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"Well," said Pooh, "what I like best—" and then he had to stop and think.  

Because although Eating Honey was a very good thing to do, there was a moment 

just before you began to eat it which was better than when you were, but he didn't 

know what it was called.

- A. A. Milne
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ABSTRACT

Drug addiction is defined as a chronically relapsing disorder of the brain. The 

characteristic compulsive drug use behaviour despite the negative consequences 

has been explained by a maladaptive learning phenomenon. Synaptic plasticity, 

i.e. the ability of neuronal connections to change on demand, forms the basis for 

learning and memory storage in the brain. Interestingly, many drugs of abuse have 

been shown to converge in their actions on the mesolimbic dopamine (DA) path-

way as they induce synaptic plasticity in the DA neurons of the ventral tegmental 

area (VTA) that also mediate the recognition of natural rewards and reward-driven 

learning. This drug-induced plasticity is thought to facilitate future use of the drug 

i.e. reinforce drug-seeking behavior.

 Benzodiazepines are anxiolytic and sedative drugs that unfortunately can 

be addictive in a subset of users. The role of the DA system in benzodiazepine 

addiction is still controversial and thus this thesis was aimed at studying possible 

synaptic alterations in the VTA DA neurons induced by acute administration of 

benzodiazepine ligands. Diazepam and zolpidem were shown to induce persist-

ent plasticity at the glutamatergic synapses in VTA DA neurons; a phenomenon 

claimed to be a common feature of different kinds of drugs of abuse.

 The possible effects of this synaptic plasticity at the behavioral level were 

examined by challenging the locomotor activity of mice with morphine and am-

phetamine, as the DA system plays a central role in their actions. We found that 

indeed the locomotor reactions of mice were altered: morphine-induced hyperlo-

comotion and amphetamine-induced sensitization were attenuated in mice while 

there was diazepam-induced plasticity at VTA DA neurons (24-72 h after diazepam 

administration). These findings indicated that the effects of morphine and am-

phetamine on DA neuron activity might be blunted during diazepam-induced syn-

aptic plasticity.

 Orexins are neuropeptides synthesized in the hypothalamus; they posses 

important roles in several behaviors such as the regulation of sleep-wake cycle, 

arousal, energy balance, stress, motivation and reward. In particular, orexinergic 
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signaling in VTA has been postulated to be important for drug-induced plasticity. 

The effects of diazepam on the activity of this neuronal population were studied 

by c-Fos immunohistochemistry as the levels of c-Fos are believed to mirror the 

activity of neurons. An anxiolytic dose of diazepam prevented the stress-induced 

increment in the orexinergic activity whereas a clearly sedative dose reduced the 

activity of these neurons even from the basal levels. These findings led to the 

formation of the hypothesis that orexinergic activity in the brain could have a role 

in the anxiolytic, sedative and hypnotic actions of benzodiazepines.

 In conclusion, this project revealed new aspects about the brain areas 

and the mechanisms mediating both the therapeutic properties as well as the 

addictive features of benzodiazepines. New evidence was found for a role of the 

mesolimbic DA system in mediating the addictive potential of benzodiazepines 

and a novel hypothesis was devised about how the orexinegic system may play a 

role in the therapeutic actions of benzodiazepines.
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ABBREVIATIONS

AMPA  α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

BZ  benzodiazepine

CA1  cornu ammonis 1 of the hippocampus

CA3  cornu ammonis 3 of the hippocampus

DA  dopamine

D-AP5  D-2-amino-5-phosphonopentanoic acid; 

  NMDA receptor antagonist

DM-PFA  dorsomedial hypothalamic nucleus-perifornical area

EPM  elevated plus-maze

EPSC  excitatory postsynaptic current

GABAA  γ-aminobutyric acid type A

LH  lateral hypothalamus

LTD  long-term depression

LTP  long-term potentiation

mEPSCs miniature excitatory postsynaptic currents

MSN  medium spiny neuron

NAc  nucleus accumbens

NCI-GCMS Negative ion chemical ionization gas 

  chromatography–mass spectrometry

NMDA  N-methyl-D-aspartate

OX1R  orexin 1 receptor

OX2R  orexin 2 receptor

PFC  prefrontal cortex

RMTg  rostromedial tegmental nucleus

VTA  ventral tegmental area
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1. INTRODUCTION

The brain receives an enormous amount of internal and external signals that are 

summed up within its numerous different nuclei and neuronal populations. Fur-

thermore, the activity of different brain regions is organized to allow the individual 

to react and behave in a manner most appropriate for different situations. The 

connections between neurons are called synapses; at these sites the neurons 

release neurotransmitters to transmit information. Neurotransmitters change the 

activity in the receiving neurons, depending on the types of receptors at which they 

bind. In addition to the chemical signals in the form of neurotransmitters, neurons 

can use electrical signals created by the regulated movements of charged ions 

across the cell membranes to transmit information. This type of neurotransmis-

sion at synapses is highly organized and controlled, but also plastic; it means 

that the brain can change, remember and learn. This feature of the brain is called 

neuronal plasticity.

 Finding food, shelter and sex are essential to survival and reproduction. 

For this reason, these activities are pleasurable i.e. rewarding. By being rewarding, 

they induce a process called reinforcement, which means that those behaviors 

that lead to these rewards are likely to be repeated. The dopaminergic neurons 

in the midbrain are critical for detecting rewarding stimuli as well as condition-

ing behavior i.e. the tendency to seek out these rewards. For example, drugs of 

abuse activate this dopamine system of the brain, are very rewarding and lead to 

reinforcement. In this way they lure the brain to adopt a maladaptive behavioral 

pattern, addiction. Addiction seems to exploit the physiological plasticity mecha-

nisms in the dopamine pathway; in that respect they lead to very persistent drug 

seeking behavior.

 A clarification of the mechanisms by which the long-term use of drugs 

of abuse induce addiction would make it possible to create more effective treat-

ments to prevent or cure this difficult disorder of the brain. Laboratory animals are 

used to model the human systems in biological and medical research. Importantly, 

the structure of ion channels, receptors and neurotransmitters and the ways they 
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are used in the brain, are well conserved throughout the animal kingdom, thus 

making it possible to extrapolate the basic neuroscientific knowledge collected 

from animal models to the situation in humans. Many good animal models have 

been already validated for studying various brain functions and disease condi-

tions, such as addiction.

 Many therapeutic drugs used to affect the mood or behavior of the pa-

tient bind to certain target molecules in the brain and modify the actions of this 

molecule and thus cause a change in the function of the neurons and neuronal 

networks. The classical sedatives and hypnotics, benzodiazepines, have been 

in widespread use already for fifty years, but still today the exact mechanisms 

through which they exert their effects e.g. anxiolysis, sedation or sleep, or on the 

other hand how tolerance, withdrawal and addiction develops during the use of 

these drugs are far from clear.



12 13

2. REVIEW OF THE LITERATURE

2.1 Benzodiazepines

Benzodiazepines (BZs) are a group of drugs that share a common chemical struc-

ture, a fusion of a benzene ring and a diazepine ring, in which the two N atoms are 

classically located in positions 1 and 4. BZs were discovered by Leo H. Sternbach 

in the late 1950’s. Chlordiazepoxide, the first drug of the family, was patented 

in 1958 and released for clinical use in 1960 under the trade name “Librium” 

(Sternbach, 1972). A more potent compound, diazepam, was discovered and mar-

keted for clinical use in 1963 under the trade name of “Valium”. BZs as a new 

class of tranquilizing drugs changed the treatment of anxiety disorders, even the 

entire concept of psychopharmacology. BZs were found to be much safer drugs 

than the barbiturates: they were very effective, and had a clearly wider therapeutic 

index than the barbiturates that were toxic at quite low concentrations. Soon they 

became the most widely prescribed drugs worldwide and several BZs still can be 

found in lists of best selling drugs in the world (Lopez-Munoz et al., 2011). Soon 

after its marketing, chlordiazepoxide was shown to produce signs of withdrawal in 

hospitalized patients and these findings were then confirmed in several studies 

not only with patients but also in laboratory animals (Greenblatt and Shader, 1978; 

Hollister et al., 1961; Yanagita and Takahashi, 1973). However, this evidence was 

largely ignored and BZs were even marketed as having an insignificant risk of ad-

diction. However, persistent reports of abuse and difficulties of withdrawal began 

to accumulate, and today the abuse potential of those drugs is widely recognized 

(Griffiths and Weerts, 1997).

2.1.1 Basic molecular pharmacology of benzodiazepines

BZ ligands have a binding site in the γ-aminobutyric acid type A (GABAA) receptor 

that is widely expressed throughout the brain (Lüddens et al., 1995). GABA is the 

neurotransmitter that mediates the majority of fast inhibitory responses in the 
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Fig 1.
A. The chemical structure of diazepam.
The term benzodiazepine is the chemical name for the heterocyclic fusion between the 
benzene and diazepine rings. Classical benzodiazepine drugs are substituted 1,4-benzo-
diazepines, that possess the typical anxiolytic and sedative properties. Different benzo-
diazepine drugs have different side groups attached to this central structure, modulat-
ing the binding of the molecule to the GABAA receptor and its pharmacological properties.
 
B. Schematic drawing of the GABA

A
 receptor.

The GABAA receptor is formed from five subunits that on the cell membrane organize around the 
central pore through which the chloride (Cl-) and bicarbonate (HCO3-) ions can pass. The ben-
zodiazepine binding site (BZ site) is located between the α and γ subunits, whereas the binding 
sites for the neurotransmitter GABA are located between the α and β subunits. Binding of GABA 
to the receptor opens the ion channel, and binding of a benzodiazepine allosterically enhances 
the effects of GABA on the receptor.

brain. The binding of GABA at the GABAA receptor opens an ion channel inside 

the receptor molecule and allows chloride and bicarbonate ions to pass through 

leading to either hyperpolarizing or to so-called shunting inhibition (Fig. 1B). The 

direction of the chloride current depends on its concentration gradient across the 

cell membrane, and this is created by specific transporter proteins. Thus there 

can exist situations in the nervous system when GABA’s actions at GABAA recep-

tor are depolarizing (Kaila et al., 1997; Khirug et al., 2008; Rivera et al., 1999). 

When BZ binds to its allosteric binding site in the GABAA receptor, it induces 

conformational changes that enhance the affinity of GABA for its recognition site, 

leading to enhanced opening and conductance of the receptor channel (reviewed 



14 15

in Sigel and Luscher, 2011). Thus BZs are not true agonists of GABAA receptors, 

but so called positive modulators; they cannot open the chloride channel on their 

own but they can enhance the inhibitory effect of GABA, leading to the therapeutic 

effects (Hattori et al., 1986). In fact, this is also the feature that makes the BZs 

safer drugs than the earlier sedative drugs, barbiturates, which are able to acti-

vate the GABAA receptors independently of GABA and therefore are already toxic at 

relatively low concentrations. There is a wide range of other ligands in addition to 

the full agonist BZs that bind to the BZ binding site in the GABAA receptor. These 

ligands vary from partial agonists like bretazenil (partial efficacy), to antagonists 

like flumazenil (has no effect on its own, but prevents the effects of other ligands) 

and inverse agonists like Ro 15-4513 (decrease the GABA effect through negative 

modulation) (Bonetti et al., 1988; Hunkeler et al., 1981; Martin et al., 1988).

 GABAA receptors are pentameric complexes of subunits, commonly com-

posed of two α, two β, and one γ subunit. The different subunits from a total of 

eight subunit classes can have several isoforms (α1–α6, β1–β3, γ1–γ3, δ, ε, θ, 

π, ρ1–ρ3), which determine the receptor’s affinity for agonists, conductance, and 

other properties (Olsen and Sieghart, 2009; Uusi-Oukari and Korpi, 2010). The 

mRNAs encoding the different subunits each display a unique distribution within 

the brain. Some neuronal populations, such as the dentate granule cells, contain 

virtually all GABAA subunit mRNAs (Laurie et al., 1992; Wisden et al., 1992). 

Other cells, such as the cerebellar granule cells expressing the α6, contain only 

a limited selection of these mRNAs (Lüddens et al., 1990). The α1 is the most 

prevalent and ubiquitous subunit in the rodent brain and in conjunction with the 

β2 and γ2, they constitute the vast majority of GABAA mRNA expression in many 

cell populations (Laurie et al., 1992; Malherbe et al., 1990; Wisden et al., 1992). 

The BZ binding site is situated at the interface between the α- and γ2-subunits 

(Fig. 1B). The BZ-sensitive GABAA receptors contain either α1, α2, α3 or α5 subu-

nits and as a result of containing the γ2 subunit, they are synaptic, whereas the 

α4- or α6-containing GABAA receptors are insensitive to BZs, and since they pos-

ses δ subunits instead of γ2,  are located in the extrasynaptic sites (Olsen and 

Sieghart, 2009).
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 BZs can be divided into different classes according to their pharmacoki-

netic features like half-life and lipophilicity. These features determine the speed 

of onset and the duration of their effects, and are important determinants when 

choosing the best drug to treat different conditions. In addition, many of the com-

pounds have one or several active metabolites which can prolong their effects. 

The half-lives of different BZs vary from few hours to several days, and accordingly, 

they tend to be divided into short- intermediate- or long acting agents (Greenblatt 

et al., 1981).

2.1.2 Therapeutic effects of benzodiazepines and  

the brain areas suggested to mediate them

BZs dose-dependently induce their pharmacological effects i.e. anxiolytic, muscle 

relaxant, anticonvulsant, sedative and hypnotic properties (Korpi and Sinkkonen, 

2006). These drugs are effective in treating many different conditions e.g. anxiety 

disorders, insomnia, acute status epilepticus, tetanus, muscle spasms, or acute 

mania as well as for detoxification from alcohol and other substances and also 

are used for their sedative and amnesic effects in different kinds of surgery (Hol-

lister et al., 1993).

 The brain areas and neuronal mechanisms responsible for the different 

behavioral effects of BZs are still not exactly known. At low doses, BZs induce 

anxiolysis, higher concentrations evoke sedation and finally hypnotic effects start 

to emerge. The amygdala is a brain area involved in the regulation of stress and 

fear-conditioning and has often been proposed to mediate the effects of anxi-

olytic drugs, such as BZs (File, 2000; Killcross et al., 1997). BZs have been 

shown to dose-dependently increase c-Fos expression in central amygdala (Beck 

and Fibiger, 1995; Hitzemann and Hitzemann, 1999). This immediate early gene, 

c-Fos, is induced in neurons in response to neuronal activity and has found wide-

spread use in mapping neuronal populations being activated by different pharma-

cological manipulations or behavioral challenges (reviewed in Hughes and Dra-

gunow, 1995). Furthermore, intra-amygdala microinjections of BZs are anxiolytic 
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at low concentrations and become sedative at higher concentrations (Heldt and 

Ressler, 2006). Recently, a study using optogenetic methods revealed that a se-

lective excitation of the glutamatergic projection arising from the basolateral amy-

gdala activated the receiving GABAergic neurons in the lateral nucleus of central 

amygdala and induced an anxiolytic effect in mice (Tye et al., 2011). Previously 

it was demonstrated that BZs could activate these GABAergic inhibitory neurons 

in the lateral nucleus of central amygdala, which then provided feed-forward in-

hibition onto the medial nucleus of central amygdala (Davis, 2000; Hitzemann 

and Hitzemann, 1999; McDonald, 2003; Tye et al., 2011). The medial nucleus 

of the central amygdala is the major output of the amygdala that mediates the 

autonomic and behavioral responses of fear and anxiety. Thus, the enhancement 

of the GABAergic inhibitory transmission to medial nucleus of central amygdala 

by BZs could serve as a mechanism for anxiolysis, i.e. potentially inhibiting the 

stress- and fear-related output from the amygdala. However, other brain areas 

such as the hippocampus or septal area have also been claimed to be essential 

in mediating the BZ-induced anxiolysis (Treit and Menard, 1997). Interestingly, 

many different types of anxiolytic drugs seem to be able to interfere with the theta 

activity, a distinct activity pattern in neurons that can be measured in the rodent 

hippocampus during certain behaviors. This theta activity, regulated by the septal 

area, is involved also in anxiety behaviors in rats, and anxiolytic drugs have been 

proposed to induce anxiolysis by specifically impairing this activity (McNaughton 

and Gray, 2000). In addition, medial prefrontal cortex plays a role in fear-related 

behaviors; this area seems to be involved in the anxiolytic actions of BZs since 

infusions of the short-acting BZ, midazolam, into the medial prefrontal cortex were 

capable of evoking anxiolysis, without affecting the activity of the animal (Shah 

and Treit, 2004).

 The sleep/ wake -cycle is controlled by a complex interplay and balance 

between a number of wakefulness- and sleep-promoting hypothalamic and brain-

stem nuclei. The activity of the orexin-containing neurons in the lateral hypotha-

lamus (LH), the histaminergic neurons in the tuberomammillary nucleus and a 

number of brainstem nuclei, such as the cholinergic pedunculopontine tegmental 
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nucleus, the noradrenergic locus coeruleus and the serotoninergic raphe nuclei 

promote wakefulness. The major sleep-promoting nucleus is the ventrolateral pr-

eoptic nucleus of the anterior hypothalamus, which uses GABA and galanin as 

its major neurotransmitters (Szabadi, 2006). Sedation and hypnosis can arise 

either from increasing the effectiveness of sleep-promoting systems or by reduc-

ing the activity of wakefulness-promoting systems. Recent studies have indicated 

that GABAmimetic drugs exert their hypnotic effects in a brain area and recep-

tor-subunit specific manner. The GABA-site agonist gaboxadol (THIP), targeting 

the extrasynaptic α4δ subunit-containing GABAA receptors, seems to activate the 

sleep-active GABAergic neurons in the ventrolateral preoptic nucleus, thereby in-

ducing sleep (Lu and Greco, 2006). On the other hand, the hypothalamus seems 

to be a key target for GABA mimetic drugs, acting on α1 and α2 subunit-containing 

GABAA receptors (BZs, barbiturates, propofol) to mediate their sedative and hyp-

notic actions, and more precisely the histaminergic neurons in tuberomamillary 

nucleus have been shown to be silenced by these drugs (Lu and Greco, 2006; 

Nelson et al., 2002; Zecharia et al., 2009). In addition, the silencing of another 

hypothalamic neuronal population, the orexinergic neurons, was recently claimed 

to be important in the hypnotic actions of propofol and pentobarbital (Zecharia et 

al., 2009). Furthermore, intracerebro-ventricular administration of orexin-A peptide 

was able to reduce the hypnotic effect of propofol. In the same study, the orexin 

neurons were shown to be under the control of GABA through GABAA receptors, 

because a local microinjection of the GABAA antagonist, gabazine, increased and 

conversely the GABAA agonist, muscimol, reduced c-Fos in orexin neurons. The 

GABAA antagonist bicuculline delivered via microdialysis to the orexinergic area 

has been shown to reduce sleep and increase awake time as well as activate 

c-Fos in orexin neurons suggesting that the orexin neurons are inhibited by GABA 

through GABAA receptors during sleep (Alam et al., 2005). Intense immunoreac-

tivity of α1 subunit and also some immunoreactivity of α2, α3, and α5 subunits 

have been detected in orexinergic areas, thus confirming the functional binding 

sites for BZs (Backberg et al., 2004; Sergeeva et al., 2005). Since gaboxadol and 

BZs seem to target different brain areas to promote sleep, it is interesting that 
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gaboxadol is mainly used to treat insomnia whereas BZs have also therapeutically 

useful anxiolytic properties (Saarelainen et al., 2008; Wafford and Ebert, 2006).

