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ABSTRACT

Compounds with selectivity for GABA-A receptor subtypes may differ significant-
ly from nonselective benzodiazepines in their dopaminergic effects in vivo. To
explorethe exactrole of the GABA-A receptor subtypes in the regulation of prolactin
secretion and the differential effects of selective and nonselective GABA receptor
modulators, the effects of the nonselective benzodiazepine lorazepam, as well
as two novel a,/a; subunit-selective GABA-A receptor modulators Azp7325 and
AZD6280, 0n prolactin levels were measured in healthy male volunteers. Following
administration of lorazepamat2 mgdosesand AzD6280 at10 mgand 40 mgdoses,
prolactin levels increased significantly compared with placebo (difference 42.0%,
19.8% and 32.8% respectively), suggesting that the a, and/or az receptor subtypes
are involved in cABAergic modulation of prolactin secretion, although possible
roles of the a; and as receptor subtypes are not excluded. The increases in prolactin
levels after administration of AzD7325 at 2 mg and 10 mg doses (difference 7.6%
and10.5% respectively) did not reach statistical significance, suggesting that doses
of AzD7325 or intrinsic efficacy at the a, and a3 receptor subtypes may have been
too low.
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INTRODUCTION

A series of studies in animal models has indicated that certain effects of benzodi-
azepines may be attributable to efficacy at specific CABA-A receptor subtypes, such
assedation (a; receptor subtype) [1, 2], anxiolysis (az and az receptor subtypes) [3-6]
and learning and memory (as receptor subtype) [7, 8]. Accordingly, it has been sug-
gested that compounds with high efficacy ata, and/or as receptor subtypesand low
efficacy at a; and as receptor subypes may exhibit significant anxiolysis, with less
sedation than nonselective benzodiazepines [9]. In addition, because y-aminobu-
tyric acid (GABA) is one of the major inhibitors of dopamine neurotransmission, it
has also been suggested that compounds with selectivity for GABA-A receptor sub-
types may differ significantly from nonselective benzodiazepines in their effects
on dopamine neurotransmission [9]. In the ventral tegmental area, dopaminergic
neurons express az receptor subtypes, whereas GABAergic interneurons express
o receptor subtypes [10]. Benzodiazepines inhibit the dopaminergic neurons
through efficacy at a; receptor subtypes, but simultaneous efficacy at o, receptor
subtypes on the GABAergic interneurons results in disinhibition of the dopami-
nergic neurons [9,10]. Thus, compounds with high efficacy at a; receptor subtypes
and low efficacy at o, receptor subtypes may attenuate dopamine neurotransmis-
sion without counteractive disinhibition. Such compounds may have therapautic
potential indisorders such as schizophrenia [9].

To evaluate if compounds with selectivity for GABA-A receptor subtypes dif-
fer from nonselective benzodiazepines in their dopaminergic effects in vivo, we
evaluated the effects of lorazepam and two novel selective modulators of a, and
a3 receptor subtypes on the activity of the tuberoinfundibular pathway, which rep-
resents the most readily available dopaminergic pathway for evaluation in vivo,
by measuring circulating prolactin levels. The tuberoinfundibular dopaminergic
pathway is the primary physiological inhibitory control mechanism of prolactin
secretion [11,12]. GABA may directly inhibit the activity of the hypothalamic tubero-
infundibulardopaminergic pathway, with aresultingincreasein prolactin secretion
[12-16]. It has also been reported that GABA exerts a dual control [17] and can also
haveaninhibitory effecton prolactin release by actingat GABA receptorsin the ante-
rior pituitary gland [12,16], but this effect is less clear in vivo [18] than in vitro. Only a
fewstudies have evaluated the direct effects of cABAergicdrugs on circulating basal
prolactin levelsin healthy subjects. Diazepam [19,20] and bromazepam [21] did not
significantly affect prolactin levels, while temazepam was found to increase prolac-
tin levels only to a small extent [22]. Alprazolam at high doses increased prolactin
levels [23], while lower doses had no significant effect [24]. Zolpidem and breta-
zenil stimulated nocturnal secretion of prolactin [25, 26], while sodium valproate
decreased prolactin levels [27]. The effect sizes in these studies, if any, were very
small, especially compared with the potent prolactin-elevating effects of dopamine
D, receptorantagonists.
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To explore the exact role of the various GABA-A receptor subtypes in the regulation
of prolactin secretion and the differential effects of selective and nonselective
GABA receptor modulators, we report the effects of two novel a,/a; subunit-se-
lective GABA-A receptor modulators, AzD7325 [28, 29] and AzD6280 [28, 30], and
a therapeutic dose of lorazepam on prolactin secretion. These studies were part
of larger phase 1 pharmacokinetic and pharmacodynamic studies of these com-
pounds, which will be reported elsewhere [31,32].

