates learning performance: effects of N-back and PAL on brain activity

Brain area

Coordinates
(MND) Cluster size F/t-value
(voxels) (peak)
N-back
1-back (t-value)
2-back 0-back < 2-back
Right superior parietal cortex 7 30 —-60 46 489 5.28 <0.001
Left inferior parietal cortex 40 -34 -50 44 619 4.13 <0.001
Right dorsolateral prefrontal cortex 45 48 40 30 166 4.09 <0.001
Right middle frontal cortex 6 36 2 62 327 3.87 <0.001
2-back < 0-back
Left precuneus 30 -8 -54 10 1946 6.89 <0.001
Right middle cingulum 23 2 -20 40 218 6.06 <0.001
Left fusiform gyrus 37 -28 —40 -14 110 5.92 <0.001
Left superior occipital cortex 39 —42 —74 32 448 5.82 <0.001
Left superior frontal gyrus 9 —12 48 38 1857 5.60 <0.001
Left inferior temporal gyrus 20 -46 10 -38 148 4.22 <0.001
Right inferior parietal cortex 48 54 -28 24 44 3.79 <0.001
3-back 0-back < 3-back
Right superior parietal cortex 7 32 -70 52 548 6.17 <0.001
Left inferior parietal cortex 40 -40 -50 44 429 5.41 <0.001
Right dorsolateral prefrontal cortex 45 44 38 32 193 4.07 <0.001
Left/right medial frontal cortex 6 6 12 54 246 3.68 <0.001
3-back < 0-back
Left precuneus 30 -8 -56 14 383 6.71 <0.001
Left medial orbitofrontal cortex 10 —4 52 ) 292 5.30 <0.001
PAL (F-value)
PAL-encoding Block (decrease)
Right middle occipital cortex 19 32 -90 —4 59 16.99 <0.001
Left middle occipital cortex 19 -32 -88 —4 380 16.96 <0.001
Right inferior occipital cortex 37 38 —64 -8 45 9.86 <0.001
Block (increase)
Right angular gyrus 39 56 —-66 28 32 9.51 <0.001
Left precuneus 7 0 -66 44 48 9.01 <0.001
PAL-recall Block (decrease)
Block (increase)
Left middle cingulum 23 0 -16 38 119 14.20 <0.001
Left posterior cingulum 23 -2 -52 22 106 13.78 <0.001
Left medial orbital frontal cortex 10 -2 56 -2 93 12.55 <0.001

Brain areas showing N-back-, PAL-encoding- and PAL-recall-related changes in activation are indicated by their BA, peak voxel coordinates in
MNI space and cluster size. Main effects of N-back or block are indicated by their F-value and FWE-corrected P-value.
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Table 3

Betahistine-induced changes in brain activity during N-back and PAL task performance

Brain area

Coordinates
(MNI)
N-back (1-back)
N-back (2-back)
N-back (3-back)
N-back (outside N-back networks)
Left middle temporal cortex 21 =52 -4 =22
Right inferior frontal cortex 48 34 28 28
PAL (encoding)
PAL (outside PAL networks)
R. middle cingulum 23 -6 26 44
L. lateral geniculate nucleus - -20 -14 -10
R. lateral geniculate nucleus - 20 -8 )
L. posterior cingulum (subcortical) - -12  -38 16
R. parietal cortex (subcortical) - 26 -46 30
PAL (recall)
PAL (outside PAL networks)
R. precentral gyrus 6 26 -20 62
R. thalamus - -8 22 14

Cluster size
(voxels)

95
34

88
53
39
28
20

26
96

Treatment x task

Treatment effects interaction

P-value
(peak)

F-value
(peak)

F-value P-value
(peak) (peak)

BET versus PLC (1-back)

BET versus PLC (2-back)

BET versus PLC (3-back)

BET versus PLC

16.48 <0.001 = —

16.17 <0.001 - -
BET versus PLC (encoding)

19.34 <0.001 - -
19.98 <0.001 - -
18.47 <0.001 - -
14.79 <0.001 - -
16.61 <0.001 - -

BET versus PLC (recall)

18.09 <0.001 - -

9.17 <0.001

Brain areas showing effects of betahistine on changes in brain activation inside and outside areas related to N-back, PAL-encoding and
PAL-recall performance are indicated by their BA, peak voxel coordinates in MNI space and cluster size. Main effects of treatment or treatment
by task level (i.e. N-back difficulty) or task block (PAL learning block) are indicated by their peak F-value and voxel P-value.