2.1.3 Findings from mice with point mutations  

in different GABAA receptor subunits

One prerequisite for BZ binding to the GABAA receptor containing the α1, α2, α3 or 

α5 subunit was found to be the presence of the amino acid histidine at a certain 

position in those subunits since when this histidine is replaced by another amino 

acid, arginine, in the α4 or α6 subunits this makes the GABAA receptors BZ-insen-

sitive. Furthermore, point mutations by molecular biological techniques, that have 

replaced the conserved histidine residue by an arginine residue in GABAA receptor 

subunits α1, α2, α3, and α5, prevented the allosteric modulation by BZs although 

regulation by GABA was preserved (Kleingoor et al., 1993; Wieland et al., 1992). 

Interestingly, a point mutation of arginine100 to glutamine100 was shown to occur 

also naturally in α6 subunits of a rat line bred for its high sensitivity towards alco-

hol, leading to an increase in the affinity for diazepam when compared to wild-type 

α6, without fully reaching the high affinity of α1, α3 or the mutant α6 histidine100 

BZ receptors (Korpi et al., 1993; Wong et al., 1996). 

 Mice developed to carry mutated GABAA receptors with insensitive BZ 

binding have proved to be powerful models in dissecting the subunit compositions 

and brain areas important in different behavioral features induced by BZs (Fig. 2) 

(for review, Rudolph and Mohler, 2004). In mice with the BZ-insensitive α1 subunit-

containing GABAA receptors, the sedative, amnesic and at least part of the anti-

convulsant effects of diazepam were lost, whereas the anxiolytic-like, myorelaxant, 

motor-impairing and ethanol-potentiating effects were fully retained (Rudolph et 

al., 1999). However, the hypnotic effects of BZs, more specifically their effects on 

sleep latency, amount of sleep and on some specific features of sleep, were not 

affected or were even enhanced in these mice (Tobler et al., 2001). Thus, GABAA 

receptors containing the α1 subunit seem to be important for BZ-induced seda-

tion but not for sleep, which interestingly suggests that the receptor populations 
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and neuronal circuits important in these features of BZs could be at least to some 

extent, separable. In mice with the BZ-insensitive α2 subunit-containing GABAA re-

ceptors, the effect of BZs on sleep was reduced, suggesting an important role for 

α2 subunit-containing GABAA receptors in the hypnotic effects of BZs (Kopp et al., 

2004). The α2 subunit was found to be important also for the anxiolytic as well as 

the myorelaxant actions of BZs whereas the α3 subunit seemed to mediate only 

the myorelaxant action of BZs at high doses (Crestani et al., 2001; Low et al., 

2000). On the other hand, L-838417, a compound that has agonist properties at 

both α2 and α3 subunit containing GABAA receptors, was anxiolytic in mice with 

BZ-insensitive α2 subunits, and thus pointing to a role also for α3 subunits in the 

anxiolytic effects of BZs (Morris et al., 2006). The distribution of subunits seems 

to fit well with these findings, e.g. because α1 subunit-containing receptors are ex-

pressed widely in the brain, whereas the α2 subunit is expressed mostly in sleep-

wake regulating hypothalamus and in the limbic regions important for processing 

of emotional stimuli (Fritschy and Mohler, 1995; Wisden et al., 1992).

Fig 2. The benzodiazepine-sensitive GABA
A
 receptor compositions, the BZ effects suggested to be 

mediated by them and their main brain areas of expression.
The non-selective benzodiazepine ligands can bind to GABAA receptors containing the α1, α2, 
α3 or α5 subunit. The unique expression patterns of GABAA receptors with different subunit 
compositions enable molecules with selective affinity for certain subunit/subunits to exert dis-
tinctive effects on the brain and behavior. Adapted from Rudolph and Knoflach (2011).

MAIN BZ
EFFECTS

MAIN AREAS OF
EXPRESSION
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2.1.4 Side effects of benzodiazepines

BZs are relatively safe drugs considering that pure BZ overdosage rarely results in 

death, probably partly due to the existence of an effective BZ antagonist, flumaze-

nil, which can be used in the emergency rooms. The risk of overdosage increases 

when BZs are used in combination with other central nervous system depres-

sants, including opioids, other hypnotics, sedating antidepressants, neuroleptics, 

anticonvulsants, antihistamines and ethanol. Drugs of abuse are reported as the 

primary cause of death in approximately 150 cases in Finland each year, for ex-

ample in the year 2007, most of these were multidrug-use incidents with the 

most common combination being an opioid with a BZ (95 opioid cases, of which 

91 cases were combined with BZs)  (Salasuo et al., 2009). BZs have also several 

side effects. Patients report acute side effects such as drowsiness, ataxia, mus-

cle weakness, mental confusion and anterograde amnesia. The most difficult side 

effects emerge with long-term use of BZs, e.g. tolerance during continued use and 

physical withdrawal after discontinuation of the medication, this being manifested 

by symptoms like anxiety, irritability, insomnia and seizures (Ashton, 2005).

 BZ tolerance, i.e. the need to escalate the dose to achieve a similar re-

sponse as obtained with acute administration, appears to result from neuroad-

aptive processes involving both desensitization of the inhibitory GABAAreceptors 

and sensitization of the excitatory glutamatergic system, creating a new balance 

between the excitatory and inhibitory neurotransmission in the brain. However, 

also metabolic induction leading to faster elimination of BZs has been postulated 

to partly account for BZ tolerance development (Aitta-aho et al., 2009; File, 1982). 

The changes in GABAA receptors may include reductions in the numbers of BZ bind-

ing sites in the brain e.g. by receptor internalization or gene transcription altera-

tions and/or conformational alterations towards a low affinity state for GABA (see 

for review Bateson, 2002). On the other hand, hyperexcitability of the brain lead-

ing to withdrawal might develop as homeostatic adaptations to intense depres-

sion of brain activity by BZ treatment, e.g. being manifested when glutamatergic 

neurotransmission is altered at the disappearance of BZs from the brain (Izzo et 
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al., 2001; Song et al., 2007; Stephens, 1995). Antagonists of the glutamatergic 

ionotrophic receptors, the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) and N-methyl-D-aspartate (NMDA) receptors, can prevent certain phases 

in the development and expression of BZ withdrawal in mice and administration 

of an NMDA antagonist can prevent tolerance to BZ sedation (File and Fernandes, 

1994; Steppuhn and Turski, 1993; Tsuda et al., 1998b). In addition, NMDA re-

ceptor subunits NR1 and NR2B have been found to be up-regulated in diazepam 

withdrawn rats (Tsuda et al., 1998a). AMPA receptors are altered in region spe-

cific manner so, e.g. BZ withdrawal anxiety was shown to correlate with increased 

AMPA receptor binding in rat hippocampus and thalamus and decreased expres-

sion of AMPA GluR1 and GluR2 subunits in the amygdala and cortex (Allison and 

Pratt, 2006). In more detail, a one-week administration of a BZ, flurazepam, was 

shown to increase the AMPA receptor-mediated responses in the cornu ammonis 

1 (CA1) pyramidal cell layer of the hippocampus and this phenomenon corre-

lated with the severity of withdrawal anxiety, whereas there were reductions in the 

NMDA responses (Xiang and Tietz, 2007). 

2.2 Drug addiction

Addiction is a chronic, relapsing brain disorder (Hunt et al., 1971; Leshner, 1997; 

McLellan et al., 2000), characterized by a compulsive drug-seeking behavior and a 

loss of control in limiting drug use (Koob and Le Moal, 2001). The clinical terms 

vary, e.g. the American Psychiatric Association uses the terms substance abuse 

and dependence whereas the American Society of Addiction Medicine talks about 

addiction (American Psychiatric Association, 1994; American Society of Addiction 

Medicine, 2009). The criteria for substance dependence listed in the American 

Psychiatric Association’s Diagnostic and statistical manual of mental disorders 4th 

edition (DMS-IV criteria) are as follows: occurrence of tolerance or withdrawal symp-

toms, continued use of the drug despite negative consequences, drug is taken in 

larger amounts or for longer than was planned, attempts to reduce drug use, spend-

ing significant amount of time thinking about the drug and obtaining the drug or re-
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covering from its effects and giving up social and occupational activities due to the 

drug use. Substance dependence can be diagnosed if three or more of these traits 

are fulfilled. In this thesis however, the term dependence will be used to describe 

the process of brain adaptation which becomed manifested in withdrawal symp-

toms, to differentiate this process from addiction which is a persistent disorder 

comprising of maladaptive reinforcement of drug seeking and taking behaviors, in 

which relapses occur even after long periods of abstinence driven by drug cravings. 

 Recently, the American Society of Addiction Medicine released a public 

policy statement with their new definition of addiction. In it, they wished to em-

phasize that addiction is a primary chronic brain disorder, a neurological dysfunc-

tion of brain reward, motivation, memory and related circuitry (American Society 

of Addiction Medicine, 2011). Approaching rewards and inhibition of approach in 

the presence of possible negative consequences are basic behaviors based on 

the motivational systems present in the brain. The reward-deficiency hypothesis 

of addiction proposes that addicts have a reduced response to nondrug rewards, 

explaining why they prefer to consume drugs instead of other “accepted” rewards, 

whereas the impulsivity hypothesis suggests that the sensitivity to reward is en-

hanced and there is a failure in the inhibition of behavior in addiction. Human neu-

roimaging studies have provided evidence for deficiencies in reward and motiva-

tion systems in both directions in addicted individuals, indicating that features of 

both hypotheses probably contribute to pathophysiology of addiction (See reviews, 

Hommer et al., 2011; Volkow et al., 2010). There are different hypotheses on how 

drugs of abuse affect the brain reward systems to produce addiction. First, drug 

reward, the pleasurable hedonic effect of the drug, might act on the same brain 

systems as natural rewards to strongly induce a positive reinforcement. One hy-

pothesis proposes that drugs of abuse cause sensitization of incentive salience, 

meaning that the reward system of the brain that normally motivates the animal 

to approach natural rewards becomes strongly sensitized by drugs, thus leading 

to pathological “wanting” and compulsive drug taking behavior (Robinson and 

Berridge, 2000). Other hypotheses based on associative alterations in stimulus-

response learning systems by drugs of abuse, point to the presence of unusually 
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strong drug-taking habits (Di Chiara, 1998; Everitt et al., 2001; O’Brien et al., 

1998). The opponent-process hypothesis suggests that drugs of abuse induce a 

new state of the brain reward and motivational processes, manifested for example 

in an aversive withdrawal phase, which could contribute to addiction (Koob and Le 

Moal, 2001; Solomon and Corbit, 1974).

 The way that the drug is experienced and how it causes reinforcement 

differ greatly between individuals. Thus only a small fraction of all individuals that 

have used a drug of abuse will become addicted, and attempts have been made 

to explain this individual variability in two ways, the “drug-centered” or the “individ-

ual-centered” theories (de Wit et al., 1986; Piazza and Le Moal, 1996). The drug 

centered theory proposes that an individual who has a greater chances to use a 

drug, because of environment (for example social pressure), will become addicted 

because of the repeated use of the drug. It thus proposes that repeated drug use 

will eventually lead to modifications in the brain creating the addicted state. The 

individual centered theory, on the other hand, proposes that certain individuals 

are especially vulnerable to addiction due to their physiology and personality (for 

example due to impulsivity) which then leads to a pathological reaction to the 

drug, leading to addiction. Probably both of these points of view contribute to the 

individual variability in vulnerability to addiction. 

 As new perspectives and more knowledge have emerged, the general idea 

of addiction as substance dependence has changed, and the term addiction is 

used more widely. It has been postulated that brain functions can be similarly 

derailed by natural rewards as by drugs of abuse. For example, clinical studies 

of patients with aberrant eating behaviour have shown behavioural parallels be-

tween compulsive overeating and chemical addictions (e.g. nicotine, alcohol and 

psychomotor stimulants) (Davis and Claridge, 1998; Davis and Woodside, 2002). 

Additionally, it has been shown that nondrug addictions can cause similar brain 

neuroadaptations as drug abuse (for review Olsen, 2011). “Behavioural” addic-

tions, such as compulsive overeating, gambling and compulsive shopping, are 

therefore sometimes included in the definition of addiction and are together with 

drug addiction, termed as addictive behaviours (Holden, 2001).
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2.2.1 Benzodiazepine addiction

The risk of BZ addiction increases with prolonged use of the drug and an earlier his-

tory of abuse of other drugs or alcohol and this should be taken into account when 

prescribing BZs (Ashton, 2005). BZ abuse can be roughly divided into high-dose 

recreational and long-term therapeutic-dose abuse. The motivation for recreational 

abuse is to get “high” and for therapeutic-dose abuse, according to patients, to 

treat anxiety and insomnia or to avoid withdrawal. The therapeutic-dose abusers 

commonly take the drug orally, but in recreational abuse also the intranasal or 

intravenous routes are used. The therapeutic-dose abuse comprises the largest 

population, and results from regular repeat prescriptions over months, even years in 

contradiction to the accepted medical practice. In fact, these users actually account 

for most of the BZs consumed. Estimations of lifetime prevalence of prescribed BZ 

use vary around 20 % in European and American populations (20 % in Finland) and 

approximately 20 to even 50 % of these patients have had continued BZ use for 

over 12 months (Griffiths and Johnson, 2005; Hakkarainen et al., 2011). A small 

proportion of the patients escalate their prescribed dosage excessively and become 

high-dose abusers, who might need to search for illicit suppliers. On a population 

basis, the incidence of recreational abuse of BZs is estimated to be similar to that 

of other illicit substances, but seems especially common as a part of a polysub-

stance abuse pattern to enhance the “high” obtained from other drugs (opiates), or 

to alleviate the withdrawal from other drugs (alcohol, stimulants) (Griffiths and John-

son, 2005). In a survey done in the year 2010 in Finland, approximately 1 % of the 

population reported using BZ as a primary recreational drug whereas 23 % of poly-

drug users reported BZ abuse during the previous year (Hakkarainen et al., 2011). 

These different patterns of BZ abuse fulfill the criteria for substance dependence as 

listed in the “Diagnostic and statistical manual of mental disorders” published by 

the American Psychiatric Association. American Society of Addiction Medicine which 

classifies BZs into the same class with alcohol and barbiturates, i.e. the class of 

sedatives and hypnotics, state that they can induce mild to severe psychic addiction 

and severe physiological addiction where abrupt withdrawal may be fatal. 
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2.2.2 Findings about benzodiazepine reinforcement  

with animal models of drug addiction

Addiction is a complex phenomenon comprising of different behavioral features 

like drug seeking and drug taking. Even though the addiction as it appears in 

humans might be impossible to model as a whole in an animal, these discrete 

behavioral components can be studied separately in different animal models. In 

particular, the drug-reward and reinforcement, occurrence of physical dependence 

to the drug and the drug discrimination procedures in animal models are meas-

ures considered to be able to determine the abuse liability of a drug. As a gener-

alization, the drug is at first taken for its rewarding properties and it can also be 

used as a means to obtain relief from withdrawal and later when the addiction has 

developed, the presence of persistent cravings lead to relapses. These different 

phases of addiction probably arise from different neurobiological backgrounds, 

and experimental animals can be used to model different stages of the so called 

addiction cycle (Koob et al., 1998).

 The early part of the addiction cycle i.e. the initial rewarding properties of 

drugs in the binge/intoxication phase that induce reinforcement, can be studied 

for example in animal models of drug self-administration, drug-induced conditioned 

place-preference and drug-induced lowering of the thresholds for rewarding brain 

stimulation (Ator and Griffiths, 2003; Ator, 2005; Collins et al., 1984; Kornetsky et 

al., 1979). Drug-reinforcement is a process where the drug use increases the like-

lihood of behaviors that lead to further use of the drug.  Furthermore, a compound 

that reinforces drug-taking/drug-seeking behaviors in animal models reliably can 

predict abuse in humans. In the self-administration procedure, an animal is al-

lowed to administer a drug to itself for example through an implanted intravenous 

cannula. This is commonly combined to an operant behavior, often lever pressing, 

which allows for the measurement of the motivation to consume the rewards: 

the more the animal is ready to work to obtain the drug, the more rewarding the 

drug is and the stronger the reinforcement. Dopamine (DA) is believed to play a 

central role in mediating the reward and/or reinforcement (see chapter 2.3). The 
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dopaminergic activity in the nucleus accumbens (NAc) has been shown to corre-

late with the locomotor activity in animals (Pijnenburg et al., 1976; Swanson et al., 

1997) and this has led to use of drug-induced locomotor activation as a predic-

tor of drug reinforcement (for review, Wise and Bozarth, 1987). Furthermore, the 

increasing locomotor response to stimulants during repeated administration, i.e. 

the behavioral sensitization, is an often-used model of stimulant addiction (e.g. 

Kalivas, 1995).

 The rewarding properties of BZs and their ability to induce reinforcement 

have been revealed in laboratory animals by self-administration protocols in con-

trolled laboratory settings under a variety of experimental conditions (Ator, 2005; 

Bergman and Johanson, 1985; Griffiths et al., 1991). On the other hand, although 

BZs do produce self-administration behavior, they appear to be relatively weak 

reinforcers compared to other drugs of abuse. Self-administration can be studied 

using a progressive-ratio schedule, which means that the requirement for respond-

ing increases across the session until a break point is reached i.e. the point when 

an animal stops responding to obtain the drug. When progressive-ratio schedules 

were used in monkeys to compare different drugs of abuse, cocaine and opioid re-

ceptor agonists typically maintained higher break points than BZs, providing sup-

port for the belief that BZs are weaker reinforcers (Rowlett et al., 2002; Rowlett 

et al., 2005; Rowlett and Lelas, 2007; Woods et al., 1992). It seems that toler-

ance does not develop to the reinforcing effects of BZs, since self-administration 

of midazolam or zolpidem was shown to be stable over relatively long periods of 

exposure (Weerts and Griffiths, 1998; Weerts et al., 1998).   

 The procedure of conditioned place-preference exploits the association of 

environmental cues with rewarding drug effects. The animal is conditioned during 

repeated sessions of drug experiences in a distinct environment and then tested 

by allowing it to freely choose between the different environments to determine 

whether there is a preference to spend time in the drug-associated environment 

(see for review Tzschentke, 1998). The BZ-induced reinforcement has been dem-

onstrated also in conditioned place preference studies in rats revealing that BZs 

produce place preference for the environment that was previously paired with 
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injections of the drug (File, 1986; Spyraki et al., 1985). Findings from animal 

models suggest that the activation of the mesolimbic DA system is important in 

the acute rewarding actions of drugs of abuse (see chapter 2.3. of this thesis).

 The physical dependence that develops during chronic drug use, is char-

acterized by the withdrawal syndrome that emerges upon cessation of the drug 

(Becker, 2000; Emmett-Oglesby et al., 1990; Sanchis-Segura and Spanagel, 

2006). Withdrawal symptoms are often opposite to the acute effects of the drug, 

reflecting the process of allostatic adaptation of the brain to the initial actions 

of the drug. The dysphoria and increased anxiety experienced in the withdrawal 

phase are probably caused by reduced activity in the mesolimbic system, but also 

by recruitment of the brain stress systems (e.g. the corticotrophin-releasing factor 

and noradrenaline signaling in the extended amygdala) (for review Koob and Zor-

rilla, 2010). The emergence of withdrawal can lead to “relief-use” of the drug and 

thus induce reinforcement of drug use. The signs of withdrawal can be detected 

and measured in animals, or conditioned place aversion can be established by 

associating the withdrawal to certain environmental cues. Physical dependence, 

i.e. the withdrawal, may contribute to the abuse liability of BZs (Ashton, 1991; 

Petursson, 1994). Cessation of chronic BZ use or precipitation of withdrawal by 

administration of the BZ antagonist flumazenil, results in withdrawal symptoms 

that can be measured in the laboratory animals and the severity of withdrawal 

has been shown to be dose-dependent (Lukas and Griffiths, 1984; Woods et al., 

1992). For example, the flumazenil-precipitated withdrawal induced a conditioned 

place aversion in chronically diazepam-treated rats (Allison et al., 2002).

