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Abstract
Johansson, J. 2012. The Impact of Growth Hormone and Gamma-Hydroxybutyrate (GHB)
on Systems Related to Cognition. Acta Universitatis Upsaliensis.  Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Pharmacy 168. 73 pp. Uppsala.
ISBN 978-91-554-8552-8.

Drug dependence is a serious and increasing problem in our society, especially among
adolescents. The use of the large variety of substances available can result in a range of
physiological and psychological adverse effects on individuals and negative consequences on
the society overall. Several different types of drugs induce neurotoxicological damages, which in
turn can generate impairment in for example the reward system and affect cognitive parameters.

 The drug gamma-hydroxybutyrate (GHB) is usually considered a harmless compound among
abusers, but has now shown to be highly addictive. Furthermore, GHB can cause memory
impairments in both humans and animals. On the contrary, growth hormone (GH) and its main
mediator insulin-like growth factor 1 (IGF-1) have recently been suggested to improve memory
and learning in several studies. The hormones exhibit certain neuroprotective capabilities and
have also previously been demonstrated to reverse opioid induced apoptosis in hippocampal
cells. These effects and the fact that GHB is shown to increase GH secretion, which attracted
considerable attention among body builders, led us to initiate studies on GHB and its impact on
relevant systems in the central nervous system (CNS). Thus, the main purpose of the present
investigation was to elucidate some of the underlying mechanisms that could account for the
effects exerted by GH and GHB in the CNS.

We found that a) GH affects the density and functionality of GABAB-receptors and opioid
receptors in the male rat brain, b) GHB induces cognitive deficits and down-regulates GABAB-
receptors, c) GHB treatment creates an imbalance between the endogenous opioids Met-
enkaphalin-Arg6Phe7 (MEAP) and dynorphin B and increases the levels of MEAP in regions of
the brain that are associated with drug dependence, and d) GHB affects the expression of IGF-1
receptors but not the plasma levels of IGF-1. In conclusion, the present work demonstrates that
GH interacts with both opioid and GABAB-receptors in the male rat CNS and that GHB has an
impact on brain regions associated with cognition and the development of dependence. These
observations may be of relevance in many aspects related to addiction and might be translated
into humans.
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Introduction 

Gamma-hydroxybutyrate (GHB) 
History 
GHB was initially synthesized in 1960 by the French surgeon Henri Laborit 
in an attempt to find a new GABA-like agent, which could easily penetrate 
the blood brain barrier. The drug appeared to have the ability to induce num-
ber of pharmacological effects e.g. euphoria, sedation and relaxation and was 
later on clinically evaluated as a pre-surgeon anesthetic drug (Blumenfeld et 
al., 1962, Solway and Sadove, 1965). Due to the lack of analgesic properties, 
narrow therapeutically window and severe side effects GHB never became a 
general anesthetic agent (Vickers, 1968). 

Researchers in the 1970s discovered an increase in REM sleep in associa-
tion with GHB administration (Takahara et al., 1977) and GHB was later 
approved  in several countries as a drug for narcolepsy and cataplexy (Fuller 
and Hornfeldt, 2003, Black and Houghton, 2006). Several studies have been 
performed regarding GHB and treatment of alcoholism (Gallimberti et al., 
1992, Gallimberti et al., 2000) and GHB has also been proposed as a poten-
tial therapeutic in the treatment of fibromyalgia (Scharf et al., 1998a, Staud, 
2011) and opioid dependence (Rosen et al., 1997).  

The use of GHB for non-medical purposes started in 1980-1990 in the 
body builder scene, since it increases growth hormone release (Takahara et 
al., 1977). Moreover, it was sold over the counter as a dietary supplement for 
weight control, but was later banned in most countries. The use of GHB as a 
recreational drug has spread over the two last decades, especially among 
adolescents. Unfortunately, these trends have been reported in several parts 
of the world e.g. Europe, Australia and the United States (Van Cauter et al., 
1997, Nicholson and Balster, 2001, Degenhardt et al., 2002, Rodgers et al., 
2004, Knudsen et al., 2008, Wood et al., 2009).  

Physiological and psychological effects of GHB  
The use/misuse of GHB and its precursors γ -butyrolactone (GBL) and 1,4-
butanediol (1,4-BD) are increasing, although it is considered that relatively 
few people use the drug. Data collected on drug use from 36 European coun-
tries report an overall lifetime use of GHB was approximately 1% (see re-
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view and report (Bramness and Haugland, 2011, Hibell et al., 2011, van 
Amsterdam et al., 2012). However there is evidence pointing at a higher 
usage among some specifically geographic areas and sub-cultures e.g. on the 
rave scenes.  

GHB is easily made at home by heating GBL or 1,4-BD with NaOH or 
KOH, followed by filtering and cooling. The mixture can be kept in a liquid 
form or dried to a powder form. The drug is among certain abusers consid-
ered as harmless and is usually used in recreational settings, as it induces 
euphoria, relaxation, sociability and sexuality (Sumnall et al., 2008). To 
increase the effects, GHB is often combined with other drugs of abuse like 
alcohol, cannabis, cocaine, benzodiazepines, opioids and amphetamine, 
which may result in disastrous aversive effects (Louagie et al., 1997, 
Abanades et al., 2006, Anderson et al., 2006, Liechti et al., 2006, Knudsen et 
al., 2010) 

The effects produced by GHB are biphasic, where the euphoric effects are 
pronounced at low concentrations, whereas the sedative effects emerge upon 
higher doses. As a consequence of the narrow therapeutic window, an over-
dose can easily be administrated, resulting in sleep, convulsions, vomiting, 
confusion, respiratory depression and even death (Munir et al., 2008, 
Knudsen et al., 2010, Galicia et al., 2011). Moreover, in humans GHB is 
known to induce temporary amnesia and is therefore used as a so-called 
date-rape drug (ElSohly and Salamone, 1999, Schwartz et al., 2000, Varela 
et al., 2004). Interestingly, memory impairments have been confirmed in 
several animal studies (Sircar and Basak, 2004, Pedraza et al., 2009, Sircar et 
al., 2010).  