Masks from an independent cohort were used to test for
drug-placebo differences within 1-back, 2-back and 3-back
networks. No significant main effects of treatment were
observed. However, in a whole-brain analysis and at an
uncorrected level, a betahistine-induced increase in activa-
tion was observed in 34 voxels in the right triangular inferior
frontal gyrus (BA48; F = 16.17, P = 0.001). In addition, less
deactivation in a cluster of 95 voxels in the left middle tem-
poral gyrus (BA21; F = 16.48, P < 0.001) was observed.
However, for both areas, further f-contrasts did not reveal any
differences in specific N-back conditions. Please see Table 3
for details and Figure 1 for a graphical representation.

Paired associates learning

Encoding. During placebo, activity in the left and right
middle occipital cortex decreased with learning block (BA19;
F=16.96,P = 0.001 and F=16.99, P = 0.001 for left and right
respectively). In addition, activity change in 45 voxels in the
right inferior occipital gyrus (BA37) exceeded the significance
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threshold (F = 9.86, P = 0.001). In the left and right middle
occipital cortex activity was lower after the second presenta-
tion compared to the first (£ = 4.05, P < 0.001 and t = 4.74,
P = 0.001 respectively). Activity was also lower for the third
presentation compared to the second, but failed to reach
significance. An activity increase over encoding blocks was
observed in the right angular gyrus (BA39; F = 9.51, P =
0.001) and left precuneus (BA7; F=9.01, P = 0.001) in which
there was less deactivation during block 2 compared to block
1 (right angular gyrus; t = 3.69, P = 0.001 and left precuneus;
t=4.23, P = 0.001). See Table 2 for details. Mask-constrained
analysis did not reveal any significant treatment-induced
changes using the FWE-corrected significance threshold.
However, at an uncorrected level, activity was decreased after
betahistine administration in a cluster of 88 voxels in the
left middle cingulate (BA23; F = 19.34, P < 0.001). Using
t-contrasts in each learning block separately showed that
during the third block of encoding only was there a signifi-
cant reduction in activity with betahistine (t = 4.47, P =
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Coloured areas indicate the main effects of betahistine at a P < 0.001 uncorrected significance level per voxel and indicated by #. Betahistine
induced less deactivation in the left middle temporal cortex and relative activation in the right inferior frontal gyrus.

0.001). Bilateral lateral geniculate nuclei (LGN) also showed
decreased bold response after betahistine administration (F =
19.98, P < 0.001 and F = 18.47, P < 0.001, for left and right
respectively). Again, separate t-contrasts showed that the
difference only reached significance in the third blocks of
encoding (t = 4.04, P = 0.001). After betahistine administra-
tion, a cluster of 28 voxels near the left posterior cingulate (F
= 14.79, P < 0.001) and a cluster of 20 voxels in the right
parietal lobe (F = 16.61, P < 0.001) showed increased activity.
For both areas, t-contrasts did not reveal any significant treat-
ment differences in specific blocks. Please see Table 3 for
details and Figure 2 for a graphical representation.

Recall. Brain activity in the left medial orbital frontal
cortex (BA10; F = 12.55, P = 0.001), left middle cingulate
(BA23; F = 14.20, P = 0.001), and left posterior cingulate
(BA23; F =13.78, P = 0.001) showed a main effect of learn-
ing block. During the second block of picture location recall,
deactivation was less as compared to the deactivation during
the first block in the left and right medial orbital frontal
cortex (t =4.11, P < 0.001), the left and right middle cingu-
late (t=5.09, P = 0.001) and in the left and right precuneus/
posterior cingulate (¢t = 4.63, P < 0.001 and t = 3.99, P =
0.001). A further decrease in deactivation from the second to
the third block was observed in left and right anterior cin-
gulate medial frontal cortex and right precuneus/posterior
cingulate but did not reach significance. See Table 2 for
details.