 In the later stages of the addiction cycle, one encounters the attempts 

at abstinence, drug craving and relapses back to drug use. Operant conditioning, 

for example drug self-administration combined to lever pressing, can be used to 

induce extinction of the operant behavior i.e. drug-seeking behavior, by allowing 

operant responding to continue in the absence of the drug until the animal stops 

responding. The relapse phase, i.e. the reinstatement of drug-seeking behavior af-

ter its extinction, can be induced by drug challenge, conditioned cues or by stress 

(Erb et al., 1996; Weiss et al., 2000). The association of environmental stimuli to 
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the subjective actions of drugs of abuse by means of classical conditioning seems 

to be a key feature of addiction. Exposure to such stimuli can evoke drug-seeking, 

maintain on-going drug use or elicit drug-seeking during abstinence and lead to 

relapse. This can be seen both in animal models as well as in human addicts 

(Everitt et al., 2001; Littleton, 2000; O’Brien et al., 1998; Shaham et al., 2003). 

The stress systems of the amygdala are again important for stress-induced re-

instatement, and further the glutamatergic projections controlling amygdala and 

ventral striatum seem to be important for drug- or cue-induced reinstatement of 

drug-seeking behaviour (Koob and Zorrilla, 2010). The reinstatement of drug use 

can be commonly established in animals with stimulants or ethanol, but these 

studies seem to have been rarely attempted with BZs, perhaps evidence of dif-

ficulties in modelling the phases of drug craving and relapsing of BZ addiction.

 In the drug discrimination procedure, animals are typically trained to dis-

tinguish between the presence and absence of a drug based on the subjective, 

or interoceptive effects produced by the drug, i.e. a response is correct or incor-

rect based on whether either drug or placebo is administered. In a simple model, 

these procedures are used to measure how much the drug of interest shares 

discriminative stimulus effects with another drug with known abuse potential, and 

thus predict how much the drug of interest has subjective effects in common with 

the drug of abuse. Drug discrimination procedures have been used to study BZ 

agonists, for example to test new therapeutic agents that have the desired effects 

of conventional BZ ligands, yet have reduced side effects and less risk of addic-

tion (Ator, 2005; Lelas et al., 2000). 

2.3. Reward, dopamine and drug addiction

2.3.1. Dopaminergic reward circuitry

The concept of an anatomically identifiable reward circuit emerged in the work by 

Olds and Milner, which demonstrated that rats would work for electrical stimula-

tion in specific brain sites (Olds and Milner, 1954). Further studies revealed that 
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the rewarding effect of electrical brain stimulation was dependent on an intact 

DA system (Phillips and Fibiger, 1978). Pharmacological manipulation of the self-

stimulated sites, in particular intracranial injections of drugs of abuse supported 

the hypothesis of this kind of reward circuit (Carlezon and Wise, 1996; Carr and 

White, 1983), and in addition, the findings that DA antagonists could induce an-

hedonia and disrupt the learning and performance of these behaviours reinforced 

by opiates, stimulants, and barbiturates together with the studies showing that 

DA neurons responded by activation to reward and reward-paired stimuli (Bozarth 

and Wise, 1983; Schultz, 1998; Spyraki et al., 1982; Wise et al., 1978), created 

the basis for the DA theory of addiction. Nonetheless, the depate over the exact 

role of DA in reward and in drug addiction is unresolved: one hypothesis proposes 

that it mediates the pleasure i.e. liking the drug, but another hypothesis is that it 

increases the motivation to approach the rewards, i.e. wanting, by adding incen-

tive salience to reward predicting stimuli (for review Berridge, 2007).

 Several areas along the medial forebrain bundle including the LH and the 

ventral tegmental area (VTA) have been associated with the most intense reward 

from intracranial self-stimulation (Wise, 1996). VTA, in conjunction with the more 

lateral substantia nigra, are the major dopaminergic nuclei in the brain. The exact 

neuronal population, whose activation is responsible for the brain-stimulation re-

ward, is however not known. It has also been proposed that the primary neuronal 

substrate activated by the reward threshold self-stimulation levels would be the 

electrically coupled GABAergic interneuron network in the ventral brain (VTA and 

surrounding areas) that could integrate the brain stimulation rewards from differ-

ent sites (Lassen et al., 2007). However, self-stimulation of VTA leads to elevated 

DA signals in NAc that are rewarding and promote reward learning (Owesson-White 

et al., 2008). Thus, the mechanism through which the postulated activation of the 

inhibitory interneuron network in VTA could lead to increased DA signalling in NAc, 

remains to be established.

 Based on self-stimulation, pharmacological, physiological, and behavioral 

studies, the VTA DA neurons and the NAc that forms the main part of the ventral 

striatum, seem to be the key players that form the reward circuit (for reviews Kel-
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ley and Berridge, 2002; Stefani and Moghaddam, 2006; Wise, 2002). This thesis 

will mainly focus on this mesolimbic DA pathway arising from VTA and projecting 

to NAc (Fig. 4). However, it seems that more extensive striatal and midbrain ar-

eas are involved in reward. Especially, with respect to reward and addiction, the 

division of the dopaminergic nuclei into VTA and substantia nigra might not be so 

clear either anatomically or functionally as these neurons have overlapping pro-

jection fields, they seem to respond in a similar manner to rewarding stimuli and 

electrical stimulation of both areas is known to be rewarding (Wise, 2009).

2.3.2 Role of VTA dopamine neurons in reward

The VTA DA neurons respond to “natural” rewarding stimuli such as food and sex as 

well as to drug reward. Activation of DA neurons results in increased dopaminergic 

activity in the terminal areas, e.g. striatum, and this has been shown to occur in re-

sponse to reward, this being demonstrated both in animals by in vivo microdialysis 

(e.g. Avena et al., 2008; Di Chiara and Imperato, 1988; Martel and Fantino, 1996) 

and in humans by positron emission tomography (PET) (e.g Martin-Soelch et al., 

2011; Volkow et al., 1999; Volkow et al., 2002). In particular, the VTA DA neurons 

undergo phasic activation in response to rewarding stimuli that are not fully pre-

dicted or are of higher-than-expected value and on the other hand they are inhibited 

if an expected reward fails to appear (Schultz, 1998; Tobler et al., 2005). The activ-

ity of DA neurons is thus thought to represent the difference between the expected 

and actual values of reward, the so-called reward-prediction-error hypothesis of 

DA neuron function (Montague et al., 1996; Schultz et al., 1997). In addition, DA 

neurons play a role in classical conditioning, as they first discharge in response to 

novel rewarding stimuli, and then when this reward is repeatedly encountered, they 

will start to discharge already at the conditioned cues predicting the reward and, 

if the predicted reward is not delivered at the time expected, then their activity be-

comes reduced. During over-training, the DA neuron responsiveness is decreased 

in parallel with the behavioural task of the animal becoming a habit (Ljungberg et 

al., 1992). Thus, the DA cell firing is no longer needed for the habitual movements 
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and responses, but is important for directing attention towards the relevant stimuli 

and teaching/reinforcing the animal to approach the reward.

 Earlier studies have indicated that DA neurons are inhibited by aversive 

stimuli (Ungless et al., 2004). The reward-coding hypothesis states that increased 

DA release only occurs with reward-related stimuli, e.g. quinine in a taste aversion 

model inhibited DA release in rat NAc (Roitman et al., 2008). However, many re-

cent electrophysiological studies have found that DA neurons respond to aversive 

stimulus heterogeneously, either by activation, by not responding or by inhibition 

(Matsumoto and Hikosaka, 2009). In anesthetized rats, foot shock inhibited DA 

neurons in the dorsal VTA, whereas the DA neurons in the ventral VTA became 

phasically excited (Brischoux et al., 2009). In mice, the majority of the VTA DA 

neurons exhibidt decreased activity towards fearful events, but a small group of 

DA neurons were activated (Wang and Tsien, 2011). Another study reported that 

a similar number of DA neurons were activated, inhibited or unaltered by tail pinch 

and it also showed, that in mice with impaired NMDA receptor-mediated control of 

DA neurons, the dopaminergic activation to an aversive stimulus was attenuated, 

leading to impaired aversive conditioning (Zweifel et al., 2011). These findings sup-

port the hypothesis that increases in DA signalling can be evoked by any salient 

stimuli, including aversive stimuli (Redgrave et al., 2008). For example, DA trans-

mission in the NAc of rats was significantly increased under the aversive condition 

of social defeat stress (Anstrom et al., 2009). Another study assessed DA release 

in response to aversive tail pinch and found that DA release was triggered in the 

dorsal striatum and NAc core for the whole duration of the stimulus, suggesting 

that these areas are involved in the perception of aversive stimuli. However, DA was 

released in the NAc shell only when tail pinch was removed, probably representing 

the rewarding feature of alleviation of aversive condition (Budygin et al., 2011).

2.3.3 Electrophysiology, regulation and connections of VTA dopamine neurons

There are some electrophysiological and pharmacological characteristics that 

have been used to distinguish the DA neurons from their neighboring non-DA 



32 33

neurons. The common features that at least the majority of DA neurons share 

and that are not found in the non-DA neurons in the vicinity, are their wide action 

potentials fired at a slow rhythm with occasional burst firing in in vivo recordings 

(Fig. 3A), and the autoinhibition through D2 receptor activation (Bunney et al., 

1973; Grillner and Mercuri, 2002). The DA neurons exhibit this kind of rhythmic 

firing also when recorded in vitro in brain slices, but when isolated from their af-

ferent glutamatergic projections, they fire in a highly regular pattern and show no 

bursting, unless NMDA is applied to the slice (Johnson et al., 1992; Sanghera 

et al., 1984). Other properties of DA neurons revealed by intracellular recordings 

in brain slices that take part in the so-called pacemaker activity and that are not 

observed in the neighboring non-DA neurons, are a calcium-dependent pacemaker 

potential, a slowly developing inward rectification in response to hyperpolarization 

and an outward rectification evoked by depolarization steps from hyperpolarized 

potentials (Grace and Onn, 1989). The inward rectification that drives the cell 

back towards firing a new action potential, is mediated by a hyperpolarization-

activated, cyclic nucleotide-gated, cation non-selective (HCN) channel current 

called the Ih-current. There exist four different subunits from which the HCN chan-

nels are formed, and the HCN2, HCN3 and HCN4 are expressed in the midbrain, 

with the HCN2 appearing to be the major type expressed in VTA, conferring the 

typical slow-gating kinetics on the Ih currents of the VTA DA neurons (Notomi and 

Shigemoto, 2004; Santoro and Tibbs, 2006). Ih-current has been used routinely 

in in vitro electrophysiological studies to differentiate the DA neurons from the 

non-DA neurons, and was used also in the present electrophysiological recordings 

in the first study included into this thesis (Fig. 3B).

 The VTA sends extensive dopaminergic projections around the brain and 

reciprocally receives projections from many parts of the brain (Fig. 4). The VTA DA 

neurons project to prefrontal cortex (PFC), NAc, hippocampus, amygdala and many 

other areas. The VTA receives its major excitatory glutamatergic inputs from the 

PFC, pedunculopontine tegmental nucleus and LH (Geisler et al., 2007). Stimula-

tion of these brain sites increases the amount of extracellular glutamate present 

in VTA, increases activity of VTA neurons and leads to increased DA release in NAc 
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Fig 4. Schematic drawing of a sagittal section through the rodent brain illustrating the main dopamin-
ergic pathways arising from VTA and the main glutamatergic and GABAergic control of VTA.
In addition to the glutamatergic projections arriving to VTA from the prefrontal cortex (PFC) and 
lateral hypothalamus (LH), also lateral habenula (LHb) and the pedunculopontine tegmental 
nucleus (PPT) make glutamatergic connections to VTA neurons (in black text in parentheses). 
GABAergic transmission arises from the local GABAergic interneurons of VTA (the gray circle) 
as well as the GABAergic projection from the nucleus accumbens (NAc) medium spiny neurons, 
the rostromedial tegmental nucleus (RMTg), ventral pallidum (VP) and the amygdala (Amg) (in 
gray text in parentheses).

Fig 3.
A. Firing pattern of a midbrain dopamine neuron of an anesthetized rat recorded in vivo.
VTA dopamine neurons fire wide action potentials at a slow rhythm that is occasionally switched 
to a burst-firing mode (modified from Overton and Clark, 1997).

B. Hyperpolarization-activated cation current i.e. the Ih-current used to identify VTA dopamine 
neurons.
Hyperpolarizing 10 mV voltage steps were given (1 s duration) from the holding potential of 
-70mV to -140mV to elicit the slowly activating cation current, the Ih-current, in voltage-clamped 
VTA neurons to allow the identification of dopamine neurons.
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(Floresco et al., 2003; Gariano and Groves, 1988; Hernandez and Hoebel, 1988; 

Karreman and Moghaddam, 1996; Tong et al., 1996; You et al., 1998). Interest-

ingly, the PFC projections seem to contact mostly the PFC-projecting DA neurons 

and the NAc-projecting GABAergic neurons in VTA (Carr and Sesack, 2000). An-

other glutamatergic input to VTA arrives from the lateral habenula, synapsing to 

both DA and non-DA neurons (Omelchenko et al., 2009).

 VTA DA neurons are under GABAergic inhibition and thus blockade of 

GABAergic transmission enhances their activity (Johnson and North, 1992b; West-

erink et al., 1996). The GABAergic inputs to VTA arise from the medium spiny 

neurons (MSNs) of NAc, amygdala and ventral pallidum as well as from the local 

GABAergic interneurons (Fig. 4) (Kalivas, 1993; Omelchenko and Sesack, 2009). 

In addition to local connections, the GABAergic neurons of VTA send projections 

to PFC and NAc (Carr and Sesack, 2000; Van Bockstaele and Pickel, 1995). In a 

recent report, the NAc MSNs were shown to target preferentially the non-DA VTA 

neurons, and to inhibit them through activation of GABAA receptors (Xia et al., 

2011). Thus the NAc MSNs may indirectly modulate the activity of DA neurons 

through their intensive local connections to GABAergic interneurons of the VTA.

 A more recently discovered inhibitory GABAergic input to VTA DA neurons 

emerges from the rostromedial tegmental nucleus (RMTg) (Jhou, 2005). This area 

is sometimes actually called the GABAergic tail of VTA, because these regions 

are very close to each other. The GABAergic neurons of RMTg display phasic 

activations in response to aversive stimuli and inhibitions after rewards or reward-

predictive stimuli (Jhou et al., 2009; Lecca et al., 2011). RMTg receives a gluta-

matergic input from the lateral habenula, and additional inputs from the extended 

amygdala and amygdala target regions such as the ventral periaqueductal gray, 

all of which are important areas in the processing of aversive stimuli (Jhou et al., 

2009; Kaufling et al., 2009; Matsumoto and Hikosaka, 2007). Thus it has been 

postulated that projections from different brain areas involved in emotional cod-

ing converge onto the RMTg, which then acts to regulate the reward and aversion 

related activations/inactivations of midbrain DA neurons. The excitatory transmis-

sion from lateral habenula to RMTg can result in inhibition of DA signaling and 
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perhaps in a neuron population specific manner. This could explain in part why 

activation of the lateral habenula to aversive stimuli and its stimulation ultimately 

leads to reduced DA levels in NAc, even though lateral habenula has also direct 

excitatory connections to VTA (Matsumoto and Hikosaka, 2007).

 The activity of VTA neurons is further modulated by cholinergic neurons 

arriving from the pedunculopontine tegmental nucleus, and laterodorsal tegmen-

tal area (Omelchenko and Sesack, 2006), as well as by serotonin, noradrenaline, 

and many peptide transmitters and modulators such as orexins(Nakamura et al., 

2000) and ghrelin (Abizaid et al., 2006).

 The DA neurons in substantia nigra project more dorsally to the striatum, 

whereas VTA DA neurons mainly project to the ventral striatum (NAc), PFC, amygdala 

and hippocampus. Recently several studies have found DA neurons to be divergent 

in many respects e.g. in their electrophysiological features, vulnerability to neuro-

degeneration and regulation by neuropeptides (Korotkova et al., 2004; Lammel et 

al., 2008; Lammel et al., 2011). In particular, Lammel et al. have shown that DA 

neurons are organized into anatomical and electrophysiological subgroups inside 

the dopaminergic nuclei depending on their terminal fields. They showed that DA 

neurons with pronounced Ih-current could be found in the substantia nigra and in 

the lateral VTA and they projected to the lateral NAc shell, while the DA neurons 

of the medial posterior VTA projected to the medial PFC and medial NAc shell, and 

had no or very small Ih-currents.  Since the presence of a large Ih-current has been 

routinely used to identify DA neurons, the VTA DA neurons projecting to the PFC and 

medial NAc shell have been largely ignored in many previous studies. Clearly also 

these DA neurons have a major impact on behaviour, and future studies identifying 

these VTA neurons and their terminal fields more carefully, will provide a much more 

complete perspective of the role of DA neurons in physiology and pathophysiology 

as well as how different drugs of abuse can influence these neurons. It is already 

known that rewarding or aversive stimuli can modulate the DA neurons differently 

depending on the brain area to which these DA neurons project. A cocaine experi-

ence selectively affected DA cells projecting to NAc medial shell while an aversive 

stimulus influenced DA cells projecting to PFC and the DA neurons projecting to NAc 
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lateral shell were modified by both rewarding and aversive stimuli, suggesting that 

the mesocorticolimbic DA system is comprised of anatomically distinct circuits, 

modified by different motivational relevance (Lammel et al., 2011).

 The non-DA neurons of VTA were long considered simply to be GABAer-

gic. However recent studies have indicated that also glutamatergic neurons are 

present in the VTA and in fact, some of the DA neurons co-release glutamate. Fur-

thermore these glutamatergic neurons make local connections to DA and non-DA 

VTA neurons as well as project to NAc and PFC (Chuhma et al., 2004; Dobi et al., 

2010; Kawano et al., 2006; Yamaguchi et al., 2007). It has been shown that this 

subset of neurons located in the medial portion of VTA that expresses markers 

for both DA and glutamate transmission (Yamaguchi et al., 2011) can accumulate 

and release glutamate simultaneously with DA in an action potential-dependent 

manner, and that this glutamate is able to activate postsynaptic AMPA and NMDA 

receptors (Stuber et al., 2010; Tecuapetla et al., 2010). This neuronal popula-

tion might have a role also in the actions of drugs of abuse as the cell-type spe-

cific conditional knock-out of the isoform of the vesicular glutamate transporter 

(VGluT2) in DA neurons led to a reduced locomotor response to psychostimulants 

and increased self-administration of these drugs (Alsiö et al., 2011; Birgner et 

al., 2010; Hnasko et al., 2010). Consequently, when studying the plasticity of 

glutamatergic transmission arriving to VTA neurons, it should be kept in mind that 

these connections are arriving from heterogeneous origins, and that VTA neurons 

are also under local glutamatergic control.

2.3.4 Effects of drugs of abuse converge on the mesolimbic dopamine pathway

Despite their chemical diversity, specific molecular targets and unique actions and 

effects, the unifying feature of drugs of abuse is that they activate the mesolimbic 

DA signalling, seen both in microdialysis studies of NAc DA release as well as in 

electrophysiological studies of VTA DA neuron activity (Di Chiara and Imperato, 

1988; Nestler, 2005). This activation can also be seen in imaging studies in 

humans, and it has been shown to correlate with euphoria (Volkow et al., 1999). 
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The dopaminergic activity in the target areas of striatum can basically be affected 

in three different ways: affecting the firing of the DA neurons, affecting the DA 

release in the presynaptic terminal or affecting the reuptake of DA in synapses.

