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In this thesis, a series of studies is described that explored different 
pharmacological and therapeutic effects of novel gabaergic and 
gaba-like agents in humans. These novel agents have been developed 
to fulfil the need for more cns treatments that show an improved side-
effect profile compared to the current treatments. 

The first section of this thesis shows the pharmacodynamic 
effects of several selective (partial) agonists in healthy volunteers 
using a validated cns battery. Inclusion of this battery in early phase 
drug development may enhance the understanding of the efficacy 
and/or safety of new chemical entities in clinical development. 
For benzodiazepines, the effects on these pharmacodynamic 
measurements are known very well, and comparison to these could 
be very helpful to investigate the differences between traditional and 
newly developed agents. The clinical relevance of all measurements 
is not clearly established, although correlations with different effect 
parameters have been reported for benzodiazepines [1]. 

Chapter 2, 3, 4 and 5 showed that most selective compounds have 
different effects compared to those of benzodiazepines. Chapter 2 
demonstrated that tpa023 1.5 mg decreased saccadic peak velocity 
(spv) comparably to lorazepam 2 mg. These results were similar for 
mk-0343 0.75 mg, as described in chapter 3, although this compound 
also produced small effects on the vas alertness scale and on body 
sway. Chapter 4 showed that most measurements were not affected 
by sl65.1498, except for a decrease in spv and smooth pursuit, 
which was for both effects smaller than decreases after lorazepam. 
The lack of or small effects on body sway, vas alertness and memory 
could mean a more favourable side effect profile compared to the 
commonly used benzodiazepines. Zolpidem showed effects on most 
pharmacodynamic measurements, but not on memory, as described 
in chapter 5. 

The meaning of the effects on the subjective vas scales and body 
sway may be clear, but the exact meaning of the other cns parameters 
still needs to be determined for this new drug class. These differential 
results suggest that a gabaergic decrease in spv may primarily reflect 
the activity at the α2,3 subtypes, since this effect was relatively large 
for all α2,3 selective compounds. 

The decrease in spv despite a lack of subjective sedation that was 
shown by the three gabaa α2,3 selective compounds was striking, 
and calls for a reconsideration of the meaning of spv reduction 
particularly for this novel drug class. There can be little doubt that 
subjective sedation is accompanied by spv reduction. It has on 
numerous occasions been shown to be closely related to the sedative 
effects of benzodiazepines and many other sedative agents and 
circumstances. However, the reverse –that spv reduction always 
signifies subjective sedation – is not necessarily true. spv reduction 
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has also been shown to be closely associated with the anxiolytic 
potencies of benzodiazepines [1]. Thus, benzodiazepine-induced spv 
reduction may be caused by activation of both α1- and α2,3-subtype 
receptors. For α1-selective hypnotics, spv-reduction could be primarily 
due to their highly sedative properties. Other sedative compounds 
or conditions may cause spv reductions without α1-activation, or 
through indirect stimulation of this part of the gaba-system. Subtype-
selective α2,3-activating compounds do not activate α1-subunits, and 
they do not cause subjective sedation through other mechanisms. 
For these drugs, spv-reduction might be related to anxiolysis rather 
than sedation. Alternatively, the α2,3 receptor subtype may have 
direct effects on gabaergic neurons that are implemented in saccadic 
eye movements. In this case, sedation and α1-stimulation may have 
an indirect effect on these neurons, and α2- and/or α3-activation a 
direct effect. More preclinical and clinical studies with α2,3 selective 
compounds should be performed to confirm the hypothesis that spv 
decreases are a more direct measure for α2,3 activity, and/or that they 
may be predictive for anxiolytic effects of this new drug class.

The studies that are described in chapter 2 to 4 each have 
contributed to the development of the compound concerned. In 
the first place, these studies helped to decide on dosing regimens. 
Additionally, these pharmacodynamic results provided information 
about the role of the different α-subtypes of the gabaa receptor 
in these effects. The studies also confirmed that the drugs were 
pharmacologically selective in humans. This knowledge may be useful 
for future drug development of selective gabaergic drugs. The analysis 
of the different effect relationships that is described in chapter 7 was 
an attempt to determine the specificity of pharmacodynamic effects 
and evaluate their relation to the pharmacological characteristics of 
different selective compounds. In the discussion of this chapter, it 
is hypothesised that the level of efficacy at the α1 subtype, which is 
known to be associated with sedation in animal models, is decisive 
in the development of sedation for this class of compounds. This 
thought was created as tpa023 and mk-0343 showed no or small 
efficacy at the α1 subtype, as assessed by electrophysiological studies. 
They also seemed to be the most selective compounds with regard to 
the pharmacodynamic effects with no or hardly any sedative effects. 
Conversely, zolpidem, which has a high affinity for α1 subtype 
receptors, caused relatively high levels of subjective sedation. Future 
research should confirm this hypothesis and reveal the significance 
and predictive value of these analyses for the therapeutic efficacy. 