In addition to the acute toxicity, GHB is highly addictive and is associated 
with severe withdrawal symptoms such as tremor, anxiety, hallucinations 
and sometimes delirium upon abrupt discontinuation of use (Galloway et al., 
1997, Miotto et al., 2001, Perez et al., 2006) 

Synthesis and metabolism of GHB 
As described above, GHB is a drug of abuse, but it is also an endogenous 
compound present in the discrete areas of the brain as well as in peripheral 
tissue (Doherty et al., 1978, Nelson et al., 1981). The main precursor of 
GHB in the brain is the inhibitory neurotransmitter GABA (figure 1). GABA 
is converted to succinic semialdehyde by GABA transaminase in the mito-
chondria, which is subsequently released in to the cytosol and reduced by 
GHB dehydrogenase to GHB (Roth and Giarman, 1969, Gold and Roth, 
1977). However, only 0.05% (in vitro) to 0.16% (in vivo) of the total amount 
GABA is converted to GHB leading to an equilibrium where the level of 
GHB corresponds to approximately 0.1% of the GABA concentration. The 
restricted populations of neurons where GHB is synthetized and the limited 
amount of succinic semialdehyde released to the cytosol from the mitochon-
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dria may explain the reason for this very low conversion of GABA into GHB 
(Gold and Roth, 1977, Rumigny et al., 1981).  

 GHB is primary degraded by GHB dehydrogenase to succinic semialde-
hyde and further to succinic acid by succinic semialdehyde dehydrogenase.  
Succinic then acid enters the citric cycle and is subsequently expired as car-
bondioxide and water (Chambliss and Gibson, 1992). Alternatively GHB is 
metabolized by GHB dehydrogenase to succinic semialdehyde and further 
by GHB transaminase to GABA (Vayer et al., 1985). Less than 5% of the 
GHB remains unmetabolized and is leaving the body unchanged via urine 
(Thai et al., 2006). 

As seen in figure 1, when the GHB analogues, GBL and 1,4-BD are in-
gested, they rapidly degrade to GHB (Maxwell and Roth, 1972, Snead et al., 
1982). GBL is metabolized by lactonase and the 1,4-BD by alcohol dehy-
drogenase and aldehyde dehydrogenase to GHB. 

 
Figure 1. An overview of the synthesis and metabolic pathways of GHB. Drawing 
based on ideas from (Schep et al., 2012, van Amsterdam et al., 2012). 

Orally ingested, GHB is rapidly absorbed from the gastrointestinal tract and 
easily penetrates the blood brain barrier and distributes in the brain leading 
to a rapid onset of actions (Roth et al., 1966, Abanades et al., 2006, 
Bhattacharya and Boje, 2006). Furthermore, post mortem analysis reveals 
that GHB also distributes to several peripheral tissues and fluids, although 
the exact concentration is difficult to determine, due to post mortem conver-
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sions of GABA to GHB (Elliott et al., 2004, Mazarr-Proo and Kerrigan, 
2005). The blood peak concentration occurs typically within 1 h after intake 
in humans (Ferrara et al., 1992, Palatini et al., 1993, Scharf et al., 1998b, 
Abanades et al., 2006). Generally, the effects experienced of the drug start 
within 10-30 min and last approximately 2-4 h. The drug is eliminated very 
quickly with an average half-life of approximately 27 min (20-53 min) 
(Ferrara et al., 1992, Palatini et al., 1993, Scharf et al., 1998b). As a conse-
quence of the GHB’s short half-life, the compound is undetectable after ap-
proximately 12 h (Verstraete, 2004).  

Mechanisms of action 
The pharmacological mechanisms underlying the effects mediated by the 
compound is not fully clarified. Yet, evidence supports that endogenous 
GHB is stored in presynaptic vesicles and are released upon depolarization 
of neurons in a Ca2+-dependent manner (Maitre et al., 1983, Snead, 1987). 
The activation is terminated by active Na+-dependent reuptake (Benavides et 
al., 1982b, Hechler et al., 1985). GHB acts as a neuromodula-
tor/neurotransmitter and mediates its pharmacological effects predominantly 
via GHB- and GABAB receptors, although a very recent study also suggest 
the involvement of GABAA receptors (Benavides et al., 1982a, Hechler et 
al., 1991, Absalom et al., 2012).  