 The firing of DA neurons is increased by opiates, cannabinoids, 

γ-hydroxybutyrate, ethanol, BZs and nicotine (Fig. 5). Nicotine increases the DA 

neuron firing through increased activation of the nicotinic receptors that are ex-

pressed on DA neurons (Maskos et al., 2005) as well as by enhancing the release 

of glutamate onto DA neurons (Pidoplichko et al., 2004) and disinhibiting DA neu-

rons by desensitizing the nicotinic receptors at VTA GABAergic interneurons and 

in that way reducing their activity thus attenuating GABAergic input to the VTA DA 

neurons (Mansvelder et al., 2002).Opiates, cannabinoids, γ-Hydroxybutyrate and 

BZs increase firing primarily by depressing the GABAergic inhibition of the DA 

neurons, a network mechanism called disinhibition. Opioid-induced disinhibition 

of DA neurons is based on cell-type-specific expression of the μ-opioid recep-

tor in the GABAergic interneurons of the area, and hyperpolarization induced by 

the μ-opioid receptor activation (Johnson and North, 1992a). Another GABAergic 

input that synapses onto midbrain DA neurons and is inhibited through μ-opioid 

receptor activation arrives from RMTg (Matsui and Williams, 2011). Cannabinoids 

inhibit GABAergic neurotransmission onto the VTA DA neurons via a presynaptic 

mechanism by activating the CB1 cannabinoid receptors (Szabo et al., 2002). 

γ-Hydroxybutyrate activates the hyperpolarizing G-protein-gated inwardly rectifying 

potassium (GIRK) channels only at GABAergic neurons due to differential expres-

sion of the channel subunits between the DA and GABAergic neurons, and this 

causes the disinhibition of DA neurons (Cruz et al., 2004). VTA GABAergic neurons 

are more sensitive to inhibition by BZs, leading to disinhibition of the DA neurons 

(O’Brien and White, 1987; Tan et al., 2010). Ethanol directly affects the DA neu-

rons, by reducing the hyperpolarizing potassium current and thus increasing their 

activity  (Appel et al., 2003; Brodie et al., 1990) .

 Psychostimulants cocaine and amphetamine inhibit reuptake of DA 

through their actions at the DA transporters (Sulzer et al., 2005). This leads to an 

increase in the amount of DA in synapses in NAc and PFC and also in VTA since 
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Fig 5. Schematic drawing illustrating the molecular targets for different drugs of abuse through 
which they are thought to activate the mesolimbic dopamine system.
Different drugs of abuse have their binding targets in different parts of the VTA neurocircuitry 
and mesolimbic dopamine system, but they all are able to increase the firing of the dopaminer-
gic neurons and/or the release of dopamine in VTA and NAc (see text). Prefrontal cortex (PFC), 
pedunculopontine tegmental nucleus (PPT), lateral hypothalamus (LH), laterodorsal tegmental 
area (LTD), nucleus accumbens (NAc), medium spiny neuron (MSN), rostromedial tegmental 
nucleus (RMTg), ventral pallidum (VP), dopamine transporter (DAT), vesicular monoamine trans-
porter (VMAT), nicotinic acetylcholine receptor α7 subunit (nAchRα7), GABAA receptor α1 subu-
nit (GABAAα1), cannabinoid receptor 1 (CB1), μ-opioid receptor (μOR), G-protein-gated inwardly 
rectifying potassium channel (GIRK).
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VTA DA neurons release DA also from their dendrites (Beckstead et al., 2004; 

Cheramy et al., 1981). The effect of amphetamine seems more complex, since 

in addition to reversing DA transporters, it affects the synaptic vesicles contain-

ing DA, which leads to redistribution of DA into the cytosol and to a subsequent 

reverse transport out into the synapse (Sulzer, 2011). Psychostimulants actually 

reduce VTA DA neuron activity through D2 receptor-mediated autoinhibition, but 

the block of DA reuptake exceeds the consequences of reduced DA cell firing fre-

quency, and there is nevertheless a net increase in the ambient DA level (Chen et 

al., 1996; Groves et al., 1975).

2.3.5 Proposed dopaminergic mechanism of benzodiazepine reinforcement

BZs are drugs of abuse. However, they do not seem to increase extracellular DA 

levels in NAc in the same way as other drugs of abuse do. Several BZs, diazepam, 

midazolam and flurazepam, were actually shown to reduce extracellular DA con-

centration in NAc measured by microdialysis (Finlay et al., 1992; Invernizzi et al., 

1991; Murai et al., 1994). In contrast, some β-carboline derivates that are inverse 

agonists of BZ site were reported to increase these DA levels, even though they 

have anxiogenic effects (McCullough and Salamone, 1992; Murai et al., 1994). 

This would suggest that the DA signal evoked in NAc by drugs of abuse can be 

evoked also by other drugs, and also that this DA signal is not a necessity for a 

drug to have abuse liability.

 Paradoxically, systemic administration of BZs has been shown to increase 

the activity of DA neurons in VTA while decreasing the activity of non-DA neurons 

in that area in anaesthetized mice and rats (O’Brien and White, 1987; Tan et al., 

2010). However, changes in the VTA DA neuron activity do not necessarily produce 

a proportional response in the release of DA because terminal mechanisms and 

conditions may also affect the DA signal (Montague et al., 2004; Wightman et al., 

2007). Thus it seems, that although BZs can increase firing of VTA DA neurons, 

they have inhibitory effects on the dopaminergic terminals in the NAc, leading to 

a reduction in NAc DA levels. One important facet might be that the dopaminergic 
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terminals in NAc seem to be more sensitive to inhibition by BZs than the more 

dorsal dopaminergic terminals, as diazepam and flurazepam were shown to have 

no effect or to reduce DA release less extensively in the dorsal striatum than in 

the NAc, both when administered intraperitoneally to conscious rats or locally to 

striatal dialysates (Invernizzi et al., 1991; Zetterstrom and Fillenz, 1990). In ad-

dition, it should be noted, that using fast-scan cyclic voltammetry technique that 

allows faster time-resolution than microdialysis, an increase in NAc DA release 

was detected after intravenous or intra-VTA administration of a GABAA agonist 

muscimol (muscimol did not exhibit any reinforcing effects in this study, again 

questioning the role of the NAc DA signal in reward) (Xi and Stein, 1998). Thus, 

the complete picture of the effects of BZs and other GABA mimetics on NAc DA 

release remains to be determined. Of course other neurotransmitter systems, for 

example serotonin, noradrenaline or endogenous opioids, are involved in drug ad-

diction and this could also be true in BZ addiction, i.e. they act in conjunction with 

DA mediated mechanisms (Hnasko et al., 2005; Hnasko et al., 2007), 

 Nonetheless, an intact and active mesolimbic DA system seems to be im-

portant for BZ reinforcement, since pretreatment with a DA antagonist haloperidol 

or lesioning the dopaminergic pathway by 6-OHDA injections at the level of NAc, 

could prevent the diazepam-induced place preference as well as reduce the vol-

untary diazepam intake in rats (Fuchs et al., 1984; Spyraki and Fibiger, 1988). DA 

seems to play a role also in the BZ withdrawal since DA antagonists were able to 

reduce or prevent the withdrawal signs in lorazepam-dependent rats (Nath et al., 

2000). BZs increase the firing of VTA DA neurons through disinhibition: they inhibit 

the inhibitory GABAergic interneurons in VTA, thus reducing the inhibitory GABAer-

gic events arriving to the DA neurons (Fig. 5) (O’Brien and White, 1987; Tan et al., 

2010). The GABAergic interneurons are more sensitive to BZ-induced enhance-

ment of GABA transmission than the DA neurons, since there is expression of 

GABAA receptors with different sets of subunits in these neuronal populations 

(Tan et al., 2010). Particularly, GABAA receptors with the α1 subunit were demon-

strated to be expressed mostly in the GABAergic interneurons of VTA, whereas the 

DA neurons were more likely to express the α3-containing GABAA receptors. The 
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GABAA currents of DA neurons are also directly affected by non-selective BZs, but 

the disinhibition via α1-containing GABAA receptors on interneurons seems to be 

the predominant effect. In addition, Tan et al. (2010) examined a mutant mouse 

with BZ-insensitive α1 subunits, and found that midazolam was not able to inhibit 

the firing of VTA GABAergic interneurons in vivo, and thus could not disinhibit the 

DA neurons. Furthermore, the VTA GABAergic neurons of these mice were insensi-

tive to midazolam in vitro, and actually the total GABAergic current in DA neurons 

was increased, whereas in the VTA of wildtype mice, midazolam did decrease the 

total GABAergic current recorded in DA neurons in vitro. Importantly, in the same 

study, when given a chance to choose between drinking sucrose fluid with or with-

out midazolam, the wildtype mice developed a strong preference for midazolam 

whereas the mice with BZ-insensitive α1 subunits did not demonstrate this kind 

of preference. This work suggests that the BZ-induced disinhibition of DA neuron 

firing is a key mechanism involved in BZ reinforcement.

2.4 Drug-induced synaptic plasticity in addiction

The process where the strength of synaptic connections in neuronal network is 

modified is called synaptic plasticity. This is a fundamental function of the brain 

since it enables memory and learning. Strengthening of synaptic connection is 

called long-term potentiation (LTP), and its weakening is termed long-term depres-

sion (LTD). Synaptic strength can be altered by modifying the number of neuro-

transmitters released, the number of postsynaptic receptors, or the reuptake of 

neurotransmitters from the synapses.

 More than a century ago, based on his visual observations on neuronal 

tissue with early histological methods, Santiago Ramón y Cajal devised a theory 

that information and memories are stored as anatomical changes in the connec-

tions between the neurons in the brain (for review Yuste and Bonhoeffer, 2001). 

50 years later, in his famous book, Donald Hebb then proposed the rules for long-

term synaptic potentiation what nowadays often is cited as “Hebbian learning”: 

the strength of the connection between two neurons is increased when the firing of 
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the presynaptic and postsynaptic neurons are closely correlated in time and this 

process is input-specific, i.e. other synapses on either neuron remain unchanged 

(Hebb, 1949). Later, in 1973, Bliss and Lømo were able to demonstrate a Heb-

bian form of plasticity in the mammalian hippocampus (Bliss and Lomo, 1973). 

This LTP was the first in vivo proof of synaptic plasticity in the mammalian brain. 

Nowadays, it is clear that LTP is a common synaptic process existing in different 

brain areas and in various forms with their own distinct and different cellular and 

molecular mechanisms (Bliss and Collingridge, 1993). LTP has an early phase 

that lasts for a few hours and a late phase that persists more than 24 h, and the 

development of the late phase requires gene transcription and protein synthesis 

(Nguyen et al., 1994). The best known is probably glutamatergic synaptic plastic-

ity that often includes changes in the number and function of the glutamatergic 

ionotropic AMPA and NMDA receptors. This thesis will focus on the drug-induced 

plasticity at glutamatergic synapses. In many brain areas these are known to be 

able to maintain different kinds of long-lasting changes that could be important in 

the storage of information. 

 Addiction could be seen as a maladaptive learning phenomenon. The 

problem with drug addiction is not primarily the acute effects of the drugs, but 

their long-term effects which outlast the presence of the drug in the brain, and 

which contribute to the reorganization of neural circuits leading to the addictive 

behavior, eventhough it is the acute effects that trigger and induce these long-term 

changes. The adaptations behind the tolerance and physical dependence are allo-

static, as they are the means by which the brain is trying to combat the effects of 

the drugs, to maintain equilibrium. Instead, the adaptations that lead to addiction 

are actually driving the behavior towards drug seeking and consumption via the 

mechanisms of conditioning and learning, i.e. the brain mistakenly recognizes the 

drugs of abuse as beneficial stimuli. To understand the mechanisms of addiction 

development, one needs to identify these specific traces that drugs leave in the 

brain and to evaluate their significance on behavior.
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2.4.1 NMDA-dependent LTP and NMDA-independent LTP

The cation channel of the NMDA receptor that allows Ca2+ ions to flow through 

is blocked by Mg2+ ions at negative resting membrane potentials. One of the 

most studied LTP is the NMDA-dependent LTP in excitatory synapses between the 

CA3 (cornu ammonis 3) and CA1 areas of the hippocampus. Glutamate released 

from the presynaptic terminal activates both AMPA and NMDA receptors on the 

postsynaptic site, but only a strong activation of the AMPA receptors, enough to 

induce depolarization of the postsynaptic membrane, will release the Mg2+ ion 

from blocking the NMDA receptor channel, and thus allow the Ca2+ signal through 

NMDA receptors. This can lead e.g. to the activation of several protein kinases 

and this phenomenon is required for LTP to occur (Huang et al., 1996). The NMDA 

receptor could be considered as the molecular coincidence detector in Hebbian 

plasticity, where synaptic strengthening results from concurrent firing of the pre- 

and postsynaptic neurons.

 AMPA-type glutamate receptors mediate the majority of fast excitatory 

synaptic transmission in the brain. AMPA receptors are tetrameric combinations 

of four subunits: GluA1, GluA2, GluA3, and GluA4 (also called ‘‘GluRA–D’’) (Dingl-

edine et al., 1999). The majority of AMPA receptors are heteromers and contain 

the GluA2 (Greger et al., 2002; Wenthold et al., 1996). During early development, 

GluA2 is expressed at low levels compared to GluA1, but its expression increases 

rapidly in the first postnatal week (Monyer et al., 1991; Wisden and Seeburg, 

1993). The majority of GluA2 are subjected to hydrolytic editing of a single base 

in the RNA (RNA editing), which adds positive charge into the pore of the receptor 

protein and this prevents both the passage of divalent cations (including Ca2+) 

and the block by endogenous intracellular polyamines (Higuchi et al., 1993; Som-

mer et al., 1991). Consequently, the GluA2-containing AMPA receptors have a 

linear current-voltage relationship, are only permeable to monovalent cations, are 

impermeable to Ca2+, and exhibit lower channel conductance than the GluA2-

lacking AMPA receptors that are Ca2+ permeable and show inward rectification 

due to a voltage-dependent block by endogenous intracellular polyamines (Bowie 
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and Mayer, 1995; Kamboj et al., 1995). GluA2 is thus a critical subunit in de-

termining the function of AMPA receptors and for this reason it is under a tight 

regulation at the level of gene expression, RNA editing, receptor assembly, and 

trafficking in order to ensure correct functioning of the nervous system (Brusa et 

al., 1995; Feldmeyer et al., 1999; Hartmann et al., 2004).

 The GluA2 subunit has a role in the induction of some forms of long-term 

synaptic plasticity. In the classical NMDA-dependent LTP, the NMDA receptors pro-

vide the major pathway for synaptic Ca2+ entry. However, when GluA2 lacking 

AMPA receptors are present, they also provide a source of synaptic Ca2+ entry. 

Thus in animals in which GluA2 is knocked out or in which the editing of GluA2 is 

altered, a major fraction of LTP actually becomes NMDA-independent (Feldmeyer 

et al., 1999; Jia et al., 1996). Recently, a role for GluA2-lacking AMPA receptors in 

LTP was described at excitatory synapses on hippocampal interneurons (Lämsä et 

al., 2007). Instead of the depolarization-induced unblock of Mg2+ from the NMDA 

receptors during classical NMDA-dependent LTP, that study demonstrated that an 

NMDA-independent LTP at synapses expressing GluA2-lacking AMPA receptors 

could be enhanced by hyperpolarization of the membrane potential. The authors 

hypothesized that the hyperpolarization had removed the polyamine block from 

the intracellular pore of GluA2-lacking AMPA receptors, and this facilitated the cur-

rent flow and increased the Ca2+ entry to induce LTP. Although the precise roles of 

these Ca2+-permeable AMPA receptors are unclear, these receptors could provide 

a novel mechanism of Ca2+ influx and be important for driving subsequent long-

term changes in synapse functions and spine structure.

2.4.2 Drugs of abuse and the glutamatergic transmission in VTA

Glutamatergic transmission in the VTA seems to be critical to the effects of drugs 

of abuse. The blockade of ionotropic glutamate receptors in the VTA has been 

reported to attenuate the rewarding actions of cocaine and heroin (Xi and Stein, 

2002; You et al., 2007). Blockade of VTA glutamate receptors also disturbed the 

associations of environmental cues to cocaine and morphine and prevented the 
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development of behavioral sensitization, a common model of stimulant addiction 

where the locomotor behaviors become sensitized i.e. increase in response to 

repeated administration of the drug (Harris and Aston-Jones, 2003; Harris et al., 

2004; Kalivas and Alesdatter, 1993). It is also known that repeated exposure to 

cocaine, morphine, alcohol or nicotine can increase expression of various iono-

tropic glutamate receptor subunits in the VTA (Fitzgerald et al., 1996; Ortiz et al., 

1995; Wang et al., 2007). Upregulation and increased sensitivity of glutamate 

receptors have been suggested to represent the neuroadaptations behind behav-

ioural sensitization to drugs of abuse (White et al., 1995; Zhang et al., 1997). 

This idea was supported by the finding that even overexpression of the AMPA 

receptor subunit GluA1 in the VTA by viral-mediated gene transfer led to behav-

ioral sensitization to morphine (Carlezon et al., 1997). Glutamatergic neuroad-

aptations in the VTA have been shown to play an important role in drug seeking 

behavior. Glutamate release in VTA in response to initiation of self-administration 

was found to be conditioned i.e. it was detected only in rats that had been taught 

to self-administer cocaine but not in naive rats, and independently of whether 

they received saline or cocaine in the self-administration trial (You et al., 2007). 

Furthermore, the reinstatement of cocaine- or heroin seeking can be prevented by 

suppressing the glutamatergic transmission in the VTA (Bossert et al., 2004; Sun 

et al., 2005). VTA receives glutamatergic input from several brain areas that also 

interact with each other. The glutamatergic inputs in VTA influence each other as 

well as the activity of dopaminergic outputs of the area. VTA has been suggested 

to function as an integrative area for the information arriving from this glutama-

tergic network and be capable of amplifying or dampening its activity thus adding 

specific information to its signaling (see review Geisler and Wise, 2008). Already 

there is a vast body of evidence supporting the important role for glutamatergic 

transmission in VTA in the pathophysiology of drug addiction, but a more detailed 

understanding and clarification of the mechanisms of drug actions in these affer-

ents are still needed.
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2.4.3 Drug-induced synaptic plasticity in VTA

Glutamatergic excitatory synapses on VTA DA neurons can undergo both LTP and LTD.

LTP at these synapses seems to be NMDA-dependent (at least in the drug-naive 

state) and LTD is NMDA-independent and triggered by low frequency stimulation 

and through the activation of postsynaptic voltage-gated calcium channels (Jones 

et al., 2000; Thomas and Malenka, 2003). LTD is mediated by the loss of surface 

AMPA receptors, appears to involve increased formation of cAMP and the activa-

tion of protein kinase A and is strongly inhibited by DA and amphetamine via the 

activation of D2-like DA receptors at DA neurons (Casimiro et al., 2011; Gutlerner 

et al., 2002; Thomas et al., 2000).

 After being first demonstrated in the hippocampus, and proposed to be a 

tool with which to study memory and learning, the excitatory synaptic plasticity in 

the mesolimbic DA system was quickly hypothesised to play a role in the process 

of drug reinforcement and addiction (Kalivas, 1995; Overton et al., 1999; Wolf, 

1998). Over a decade later came the first demonstration of a form of drug-evoked 

synaptic plasticity (Ungless et al., 2001). That study demonstrated that the ratio of 

the evoked AMPA receptor-mediated excitatory responses to the NMDA receptor-

mediated ones, the so-called AMPA/NMDA ratio, was increased in the VTA DA neu-

rons measured in vitro from acute midbrain slices from an animal that 24 h earlier 

had been injected with a single dose of cocaine. This ratio is commonly used to 

study the strength of excitatory transmission and its alterations after different 

manipulations, because it is independent of the number of synapses activated 

at stimulation and therefore largely independent of variables like the position 

of the stimulus electrode, which can change between recordings. The cocaine-

induced modulation was persistent, lasting for approximately one week following 

the injection. Further experiments in the study demonstrated that the increased 

AMPA/NMDA ratio was due to enhanced AMPA responses, occluded subsequent 

LTP induction and, interestingly, was prevented by an NMDA receptor antagonist, 

resembling thus the classical NMDA-dependent LTP. Another study soon showed, 

that this induction of glutamatergic plasticity in VTA DA neurons seemed to be a 
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shared effect of drugs of abuse (that report investigated cocaine, amphetamine, 

morphine, nicotine and ethanol), whereas another psychoactive drugs like fluox-

etine and carbamazepine, that lack abuse potential did not induce this response 

(Saal et al., 2003). Importantly, also stress induced this synaptic modulation in VTA 

DA neurons, again linking stress to the mechanisms of addiction.