Mask-constrained analysis did not show significant drug-
induced changes. However, at an uncorrected level, one cluster
of 26 voxels in the right precentral gyrus was less deactivated
compared to placebo (BA6, F = 18.09, P < 0.001). This differ-
ence was significant during the first (t=4.32, P < 0.001) and
second block of recall (t=4.86, P = 0.001). An interaction was

observed in a cluster of 96 voxels in the right thalamus (F =
9.17, P<0.001). During placebo, brain activity increased from
the first block of recall to the third, while for betahistine, the
same increase was not apparent, with the second block showed
highest activity, and the comparison between blocks 2 and 3
reached significance (t=4.68, P < 0.001); see Table 3 for details
and Figure 2 for a graphical representation of these data.

Discussion

The aim of the present study was to explore H;
antagonism/H; agonism as a mechanism to enhance cogni-
tion in patients with schizophrenia by assessing brain activity
in healthy volunteers. Increased working memory load in
N-back task performance induced changes in brain activity in
accordance with previous studies (Owen et al., 2005). Activity
decreases in visual areas during the encoding phase of PAL
with repeating blocks of stimuli was expected as was the
change in activity in the posterior, middle and anterior cin-
gulate cortex with repeated recall of stimulus locations (De
Rover et al., 2011). While betahistine did not significantly
change brain activity in regions defined as task networks, it
did modulate brain activity during N-back and PAL perform-
ance in a whole-brain analysis and this will be discussed as
regards implications for future research directions.

N-back task performance during the placebo resulted in
increased activity in a parieto-frontal network and larger
deactivation mostly in the posterior, middle and anterior
cingulate regions with increased task demands. It has been
suggested that increases in activity in the dorsolateral pre-
frontal cortex are associated with increased organizational
strategies (e.g. Bor et al., 2003; 2004). The bilateral posterior
parietal cortex has been associated with temporal storage of
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verbal information (Jonides et al., 1998). However, the right
superior and inferior parietal cortex are usually associated
with temporary storage of spatial information (Smith and
Jonides, 1998), but are also part of an attentional network
and often activated during working memory tasks (Owen
et al., 2005). Finally, decreases in posterior, middle and ante-
rior cingulate activity are thought to be due to re-allocation
of resources from active processes during the resting state to
processes involved in tasks at hand (e.g. McKiernan et al.,
2003). The present results are in line with what is generally
observed with N-back task performance (Owen et al., 2005),
which validates our methods.

Similarly, in line with previous results, is the involvement
of the occipital cortex in stimulus encoding during PAL per-
formance, and the posterior cingulate/right precuneus (De
Rover etal., 2011) and anterior cingulate during recall
(McKiernan et al., 2003). However, de Rover et al. (2011) did
not observe effects of stimulus repetition as their task was
designed to detect effects of encoding, but not changes over
blocks. The present findings add to these results, as they
showed that activity decreases with repeated presentation
of visual spatial material. Additionally, deactivation of the
posterior, middle and anterior cingulate has also been pro-
posed to be a consequence of a shift from monitoring exter-
nal environment (Gould etal.,, 2006) or internal states
(McKiernan etal., 2003) to goal-directed behaviour. As
learned material is repeated and recall of that material is
easier, fewer resources are needed and this is reflected in less
deactivation of the default mode network.

The absence of significant effects of betahistine in brain
areas related to memory task performance was unexpected.
A potential explanation may be that doses given/plasma
levels achieved were insufficient to induce measurable
changes in brain activity, especially as betahistine undergoes
extensive first-pass metabolism (Chen et al., 2003). The dose
we chose to administer was relatively high compared to pre-
vious studies and accompanying safety and tolerability data
were available. Similar data would be required to justify the
use of extremely high doses. To determine a minimum dose
at which to expect effects, several previous studies were
considered; while a lack of behavioural effects has been
observed many times before (e.g. Betts et al., 1991; Gordon
et al., 2003), others have observed effects on brain activity
(Vermeeren et al., 2006) using an acute 64 mg p.o. dose,
which should produce blood-plasma levels somewhat
similar to those in the present study. Nevertheless, the
effects observed by the latter group were only small and
higher dosages may be needed to induce clear measurable
effects.