Despite its pharmacological selectivity, the pharmacodynamic 
effects of the α1-selective zolpidem showed a large overlap with the 
effects of benzodiazepines (chapter 5), although maximum effects 
seemed less. The effects on vas alertness seemed to be relatively 
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large compared to those on spv, although the difference in effect-
relationship compared to lorazepam did not reach statistical 
significance (chapter 6). Since many cns-effects heavily depend on 
attention and vigilance, sedation may indirectly affect most other cns-
parameters. Thus, even the most α1-selective compound is expected 
to secondarily influence other cns-effects that are not directly affected 
by this receptor subtype. This could explain why zolpidem had a 
range of cns-effect that would not have been expected to occur with 
α1-stimulation, such as reductions in body sway and spv. Zolpidem 
did not affect memory (compatible with its lack of α5-efficacy), but 
tests of this cognitive function require active participation of the 
subjects, which may overcome limited impairments of alertness 
and attention. More passive tests like saccadic eye movements and 
postural stability may be more susceptible to sedation.

Thus, based on preclinical data and previous studies with 
benzodiazepines, several pharmacodynamic effects could be linked to 
certain gaba receptor subtypes. Sedation is believed to be associated 
with activation of the α1-receptor subtype. It could therefore be 
hypothesized that visual analogue scales of subjective alertness could 
reflect α1-receptor subtype activity [2-5]. The decreases in saccadic 
peak velocity could, as a result of sedation, also reflect activity of the 
α1-receptor subtype [6]. Body sway (postural instability) could have 
a potential association with α1-receptor subtypes, as a manifestation 
of sedation [7,8]. Memory effects could be related to α5–receptor 
subtypes [9-11], and is only affected by significant sedation that 
cannot be overcome with active participation. The results of the 
studies in section one suggest that α2,3 activity is also reflected by 
decreases in spv and not by effects on body sway (as a possible result 
of muscle relaxation). These conjectures are summarized in figure 
1, which shows a hypothesized model that represents the relations 
between gabaa receptor subtypes, pharmacodynamic and clinical 
effects. 

The knowledge about the relation between activation of certain 
gabaa receptor subtypes and their related pharmacodynamic effects 
may be helpful in optimising the effect-profiles of this novel class of 
compounds. Additionally, relation of these pharmacodynamic effects 
to the therapeutic effects may in future possibly result in a biomarker 
for the anxiolytic effects.

The pharmacodynamic measurements have not only helped in the 
understanding of the effects of different gabaa subtypes but have also 
been useful in the finding that zolpidems effects quickly disappear, 
which may be caused by acute tolerance. Most pd measurements 
showed that a sigmoid emax and a transit tolerance model could 
be used to describe the concentration effect-relationship. For both 
spv and eeg alpha (Pz-Oz) power, low tolerance concentrations 
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were predicted, which indicated less tolerance than for the other 
parameters. The differential timescale of development for the 
behavioural parameters suggests that different benzodiazepine 
targets or different signalling processes may be involved in the 
development of tolerance for each of these parameters [12]. Although 
the underlying mechanisms are unknown, the acute tolerance 
might, besides the selectivity of the drug, also contribute to the short 
duration of action of this compound, which seems to be its major 
clinical benefit. 

The α1 subtype could play a role in the development of acute 
tolerance but also seemed to play a role in the development of pseudo-
hallucinations, as described in chapter 6. These effects were seen in 
a subject after zolpidem intake. It was clear that all pd effects were 
more expressed in this subject, compared to those of other subjects. 
It was suggested that highly sensitive subjects may possess an 
over-expression of gaba receptor α1-subtypes or show a more rapid 
activation of gabaa receptors after intake of a compound with a quick 
absorption. In both cases, an unbalanced activation of different 
gabaergic systems may have occurred, leading to hallucinations, 
comparable to hypnagogic hallucinations which can be viewed as a 
dissociation of sleep stages.

Although gabaergic drugs are widely used for different cns-
disorders, it is not always known why they are effective as often the 
exact pathophysiology is unknown. The use of novel gabaergic drugs 
in patient populations could be used to explore novel indications 
of the compound or to better understand the pathophysiology of 
the disorder, particularly the role of different gabaergic systems. In 
section two of this thesis, this potential use of different gabaergic or 
gaba-like drugs was investigated.