METHODS
STUDY DESIGN

In total, 32 healthy male volunteers were planned to participate in two parallel
double-blind, placebo-controlled, randomized, cross-over studies. To be eligible
forinclusion in both studies, subjects were required to be aged between 18 and 55
years, with a body massindex (BmI) of 18 to 30 kg/m?and refrain from alcoholic bev-
erages, smoking and caffeine-containing products during study days. Both studies
were approved by the medical ethics review board of the Leiden University Medical
Center. Prior to medical screening, all subjects gave written informed consent. Both
studies had an identical design, except the administered drugs. In the first study, 16
subjects were administered single oral doses of 2 mg lorazepam, 2 mg AzD7325,10
mg AzD7325 or placebo, during four separate study periods. In the second study, 16
subjects were administered single oral doses of 2 mg lorazepam, 10 mg AzD6280,
40 mg AzD6280 or placebo, during four separate study periods. Study periods
were scheduled in randomized order using a Williams Latin square design and
were separated by a washout time of at least 7 days. On study days, subjects fasted
for minimally 2.5 hours after a light standard breakfast until dose administration
(which generally occured between11thoom and 12hoom Am) and continued fasting
until 4 hours after dose administration.

POWER CALCULATION

A power calculation usingdata from a previous study [33] indicated that the present
study (n = 32 subjects receiving lorazepam, power 80% and alpha 0.05) was pow-
ered to detect an increase of 12.5% or a decrease of 11% in prolactin concentration
afteradministration of lorazepam, compared with placebo.

PLASMA CONCENTRATION OF PROLACTIN

Venous blood samples for analysis of prolactin concentration were collected prior
tostudy drugadministrationand atlz,1,1%,1%2,2,2Y4,3V,4, 4%2,6,8,12and 21 hours
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after study drug administration. Plasma concentrations of prolactin were deter-
mined using an electrochemiluminescence immunoassay (ECLIA) with a lower
detection limit of 0.047 ng/mL (Elecsys Prolactin i1 assay, Roche Diagnostics GmbH,
Mannheim, Germany).

STATISTICAL ANALYSIS

Prolactin measurements up to 8 hours after administration of lorazepam or place-
bo were compared with a mixed model analysis of variance with treatment, period,
time and treatment by time as fixed factors, and subject, subject by treatment and
subject by time as random factors, and the pre-value (measurement prior to study
drug administration) as covariate. Prolactin measurements were log-transformed
prior to analysis to correct for the log-normal distribution of the data. Estimates of
treatment differences and back-transformed estimates of the difference in per-
centage with corresponding 95% confidence intervals (95% ci) and p-values were
calculated. All calculations were performed using sAs for Windows version 9.1.3
(sAs Institute Inc., Cary, North Carolina, usa).

RESULTS
SUBJECTS

Subjects had a mean age of 28.1 years (range 18-54), weight of 76.1 kg (range 62.0-
89.5) and body mass index (BMmI) of 23.0 kg/m? (range 19.1-26.7). Two subjects
withdrew informed consent after completion of study period 1 for reasons unre-
lated to study drug administration. Another subject tested positive for THC in
study period 2 and was excluded from participation. Pharmacodynamic data from
these subjects were not used for further analysis. All three subjects were replaced.
Therefore, in total, 32 subjects completed the study.

PLASMA CONCENTRATION OF PROLACTIN

Plasma concentrations of prolactin after administration of lorazepam, AzD7325
and AzD6280 are shown in Figure 1 and Table 1. Following administration of 2 mg
lorazepam, prolactin levels increased with 42.0% compared with placebo (95%
C131.4/53.5%, p < 0.001), which remained elevated until at least 8 hours after dose
administration. Following administration of 2 mg and 10 mg AzD7325, prolactin
levels increased with 7.6% and 10.5%, respectively, compared with placebo. Both
increases did not reach statistical significance, although the 10.5% increase after
the1omgdose hasap-value of 0.0536. Followingadministration of 10 mg AzD6280,
prolactin levels increased significantly compared with placebo (difference 19.8%
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versus placebo, 95% c1 8.2/32.6%, p = 0.0007). A larger increase was observed after
administration of 40 mg of AzD6280 (difference 32.8% versus placebo, 95% cI
20.0/47.0%, p < 0.0001). Prolactin levels after administration of lorazepam were
significantly higher than those after AzD7325 at 2 and 10 mg doses and AzD6280
at10 mg doses, but were not significantly different from those after AzD6280 at 40
mg doses.