 Later studies examined the mechanism of the drug-induced plasticity and 

found that the potentiation at glutamatergic synapses of VTA DA neurons was 

due to a redistribution of AMPA receptors, more specifically insertion of GluA2-

lacking AMPA receptors into the synapses (Bellone and Luscher, 2006). After in 

vivo cocaine exposure, the AMPA responses of VTA DA neurons recorded in vitro 

became rectifying at positive potentials and were depressed by the Joro spider 

toxin, which is selective to GluA2-lacking AMPA receptors. This study revealed also 

that the redistribution of AMPA receptors required the interaction of GluA2 subunit 

with the scaffolding protein PICK1 (protein interacting with C-kinase 1) that regu-

lates the removal and insertion of GluA2-containing synaptic AMPA receptors (Te-

rashima et al., 2004). Thus cocaine exposure could change the AMPA responses 

of DA neurons so that they would be mediated mainly by GluA1-containing homo-

meric or GluA1/3-containing heteromeric AMPA receptors instead of heteromeric 

GluA1 and GluA2-containing AMPA receptors as is the case in drug naive mice. 

Interestingly the cocaine-driven plasticity could be reversed in vitro and in vivo by 

activating the Group I metabotropic glutamate receptors (mGluR1) (Bellone and 

Luscher, 2006). Activation of mGluR1 was earlier shown to trigger an LTD in DA 

neurons by removing GluA2-lacking AMPA receptors from synapses (Bellone and 

Luscher, 2005). This could provide a possibility for pharmacological interventions 

via mGluR1 in the treatment of addiction.

 A recent study, using a method of two-photon photolysis of caged glutama-

te to enable the measurement of unitary synaptic AMPA and NMDA responses in 

VTA DA neurons, showed that actually both AMPA and NMDA receptor responses 

had been altered. After cocaine treatment, the unitary NMDA receptor responses 

were reduced and unitary AMPA receptor responses were increased and rectify-

ing, leading to increased AMPA/NMDA ratio (Mameli et al., 2011). This study also 



48 49

demonstrated, that even though the NMDA-dependent LTP at VTA DA neurons 

might be blocked at drug-potentiated synapses, actually it could represent a new 

mechanism for further strengthening of synapses. This plasticity relies now on 

GluA2-lacking AMPA receptor activation and on calcium entry through these re-

ceptors and is independent of NMDA receptors. A similar form of LTP has been 

earlier described in hippocampal interneurons (Lämsä et al., 2007). It is known 

as anti-Hebbian because its induction requires a pairing of presynaptic activity 

with postsynaptic hyperpolarisation instead of depolarization. The emergence of 

a GluA2-dependent LTP in the VTA DA neurons might enable a form of plasticity 

that would drive long-term adaptations in the downstream reward circuits, eventu-

ally leading to addiction. Also, the magnitude of LTD induction in drug-potentiated 

excitatory synapses of VTA DA neurons could be increased, providing possibilities 

of further plasticity in both directions (Ungless et al., 2001).

 The involvement of LTP has been suggested in many behavioral phenom-

ena induced by drugs of abuse, such as behavioural sensitization and conditioned 

place preference which are known to be context- and NMDA-dependent processes 

(Hyman and Malenka, 2001). Furthermore, prolonged self-administration of co-

caine, but not the passive injections of cocaine or self-administration of food or 

sucrose, elicited an increase in the AMPA/NMDA ratio lasting for several months 

(Chen et al., 2008). In addition, cues predicting reward also caused this increase, 

suggesting that the modification of excitatory synapses on VTA DA neurons plays 

a role in many different behavioral features of addiction (Stuber et al., 2008).

 Interestingly, a chronic drug exposure changes also the inhibitory trans-

mission onto VTA DA neurons (Liu et al., 2005). LTP has been demonstrated in the 

GABAergic synapses in VTA DA neurons, the so-called LTP(GABA). At least some 

drugs of abuse induce synaptic plasticity in VTA DA neurons also by blocking the 

LTP(GABA). So far this has been demonstrated after exposure to opioids, cocaine 

and ethanol (Guan and Ye, 2010; Nugent et al., 2007). The mechanisms and 

functional consequences of this plasticity remain unknown as well as the possible 

specificity of the modified GABAergic input.
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2.4.4 Drug-induced synaptic plasticity in the striatum

The striatum can be divided into ventral and dorsal portions on the basis of their 

anatomical connections and behavioral functions. The ventral portions of the 

striatum include the NAc core and shell. NAc regulates motivated behaviours as 

the interface between the limbic and motor systems when receiving glutamatergic 

control from the basolateral amygdala, hippocampus and medial PFC and then 

sending projections to the ventral pallidum that executes the motor response of 

goal-directed behaviours (Groenewegen and Uylings, 2000; Heimer, 2003). PFC 

takes part in memory, attention, cognition and emotion and regulates behavio-

ral inhibition. It sends descending projections to NAc that will normally exert an 

inhibitory influence on reward-seeking behavior, and thus a failure of this control 

has been suggested to play a role in addiction (Di Ciano et al., 2001; Sesack and 

Pickel, 1992). The dorsal striatum is further divided into the dorsomedial and 

the dorsolateral parts that regulate goal-directed and stimulus–response habitual 

movements, respectively (Redgrave et al., 2010; Yin and Knowlton, 2006). The 

majority of the neurons of ventral and dorsal striatum are projecting MSNs, whose 

activity depends to a great extent on excitatory inputs from cortical and limbic re-

gions (Sesack and Grace, 2010). Addiction seems to involve exceptionally intense 

drug experience-driven synaptic plasticity at different levels of the mesolimbic DA 

system and the plasticity at excitatory synapses of the striatum could profoundly 

influence the output of striatal circuits i.e. the motivated as well as compulsive 

behaviors.

 MSNs can be divided into two distinct populations: the so called direct 

pathway MSNs which express the D1 DA receptors and project directly to the 

midbrain, and the indirect pathway MSNs which express the D2 DA receptors and 

primarily project to pallidal nuclei (Kreitzer and Malenka, 2008). These two main 

populations of MSNs are thought to exert opposing effects on behavior (Stuber et 

al., 2011). The optogenetic activation of the NAc direct pathway MSNs enhanced 

cocaine induced conditioned place-preference whereas activation of the indirect 

pathway MSNs diminished the development of cocaine place-preference (Lobo 
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et al., 2010). Furthermore, repeated exposure to cocaine was shown to lead to 

increased density of dendritic spines and higher mESPC frequency in NAc shell 

direct pathway MSNs (Dobi et al., 2011; Kim et al., 2011; Robinson and Kolb, 

1999). Furthermore, an increased number of silent synapses in the NAc shell was 

found following repeated cocaine exposure (Huang et al., 2009). The generation 

of silent synapses that contain NMDARs but no detectable functional AMPARs, 

may provide a substrate for the formation of new spines and thus for future circuit 

plasticity (Isaac, 2003; Lee and Dong, 2011).

 Dorsal striatum MSNs also exhibit an increased dendritic spine density 

following chronic cocaine exposure (Ren et al., 2010). Months after repeated ex-

posure to methamphetamine, spine density was found to be increased in MSNs 

of the dorsolateral striatum, a structure that supports habitual behaviours but de-

creased in dorsomedial striatum which is important in goal-directed movements 

(Jedynak et al., 2007). Recently, also a primate study of chronic ethanol drinking 

reported increased spine density in the putamen (the primate analog of dorsola-

teral striatum in rodents) as well as enhanced glutamatergic transmission and 

increased intrinsic excitability of MSNs in this area (Cuzon Carlson et al., 2011). 

This pattern of structural plasticity in dorsal striatum supports the concept that 

during the progression of addiction the behavior is driven more towards habitual 

drug taking and seeking.

 Midbrain (VTA and substantia nigra) and striatal (NAc and the dorsome-

dial and dorsolateral striatae) components of the mesolimbic pathway are con-

nected in a spiralling manner so that ventral striatal regions project to medial 

parts of the midbrain dopaminergic area which subsequently sends projections to 

more dorsal striatal regions which in turn project to the more lateral midbrain and 

so on (Haber et al., 2000). An appealing emerging hypothesis is that the initial 

drug-induced plasticity in the dopaminergic midbrain and subsequently in ventral 

striatum would recruit more and more dorsal striatal regions during chronic drug 

use and reinforce the connectivity within these spiral projections, thus leading to 

compulsive drug-seeking and the late stages of addiction (Grueter et al., 2011). A 

recent study investigated the functional significance for these spirals. This study 
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revealed that disruption of the striato-midbrain-striatal serial connectivity in rats 

that had been extensively reinforced with cocaine indeed decreased their drug-

seeking behaviour (Belin and Everitt, 2008). The drug-induced DA signaling in the 

striatum could be viewed as the driving force of plasticity, reinforcing the drug-

seeking behaviors. DA has been proposed to facilitate synaptic plasticity e.g. at 

glutamatergic corticostriatal synapses, and DA-dependent potentiation of these 

synapses could serve as a cellular mechanism for the learning of behavioural 

responses (Gerdeman et al., 2003; Montague et al., 1996).

2.5 Orexins regulate arousal, sleep, motivation, stress and reward

Orexins (also called hypocretins) i.e. orexin A and orexin B, are neuropeptides that 

arise from the precursor peptide prepro-orexin by proteolytic processing in the 

orexinergic neurons of the LH and dorsomedial-perifornical hypothalamic areas 

(DM-PFA) (de Lecea et al., 1998; Sakurai et al., 1998). There are two G-protein 

coupled orexin receptors: the orexin 1 receptor (OX1R) and the orexin 2 receptor 

(OX2R). The orexin receptors and their projections can be found throughout the 

brain, including the brain regions involved in drug reward and addiction (Fadel and 

Deutch, 2002; Lu et al., 2000; Marcus et al., 2001; Nakamura et al., 2000). 

Orexins promote feeding and arousal and regulate the transitions between sleep 

and waking (Beuckmann and Yanagisawa, 2002; Sakurai et al., 1998). Treatments 

with antagonists of orexin receptors dose-dependently reduced locomotor activity 

and promoted sleep (Winrow et al., 2011). Orexins are also thought to be involved 

in states of high-arousal, such as stress and drug seeking (Berridge et al., 2010; 

Harris et al., 2005) and they play a role in controlling the autonomic functions relat-

ed to emotional behaviors such as respiration, blood pressure and stress-induced 

analgesia (Kuwaki, 2011). In short, orexins regulate emotion, reward and energy 

homeostasis to adopt the correct arousal level for consummatory and protective 

behaviors, such as finding food and avoiding danger (Sakurai and Mieda, 2011).

 Orexin neurons receive inhibitory GABAergic contacts from the surround-

ing interneurons and from GABAergic projections arriving from the sleep-promoting 
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ventrolateral preoptic nucleus (Sakurai et al., 2005; Saper et al., 2005; Uschakov 

et al., 2006). Orexin neurons were found to be inhibited through GABAA receptor 

activation during sleep (Alam et al., 2005). Recently orexin neurons were pro-

posed to be the target of the GABAA mimetic anaesthetics propofol and pento-

barbital, while the sedative/anaesthetic effect of the α2-adrenoceptor agonist, 

dexmedetomidine, did not involve this neuronal population (Zecharia et al., 2009). 

Because of their role in several behaviors that also are affected by BZs, such as 

arousal, sleep, reward, anxiety and stress, the orexin neurons became a natural 

focus of interest for our research.

2.5.1 Orexins in drug addiction

Orexins have been found to be important in reward-seeking and addiction (Aston-

Jones et al., 2010). The lateral hypothalamus is one of the brain areas supporting 

self-stimulation, and its stimulation leads to increased NAc DA release (Hernan-

dez and Hoebel, 1988). Drug reward and drug-induced plasticity studies have 

focused on the effects of orexins on the VTA and NAc although the hypothalamic 

orexin system is positioned to interact with the mesocorticolimbic pathway via 

many brain regions (Sharf et al., 2010b). In VTA, OX1R and OX2R were reported 

to be expressed in both DA and non-DA neurons and orexins depolarized both 

neuronal types leading to an increase in the firing frequency, burst firing, or no 

change in firing in different groups of VTA DA neurons and to an increase in the 

firing frequency of non-DA neurons (Korotkova et al., 2003; Lu et al., 2000). Intra-

VTA application of orexin has increased DA in NAc and PFC (Narita et al., 2006; 

Vittoz and Berridge, 2006). Interestingly, while orexins excite the majority of VTA 

DA neurons, they do not seem to affect the activity of substantia nigra DA neurons 

(Korotkova et al., 2002). 

 Drugs of abuse have direct effects on the orexin system and these effects 

are drug specific. Acute treatments with amphetamine or nicotine were shown to 

increase orexin neuron activity and chronic administration of nicotine elevated 

the amounts of mRNA coding for both of the orexin peptides as well as receptors 
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(Fadel and Deutch, 2002; Kane et al., 2000; Pasumarthi et al., 2006). Chronic 

cocaine administration increased OX2R levels in the NAc and this effect persisted 

for months following cessation of cocaine treatment (Zhang et al., 2007). SB-

334867, a selective OX1R antagonist did not affect the acute cocaine-induced 

hyperlocomotion. Interestingly the development of cocaine sensitization was 

blocked by both systemic and intra-VTA SB-334867 administration, whereas OX1R 

did not seem to play a role in the locomotor activity in already cocaine-sensitized 

animals (Borgland et al., 2006).

 The findings with morphine are somewhat conflicting; one study found 

reduced hyperlocomotor response as well as dampened DA elevation in NAc to 

acute morphine in prepro-orexin knock-out mice (Narita et al., 2006) whereas an-

other study reported normal responding to morphine in both SB-334867 treated 

or prepro-orexin knock-out mice and no changes in behavioral sensitization follow-

ing chronic morphine administration (Sharf et al., 2010a), instead morphine place-

preference was attenuated by SB-334867 treatment, lesions of LH or intra-VTA ad-

ministration of SB-334867 (Harris et al., 2007; Sharf et al., 2010a). In addition, 

place-preference developed to food, morphine, or cocaine led to increased c-Fos 

expression in orexin neurons (Harris et al., 2005). Activation of orexin neurons 

has been found in response to both precipitated and spontaneous withdrawal 

from morphine but not from cocaine (Georgescu et al., 2003; Sharf et al., 2008). 

In addition, SB-334867 treatment prior to naloxone-precipitated morphine with-

drawal attenuated somatic withdrawal symptoms as well as withdrawal-induced 

c-Fos expression in NAc shell (Sharf et al., 2008).

 SB-334867 administration attenuated nicotine and alcohol self-adminis-

tration as well as prevented the drug-seeking behavior when administered prior 

to cocaine extinction (Aston-Jones et al., 2009; Hollander et al., 2008; Lawrence 

et al., 2006). On the other hand, manipulation of the orexin system has led to 

reinstatement of extinguished responses, e.g. administration of orexin A rein-

stated extinguished responses in animals trained to self-administer cocaine and 

food reinforcers (Boutrel et al., 2005; Wang et al., 2009). For example, treatment 

with orexin receptor antagonists could block cocaine-seeking by preventing orexin 
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receptor activation in the VTA (Aston-Jones et al., 2009; James et al., 2011) and 

prevented amphetamine-induced behavioral sensitization and plasticity-related 

changes in gene expression in the reward pathway (Winrow et al., 2010). Thus, 

orexin signalling seems to be important for the effects of drugs of abuse and for 

the processing of drug-associated stimuli.
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3. AIMS OF THE STUDY

The first finding of the project was the BZ-induced plasticity in the glutamatergic 

synapses at VTA DA neurons, seen in vitro with electrophysiological recordings af-

ter in vivo drug manipulations. The following steps (Fig. 6 summarizes the project) 

were planned to clarify the mechanisms involved in this drug-induced synaptic 

plasticity, and its possible consequences at the behavioral level. In addition, im-

munohistochemical methods were used in order to study the effects of diazepam 

on certain brain areas and neuronal populations to further investigate the mecha-

nisms of diazepam-induced plasticity in VTA and, on the other hand, to identify 

which brain areas/ neuronal populations mediate the anxiolytic and/or sedative 

actions of diazepam. The specific aims were to study:

(1) Whether BZs could induce similar glutamatergic neuroplasticity in VTA DA neu-

rons as seen with many other drugs of abuse and to establish the pharmacologi-

cal mechanisms involved in the process.

(2) Whether diazepam-induced synaptic plasticity at VTA DA neurons affected be-

haviors mediated via activation of this neuronal population i.e. the psychomotor 

effects of morphine and amphetamine, two well-characterized drugs of abuse.

(3) Whether anxiolytic and sedative doses of diazepam influenced the expression 

of c-Fos protein i.e. the neuronal activity in different brain areas, with a special 

focus on the hypothalamic orexinergic neurons.
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Fig 6. A summary of the main steps in studies I-III.
The aim of the thesis was to study the possible synaptic plasticity induced by diazepam in the 
glutamatergic afferents of VTA dopamine neurons and the possible effects of this plasticity on 
the behaviors mediated by the dopaminergic system. In the third study, the effect of diazepam 
on c-Fos activity was studied also in some other brain areas of interest in addition to dopamin-
ergic neuronal populations.
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4. MATERIALS AND METHODS

4.1 Experimental animals

C57BL/6NHsd mice (Harlan, used in study I) and C57BL/6J mice (Charles River 

Laboratories, used in studies II-III) were maintained for up to three generations 

at our facility. Mice were group-housed in standard conditions with food and tap 

water available ad libitum. The mice were used in the experiments at the age of 

21-30 days (young mice) or 10–14 weeks (adult mice). All procedures were ap-

proved by the Laboratory Animal Committee of the University of Helsinki and the 

Southern Finland Provincial Government, and carried out in accordance with the 

guidelines for experimental animal care.

4.2 Behavioral experiments

4.2.1 Locomotor activity of mice (I, II)

Mice were adapted to the experimental room, in their home cages, for 1 h before 

testing. The locomotor activity of mice was tested automatically by following the 

center of the animal’s surface area from above using a video tracking system with 

EthoVision Color-Pro 3.1 software (Noldus Information Technology, Wageningen, 

the Netherlands) (Procaccini et al., 2011). The observation of mouse horizontal 

movements (in cm) was performed for eight mice at a time, placed individually in 

eight plastic rectangular cages (34x19x15 cm3) visually isolated from each other.

4.2.2 Elevated plus-maze (III)

In order to examine anxiety-related behaviors and sedation, the mice were tested 

in an elevated plus-maze (EPM) as described previously (Saarelainen et al., 2008). 

The EPM platform was elevated 54 cm from the floor level. It consisted of a cen-

tral area (5 cm × 5 cm), two open arms (5 cm × 40 cm with a 0.2 cm margin), and 



58 59

two closed arms (5 cm × 40 cm × 20 cm). The mice were injected with diazepam 

i.p. at a dose of 0.5 mg/kg (anxiolytic) or 5 mg/kg (sedative). After injection, the 

mice were returned to their home cage, and tested 20 min later at EPM, when they 

were allowed free exploration of the maze for 5 min. The horizontal movements 

of mice at EPM were recorded and analyzed by using a video tracking system with 

EthoVision Color-Pro 3.1 software (Noldus Information Technology, Wageningen, 

The Netherlands). The total distance moved during the 5 min and the entries into 

the open and closed arms and the times spent on these arms or in the center 

area were calculated from the data. The more time spent in the closed arm is 

considered to indicate a more anxious state of the animal whereas sedation could 

be seen as a reduction in the distance moved by the animal.