Whole-brain analyses were conducted to explore the
effects of betahistine on activity in brain areas outside the
defined task networks, which could have implications for
the direction of future research. Betahistine did induce
changes in some brain areas during task performance, but
these did not remain significant when formal multiple com-
parisons correction was used. Therefore, these results must be
interpreted with caution.

During N-back task performance, betahistine induced less
deactivation of the left middle temporal gyrus and more
activation of the right triangular inferior frontal gyrus. The
left middle temporal gyrus has been associated with seman-



tics in language comprehension rather than language ele-
ments with little semantics such N-back stimuli (Davis and
Gaskell, 2009; Diaz and McCarthy, 2009). Perhaps, semantics
in language and N-back task performance share a subprocess
affected by betahistine, like echoic memory in a language
perception model (Davis and Gaskell, 2009). The right trian-
gular inferior frontal cortex has not been extensively studied.
In contrast, the left triangular inferior frontal cortex has been
associated with language processing and syntax in particular
(Nauchi and Sakai, 2009; Sakai et al., 2009). Alternatively, it
may be that temporal lobe regions show reduced activity
associated with reduced distractibility during accurate sus-
tained attention performance and this reduction is attenu-
ated by betahistine, possibly making participants more easily
distracted, which is a testable hypothesis (Lawrence et al.,
2003).

In the recall phase of PAL, betahistine caused less deacti-
vation in the right precentral gyrus as compared to placebo.
The precentral gyrus plays an important role in motor pro-
gramming of a response with the contralateral (i.e. left) hand
(e.g. Kawashima et al., 1997). Since all responses were right-
handed, the right precentral gyrus would not be expected to
play a role in producing a left hand manual response. The
ipsilateral right precentral gyrus is deactivated with right-
handed responses (Manson et al., 2008), but contradictory
findings exist (Wu et al., 2008). Deactivations in the present
study were derived from contrasting first, second and third
block of recall with the control condition, which resulted in
(i) relative deactivation for the recall blocks, that is, greater
activity during the control condition, and (ii) a decrease in
deactivation over the recall blocks, that is, activity reaches
control condition levels. After betahistine administration, the
deactivation was largely diminished, which could mean that
activity during the control condition was decreased or activ-
ity during recall blocks was increased, possibly resulting from
an increased preparedness to respond. While this aligns with
the faster responses after betahistine, the difference was not
significant.

The observed decreased activity in the bilateral LGN
during PAL’s encoding phase is possibly the most supported
finding. The LGN is a relay station between the eyes and
primary visual cortex, processing visual information such as
colour, spatial, temporal frequency and luminance (Kandel
etal.,, 2000). Dense binding of ['*I]-iodoproxyfan, an Hj
agonist, has been observed in the dorsal LGN indicating the
presence of H; receptors and supporting the hypothesis that
histamine plays a role in visual information processes.
Moreover, our previous findings, that H; antagonism affects
visual feature extraction performance represented by delayed
electrophysiological activity (Van Ruitenbeek et al., 2009),
also supports this notion. In the present study, H; antago-
nism also led to a decrease in activity. The mechanism
whereby the H; receptor might be involved in LGN activity,
particularly as indicated by the bold response, is not known
and should be subjected to further research. Furthermore, the
potential role of Hs receptors in the LGN may be functionally
selective, in that it may affect vision of colour, luminance,
spatial or temporal frequency. Selective involvement in
separate functions may be studied by comparing effects of
parametrically varied aspects of vision after betahistine
administration to those after placebo.

Histamine agonist’s effects on brain activity

To conclude, both N-back and PAL produced expected
patterns of activation and, betahistine administration modu-
lated brain activity, but which was outside task activation
networks and at an uncorrected significance level. As the
limited effects may be the consequence of poor brain pen-
etration at the doses used, the question of whether the
mechanism whereby betahistine exerts its function (H;
agonism/Hj; antagonsim) is suitable for treating learning and
memory deficits in clinical disorders like schizophrenia
remains unresolved. Future studies are needed to explore the
effects of a range of higher oral doses to determine the central
effects of betahistine, although the importance of studies
using more selective compounds should not be discounted.
In a more broad view, evidence is now accumulating for a role
of histamine in visual information processing. Future studies
need to investigate more closely the role of histamine in
visual information processing and the consequential changes
in cognitive functioning.
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