Chapter 8 showed that tpa023 showed similar cns differentiating 
effects as seen in healthy volunteers were also found in (elderly) 
subjects with essential tremor (et). However, no effects on tremor 
could be found. This suggests that the α2,3 subtype gabaa receptor 
is not involved in the tremor reducing effects of benzodiazepines. This 
also suggests that this subtype is not involved in the pathophysiology 
of this disorder. Recently, the α1 subunit knockout mouse has been 
introduced as an animal model for et as it exhibits postural and 
kinetic tremors that clearly reproduce the features of essential tremors 
[13,14]. Therefore, our results seem to link with this recent finding. 
Also, these findings suggest that an α1-selective gaba-agonist 
would be needed to treat et. A pilot study, however, demonstrated no 
correlations between variants in gene coding for this receptor subtype 
and et patients [15]. Nevertheless, other defects in the α1 subunit 
may still play a role in the pathophysiology of et. Considering the 
(additional) role of the α1 subunit in subjective sedation, it may be 
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impossible to find a truly non-sedating gabaergic anti-tremor agent. 
Although sedation may be inevitable, this undesired effect may show a 
therapeutic window compared to the anti-tremor effect, which may be 
managed in practice with dose titration and tolerance development. 
There may also be other pharmacological mechanism to reduce 
tremor.

gaba-like drug have been used for many decades to treat epilepsy 
and sleep disorders. The development of a new gaba-like anti-
epileptic gave rise to the question, whether this drug may also have 
beneficial effects on sleep. Chapter 9 showed that sleep disorders 
are more prevalent in epilepsy patients than in matched controls. 
The exploratory study that is described in chapter 10, suggests that 
pregabalin may improve sleep continuity in patients with partial 
epilepsy and clinically relevant sleep disturbance. The relationships 
between epilepsy and sleep disturbance are complex and hardly 
understood. However, it is not surprising that epilepsy and sleep 
disturbance both may benefit from a gabaergic compound. Although 
it is not known if the effect of pregabalin is a direct effect on sleep or 
an indirect effect due to improvement in sub-clinical or inter-ictal 
activity, these preliminary findings suggest that pregabalin may be an 
effective sleep-promoting drug in epilepsy patients.

The first section has shown that carefully designed studies in 
healthy volunteers, using a range of cns-measurements that reflect 
different gabaergic systems aid in the development of new gabaergic 
drugs. Decreases in spv seem to reflect activity at the α2,3 gaba 
receptor. Additionally, the efficacy level at the α1 subtype seems to 
be decisive for the development of sedative effects. Section 2 showed 
that treatment with novel gabaergic drugs can help in understanding 
the role of gabaergic systems in certain disorders, and to identify 
new indications for this old drug class. It appeared that the α2,3 
gaba receptor does not seem to play a role in the therapeutic effects 
of benzodiazepines on essential tremor, and that the gaba analogue 
pregabalin improves sleep continuity in patients with epilepsy and 
clinically relevant sleep disturbance. 

Overall, this thesis has shown that pharmacodynamic 
measurements are useful in practically all stages of development of 
novel gabaergic drugs. The careful use of well-characterised selective 
pharmacological agents and pharmacodynamic methods may help to 
unravel the role of gabaergic systems in health and disease. 
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Figure 1  Diagram that shows the hypothesised relation between different 
clinical effects, pharmacodynamic measurements and gabaa-receptor 
subtypes. spv = Saccadic Peak Velocity

195   s summary and conclusions 



references

1 de Visser SJ, van der Post JP, de Waal PP, Cornet 
F, Cohen AF, van Gerven JM. Biomarkers for the 
effects of benzodiazepines in healthy volunteers. 
Br J Clin Pharmacol 2003; 55: 39-50.

2 Griebel G, Perrault G, Simiand J, Cohen C, 
Granger P, Decobert M, Francon D, Avenet P, 
Depoortere H, Tan S, Oblin A, Schoemaker 
H, Evanno Y, Sevrin M, George P, Scatton B. 
sl651498: an anxioselective compound with 
functional selectivity for alpha2- and alpha3-
containing gamma-aminobutyric acid(A) 
(gaba(A)) receptors. J Pharmacol Exp Ther 2001; 
298: 753-768.