Belonging to the G-protein coupled family, GHB receptor binds GHB 
with a high affinity and is anatomically expressed in the limbic system, hip-
pocampus, cortex, and regions associated with dopaminergic activity 
(Benavides et al., 1982a, Hechler et al., 1987, Hechler et al., 1989, Snead, 
1996, Ratomponirina et al., 1998, Andriamampandry et al., 2003, Castelli et 
al., 2003, Andriamampandry et al., 2007). The receptors can be activated by 
low concentrations of GHB leading to dopamine release (Castelli et al., 
2003, Brancucci et al., 2004, Molnar et al., 2006). On the contrary, higher 
concentrations of GHB, received by exogenously administration inhibits 
dopamine release, an effect that is predominantly mediated via low affinity 
GABAB receptors. GHB is therefore said to act in biphasic manner (Erhardt 
et al., 1998, Lingenhoehl et al., 1999). Activation of the G-protein coupled 
GABAB receptor induces neuronal hyperpolarization leading to a general 
inhibition of neurotransmitter release, including dopamine. The involvement 
of GABAA receptors has been discussed in the literature for a long time. For 
example an indirect activation of the GABAA receptors via GHB have been 
reported to induce an alteration of neurosteroids, e.g. allopregnanolone 
(Barbaccia et al., 2002). Recently Absalom and co-workers identified several 
high affinity binding sites for GHB on the GABAA receptor. The result 
demonstrated that the subunit combination α4δ seem to play a particular role 
in pharmacological response induced by GHB (Absalom et al., 2012). (More 
information about GABA receptors is found on page 23). In addition to di-
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rect activation of the GABA receptors by GHB, as seen in figure 1, the com-
pound is to some extent also metabolized to GABA, which in turn activates 
GABAA and GABAB receptors (Snead and Gibson, 2005, Carter et al., 
2009). 

As mentioned above, GHB alters dopaminergic activity in the brain, es-
pecially in the mesolimbic and nigrostriatal pathways (Cheramy et al., 1977, 
Diana et al., 1991, Hechler et al., 1991). The increased release of dopamine 
have been demonstrated to be GHB receptor specific (Maitre et al., 1990). 
Increased dopamine release in particularly the mesolimbic pathways, are 
associated with reward and addiction. Thereby it has been postulated that 
some of the rewarding effects induced by GHB, may in fact be associated 
with GHB receptor stimulated dopamine release (Cruz et al., 2004). Fur-
thermore it has been suggested that some of the motoric impairments, such 
as muscle relaxation and dystonia, may partly be explained by GHB’s inhibi-
tory effect on dopaminergic neurons in regions implicated in motor control 
(Nissbrandt and Engberg, 1996, Schmidt-Mutter et al., 1999b, Itzhak and 
Ali, 2002). In addition, the alterations in dopamine release are also suggested 
to be indirectly modulated by endogenous opioids, and although the exact 
relationships between GHB and the opioid system are not clarified, this 
might explain why many of GHB related effects e.g. sedation and euphoria, 
are blocked by naloxone (Gobaille et al., 1994, Schmidt-Mutter et al., 
1999a).  

The GHB related memory impairments is explained by e.g. alterations 
seen in the cholinergic and glutamatergic systems. Decreased extracellular 
levels of acetylcholine, NMDA synaptic activity and NMDA receptor densi-
ty in hippocampus, frontal cortex and striatum has been reported as a result 
of GHB administration (Sircar and Basak, 2004, Li et al., 2007). Further-
more, GHB seem to alter glutamate levels in the hippocampus in a biphasic 
manner, where lower concentrations of GHB increase and high doses de-
crease extracellular glutamate levels in the hippocampus. These effects are 
suggested to be mediated by GHB receptor and GABAB receptors respec-
tively (Castelli et al., 2003). An increase in GH release has also been report-
ed in several studies after GHB intake, a response that seems to involve cho-
linergic mechanisms (Takahara et al., 1977, Takahara et al., 1980, 
Addolorato et al., 1999, Volpi et al., 2000).  

Growth Hormone (GH) and Insulin-like Growth factor-
1 (IGF-1) 
History 
In the beginning of the 20th century, several patients underwent pituitary 
surgery for acromegaly with successful results (Caton, 1893, Cushing, 1909) 
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and thereby the importance of pituitary gland and hypophysis for growth 
became well recognized. In 1922 Evans and Long (Evans and Long, 1922) 
discovered that pituitary extracts injected to rats exerted growth prompting 
effects. In 1956, GH was isolated from the human pituitary gland, and after 
further studies the first successfully GH treatment of a 17 year old hypopitui-
tary man was reported in 1958 (Raben, 1957, 1958). Around that time a fam-
ily of GH regulated factors, somatomedins was also discovered (Salmon and 
Daughaday, 1957). The circulating somatomedin C, later called IGF-1 has 
been demonstrated to exhibit important growth and differentiation properties 
(Van Wyk et al., 1974, Fryklund and Sievertsson, 1978, Skottner et al., 
1987, LeRoith et al., 1995).  

A method for extraction and purification of GH from homogenized pitui-
tary glands by gel filtration was discovered by Swedish scientists in 1963 
(Roos et al., 1963). Pituitary GH was used for treatment of growth hormone 
deficiency (GHD) patients for more than 20 years until 4 incidents of 
Creuzfeldt Jacob Disease was reported, and the product was ceased (see 
report (1985) and review (Ayyar, 2011)). After the biochemical structure of 
GH was recognized in the early 70s (Li et al., 1969, Niall et al., 1973), the 
work to develop recombinant DNA-derived human GH started. Around 
1980, cDNA was first cloned and the first biosynthetic recombinant human 
GH (rhGH) was produced (Martial et al., 1979, Roskam and Rougeon, 1979, 
Fryklund et al., 1986).  

We now know that human GH consists of a 191 amino acid (aa) single 
stranded protein, containing two disulfide bridges and the most common 
form weighs approximately 22 kDa, whilst IGF-1 is a smaller polypeptide 
consisting of only 70 aa, with a molecular weight about 7.5 kDa.  

The somatotrophic system 
The somatotrophic axis consists of the hormones GH, IGF-1 and IGF-2, their 
protein binding carriers GH binding protein (GHBP) and IGF binding pro-
teins (IGFBP) and their specific receptors GH receptor (GHR) and IGF-1 
receptor (IGF-1R), respectively.  