4.3 Electrophysiological experiments (I)

4.3.1 Patch Clamp technique

The patch clamp technique in a whole cell voltage-clamp mode allows the study of 

the currents crossing the membrane of the cell when ions are passing through the 

ion channels (Hamill et al., 1981). It can be used in cell cultures or for example 

in neurons in brain slices. Voltage dependent ion channels can be opened by ma-

nipulating the membrane voltage with current pulses. Ligand-gated ion channels 

can be activated by adding the neurotransmitter to the cells, or in brain slices also 

by stimulating the axons targeting the studied neuron. The ion currents of interest 

can be differentiated from others by their channel kinetics or they can be isolated 

pharmacologically by using blockers on other channels.

4.3.2 Preparation of brain slices

Mice were decapitated and the brains were rapidly removed and a block of tissue 

containing the midbrain was sliced in ice-cold carbogen-bubbled cutting solution 

into 225-μm-thick VTA-containing horizontal slices using a vibrating microtome 
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(vibratome 1000 Plus, Vibratome, St Louis, MO, USA). The slices were allowed to 

recover in + 32°C in carbogen-bubbled artificial cerebrospinal fluid for at least 1 

h before the recordings.

4.3.3 Whole-cell patch clamp in VTA dopamine neurons

During the recordings, the carbogen-bubbled artificial cerebrospinal fluid was per-

fused over the slice in a recording chamber and cells were visualized in an upright 

microscope (Olympus BX51WI, Hamburg, Germany) with infrared illumination and 

a digital camera (Hamamatsu C8484, Hamamatsu City, Japan). Whole-cell patch 

clamp method was used in the voltage-clamp mode with Axopatch 200B patch-

clamp amplifier to record the whole-cell currents. The recordings were low-pass 

filtered at 2 kHz and digitized at 20 kHz with a Digidata 1322A analog-to-digital 

converter and pClamp9.0 software (Axon Instruments, Union City, CA, USA). Elec-

trodes were pulled from thin walled glass capillaries (1.5 mm, with filament, World 

Precision Instruments Inc., FL, USA) with a micropipette puller (P-87, Sutter In-

struments CO., Novato, CA, USA) to have a resistance of 3–5MΩ when filled with 

internal solution. The series and input resistances were monitored throughout the 

experiments. Series resistance of < 20MΩ was accepted, and if it changed more 

than 20% during the recording, the cell was discarded from the analysis.

 In horizontal midbrain slices, the VTA was recognized as the area me-

dial to the substantia nigra compacta and medial to the terminal nucleus of the 

accessory optic tract. A neuron was identified as being dopaminergic if a clear 

hyperpolarization-activated cation current (Ih current) emerged after hyperpolar-

izing the neuron from –70 to –130mV in 10mV steps.

4.3.4 AMPA/NMDA receptor current ratio

The ratio for the AMPA and NMDA receptor-mediated whole-cell currents (AMPA/

NMDA ratio) was calculated to assess the synaptic strength of glutamatergic syn-

apses in VTA DA neurons (Saal et al., 2003; Ungless et al., 2001). In brief, exci-
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tatory postsynaptic currents (EPSCs) were evoked by electrical pulses delivered 

at 0.1 Hz frequency by a stimulator (S-900; Dagan) through a bipolar stimulus 

electrode placed on the slice rostral to the recording site to stimulate the gluta-

matergic afferents to VTA. Picrotoxin (100 μM) was added to block the GABAA 

receptor-mediated inhibitory currents. After recording stable baseline EPSCs at + 

40mV for 5–10 min, 50 μM D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5) was 

added to the perfusion to prevent the NMDA receptor-mediated currents. After 

5 min perfusion with D-AP5, the remaining AMPA receptor-mediated current was 

recorded for 5–10 min. In order to calculate the AMPA/NMDA ratio, the average 

AMPA current (the average response in the presence of D-AP5) was subtracted 

from the average baseline EPSC, revealing the average NMDA current. The AMPA/

NMDA ratio was calculated from the peak amplitudes of the currents.

4.3.5 Miniature excitatory postsynaptic currents

AMPA receptor-mediated miniature excitatory postsynaptic currents (mEPSCs) 

were recorded in VTA DA neurons clamped at -70 mV, in the presence of 100 μM 

picrotoxin, 1 μM tetrodotoxin, and 50 μM D-AP5, at +32°C. The amplitudes and 

inter-event intervals of mEPSCs were analyzed with Mini Analysis program soft-

ware (Synaptosoft Inc., Decatur, GA, USA).

4.3.6 Paired-Pulse ratio

The paired-pulse ratio is used to compare the probability of neurotransmitter re-

lease from the pre-synaptic terminals under control conditions and following drug 

treatments or experimental manipulations. An increase in release probability is 

typically associated with a decrease in paired-pulse ratio, and vice versa (Do-

brunz and Stevens, 1997). Paired-pulse ratios were recorded in VTA DA neurons 

at -70mV in the presence of 100 μM picrotoxin and 50 μM D-AP5. The excitatory 

afferents were stimulated electrically with paired pulses to evoke two responses 

with short time intervals: 20, 50 and 100 ms at 0.1 Hz. The paired-pulse ratio 
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was calculated between the peak amplitudes of the second and the first evoked 

excitatory current. 

4.4 Immunohistochemistry (III)

4.4.1 Drug injections and collection of brains

On the day of an experiment, some of the mice were sacrificed immediately after 

being taken out of their home cage and were designated as naïve controls. The 

rest of the mice were injected (i.p.) between 7:30 A.M.-8:00 A.M with diazepam or 

vehicle and the brains were dissected 2 - 24 h later, frozen on dry ice and stored 

at −80°C. Neither the young nor the adult mice were habituated to injections. 

Thus the injection presented a mildly stressful experience to mice, which would 

be expected to increase c-Fos expression in some brain areas, whereas in naïve 

animals, there is low expression of most immediate early genes (Ryabinin et al., 

1999).

4.4.2 c-Fos& tyrosine hydroxylase or  

c-Fos&orexin-A -double-immunohistochemistry

Sixteen-μm-thick coronal sections were cut with a cryostat (Leica CM 3050 S; Lei-

ca Microsystem, Nussloch, Germany) and thaw-mounted on Fisher Superfrost Plus 

slides (Menzel-Glaeser, Braunschweig, Germany), and stored at −80°C. Immunos-

taining was performed with some modifications as described earlier (Procaccini 

et al., 2011; Sundquist and Nisenbaum, 2005). Thawed sections were fixed with 

4% paraformaldehyde and peroxidase-quenched with 0.3% H2O2 in methanol. 

After the protein blocking (1% bovine serum albumin, 10% normal donkey serum), 

the sections were incubated overnight at 4°C with primary antibody cocktail con-

taining goat anti-c-Fos antibody (1:800; Santa Cruz Biotechnology, CA, USA), and 

either rabbit anti-tyrosine hydroxylase (1:800; Chemicon International, CA, USA) or 

rabbit anti-orexin-A (1:500; Chemicon International, CA, USA). 
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 On the next day, the c-Fos labeling was visualized first. The sections were 

incubated for 30 min in biotinylated horse anti-goat secondary antibody (1:200; 

Vector Laboratories). c-Fos-immunopositive cells were visualised using avidin–

biotin peroxidase complex (Vectastain Standard Elite; Vector Laboratories) and 

diaminobenzidine with nickel sulphate intensification (DAB Substrate kit; Vector 

Laboratories). 

 Next tyrosine hydroxylase or orexin-A was visualized. In order to detect 

tyrosine hydroxylase, the sections were incubated for 30 min with biotinylated 

donkey anti-rabbit secondary antibody (1:500; Chemicon International). For detec-

tion of orexin-A, a 90 min incubation with biotinylated donkey anti-rabbit secondary 

antibody (1:200) was used instead. Visualization was achieved with avidin–bi-

otin alkaline phosphatase complex (Vectastain Alkaline Phosphatase kit; Vector 

Laboratories) with Vector Blue as a substrate (Vector Blue Alkaline Phosphatase 

Substrate kit III; Vector Laboratories). Sections were dehydrated in ethanol series, 

cleared in Histoclear and coverslipped with Vectamount (Vector Laboratories). 

This double-labeling enabled the visualization of the dark brown/ black -coloured 

c-Fos-positive nuclei and the surrounding light blue tyrosine hydroxylase - or orexin-

A -positive soma in the same cells.

4.4.3 Quantification of the labeled cells

Photomicrographs of various brain areas from anatomically matched sections 

were captured using a light microscope with a 10× objective (Leica DMR; Leica 

Microsystems, Wetzlar, Germany) and CCD camera (Leica DC 300). In PFC, cau-

date putamen, NAc, hippocampus, and amygdala, the c-Fos-positive cells were 

counted with Image J software (National Institutes of Health, Bethesda, MD) using 

particle analysis on constant ‘regions of interest’ for each brain area. Positive 

nuclei were detected automatically using a threshold based on staining density 

and target size.

 When taking the photomicrographs of double-labeled areas (LH, DM-PFA, 

VTA and substantia nigra compacta) a 20 x objective was used. The areas were 
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quantified from the photomicrographs with the help of cell counter application of 

Image J program. The number of cells expressing only orexin-A / tyrosine hydroxy-

lase, the cells co-localizing c-Fos and orexin-A / tyrosine hydroxylase and the cells 

only positive for c-Fos were counted in these areas. In this way, it was possible to 

estimate the numbers of c-Fos positive nuclei without orexin-A / tyrosine hydroxy-

lase and the calculated percentages of orexin-A / tyrosine hydroxylase positive 

cells exhibiting c-Fos expression in these areas.

 Each region was bilaterally analyzed from two brain sections subjected 

to immunohistochemistry in separate batches. These four values were then aver-

aged to obtain a single value for each region/mouse.

4.5 Quantification of diazepam metabolites (II)

Negative ion chemical ionization gas chromatography–mass spectrometry (NCI-GC-

MS) was used to detect and measure the active metabolites of diazepam in the 

plasma and brains of mice 45 min, 24 h and 48 h after i.p. injection of diazepam 

(5 mg/kg). Plasma and brains were collected from 22–28 days old mice and stored 

at –80 °C until the measurements of diazepam metabolites. For sample prepara-

tion, the plasma was extracted with a solution containing the appropriate internal 

standard (diazepam-d5, desmethyldiazepam-d5, temazepam-d5, and oxazepam- d5, 

obtained from Cerilliant, Round Rock, TX, USA), centrifuged, and the supernatants 

were prepared for NCI-GCMS.Brains were digested in trypsin solution with a few 

glass beads in a shaking water bath at 57 °C for 2 h. The slurries were mixed with a 

solution containing each internal standard, centrifuged, and the supernatants were 

extracted by solid-phase extraction (Pelander et al., 2010) and the extracts were 

prepared for NCI-GCMS. NCI-GCMS was performed with an HP 5973N mass selec-

tive detector coupled to an HP 6890 Plus gas chromatograph equipped with a 7683 

injector (Agilent Technologies, Santa Clara, CA, USA) and a ZB-5MS (12 mx0.2 mm 

i.d. with 0.33 μm film) capillary column (Phenomenex, Torrance, CA, USA). GCMS 

was operated by ChemStation software. Methane (2.0 ml/min, 99.9995%) was used 

as a reagent gas. The GCMS analysis was performed by selected-ion monitoring.
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4.6 Statistical tests (I, II, III)

All data was analyzed using PASW Statistic 18 software (SPSS Inc., Chicago, IL, 

USA) or GraphPad Prism 4 or 5 software (GraphPad Software Inc., CA, USA). In 

study II, the main effects in locomotor activity data were tested with a general 

linear model for repeated measures analysis of variance (three consecutive test 

days) followed by Bonferroni post hoc test. In study I, the distance moved during 

locomotor activity test was compared between the two experimental groups us-

ing Student’s t-test. In study III, the EPM data was analyzed using Student’s t-test 

when comparing two groups and one-way analysis of variance followed by Tukey’s 

post-hoc test when comparing more than two groups. The electrophysiological data 

(study I) was analyzed using Student’s t-test, or one-way analysis of variance with 

Tukey’s or Dunnett’s post test. The c-Fos data (study II) was analyzed using Stu-

dent’s t-test or one-way analysis of variance with Tukey’s post test. Plasma and brain 

concentrations of diazepam metabolites (study II) were compared between female 

and male mice using Student’s t-test.  All values are expressed as means ±SEM. 

The null hypothesis was rejected when the probability level was lower than 0.05.
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5. RESULTS AND DISCUSSION

5.1 Effects of BZ ligands on glutamatergic currents in VTA dopamine neurons (I)

Earlier studies had shown that all the drugs of abuse tested induced a poten-

tiation in the AMPA receptor-mediated currents in VTA DA neurons (Saal et al., 

2003; Ungless et al., 2001). Because BZs have been shown to possess reinforc-

ing properties and abuse potential in both animal models and humans (Griffiths 

and Weerts, 1997; O’Brien C, 2005), it was decided to study their effects on the 

glutamatergic transmission impinging on VTA DA neurons. Indeed, it was possible 

to show that also BZs will, already after a single administration, leave persistent 

modulations on the neurotransmission of DA neurons, these being manifested as 

potentiated glutamatergic responses that last for several days.

5.1.1 AMPA/NMDA receptor current ratio (I)

Diazepam at both doses (5 or 20 mg/kg, i.p.) increased the AMPA/NMDA ratio in 

VTA DA neurons measured in vitro 24 h after the in vivo injection (see study I, Fig. 

1). The effect was similar to that found also in earlier studies after in vivo admin-

istration of morphine and ethanol, which were used as positive controls in these 

present experiments (Saal et al., 2003).

 GABAA receptor BZ sites show pharmacologically significant heterogene-

ity (Luddens et al., 1995). Diazepam shows relatively little selectivity in affinity 

between GABAA receptors containing α1, α2, α3, or α5 subunits. Zolpidem in 

contrast is an α1βγ2 subtype-preferring BZ-site ligand (Faure-Halley et al., 1993; 

Sieghart, 1995). It was decided to study whether the plasticity induction by BZ site 

ligands might differ when affecting different GABAA receptor populations contain-

ing either α1 or other α subunit. Thus the AMPA/NMDA ratios were recorded from 

VTA DA neurons of mice injected 24 h earlier with zolpidem at a dose of 5 mg/kg, 

a dose anticipated to produce zolpidem effects being mediated quite specifically 

via the α1 subunit-containing GABAA receptors (Crestani et al., 2000). Zolpidem 
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was able to increase the AMPA/NMDA ratio (see study I, Fig. 2). However, the ef-

fect of zolpidem seemed to be less pronounced than that of diazepam (5 mg/kg). 

 Diazepam-induced plasticity lasted several days evidence for a kind of a 

long-term potentiation of glutamatergic transmission. It did seem to be revers-

ible, as the increased AMPA/NMDA ratio was present for three days but returned 

back to the baseline five days after the injection (see study I, Fig. 3). Activation 

of NMDA receptors has been shown to be important for glutamatergic plasticity 

in general as well as being a requirement for cocaine-induced plasticity in VTA DA 

neurons (Ungless et al., 2001). In the present study, a co-injection of the NMDA 

receptor antagonist dizocilpine (0.1 mg/kg) with diazepam also prevented the 

diazepam-induced plasticity in VTA DA neurons. Diazepam-induced plasticity was 

also prevented by the selective BZ-site antagonist, flumazenil, confirming that the 

effects of diazepam were indeed being mediated through the BZ-binding site of 

GABAA receptors. 

5.1.2 AMPA receptor-mediated mEPSCs and paired-pulse ratio (I)

In the investigation of the mechanism of diazepam-induced glutamatergic poten-

tiation, AMPA receptor-mediated mEPSCs were recorded in VTA DA neurons 24 

h after diazepam (5 mg/kg). Diazepam treatment led to increased frequency of 

mEPSCs in VTA DA neurons, whereas the amplitudes of the excitatory events 

were not changed (see study I, Fig. 4). This increase in the frequency of mEPSCs 

may reflect either an increase in the probability of neurotransmitter release or an 

increase in the number of AMPA receptor-containing synapses. In an attempt to 

distinguish between these possibilities, a paired-pulse ratio analysis was carried 

out, as a measure of presynaptic neurotransmitter release probability.  However, 

diazepam treatment of the mice did not change the stimulated paired-pulse ratios 

in VTA DA neurons and thus no change in the probability of neurotransmitter re-

lease in the glutamatergic nerve terminals was revealed which could explain the 

increased frequency of AMPA events in VTA DA neurons. Thus the increase in the 

frequency of mEPSCs might reflect an increased number of synapses containing 
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functional AMPA receptors at VTA DA neurons after diazepam injection. For exam-

ple, this could occur by recruitment of functionally silent synapses into AMPA re-

ceptor-containing ones to strengthen the glutamatergic transmission arriving to DA 

neurons in response to diazepam exposure (Isaac et al., 1995; Liao et al., 1995).

5.1.3 General discussion on electrophysiological  

findings of diazepam-induced plasticity (I)

First of all it should be noted the pronounced Ih current was used as a marker 

for DA neurons on VTA brain slices. For this reason one can speculate that this 

involved studying a subpopulation of VTA DA neurons that projected to the lateral 

NAc shell, a pathway postulated to react to both rewarding and aversive stimuli, 

and thus perhaps detect salient stimuli independently of the valence (Cameron 

et al., 1997; Lammel et al., 2011; Neuhoff et al., 2002). With the help of other 

markers for DA neurons, for example a fluorescent protein marker expressed in 

tyrosine hydroxylase positive neurons of genetically modified mice (Gong et al., 

2003), also other populations of VTA DA neurons could be studied to examine 

whether the BZ-induced modulation depended on the projection target of the stud-

ied neurons. However, these novel findings demonstrated that also BZs, after a 

single in vivo injection, could induce a persistent glutamatergic potentiation in VTA 

DA neurons, similar to other drugs of abuse. Although the role of the DA system 

in BZ reward and reinforcement has remained unresolved based on the earlier 

studies, these present findings provide support for a role of VTA DA neurons in 

the effects of BZ, and warrant further studies on the involvement of dopaminergic 

mechanisms in BZ reinforcement.

 It was found that the increased AMPA/NMDA ratio in VTA DA neurons was 

due to a postsynaptic modulation that increased the amount of AMPA receptor-

mediated events (Fig. 6). A recent study by Tan et al. (2010) has revealed a more 

detailed mechanism for BZ-induced increase in AMPA/NMDA ratio of VTA DA neu-

rons. The activation of VTA DA neurons by disinhibitory effect of systemic injec-

tion of BZ or importantly, even by a local in vivo VTA-microinjection with BZ, led to 
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insertion of GluA2-lacking AMPA receptors into glutamatergic connections arriving 

to DA neurons. Indeed this represents a similar mechanism of AMPA potentiation 

earlier shown with cocaine (Argilli et al., 2008; Bellone and Luscher, 2006). The 

fact that a local administration of BZ into VTA can induce the glutamatergic plas-

ticity at DA neurons provides an important detail that the effect of BZs in the VTA 

neurocircuitry is primarily local and not arising from activity in some other brain 

area or from more global effects of BZs in the brain. 