3 McKernan RM, Rosahl TW, Reynolds DS, Sur 
C, Wafford KA, Atack JR, Farrar S, Myers J, 
Cook G, Ferris P, Garrett L, Bristow L, Marshall 
G, Macaulay A, Brown N, Howell O, Moore 
KW, Carling RW, Street LJ, Castro JL, Ragan 
CI, Dawson GR, Whiting PJ. Sedative but not 
anxiolytic properties of benzodiazepines are 
mediated by the gaba(A) receptor alpha1 
subtype. Nat Neurosci 2000; 3: 587-592.

4 Rudolph U, Crestani F, Benke D, Brunig I, Benson 
JA, Fritschy JM, Martin JR, Bluethmann H, Mohler 
H. Benzodiazepine actions mediated by specific 
gamma-aminobutyric acid(A) receptor subtypes. 
Nature 1999; 401: 796-800.

5 Tobler I, Kopp C, Deboer T, Rudolph U. 
Diazepam-induced changes in sleep: role of the 
alpha 1 gaba(A) receptor subtype. Proc Natl Acad 
Sci usa 2001; 98: 6464-6469.

6 van Steveninck AL, van Berckel BN, Schoemaker 
RC, Breimer DD, van Gerven JM, Cohen AF. The 
sensitivity of pharmacodynamic tests for the 
central nervous system effects of drugs on the 
effects of sleep deprivation. J Psychopharmacol 
1999; 13: 10-17.

7 Mattila MJ, Vanakoski J, Kalska H, Seppala T. 
Effects of alcohol, zolpidem, and some other 
sedatives and hypnotics on human performance 
and memory. Pharmacol Biochem Behav 1998; 
59: 917-923.

8 Licata SC, Platt DM, Cook JM, Sarma PV, 
Griebel G, Rowlett JK. Contribution of gabaa 
receptor subtypes to the anxiolytic-like, 
motor, and discriminative stimulus effects of 
benzodiazepines: studies with the functionally 
selective ligand sl651498 [6-fluoro-9-methyl-2-
phenyl-4-(pyrrolidin-1-yl-carbonyl)-2,9-dihydro-
1H-py ridol[3,4-b]indol-1-one]. J Pharmacol Exp 
Ther 2005; 313: 1118-1125.

9 Collinson N, Kuenzi FM, Jarolimek W, Maubach 
KA, Cothliff R, Sur C, Smith A, Otu FM, Howell O, 

Atack JR, McKernan RM, Seabrook GR, Dawson 
GR, Whiting PJ, Rosahl TW. Enhanced learning 
and memory and altered gabaergic synaptic 
transmission in mice lacking the alpha 5 subunit 
of the gabaa receptor. J Neurosci 2002; 22: 5572-
5580.

10 Hopfenbeck JR, Cowley DS, Radant A, Greenblatt 
DJ, Roy-Byrne PP. Effects of diphenhydramine on 
human eye movements. Psychopharmacology 
(Berl) 1995; 118: 280-286.

11 Dawson GR, Maubach KA, Collinson N, Cobain 
M, Everitt BJ, MacLeod AM, Choudhury HI, 
McDonald LM, Pillai G, Rycroft W, Smith AJ, 
Sternfeld F, Tattersall FD, Wafford KA, Reynolds 
DS, Seabrook GR, Atack JR. An inverse agonist 
selective for alpha5 subunit-containing gabaa 
receptors enhances cognition. J Pharmacol Exp 
Ther 2006; 316: 1335-1345.

12 Bateson AN. Basic pharmacologic mechanisms 
involved in benzodiazepine tolerance and 
withdrawal. Curr Pharm Des 2002; 8: 5-21.

13 Bowdle TA, Radant AD, Cowley DS, Kharasch ED, 
Strassman RJ, Roy-Byrne PP. Psychedelic effects 
of ketamine in healthy volunteers: relationship 
to steady-state plasma concentrations. 
Anesthesiology 1998; 88: 82-88.

14 Uchimura N, Nakajima T, Hayash K, Nose I, 
Hashizume Y, Ohyama T, Habukawa M, Kotorii 
N, Kuwahara H, Maeda H. Effect of zolpidem on 
sleep architecture and its next-morning residual 
effect in insomniac patients: a randomized 
crossover comparative study with brotizolam. 
Prog Neuropsychopharmacol Biol Psychiatry 
2006; 30: 22-29.

15 Deng H, Xie WJ, Le WD, Huang MS, Jankovic J. 
Genetic analysis of the GABRA1 gene in patients 
with essential tremor. Neurosci Lett 2006; 401: 
16-19.

196 pharmacological differences of gabaergic compounds: a pharmacodynamic characterization