GH and IGF-1 are regulated by a complex system. A simplified sketch of 
the regulation is presented in figure 2. GH synthesis and secretion in the 
pituitary is mainly determined by the balance between the stimulating GH-
releasing hormone (GHRH) and the inhibiting somatostatin (SS) (Karin et 
al., 1990, McMahon et al., 2001, Goldenberg and Barkan, 2007, Gahete et 
al., 2009). Circulating GH can act directly on peripheral tissue where it 
mainly acts as a regulator for somatic growth as well as metabolic processes 
(Nilsson et al., 1986, Wong et al., 2008, Moller and Jorgensen, 2009). More-
over, GH can stimulate IGF-1 release from the liver, which in turn is im-
portant for stimulation of growth and is crucial for cell differentiation 
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(Daughaday and Trivedi, 1991, LeRoith and Roberts, 1991, Moller and 
Jorgensen, 2009).  

Furthermore, the GH release is regulated with a negative feedback system 
where unbound GH and IGF-1 affect the hypothalamic hormones GHRH 
and SS, thus balancing the GH production and secretion from the pituitary 
(Daughaday, 2000, Le Roith et al., 2001a, Le Roith et al., 2001b). A short 
local feed-back system based on autocrine/paracrine mechanisms within the 
pituitary have also been reported (Fraser and Harvey, 1992, Asa et al., 2000). 
The levels of GHRH and SS are further affected by several other signal sys-
tems, such as ghrelin, neuropeptides, steroid hormones and catecholamines 
(Kojima et al., 1999, Beleen et al., 2012, Kaminski and Smolinska, 2012). 
Moreover physiological parameters such as sleep and nutrition have also 
been suggested to play an important role in the regulation of the somato-
tropic axis (Vicini et al., 1991, Muller et al., 1999). Extrapituitary production 
of GH has been reported, and is proposed to be regulated by autocrine and 
paracrine processes (Harvey and Hull, 1997).   
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Figure 2. A simplified sketch over the regulation of the somatotropic system. GHRH 
released from the hypothalamus stimulates the secretion of GH from the anterior 
pituitary, whilst it is inhibited by SS. Upon release, GH exerts direct or indirect 
effects via IGF-1 on peripheral tissue. By a negative feed-back loop system, GH and 
IGF-1 control their own secretion.  
Stimulation and inhibition is indicated by (+) and (-) respectively.   

Pharmacodynamic aspects of GH and IGF-1 
Growth hormone receptor (GHR)  
The effects induced by GH are initiated by binding of the hormone to a spe-
cific GHR on the cell surface. The GHR belongs to the cytokine receptor 
super family (Cosman et al., 1990, Kelly et al., 1993, Postel-Vinay et al., 
1995) and is expressed in over 40 different tissues, including the brain (Lai 
et al., 1991, Nyberg, 2000, 2007). The receptor constitute of a single trans-
membrane polypeptide chain, where the extracellular domain is composed of 
a N-terminal GH binding domain, and the intracellular domain is responsible 
for the regulation of the cytoplasmic effector system (Leung et al., 1987, 
Postel-Vinay, 1996). Binding of GH to the receptor results in a homodimeri-
zation of two GHR (see figure 3) forming a GHR-GH-GHR complex 
(Cunningham et al., 1991, de Vos et al., 1992, Frank, 2002, Gent et al., 
2002) The dimerization of the receptor is essential for proper intracellular 
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response, involving activation of several kinases. Initially Janus kinas 2 
(JAK2) is rapidly phosphorylated, which leads to interaction with other sig-
naling molecules e.g. mitogenic-activated protein kinase (MAPK), signal 
transducers and activators of transcription (STAT) and mitogen-activated 
protein kinase (PKC) (Darnell et al., 1994, Herington, 1994, Horseman and 
Yu-Lee, 1994, Zhou and Waxman, 1999, Herrington and Carter-Su, 2001). 
As the concentration of GH increases, the GHR homodimers become more 
and more saturated leading to an increase in formation of monomeric recep-
tor complexes (GHR-GH) (Figure 3), which in turn leads to an attenuated 
intracellular response. This scenario may lead to so-called bell-shaped dose-
response effect (Fuh et al., 1992, Mustafa et al., 1997). 

Besides the membrane bound receptor, a soluble form of the receptor 
called GHBP has been identified in many species (Amit et al., 1992, 
Talamantes and Ortiz, 2002). The GHBP correspond to the extracellular 
domain of the GHR and binds approximately 40-50 % of circulating GH. 
When GH is bound to GHBP it is less bioactive and is protected from degra-
dation. Thus GHBP is important for the GH regulation (Postel-Vinay, 1996, 
Tzanela et al., 1997).  

Figure 3. Hypothetical model of the GHR activation. JAK2; Janus kinase, STAT; 
Signal transducers and activators of transcription and PKC; Protein kinase C.   

Insulin-like growth factor 1 receptor (IGF-1R) 
The IGF-1 receptor has been found in various regions in the brain 
(Bohannon et al., 1988, Laviola et al., 2007). It belongs to the large class of 
tyrosine kinase receptors and consists of two covalent bound " and two $ 
subunits (Figure 4). Binding of IGF-1 to the extracellularly " subunit induces 
a conformal change of the receptor leading to an autophosphorylation of the 
intracellular $ subunits (Kato et al., 1993). This leads to an intracellular sig-
naling cascade including phosphorylation of other tyrosine containing sub-
strates e.g. the Ras mitogen-activated protein kinase (MAPK) cascade 
(LeRoith and Roberts, 1991, Wine et al., 2009).  
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Figure 4. Hypothetical model of IGF-1R. !; alpha subunit, "; beta subunit, P; phos-
phorus and S; disulfide bridge.   