 It was subsequently decided to study the effect of an α1 subunit-selective 

BZ ligand, zolpidem, that has earlier been suggested to have less abuse poten-

tial than the more classical BZs (Darcourt et al., 1999; Hajak et al., 2003). It 

was found that zolpidem did increase the AMPA/NMDA ratio in VTA DA neurons, 

although its effect was less pronounced than that of diazepam. Nonetheless, one 

cannot draw conclusions about the abuse potential of zolpidem based on this 

finding, because only one dose of the drug was tested, and the modulation in-

duced by the drug should have been determined also with larger doses, in order to 

realistically compare the effects of these two sedatives. On the other hand, also 

the study from Tan et al. (2010) suggested that affinity to the α1 subunit contain-

ing GABAA receptors was sufficient and perhaps even required for a BZ ligand to 

induce the glutamatergic plasticity in VTA DA neurons and thus to be reinforcing. 

All in all, this finding supports the view that zolpidem does possess abuse liability 

like the BZ agonists, a fact that has been demonstrated by drug discrimination 

and self-administration procedures in rhesus monkeys (Rowlett et al., 2005).

5.2 Effects of diazepam-induced plasticity on locomotor  

responses to morphine and amphetamine (II)

An important question about the long-lasting adaptations in brain in response 

to centrally acting drugs, is how do they actually change the brain functions, for 

example behaviors. Of course, the adaptations in brain functions can also be a 

desired effect, as is in the case of antidepressants. It is believed that antidepres-

sant drugs act through several mechanisms, especially those affecting neuronal 
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plasticity, to correct the impairments of brain function believed to be behind the 

symptoms of depression (for review, Calabrese et al., 2009). On the other hand, 

drugs of abuse induce maladaptive changes in the brain, leading to new destruc-

tive patterns of behavior.

 It was decided to study whether the diazepam-induced plasticity in the VTA 

DA neurons will affect the behaviors mediated through this neuronal population. 

In order to achieve a quantitative measurement of the behavior, the locomotor 

activating effects of morphine and amphetamine were monitored (Table 1). VTA 

DA neurons are important in the acute effects of morphine, whereas ampheta-

mine initially induces behavioral activation mainly by releasing DA in NAc (Joyce 

and Iversen, 1979; Ventura et al., 2003; Vezina and Stewart, 1990). However, 

the function of VTA DA neurons is critical for the development of the sensitization 

that develops during repeated amphetamine administration (Cador et al., 1995; 

Vezina and Queen, 2000).

 The schedule of these interaction studies was as follows: on day 0, the 

mice were injected with diazepam or vehicle and returned to their homecage, and 

on days 1-3, the mice were tested for locomotor activity for one h immediately 

after being injected either by morphine, amphetamine or vehicle.

5.2.1 Morphine-induced hyperlocomotion was reduced after diazepam (II)

Morphine at a dose of 5 mg/kg clearly activated the locomotor behavior of mice, 

and this occured at the same level on all the three consecutive testing days 

suggesting that under these conditions, no sensitization had developed to mor-

phine. Diazepam pre-treatment attenuated morphine-induced hyperlocomotion in 

the adult mice, and even prevented it in the young mice (21-30 days old) (see 

study II, Fig. 1 and 4A). Thus it seemed that during aging, the interaction between 

diazepam pre-treatment and morphine-induced hyperlocomotion became weaker. 

In the electrophysiological study the BZ-induced plasticity in VTA DA neurons was 

pronounced at days 1-3 and returned back to the baseline level by the fifth day 

after diazepam pre-treatment (see study I). In temporal correlation, the diazepam 
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pre-treatment no longer affected morphine-induced locomotor activity 5 days after 

the diazepam injection.

5.2.2 Amphetamine-induced sensitization was attenuated after diazepam(II)

Amphetamine (2.5 mg/kg) increased the locomotor activity of mice, and this effect 

increased day-by-day indicating the development of sensitization. Even though the 

acute hyperlocomotive response to amphetamine did not differ between the con-

trol and diazepam–pretreated mice, in fact the diazepam–pretreated male mice 

moved significantly shorter distances after amphetamine on the second and the 

third test days as compared with control mice (see study II, Fig. 2 and 4B). Thus it 

seemed that diazepam pre-treatment interfered specifically with the development 

of a sensitized response to repeated amphetamine administration. Interestingly, 

dizocilpine was able to prevent this blunting effect of diazepam pre-treatment on 

amphetamine-induced locomotor sensitization when co-administered with the di-

azepam pre-treatment (see study II, Fig. 2). This suggests that NMDA receptor ac-

tivation during diazepam pre-treatment was necessary for the interaction between 

diazepam pre-treatment and amphetamine sensitization to develop. Again, in the 

adult mice the interaction between the diazepam pre-treatment and amphetamine 

effects seemed to be weaker when compared to the young mice. Interestingly, 

the effect of diazepam pre-treatment on amphetamine sensitization was different 

between male and female mice, i.e. in young female mice, amphetamine induced 

strong sensitization regardless of the diazepam pre-treatment (see study II, Fig. 

3), while in young male mice, diazepam-pretreatment clearly interfered with the 

development of sensitization.

5.2.3 Role of the active metabolites of diazepam in the found interactions (II)

The concentrations of diazepam and its active metabolites desmethyldiazepam, 

temazepam, and oxazepam were measured by GCMS from the plasma and brain 

samples of young female and male mice at 45 min, 24 h, and 48 h after diazepam 
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injection (5 mg/kg, i.p.) (see study II, Table 1). At 45 min after the injection, 

diazepam was already found to have been mostly metabolized into desmethyl-

diazepam. Later, at 24 h after the injection desmethyldiazepam was no longer 

detectable and temazepam was present at barely detectable levels, but oxazepam 

was still found at concentrations of around 0.4 μmol/L in plasma and 1.0 μmol/

kg in brain. At 48 h, only nanomolar levels of oxazepam could be detected.

 To test whether the residual levels of active diazepam metabolites could 

mediate the blunting of effects of morphine or amphetamine challenges, mice 

were injected with flumazenil during the locomotor tests in order to displace any 

possible residual metabolites which could bind to the GABAA receptors. Locomotor 

activity of mice stayed at the same level, regardless of the diazepam pre-treatment 

or flumazenil injection prior to testing, thus revealing no role for leftover active di-

azepam metabolites in the locomotor behavior of mice (see study II, Fig. 5).

5.2.4 General discussion on behavioral effects of diazepam-induced plasticity (II)

The interactions found suggested that diazepam induced persistent changes in 

the brain so that the subsequent morphine or amphetamine effects on locomotor 

behavior of the mice were blunted. The greatest drawback of the study was that 

diazepam was administered systemically. Consequently diazepam affected the 

whole brain and possibly induced modulations in different areas of the brain not 

just within the VTA. This could have been avoided by using a local administration 

of diazepam to the VTA. However, attempts were made to localize the study to VTA 

by choosing parameters that are known to be dependent on the function of VTA 

DA neurons, i.e. the locmotor activation by morphine (Joyce and Iversen, 1979; 

Vezina and Stewart, 1984; Zhang et al., 2009) and the sensitization induced by 

amphetamine (Cador et al., 1995; Vezina and Queen, 2000).

 Since diazepam induces a potentiated AMPA receptor-mediated response 

in VTA DA neurons, it was hypothesized that during this synaptic plasticity, these 

neurons would be more sensitive to activation by morphine or amphetamine, lead-

ing to enhanced behavioral responses to those drugs. However the opposite oc-
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cured as both morphine and amphetamine administrations evoked weaker behav-

ioral responses after diazepam pre-treatment. Furthermore, the effect of diazepam 

pre-treatment on the following morphine challenge disappeared at the fifth day 

after the pre-treatment, which is consistent with the time frame of the diazepam-in-

duced plasticity in DA neurons. Thus, the conclusion was drawn that the diazepam-

induced plasticity at the VTA DA neurons changed the responses of these neurons 

to further drug effects, and led to dampened activation by morphine and ampheta-

mine. This is still speculation, but it could be tested by in vivo measurements of 

the VTA DA neuron activity and their responses to morphine and amphetamine 

while in the presence of on-going diazepam-induced synaptic plasticity.

 As previously mentioned, these interactions could have arisen also in 

other areas of the brain. For example, the effects of morphine on behavior of an 

animal depend not only on the firing of DA neurons but also on the balance of DA 

transmission in the NAc between the core vs. shell (Cadoni and Di Chiara, 1999), 

and, on the other hand, in the mouse line used in this study (C57BL/6J), ampheta-

mine leads to strong noradrenergic activation in the PFC, which contributes to its 

behavioral effects (Darracq et al., 1998; Ventura et al., 2003). These examples 

point to the possibility of other interactions. For example, diazepam could have 

changed the noradrenergic transmission in the PFC, or diazepam could disrupt 

the balance of DA transmission in the NAc. Again, the question of whether the 

interaction is occuring in VTA DA neurons could be answered by using local BZ ad-

ministration into VTA and perhaps when combined with the in vivo measurements 

of the VTA DA neuron activity in response to drugs.

 At first young male and female mice were used in the experiments because 

the previous electrophysiological findings were conducted with young mice (due to 

methodological reasons, because patch-clamping becomes more challenging as 

the neuronal membranes become more “stiff” and “dirty” when more complicated 

structures seem to appear to surround the neurons during maturation of the brain 

tissue). However, the behavioral studies were extended also to adult males to 

determine whether the interactions found would remain the same during aging. It 

was found that the effects of diazepam pre-treatment on the following morphine 
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and amphetamine challenges were less pronounced in the adult mice when com-

pared to young mice. Interestingly, neural plasticity in general has been found to 

be more pronounced or efficient at younger ages and it declines with aging (Burke 

and Barnes, 2006). Furthermore, the DA system, especially when related to re-

ward signaling, might be more sensitive in the young animals (Doremus-Fitzwater 

et al., 2010). Unfortunately, no electrophysiology was conducted on VTA slices to 

determine whether the diazepam-induced plasticity occured and if so, was it to the 

same extent in the adults brain as in the young.

 An interesting observation in this study was the sex-dependency of the in-

teractions between diazepam pre-treatment and amphetamine. However this was 

studied only in the first experiments conducted with young animals of both gen-

ders and this experiment was not repeated with adult females, to limit the number 

of animals used and the experiments required. This finding does suggest that the 

diazepam-induced plasticity in the brain did not interfere with the mechanisms of 

sensitization in females but did so in males. Earlier studies have also found dif-

ferences between the sexes in stimulant sensitization, with females being more 

susceptible to its development (Becker, 2009; Camp and Robinson, 1988). Thus, 

the present finding provides support for the view that the brain areas and/or neu-

ronal mechanisms mediating stimulant sensitization are at least to some extent 

different between males and females.

 Another important concern arising from the present study, were the find-

ings that there were still some active metabolites remaining in the brain 24 h and 

even at a very low level 48 h after the diazepam injection (5 mg/kg). However, the 

levels of the only detectable metabolite, oxazepam at 48-h time-point were so low, 

nanomolar, that one would not expect them to have any behavioral significance. 

For example, oxazepam is clearly less effective as a hypnotic and anticonvulsant 

than diazepam and has only one tenth of the binding affinity of diazepam (Brae-

strup and Nielsen, 1986; Frey and Loscher, 1982; Klockowski and Levy, 1988). 

Furthermore, the concentrations of oxazepam needed for the loss of righting re-

flex are almost 100-fold higher than those assayed at 24 h and 1000-fold higher 

than those detected at 48 h (Klockowski and Levy, 1988). Another approach to 
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this question was conducted by testing the effect of flumazenil, a BZ antagonist, 

on the locomotor behavior of mice 24-72 h after the diazepam (5 mg/kg) or ve-

hicle injection. The basal locomotor activity was similar in mice regardless of the 

diazepam-pretreatment as well as of the flumazenil injection just before the loco-

motor tests. Flumazenil would be able to prevent any effects of the metabolites 

on the BZ-site of the GABAA receptor, but it was unable to unmask any behavioral 

effect of these metabolites, suggesting that these interactions were indeed due 

to some changes that the diazepam pre-treatment had induced in the brain and 

that had lasted for several days.

5.3 Effects of diazepam on elevated plus-maze (III)

EPM was used to study the diazepam-induced anxiolytic and sedative effects. The 

doses were chosen based on an earlier study using anxiolytic and sedative doses 

in C57BL/6J mouse line (Garrett et al., 1998). Diazepam at the dose of 5 mg/kg 

was indeed sedative as it almost completely suppressed the activity of the mice. 

Diazepam at the dose of 0.5 mg/kg induced anxiolysis in mice, this being evident 

as increased entries into the open-arms and more time spent in the open-arms 

(see study III, Fig. 5).

5.4 Effects of diazepam on c-Fos expression in various brain areas (III)

Expression of c-Fos was studied by immunohistochemistry in young mice 2, 5 

and 24 h after sedative (5 mg/kg) dose of diazepam and later in adult mice 2 h 

after anxiolytic (0.5 mg/kg) and sedative (5 mg/kg) doses of diazepam (Table 1.). 

C-Fos immunohistochemistry is a common method used to visualize brain areas 

being activated in response to different kinds of stimuli, since c-Fos in expressed 

in neurons that are firing (Svarnik et al., 2005). C-Fos was studied with double 

labellings in the hypothalamic orexin neurons and in the VTA and substantianigra 

DA neurons. These neuronal populations were of interest regarding their roles in 

motivation and reward. Furthermore orexin neurons are known to regulate arousal 
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and stress and have also been shown to mediate the hypnotic effects of some 

GABA mimetic drugs (Zecharia et al., 2009). In addition, c-Fos was studied in the 

major dopaminergic projection targets PFC, caudate putamen and NAc, as well as 

in hippocampus and amygdala that are known to regulate anxiety and stress (see 

study III, Fig. 1) (Fanselow and Dong, 2010; File, 2000; Killcross et al., 1997).

5.4.1 Diazepam reduced the activity of orexin neurons (III)

The diazepam treatment reduced the c-Fos expression in orexin neurons in both 

young and adult mice, without affecting c-Fos levels in the other neurons in that 

region, evidence for a selective effect on orexin neurons (see study III, Table 1, Fig. 

2 and 6A). The injection stress increased the number of c-Fos expressing orexin 

neurons in DM-PFA, but not in LH, supporting the view that the orexin neuron 

population of DM-PFA is more involved in stress and arousal whereas orexin neu-

rons of LH may regulate reward related behaviors(Harris and Aston-Jones, 2006). 

Diazepam prevented this stress effect, already at anxiolytic dose, suggesting that 

orexin neurons might be a relevant target involved in the anxiolytic effects of BZs. 

Diazepam at the sedative dose reduced c-Fos in orexin neurons even from the 

naïve baseline, supporting the view that sedative/hypnotic effects of GABA mi-

metic drugs may be mediated by suppressing the activity of orexin neurons.

5.4.2 A role for central nucleus of amygdala in the  

anxiolytic and sedative actions of diazepam (III)

In amygdala, diazepam specifically affected the lateral division of the central nu-

cleus of amygdala by dose-dependently increasing c-Fos expression, in accord-

ance with previous studies (Beck and Fibiger, 1995; Hitzemann and Hitzemann, 

1999) (see study III, Fig. 4 and 6B). This finding supports the hypothesis that the 

central amygdala has a role in BZ anxiolysis. It has been speculated that BZs ac-

tivate the GABAergic inhibitory neurons of the lateral nucleus of central amygdala, 

leading to feed-forward inhibition of the medial nucleus of central amygdala and 
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thus inhibiting the stress- and fear-related output from amygdala (Davis, 2000; 

Hitzemann and Hitzemann, 1999; Tye et al., 2011). 

 The injection stress induced c-Fos in the basolateral nucleus of amygdala, 

but diazepam was able to suppress this stress effect only at the sedative dose 

and only in adults, suggesting that although this area was already sensitive to 

mild stress, it does not mediate the anxiolytic effect of BZs.

5.4.3 Hippocampus: stress-sensitive but unresponsive to  

anxiolytic doses of diazepam (III)

The effects of injection stress and diazepam were studied in the hippocampus 

at the dorsal and caudal/ventral levels, because these regions might be impor-

tant in different tasks: the dorsal part in cognitive functions and the ventral part 

in stress, emotion and affect (Fanselow and Dong, 2010). The injection stress 

strongly activated the ventral, but not dorsal, CA1 in both ages of animals (see 

study III, Fig. 3 and 6C). In adult mice, also the dendate gyrus and CA3 were 

stress-responsive only at the caudal/ventral level. In young mice, the dendate 

gyrus did not react to stress, whereas CA3 was activated both dorsally and ven-

trally. Thus the ventral hippocampus of adult mice seemed to be more sensitive 

to the stress-induction of c-Fos than the dorsal regions whereas in the young mice 

the dorsal and caudal/ventral levels differed only in CA1 area. These data support 

the view that the ventral hippocampus is more sensitive to emotional stimuli, but 

they also suggest that in young mice, the roles of dorsal and ventral hippocampal 

formation are not necessarily similarly determined as in adults, and emphasis the 

possibility that the tasks of hippocampal areas might change during development. 

However, diazepam at the anxiolytic dose was not able to prevent the stress-

induced activation suggesting that although the ventral hippocampus seems to 

be especially sensitive to even mild stress, it may not be the site of action for the 

anxiolytic effects of diazepam. A possible role for the dendate gyrus in the seda-

tive actions of diazepam was postulated as diazepam at sedative dose reduced 

c-Fos activity in that area from basal levels. Interestingly, the effect of diazepam in 
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the dorsal dendate gyrus persisted still at 24 h after injection (see study III, Table 

1). This kind of long-lasting suppression of hippocampal activity could have a role 

in anterograde amnesia, a well- known side effect of BZs. 

5.4.4 Effects of diazepam on the c-Fos expression in the dopaminergic system (III)

A slight injection stress-induced activation was detected in the non-DA neurons of 

young and in the DA neurons of adult mice, although actually there was a tendency 

towards c-Fos activation in both neuronal populations at both ages (see study III, 

Table 1). Nonetheless, the stress effects were not prevented by an anxiolytic dose 

of diazepam suggesting that the VTA does not mediate the therapeutic actions 

of diazepam. Diazepam did not seem to have any effect on basal c-Fos levels in 

VTA DA neurons, even though previously a diazepam-induced potentiation in the 

excitatory contacts coming to these neurons was found 24–72 h after the drug 

administration (I). On the other hand, c-Fos was probably not the best immediate 

early gene to investigate as c-Fos was expressed at quite low levels in VTA.

 Furthermore, NAc did not respond to the injection stress or diazepam 

treatment, but PFC reacted to the mild stress with a strong c-Fos expression (see 

study III, Table 1). Interestingly, diazepam, even at the sedative dose, was not able 

to prevent the effect of this mild stress. Thus, this finding did not support a role 

for the PFC in the therapeutic actions of diazepam, in disagreement with an earlier 

study (Shah and Treit, 2004). In caudate-putamen, the sedative dose of diazepam 

reduced c-Fos from the basal levels. Since this area is important in the regulation 

of movement, the reduced locomotor activity after the sedative dose might have 

been mirrored in the reduced c-Fos activity.

5.4.5 General discussion on the suggested role of orexin  

neurons in the actions of BZs (III)

Probably the most interesting finding from the third study of the thesis was the 

effect of diazepam on the two populations of orexin neurons in hypothalamus, the 
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DM-PFA and LH orexin neurons. This study suggests that orexin neurons of DM-

PFA can be activated already by a mild stressful stimulus, and that this reaction 

can be prevented by the anxiolytic dose of diazepam. One could hypothesize that 

as orexins maintain arousal, excessive activation of these neurons by stress and 

anxiety might lead to a high arousal state and symptoms of anxiety, which then 

could be treated by reducing the orexinergic tone with BZs. Further studies could 

be expected to find more new possible therapeutic uses for this neuronal popula-

tion in the actions of BZs. For example, it would be interesting to test whether the 

already existing orexin antagonists would affect the acute effects of BZs, perhaps 

by potentiating the anxiolytic and sedative effects.