DISCUSSION

Compounds with high efficacy at a, subunit-containing GABA-A receptor subtypes
and low efficacy at oy receptor subtypes may differ significantly from nonselective
benzodiazepines in their effects on dopaminergic circuits [9]. Such compounds
may thus have therapeutic potential in disorders such as (certain aspects of) schizo-
phrenia [9]. The present study was performed to evaluate the effects of two novel
az/az subunit selective cABAergic drugs on the activity of the tuberoinfundibular
dopaminergic pathway, by measuring circulating prolactin levels in healthy male
volunteers, compared with lorazepam and placebo.

After administration of placebo, prolactin levels showed an initial decrease
with areturn to baseline values at the end of the study day, which is consistent with
a normal circadian rhythm [12, 34]. Also, a peak in prolactin levels was observed 6
hours after dose administration, which probably reflects normal prolactin release
following food consumption [35,36.]

After administration of a single oral dose of 2 mg lorazepam, an increase of
42.0% in prolactin levels was observed. The magnitude of the effects of lorazepam
on prolactin levels was rather small, especially in comparison to the much more
potent prolactin-elevating effects of dopamine D, receptor antagonists. Haloperi-
dol at 3 mg doses increases prolactin levels with 130.9% [37]. Thus, the effects of
lorazepam administration on prolactin secretion are not likely to produce clinically
relevant hyperprolactinaemia in men. However, our studies showed clear results in
comparison with other studies that evaluated the effects of caBAergic drugs on
basal prolactin levels in healthy subjects. The benzodiazepines diazepam and
bromazepam showed nosignificant effects on prolactin levels under resting condi-
tions [19-21], whereas temazepam caused a small increase in prolactin levels of
roughly 21.4 mU/L (which would correspond to roughly 1 ng/mL), butonly atasingle
time point 1 hour after dose administration [22]. In contrast, our study demon-
strates that lorazepam increases prolactin levels with roughly 5-6 ng/ml, which
remain elevated until atleast 8 hours after dose administration. The dose of loraze-
pam (2 mg) used in our study is roughly equipotent with the doses of diazepam (10
mg), bromazepam (3 mg) and temazepam (20 mg) used in these earlies studies,
although estimates of benzodiazepine dose equivalencies differ somewhat
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between various authors [38-40]. Dose dependency of the effects on prolactin
secretion has been demonstrated with the benzodiazepine alprazolam, which
causes an increase of prolactin levels with roughly 9-10 ng/mL at relatively high
doses (3 mg) [23], while doses in the lower therapeutic range (0.5 mg) demonstrat-
ed no effects [24]. The different findings might be explained by the small sample
sizes used in the earlier studies (6-10 subjects in most studies) and statistical power
may thus have been too small.

The increase in prolactin levels following administration of the cABA agonist
lorazepam in our study suggests that the postulated stimulatory effect of cABA
transmission (by suppressing the tuberoinfundibular dopaminergic neurons in
the hypothalamus) exceeds the postulated inhibitory effect of GABA transmission
(directly attheanterior pituitary gland). The preferential effect of lorazepam on the
tuberoinfundibular dopaminergic neurons mightresult fromdifferencesin affinity
for the pituitary and hypothalamic GABA binding sites, as has been shown for the
GABA agonist muscimol and antagonist bicuculline [41], both of which have higher
affinity for the binding sites in the mediobasal hypothalamus than for the binding
sitesin the anterior pituitary. However, effects of benzodiazepines on the activity of
the tuberoinfundibular dopaminergic neurons have not been confirmed in vivo in
man. A recent positron emission tomography (PET) study using the dopamine D,
receptor ligand ["'C]FLB457 in healthy subjects has demonstrated that single oral
doses of 2.5 mg lorazepam induce a statistically significant decrease in dopamine
D, receptor binding potential (BPyp) in the medial temporal and dorsolateral pre-
frontal cortex [42], but effects on the hypothalamus were not reported. Although
a decrease in BPyp (i.e. suggesting dopamine release) in the cerebral cortex does
not imply that lorazepam inhibits the tuberoinfundibular dopaminergic pathway
in the hypothalamus, it does confirm that lorazepam can alter dopamine levels in
extrastriatal areas in humansin vivo.