Physiological and psychological relevance of GH and IGF-1  
The hormones GH and IGF-1 are involved in many different processes in the 
body besides regulation of somatic growth and metabolism. Growing evi-
dence verifies that GH and IGF-1 exert profound effects in the CNS includ-
ing sleep, appetite, well-being, cognitive functions, neuroprotection and cell 
regeneration. The effects of the hormones on cognitive functions have also 
received attention during the last decades (Maruff and Falleti, 2005, Nyberg, 
2009). 

In many of these studies it has been suggested that both IGF-1 and GH 
can penetrate the blood cerebrospinal fluid barrier and blood brain barrier, 
either by diffusion or receptor mediated transport. A transport to the brain 
via the cerebrospinal fluid has also been proposed (Johansson et al., 1995, 
Burman et al., 1996, Coculescu, 1999, Pan et al., 2005, Nyberg, 2006). 

There is a well-recognized relation between GHD and impaired cognitive 
functions (Deijen et al., 1996, Rollero et al., 1998). In fact, studies on GH 
replacement treatment show significant improvement in several cognitive 
parameters e.g. memory, attention, alertness and well-being in individuals 
suffering from GHD (Sartorio et al., 1995, Deijen et al., 1998, Falleti et al., 
2006, Nilsson et al., 2007, Nieves-Martinez et al., 2010). These beneficial 
effects seem to be maintained several years after the treatment was intro-
duced (Falleti et al., 2006, Laursen et al., 2008, van Nieuwpoort and Drent, 
2008).  

Decrease levels of GHR mRNA, attenuated GH secretion and IGF-1 pro-
duction with increased age have also been reported, effects that are suggest-
ed to cause age-related impairment in cognitive functions (Lai et al., 1993, 
Zhai et al., 1994, Burman and Deijen, 1998, Gilchrist et al., 2002). However 
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these symptoms may be reversed by GH treatment. Thus GH seems to have 
an overall positive effect on quality of life (Bengtsson et al., 1993, Burman 
et al., 1995, McGauley et al., 1996, Burman and Deijen, 1998, Gibney et al., 
1999). In line with these findings GH has demonstrated to prevent neuronal 
loss in aged rat hippocampus (Azcoitia et al., 2005). Treatment with GH and 
IGF-1 also display a neuroprotective effect on damaged spinal cord and 
brain as well as cerebral hypoxic ischemia (Hanci et al., 1994, Sharma et al., 
1997, Gustafson et al., 1999, Smith, 2003, Azcoitia et al., 2005, Reimunde et 
al., 2011).  

Not only age but also different drugs of abuse can have a negative effect 
on cognition. For example extensive use or misuse of opiates impair the 
cognitive capability in human and animals (Spain and Newsom, 1991, 
Sjogren et al., 2000, Smith, 2000). In addition, opioids induce toxicity, in-
hibit cell growth, stimulate apoptosis and impair cell regeneration of neurons 
(Hauser et al., 2000, Hu et al., 2002, Mao et al., 2002). These drug induced 
changes can probably also be reversed by GH. At least rhGH have been 
demonstrated to reverse opioid induced apoptosis in prenatal hippocampal 
neurons (Svensson et al., 2008).   

The brain reward system 
The majority of drugs of abuse acts directly or indirectly upon the brain’s 
reward system, also referred to as the mesocorticolimbic dopamine pathway. 
As the mesocorticolimbic pathway is stimulated, dopamine is released and a 
sense of pleasure or “high” is experienced (Kalivas, 2004). Not all reward 
responses originate from addictive drugs, but the system is also stimulated 
by natural stimulants like food, sex and learning (Mitchell and Stewart, 
1990, Avena et al., 2008, Wise, 2008). 

One of the more established theories regarding the reward system de-
scribes dopaminergic neurons projecting from the VTA to the nucleus ac-
cumbens and the prefrontal cortex, (Figure 5) (Koob et al., 1998, Koob, 
2006, Wise, 2008). These dopaminergic neurons are under the influence of 
other neurons containing different neurotransmitters, such as endogenous 
opioids (see page 23), glutamate, GABA, serotonin and noradrenaline, pro-
jected from surrounding regions (the amygdala, thalamus, olfactory tubercle 
and ventral palladium) (see review (Belujon and Grace, 2011)). The dopa-
mine neurons in the VTA are mainly regulated by glutamate and GABA. 
Upon stimulation, of the neurons, VTA release dopamine to the nucleus 
accumbens and the prefrontal cortex. The DA release in the mesocorticolim-
bic pathway is further modulated by GABAergic medium-spiny projection 
neurons in the nucleus accumbens (Koob et al., 1998, Gardner, 2005). Inter-
estingly, mechanisms of learning and synaptic plasticity related to drug ad-
diction have also been reported to be associated with the dopaminergic 
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pathways described above (Berridge and Robinson, 1998, Kelley, 2004, 
Jones and Bonci, 2005, Kalivas, 2009).  

 
Figure 5. A simplified model of the brain reward system, including dopaminergic 
neurons projecting from the ventral tegmental area (VTA) to the nucleus accumbens 
(NA) and the prefrontal cortex (PFC).  