 The injection stress is a very mildly stressful event to mice and did not 

induce strong c-Fos, as would have occured to other more pronounced models of 

stress (Kononen et al., 1992; Schreiber et al., 1991). This study was initiated with 

young animals, which were not habituated to injections because also the animals in 

the preceeding electrophysiological studies had not been habituated and because 

the time window where one could perform these types of experiments was limited to 

young age. It was the noted that the injection itself produced activation of c-Fos in 

certain areas due to the stress it created. When the study was continued with older 

mice, it was decided to proceed with this slight stress-model to be able evaluate 

its possible modulation by the anxiolytic drug. Of course, one must be cautious in 

interpreting these results and other, perhaps more valid models of stress or anxiety 

(e.g. immobilisation stress, open-field, foot-shock, forced swimming...) should be 

used in combination with BZ anxiolysis, followed by c-Fos labellings.

 We have earlier found that BZs, including diazepam (5 mg/kg), evoke simi-

lar glutamate receptor plasticity in VTA DA neurons as encountered with other 

drugs of abuse (I). Interestingly, the orexinergic activity in VTA has been proposed 

to be a prerequisite for this drug-induced plasticity (Borgland et al., 2006). Here, 

it was found that diazepam actually reduced the activity of orexin neurons. This 

finding would suggest impairment of plasticity induction after diazepam in VTA 

DA neurons due to a reduced orexinergic tone. On the other hand, there might 

be a time point at the emergence from diazepam sedation, when orexin neurons 
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would be activated over the normal levels. An attempt was made to examine this 

possibility by measuring c-Fos activity in orexin neurons at 2, 5 and 24 h after the 

diazepam injection, but it was not possible to detect any rebound activation since 

c-Fos was still suppressed at 5 h and had returned only back to the baseline at 24 

h after diazepam. These findings suggest that if also diazepam-induced plasticity 

in VTA DA neurons is dependent on orexinergic activity, it would most likely develop 

during the time between 5 h and 24 h after diazepam administration. Orexins 

seem to regulate drug-reward and conditioning in a drug-dependent manner, and 

thus the role of orexinergic signalling in the drug-induced plasticity could also be 

drug-dependent, and not be important in diazepam-induced plasticity in VTA. This 

may represent a topic for future studies. On the other hand, in the c-Fos study  the 

diazepam-induced c-Fos expression was examined since this probably mirrors the 

depolarization and firing of orexin neurons, but the actual synaptic amounts and 

effects of orexin in the VTA were not measured (although the synaptic release is 

considered to correlate with action potential firing of course). Thus, it is difficult to 

determine the ultimate effect of the silencing of orexin neurons in hypothalamus 

on the diazepam-induced plasticity in VTA. 

 Initially the effect of diazepam on c-Fos expression was evaluated in the 

young mice at the sedative dose of 5 mg/kg. After discovering the effect on orexin 

neurons, the study was extended to adult mice and also to an anxiolytic dose 

of 0.5 mg/kg, to determine whether the effects remain similar during aging and 

whether orexin neurons can have a role also in the anxiolytic properties of BZs. In 

the earlier electrophysiological and behavioral studies, only sedative doses were 

used, and this leaves an open question about whether the anxiolytic dose of di-

azepam is also able to induce the VTA plasticity and/or dampen the subsequent 

effects of morphine and amphetamine.  

 Furthermore, orexinergic activity also facilitates muscle tone and has an 

important role in the regulation of movement (Martins et al., 2004; Mileykovskiy 

et al., 2005; Takakusaki et al., 2005). Increased orexinergic activity in the ves-

tibular center of the brain is needed particularly when a major motor challenge 

is faced and a compromised orexin system in this respect will lead to catalepsy 



80 81

(Zhang et al., 2011). BZs on the other hand reduce muscle tone and evoke motor 

impairment and ataxia (Ashton, 2005; Platt et al., 2002). Interestingly, diazepam 

reduced the activity of orexin neurons from basal levels at the sedative dose that 

also reduced the locomotor activity of mice, but not at the anxiolytic dose that 

presumably activated the mice in a challenging situation (EPM). It seems thus 

possible that the effects of BZs on the orexin system are involved in their abilities 

to reduce muscle tone and locomotor activity.

 In addition to the fact that the orexinergic system seems to be involved 

in several behaviors that are acutely modified by BZs, also the symptoms of BZ 

withdrawal closely fit the features of high orexinergic activity in the brain. For 

example, BZs are very effective in the treatment of panic anxiety (see for review, 

Ravindran and Stein, 2010) and orexins have been found to be important in this 

pathophysiology: panic anxiety patients exhibit elevated levels of orexins in cer-

ebrospinal fluid and in rats the activation of orexin neurons produces anxiety; this 

is necessary for the development of the panic-prone state (Johnson et al., 2010). 

On the other hand, in BZ withdrawal, arousal is heightened and the patients suffer 

from anxiety and insomnia (Ashton, 2005). Orexins promote arousal and ensure 

that the animals remain awake. A high orexinergic activity has already been shown 

to be important for expression of morphine withdrawal (Sharf et al., 2008), and 

LH and DM-PFA react with increased c-Fos expression to spontaneous withdrawal 

from chronic diazepam (Fontanesi et al., 2007). Thus, one could speculate that 

the orexin system is likely to be involved also in the withdrawal from BZs. This 

hypothesis definitely deserves further study to determine whether increased orex-

inergic activity in the brain plays a role in BZ withdrawal, and whether antagonizing 

the effects of orexins can attenuate the withdrawal symptoms. This could provide 

new possibilities to treat BZ withdrawal by orexin antagonists. 
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5.5 Future directions in the studies of BZ reinforcement and addiction in general

Even a single exposure to a drug of abuse is able to induce persistent glutama-

tergic plasticity at VTA DA neurons (I; Saal et al., 2003; Ungless et al., 2001). 

Although a single drug experience and these initial synaptic adaptations induced 

by the drug are not sufficient to create addiction, they may lay the foundation for 

further drug-induced adaptations to occur and enable the drugs of abuse to en-

courage learning behavior that promotes further use of the drug. VTA DA neurons 

mediate classical conditioning by natural rewards as well as by addictive drugs 

(Nestler, 2005; Schultz, 1998). This is reflected in the changed firing behaviour 

of these neurons after conditioning when the neurons began to fire at cues and 

not only at the primary reward, and this might be due to experience-dependent 

plasticity in glutamatergic synapses of these neurons. The AMPA plasticity of VTA 

DA neurons found after a single drug experience might not become stronger in 

repeated administrations, but remains at the same level, at least in the case of 

cocaine (Borgland et al., 2004). This would be interesting to study also with BZs. 

After repeated exposures to a drug of abuse, different kinds of synaptic plasticity 

can be found in many brain areas, but the first actions in VTA are thought to be 

permissive for further long-term plasticity and thus are an exciting target of addic-

tion research as well as for possible therapeutic interventions in addiction.

 The acute plasticity effects of drugs of abuse on VTA are reversible as 

they return back to the normal state some days after a single drug exposure. 

These initial effects of drugs can be prevented by interfering with the glutama-

tergic transmission e.g. by co-administering a NMDA receptor blocker with the 

drug. Unfortunately the kinds of drugs that prevent the glutamatergic signalling so 

completely cannot be considered for therapeutic purposes, e.g. they would have 

serious side-effects because the ionotrophic receptors of glutamate are so crucial 

in the excitatory transmission of the brain. The possible glutamatergic therapeutic 

targets to prevent this primary drug-induced plasticity, could be found from the me-

tabotropic glutamate receptors that may participate in its mediating mechanisms 

(Bellone and Luscher, 2006). Furthermore, as the more detailed mechanisms 
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for the VTA plasticity induced by each drug of abuse are becoming revealed, new 

possible molecular targets for intervention will be discovered. On the other hand, 

the more interesting aspects of drugs of abuse might be the plasticity induced 

by their chronic exposures, e.g. in the NAc as well as in the more dorsal striatum 

(Grueter, 2011). These are probably the neuronal modulations that represent the 

foundation of addiction, and of course the time when drug addicts usually seek 

help is when they have been using the drugs for a long time. Furthermore, the 

most interesting question would be whether this synaptic plasticity is still revers-

ible, and thus whether it would be possible to reverse addiction. Alternatively a 

new powerful plasticity in the striatum is perhaps needed to overcome addiction 

related drives of behavior, i.e. a new strongly learned behavioral model.

 This is the first evidence that also BZs are able to elicit plasticity in excita-

tory glutamatergic synapses arriving to VTA DA neurons (I).  This common synaptic 

effect of drugs of abuse might offer an alternative explanation to explain how the 

mesolimbic DA system comes to play a role also in BZ reinforcement, although 

the findings of the effect of BZs on striatal DA are controversial, and actually sug-

gest that BZ would decrease DA in NAc, in contrast to the other drugs of abuse 

(Fig. 7). For these reasons, it would be important to study next the role of ventral 

and dorsal striatum in BZ addiction. For example, one could examine whether a 

chronic BZ treatment (possibly by self-administration to include a truly motiva-

tional aspect into the study) would affect the spine densities in the ventral and 

dorsal striatum, and modify the glutamatergic transmission controlling the ventral 

and dorsal striatal MSNs. Even though BZs increase firing of VTA DA neurons lead-

ing to the potentiation of glutamatergic synapses, the possible inhibitory effect of 

BZs on DA release in the terminal area of NAc might impair further drug-induced 

plasticity in the striatal areas. This information would provide new tools with which 

to compare different drugs of abuse, and to better understand the mechanisms of 

BZ addiction, even drug addiction in general.



84 85

Fig 7. A schematic drawing summarizing the proposed effects of benzodiazepine ligands on VTA 
and the open questions about their effects on the dopaminergic circuitry. 

A. The GABAA receptor α1 subunit in VTA is mostly expressed in the GABAergic interneurons, 
whereas the dopamine neurons are thought more likely to express the α3 (Tan et al., 2010). 

B. Benzodiazepine ligands inhibit the GABAergic neurons in VTA more strongly than the dopamine 
neurons, and thus reduce the GABAergic transmission arriving to dopamine neurons. Conse-
quently, the net effect of benzodiazepines on VTA dopamine neurons is disinhibition, seen as 
increased firing. The effect of benzodiazepines on the terminal area of the dopaminergic projec-
tions is controversial; they seem to actually decrease dopamine release in NAc. 

C. A single in vivo injection of a benzodiazepine ligand will induce a potentiation of AMPA re-
sponses in the VTA dopamine neurons. However, the further influence of this AMPA potentiation 
on the activity of the dopamine neurons or on dopamine release is not known.
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 The problem with BZ addiction reveals that there is still a lack of fast-act-

ing and effective anxiolytic and sedative drugs that do not possess abuse liability. 

This may be solved by developing new GABAA receptor targeting molecules with 

more selectivity between the receptor subunits. For example zolpidem, a sedative-

hypnotic drug that binds to BZ site, shows some selectivity for the α1 subunit 

containing GABAA receptors (Crestani et al., 2000; Pritchett and Seeburg, 1991). 

At first, this was thought to make zolpidem a safer drug than the classical BZs, 

but unfortunately it was soon found to have comparable side effects as well as a 

similar abuse liability as the earlier sedatives (Rowlett et al., 2005; Rowlett and 

Lelas, 2007). However, new compounds with selectivity amongst the α subunits 

have been synthetized and studied aiming to produce only the desired effects 

of the classical BZs while avoiding their undesired effects. In particular, the pro-

posed role for α2 and α3 subunit containing GABAA receptors in the anxiolytic but 

not amnesic, sedative and addictive properties of BZs has given hope that it may 

be possible to develop GABAA receptor agonists with improved therapeutic pro-

files i.e. specific anxiolytic activity. However L-838417 that has agonistic effects 

at α2-, α3- and α5-containing GABAA receptors but antagonistic effects at the α1 

subunit-containing GABAA receptors was also shown to be self-administered to 

some extent in monkeys that had been earlier trained with barbiturates implying 

that α1 subunit might not be totally necessary for reinforcing effects arising from 

GABAA enhancement (Rowlett et al., 2005). On the other hand, TPA023 which is 

a positive modulator at α2-, and α3-containing GABAA receptors and antagonist 

at α1-, and α5-containing GABAA receptors seems to lack abuse liability perhaps 

because of its weak efficacy at α2-/ α3-subunits combined to lack of efficacy at 

α1-subunits (Ator et al., 2010). In summary, the mutational studies from mice as 

well as studies with GABAA receptor ligands that are selective for the subunits sug-

gest that the sedative GABAA receptor agonists will probably be inseparable from 

reinforcing compounds, because both features are strongly linked to α1-subunit 

containing receptor population, but it might be possible to induce anxiolytic prop-

erties without an abuse liability by positively modulating a selective population 

GABAA receptor.
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 Orexins have entered into the addiction research as interesting modula-

tors of reward related behaviors and the effects of drugs of abuse. However, orexin 

administration leads to increased corticosterone and plasma adrenocorticotrphic 

hormone levels, and orexin mRNA levels and c-Fos expression in orexin neurons 

are elevated following stressors, linking orexinergic activity closely to the stress 

response (Ida et al., 2000; Jaszberenyi et al., 2000; Kuru et al., 2000; Zhu et 

al., 2002). Corticotrophin-releasing factor (CRF), which is released in response to 

stressful stimuli, activates orexin neurons thus contributing to heightened arousal 

(Winsky-Sommerer et al., 2004). In the third study of the thesis it was postulated 

that also the anxiolytic effect of BZs could be partly mediated by suppression 

of the heightened orexinergic tone in anxiety and stress. It has been suggested 

that orexins’ role in drug associations and relapse might actually be mediated 

through the stress component, that is known to be essential in drug addiction. 

For example, administration of an antagonist of the corticotrophin-releasing factor 

could prevent the orexin-A-induced and the selective OX1R antagonist SB-334867 

could prevent the foot shock stress-induced reinstatement of extinguished co-

caine seeking (Boutrel et al., 2005). Interestingly,  corticotrophin-releasing fac-

tor antagonists or SB-334867 administered intra-VTA was unable to block the 

orexin-A-induced or foot-shock stress-induced reinstatement of cocaine seeking, 

respectively, suggesting that at least at the level of the VTA, orexin has a role in 

addiction, independent of the stress reaction (Wang et al., 2009). In addition, 

c-Fos activation related to reward processing seems specific to the LH, whereas 

c-Fos activation in animals undergoing a stressful morphine withdrawal does ap-

pear to be specific to the DM-PFA, implying that distinct orexin neuron populations 

and neural circuits may mediate the role of orexins in stress and reward (Harris 

et al., 2005; Sharf et al., 2010b). More research is required to elucidate the spe-

cific neuroanatomical substrates and mechanisms of actions of orexins in drug 

dependence and addiction.

 The picture of the neuronal organization and connections of VTA is be-

coming more and more complete. The GABAergic and glutamatergic projections 

arriving at the VTA are being tracked and their functions revealed. In particular, 
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the understanding about the heterogeneity of the DA neurons in VTA, i.e. their dif-

ferent projection targets, modulation by afferent connections, electrophysiological 

features and possible co-transmitters, has provided many new insights  and con-

cepts of the roles of these different DA neuron populations in regulating different 

kinds of behaviors. Now with this knowledge, the drug-induced plasticity at the 

glutamatergic connections arriving to DA neurons should be studied so that these 

DA neuron populations can be separately examined. This could be achieved for 

example with the help of genetically modified mice expressing markers in their DA 

neurons, combined with retrograde labeling in order to differentiate the projection 

targets of the studied DA neurons (Lammel et al., 2011). 

 The development of optogenetic tools during recent years allows the con-

trol of activity by light beams of genetically defined neural circuits on a millisecond 

timescale (for review, see Stuber et al., 2011). Optogenetics has allowed also the 

selective activation of DA neurons in VTA making it now possible to study the role 

of activation of these neurons in more spesific manner in reward-related behav-

iors. It has been shown that stimulating the DA neurons can lead to increased 

DA signaling in NAc, and the increase correlated with the stimulation intensity 

(Tsai et al., 2009). More importantly, the stimulation at an intensity that evoked 

a DA signal in NAc, also led to behavioral conditioning, thus providing a causal 

role for DA neuron activation in driving this behavior. This causal relationship 

between VTA DA neuron firing and positive reinforcement was also observed in 

a study where the optical stimulation of VTA DA neurons of rats supported vigor-

ous intracranial self-stimulation (Witten et al., 2011). In addition, it was shown in 

mice that activation of VTA DA neurons selectively, enhances reinforcing actions 

of food, and was sufficient to reactivate an extinguished food-seeking behavior 

in the absence of external cues, pointing to facilitation of the development of 

reinforcement (Adamantidis et al., 2011). Interestingly, the optogenetic method 

allowed also the demonstration of the causal connection between striatal plastic-

ity and addiction-related persistent behavior, i.e. stimulant sensitization. Cocaine 

potentiated excitatory transmission in the direct pathway MSNs of NAc in parallel 

with cocaine-induced locomotor sensitization (Pascoli et al., 2012). This study 
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showed that when stimulating the glutamatergic input from infralimbic cortex to 

NAc at a frequency that induced LTD in NAc direct pathway MSNs, it was possible 

to depotentiate the cocaine-affected MSNs and prevent the expression of locomo-

tor sensitization, perhaps hinting at novel therapeutic intervention strategies for 

the treatment of addiction, e.g. deep brain stimulation. Furthermore, as the ge-

netic identities of different DA neuron populations become clarified,  optogenetic 

approaches will allow more detailed functional studies of the roles of specific DA 

neuron populations in different behaviors.
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6. CONCLUSIONS

1. A single in vivo exposure to BZ ligands leads to plasticity at the glutamatergic 

synapses in VTA DA neurons. This synaptic plasticity is a common neuronal trace 

left by different kinds of drugs of abuse. It resembles the NMDA-dependent LTP 

and persists for several days. furthermore zolpidem, the BZ ligand preferring the 

α1 subunit-containing GABAA receptors, also induced this glutamatergic plasticity 

in VTA DA neurons. This supports the view that zolpidem has abuse potential, 

similar to BZs, and furthermore, that BZs with affinity for the α1 subunit-containing 

GABAA receptors can be predicted to have abuse liability. These data provide neu-

robiological mechanisms to explain the effects of BZ agonists on the mesolimbic 

DA neurons, which might have a role in determining the addiction liability of these 

drugs.

2. The locomotor reactions of mice to morphine and amphetamine were altered 

during the three days that the diazepam-induced plasticity was present in the VTA 

DA neurons. Morphine-induced hyperlocomotion and amphetamine-induced sen-

sitization were attenuated. Both behaviors are mediated through the DA system 

arising from the VTA, and these findings indicate that the effects of morphine 

and amphetamine on DA neuron activity are blunted during the diazepam-induced 

synaptic plasticity. Thus an intact, unpotentiated state at  glutamatrgic synapses 

at VTA DA neurons might be important for the drugs of abuse to effectively induce 

alterations in the mesolimbic DA system. 

3. The activity of orexin neurons in hypothalamus was reduced acutely by diazepam 

administration. An anxiolytic dose of diazepam prevented the stress-induced in-

crement in the orexinergic activity whereas a strongly sedative dose silenced the 

activity even below the basal levels. These findings led to a novel hypothesis that 

orexinergic activity in the brain could have a role in the therapeutic actions of BZs 

i.e. anxiolysis, sedation and hypnosis, and also highlighted the need for further 

studies on the role of the orexinergic system in e.g. in BZ withdrawal and its possi-
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ble treatment by orexin antagonists. Furthermore, this study suggested that either 

orexinergic activity is not necessary for the diazepam-induced synaptic plasticity 

in VTA, in contrast to stimulant data, or that the c-Fos expression in the nuclei of 

orexin neuron does not mirror the terminal orexinergic activity in VTA. Lastly, no 

activation of c-Fos expression was detected in DA neurons after diazepam treat-

ment thus providing no further information about the mechanism of the diazepam-

induced synaptic plasticity in these neurons.
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