The present study evaluated the effects of two novel a,/a;z subunit-selec-
tive GABA-A receptor modulators, AzD7325 and AzD6280, on prolactin levels.
Administration of 2 mg and 10 mg AzDp7325 produced small increases in prolactin
levels, which did not reach statistical significance, although the 10.5% increase
after the 10 mg dose is in line with the other effects and has a p-value of 0.0536.
Administration of 10 mg and 40 mg AzD6280 produced statistically significant
increases in prolactin levels of 19.8% and 32.8%, respectively. These findings sug-
gest that the a, and/or az receptor subtypes are involved in GABAergic modulation
of the tuberoinfundibular dopaminergic pathway. Indeed, a, and a; subunit-con-
taining GABA-A recepors have been shown to be expressed in the arcuate nucleus
and hypothalamus 43. However, it is not excluded that o, or as receptor subtypes,
which are also expressed in the arcuate nucleus and hypothalamus [43], are also
involved in the control of prolactin secretion. The nonbenzodiazepine GABA ago-
nist zolpidem (10 mg), which has modest selectivity for a; receptor subtypes [44],
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increased nocturnal prolactin levels by two-fold 26. The effects of AzD7325 on pro-
lactinsecretion were less clearthan those of AzD6280. Similarly, in other studies [31,
32], AzZD7325 also caused fewer effects than AzD6280 on peak velocity of saccadic
eye movements, which is one of the most consistent and sensitive biomarkers for
the effects of nonselective benzodiazepines [45] and a,/as subtype-selective com-
pounds [46] in healthy volunteers. These differences may be related to the lower
dosages of AzD7325 used.

Comparison of the effects of 2 mg lorazepam with 40 mg Azp6280 indicated no
statistically significant difference. The lower prolactin levels after Azp7325 at 2 and
10 mg doses and AzD6280 at 10 mg doses are likely related to dose. However, dose
equivalencies of lorazepam, AzD7325 and AzD6280 are not known. Thus, these
results do not fully exclude potential differences between nonselective benzodi-
azepines and selective a,/asz subunit-containing GABA-A receptor modulators on
prolactin secretion. In addition, our study measured prolactin levels only in healthy
male volunteers. These results cannot readily be extrapolated to females, because
the regulation of prolactin secretion in females is different, with the notable influ-
ence of estrogens.

In conclusion, the nonselective benzodiazepine lorazepam and the novel a,/
a3 subunit-selective GABA-A receptor modulator AzD6280 at 40 mg doses both
increase plasma prolactin levels in healthy male subjects. The increases in prolac-
tin levels after administration of the novel a,/a; subunit-selective GABA-A receptor
modulator AzD7325 did not reach statistical significance, which may be related to
the lower dosages used. These results indicate that the a, and/or as receptor sub-
types are involved in cABAergic modulation of prolactin secretion.
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Table1-Comparison of prolactin levels after administration of lorazepam, Azp7325 and AzD6280
compared with placebo. Treatment differences are expressed as percentages with 95% confidence
intervals and p-values.

Treatment comparisons Percentage difference (95%Cl) p-value
Lorazepam versus placebo 42.0(31.4/53.5) <0.0001
AZD73252 mgversus placebo 7.6(-2.8/19.1) 0.1566
AZD732510 mg versus placebo 10.5(-0.2/22.3) 0.0536
AZD6280 10 mg versus placebo 19.8(8.2/32.6) 0.0007
AZD6280 40 mgversus placebo 32.8(20.0/47.0) <0.0001
AZD73252 mgversus lorazepam -24.2(-31.6/-16.1) <0.0001
AZD732510 mg versus lorazepam -22.2(-29.7/-13.9) <0.0001
AZD6280 10 mg versus lorazepam -15.7(-23.8/-6.7) 0.0012
AZD6280 40 mg versus lorazepam -6.4(-15.5/3.6) 0.1957
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Figure1- Time course of plasma concentration of prolactin after administration of single oral doses
of 2mglorazepam,2 mg AzD7325,10 mg AzD7325,10 mg AzD6280 and 40 mg AzD6280
(AT T=0 hours). Means are presented with standard errors of the mean (SEMm) as error bars.
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