The opioid system 
Opioid peptides and receptors 
The opium extract, have been used as a recreational drug and for medical 
purposes for thousands of years. The existence of specific opioid binding 
sites were discovered in 1973 by three independent research groups (Pert and 
Snyder, 1973, Simon et al., 1973, Terenius, 1973) and was later referred as 
to mu-, delta- and kappa-opioid peptide receptors (MOP, DOP and KOP) 
(Martin et al., 1976, Lord et al., 1977, Chang and Cuatrecasas, 1979, Chang 
et al., 1980). The discovery of the receptors and the fact that they stimulated 
analgesia, which in turn was inhibited by the opioid antagonist naloxone 
(Akil et al., 1976) led to a search for endogenous opioids. The endogenous 
opioids, enkephalin, endorphin and dynorphin were also quickly found 
(Hughes et al., 1975, Pasternak et al., 1975, Terenius and Wahlstrom, 1975, 
Bradbury et al., 1976, Goldstein et al., 1979, Goldstein et al., 1981).  

Each of the three classical endogenous opioid peptides i.e. enkephalin, 
endorphin and dynorphin are derived from different propeptides, namely 
proenkephalin, proopiomelanocortin (POMC) and prodynorphin. Moreover 
each propeptide is enzymatically cleaved, generating several smaller pep-
tides. For example cleavage of proenkephalin results in Met-, Leu-
Enkephalin, Met-enkephalin-Arg6Phe7 (MEAP) and Met-enkephalin-
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Arg6Gly7Leu8. POMC generates the peptides β-endorphin and β-lipotrophin, 
while prodynorphin serves as the precursor for dynorphin A and B (Dyn A 
and Dyn B) and neoendorphin. The N-terminal amino acid-sequence (Tyr-
Gly-Gly-Phe-Met/Leu) is identical in all these opioid peptides and is fol-
lowed by different C-terminal sequence resulting in 5-31 amino acid long 
peptides (Akil et al., 1998). Besides the classical opioids, there are also other 
opioid peptides that act on the opioid receptors but lacking the typical N-
terminal e.g. endomorphin-1, endomorphin-2, hemorphins and β -
casomorphin (Henschen et al., 1979, Brantl et al., 1986, Nyberg et al., 1997, 
Zadina et al., 1997). 

Belonging to the Gi-protein coupled receptor family, all the opioid recep-
tors inhibit adenylyl cyclase in response to activation, leading to neuronal 
inhibition. The MOP receptor predominantly binds endorphins and to some 
extent enkephalins. Enkephalins bind with a higher affinity to DOP receptors 
and the dynorphins prefer KOP receptors.  

The opioid system is very complex and is associated with many different 
processes such as pain processing, stress, learning, memory, reward and 
reinforcement (For review see (Kieffer and Gaveriaux-Ruff, 2002, Bodnar, 
2012).  

Regulation of the reward system by opioid peptides 
It is well recognized that exogenous opioids, such as morphine and heroin 
stimulates the reward system, resulting in enhanced DA activity. This is also 
the case for the endogenous neuropeptides (Bozarth and Wise, 1984, 
Spanagel et al., 1992).  

The opioid receptors are widely spread in the brain although with varying 
levels in different regions. Regarding the reward system, the MOP receptors 
are densely expressed in the ventral tegmental area VTA and KOP receptors 
in the nucleus accumbens, whereas DOP receptors are expressed in both 
above-mentioned regions (Mansour et al., 1988, Herz, 1997, Zhang et al., 
2009). The endogenous MOP and DOP opioid receptor agonists indirectly 
stimulate DA activity in the mesolimbic system by acting on the receptors in 
the VTA and the nucleus accumbens, giving rise to a feeling of reward or 
”high” (Figure 6). The MOP receptors in the VTA are situated on GABAer-
gic interneurons, and by stimulation of these neurons, the DA neuron is indi-
rectly disinhibited, resulting in enhanced DA activation (Margolis et al., 
2012). On the contrary, the dynorphins create dysphoric effects by activation 
of KOP receptor on the terminals of the DA neurons, resulting in decreased 
levels of DA release (Spanagel et al., 1992, Herz, 1997, Shippenberg et al., 
2009).  
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Figure 6. A simplified model of the dopaminergic reward system, including the regu-
lation of endogenous opioids. VTA; ventral tegmental area.  

The GABAergic system 
GABA is a neurotransmitter, which is wildly distributed in the mammalian 
brain and spinal cord. Acting as the main inhibitory neurotransmitter, it is 
involved in several psychological and physiological processes (McGinty, 
2007).  

There are three different classes of GABA receptors; GABAA, GABAB 
and GABAC. GABAA and GABAC receptors are rapid ionotropic receptors 
also called ligand-gated ion channels, whereas GABAB receptors are 
metabotropic receptors belonging to the G protein-coupled receptors family. 
The ionotropic GABAA receptor consists of a pentamer assembled from 
different combinations of subunits (", $, !, # and %), resulting in a large vari-
ety of GABAA receptor types.  

The metabotropic GABAB receptors, GABABR1 and GABABR2, were 
first characterized in 1980 (Bowery et al., 2002). They were later found to 
function as heterodimeric receptors (Jones et al., 1998, Kaupmann et al., 
1998, White et al., 1998). Like GABAA receptors, they are widely distributed 
throughout the brain e.g. limbic system, and are located both pre- and 
postsynaptically. GABA serves as its own regulator on the presynaptic re-
ceptors by depressing Ca2+ influx via voltage-activated Ca2+ channels. Such 
presynaptic stimulation is suggested to be involved in long-term potentiation 
(LTP), a phenomena underlying synaptic plasticity (Bliss and Gardner-
Medwin, 1973, Bliss and Lomo, 1973, Mott et al., 1990). Further evidence 
for an involvement of GABAB receptors in cognitive processes has been 
proposed, although the results are somewhat contradictive. In several stud-
ies, GABAB antagonists have been shown to improve learning and memory 
(Helm et al., 2005, Lasarge et al., 2009). However, in another study per-
formed by Schuler et al. GABAB deficient mice performed poorer in a pas-
sive avoidance test, indicating cognitive impairments (Schuler et al., 2001).  
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Cognition; learning and memory  
The formation of a memory is divided into three phases; immediate memory, 
short-term memory and long-term memory. The immediate memory corre-
spond to a fraction of a second, e.g. remembering how an item looked like 
just after a glimpse. The short-term memory lasts for seconds to minutes 
without rehearsal, e.g. the everyday searching for lost objects. The more 
permanent storage of memories is called long-term memory and lasts for 
days, weeks or even a lifetime. The process of conversion immediate 
memory to long-term memory is called consolidation.  

Information about the brain regions and mechanisms involved in the dif-
ferent types of memory formations and amnesia are known thanks to clinical 
cases and animal models. For example, in a case where serious anterograde 
amnesia (loss of ability to create new memories) occurred after the hippo-
campus and amygdala were removed (Scoville and Milner, 1957, Corkin et 
al., 1997, Scoville and Milner, 2000). In animals, bilateral lesions to the hip-
pocampus have also been shown to induce similar effects e.g. retrograde 
amnesia and impaired spatial learning and memory in the WM (Squire et al., 
2001, Clark et al., 2005). 

We now know that one of the mechanisms behind the formations of new 
memories is LTP. LTP is a long lasting increase of signal transmission be-
tween two neurons resulting in increased synaptic strength and plasticity 
(Bliss and Cooke, 2011). The molecular mechanism underlying LTP regula-
tion of synaptic plasticity is not fully clarified, although it is well known that 
it involves excitatory NMDA and AMPA receptors (Morris et al., 1986, 
Derkach et al., 2007, Li and Tsien, 2009, Lee and Kirkwood, 2011). Since 
the first LTP studies were performed in the hippocampus, LTP based plastic-
ity was assumed to be a process exclusively for learning and memory 
(Maren, 2005, Whitlock et al., 2006). However, today it is well established 
that different forms of plasticity occurs in most excitatory synapses 
(Griffiths et al., 2008, Luscher and Huber, 2010). It is therefore not surpris-
ing that accumulating evidence demonstrates that drugs of addiction increase 
synaptic plasticity in brain regions involved in reinforcement and reward 
processes, thus triggering addiction (Nestler, 2001, Kauer and Malenka, 
2007, Thomas et al., 2008). This drug induced pathological form of learning 
and memory seems to involve different systems such as glutamate transmis-
sion in the VTA leading to LTP in dopamine cells (Ungless et al., 2001, 
Almodovar-Fabregas et al., 2002, Saal et al., 2003). Furthermore other stud-
ies have demonstrated that blockade of the NMDA receptor prevents drug-
induced behaviors in certain animal models (Schenk et al., 1993, Tzschentke 
and Schmidt, 1995, Harris and Aston-Jones, 2003, Harris et al., 2004, 
Kalivas, 2004). 

As described earlier, several drugs of abuse exert deleterious effects on 
the brain resulting in cognitive dysfunction, including impairments in learn-
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ing and memory. It is well established that use of different types of opioids 
and alcohol, causes brain damages and cognitive impairments in humans 
(Cipolli and Galliani, 1987, Hu et al., 2002, Harper and Matsumoto, 2005, 
Kameda et al., 2007). Furthermore, other drugs such as flunitrazepam and 
GHB induce e.g. short-term amnesia and disrupt working memory respec-
tively (Schwartz et al., 2000, Gouzoulis-Mayfrank et al., 2003, Carter et al., 
2006). In addition several similar outcomes have been demonstrated in ani-
mal models for a variety of different drugs.  

In this thesis we studied spatial working and reference memory in rats 
treated with GHB using the WM as our memory test model. The WM regime 
is further described under “Methods”.  
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The aims of the thesis 

The general aim of this thesis was to investigate biochemical and behavioral 
effects of rhGH and GHB in male Sprague Dawley rats. In these studies the 
main focus was devoted to cerebral systems associated to cognitive process-
es and addiction.  

More specifically, these were the aims; 
 

• To study the effects of rhGH on GABAB receptor density and func-
tionality in the male rat brain.  

 
• To evaluate the impact of rhGH on the functionality of the opioid 

peptide receptors, mu and delta, in the male rat brain.  
 

• To investigate the effects of long-term GHB treatment on learning 
and memory using the WM model. In addition, to study the impact 
of GHB on IGF-1 and GABAB.  

 
• To study the effects of GHB treatment on the IGF-1 levels in blood 

plasma and the endogenous opioid peptides Dyn B and MEAP in 
discrete brain regions. Moreover, to study the effect of GHB on the 
explorative behavior and locomotor activity in rats using the open 
field (OF) test.  
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Methods 

Animal handling and drug treatment 
This thesis is based on animal studies, where male Sprague Dawley rats 
(Scanbur, Sollentuna, Sweden (paper I and II) and Taconic Farm Inc., Den-
mark (paper III and IV)) have been used in the experiments. All the animals 
were housed in standard Macrolon 4 cages (59 x 38 x 20 cm) in air-
conditioned, humidity-controlled (60%) rooms with constant temperature of 
23 ± 1 oC. Food and water was provided ad libitum.  

In the first two studies (paper I and II), the rats were housed in groups of 
4 animals per cage on a normal dark-light cycle with the lights on at 0700. 
The animals were allowed to adapt to the new environment one week before 
any treatment was given. At the start of the experiment, the rats weighed 
314-325 g and were divided into 3 different treatment groups, consisting of 8 
animals in each group. Twice daily for 7 days, the animals were given s.c. 
injections of rhGH (0.07 IU/kg or 0.7 IU/kg) or saline.  

In the 2 latter studies (paper III and IV) the animals were housed 3 indi-
viduals per cage (paper III) and 4 per cage (paper IV). Since the experiments 
involved behavioural studies and rats are nocturnal, the animals were kept on 
a reversed 12 h dark/light cycle with the lights on at 1900. Prior to the exper-
iments, the rats were allowed to adapt to the new environment for 19-20 
days (paper III) and 14-19 days (paper IV). The rats, weighing 320-390 g 
(paper III) and 345-347 g (paper IV) at the start of the experiment were ran-
domly divided in to 3 different groups and were treated with GHB (50 mg/kg 
or 300 mg/kg) or saline orally once daily for 16 days (paper III) or once dai-
ly for 7 days (paper IV). Behaviour parameters such as spatial learning and 
memory, spontaneous explorative behaviour and locomotor activity were 
evaluated using the WM and OF paradigm respectively. To avoid direct ef-
fects of intoxication on the parameters observed in the behavioural tests, the 
treatment was given 60 min prior to the WM and OF. For the same reason 
rats were administered 60 minutes before the decapitation. All the animals 
were weighed every third day and on the last day of the experiment.  

All the animal procedures were performed according to a protocol ap-
proved by the ethics committee in Uppsala and in accordance with the Swe-
dish Animal Protection Legislation.  
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Behavioural methods 
The water maze test (WM) 
The WM is one of the most widely used tests for studies of spatial learning 
and memory in rodents (Morris et al., 1982, Morris, 1984). In study III, the 
ability to learn the spatial location of a hidden platform situated in large cir-
cular pool filled with water, was evaluated after GHB treatment. Located in 
a room exclusively used for animal behavioral experiments, the maze con-
sisting of a dark pool (160 cm in diameter) was filled with tap water (22 ± 1 
oC) and virtually divided in four equally large quadrants (Figure 7). A trans-
parent platform (15 cm in diameter) was situated in the southwest quadrant, 
submerged 1.5 cm under the water surface in order to be invisible to the 
animals. All WM experiments were conducted on day 11 to day 15, during 
the dark phase, 60 min after treatment. Each session started by placing the 
rat into one of the quadrants of the pool facing the wall in a random order. 
The animals underwent a learning period (acquisition), for 4 consecutive 
days including 4 trials each day. The animals were allowed to search for the 
platform for a maximum of 90 s. If the platform was not found, rats were 
guided to the platform, where it stayed for 30 s to memorize the extra-maze 
cues. Behavioural parameters such as escape latency, latency to first visit in 
target quadrant, swim speed, swim distance and thigmotaxis were scored. On 
day 15 of the study, the platform was removed and a single 90 s long probe 
trial (retention) was performed. The number of times the animal crossed the 
area where the platform originally was positioned i.e. target zone crossings, 
number of visits and time spent in the different quadrants were analysed in 
addition to the parameters scored in the acquisition trials. The performance 
in the WM was recorded by a video camera situated above the pool and the 
behavioural parameters registered by computerized tracking system (Bi-
observe Viewer, Bonn, Germany). 
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Figure 7. The water maze (WM) with a submerged platform situated in the middle 
one of the four quadrants.  

The open field (OF)
The OF test is a common test for evaluating locomotor function and sponta-
neous explorative behavior and was used in study IV. The test was conduct-
ed in a relatively light room, during the dark phase, 60 min after the last drug 
administration on day 6. The test was carried out as described elsewhere 
(Enhamre et al., 2012). Briefly, the OF consists of a dark circular arena (90 
cm in diameter) with 35 cm high walls, divided in to 3 zones (Figure 8). 
These zones are referred as the central zone  (30 cm in diameter), the middle 
zone (15 cm in width) and the outer zone (15 cm in width). Starting in the 
outer zone, the rats were allowed to freely explore the area for 10 min. Pa-
rameters such as time to enter the middle and central zones, time spent in the 
different zones, number of visits to the respective zone, activity, velocity and 
track length were registered by using the Biobserve Viewer software system 
(Biobserve Viewer, Bonn, Germany). 
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Figure 8. The open field (OF) divided into a central zone, middle zone and outer 
zone. 

Tissue and blood collection  
After decapitation (study I, II and III), whole brains were rapidly removed 
and fresh-frozen in isopentane (-35 ± 5 °C) for 30 seconds and stored at -80 
°C until further autoradiographic analysis.  

In study IV, trunk blood was collected in tubes containing ice cold 1% 
EDTA in 0.9 % NaCl immediately after decapitation. After centrifugation 
for 10 min, 4 °C at 3000 rpm the plasma was removed and stored at -80 °C 
until further analysis of IGF-1. Using a brain matrix (Activational System, 
Warren, MI, USA), the brains were cut in coronal sections and selected brain 
regions were dissected according to the rat brain atlas of Paxinos and Wat-
son (Paxinos and Watson, 1997). The posterior and anterior pituitary, hypo-
thalamus, frontal cortex, caudate putamen, nucleus accumbens, hippocam-
pus, amygdala and periaqueductal gray area (PAG) were collected and im-
mediately put on dry ice, and stored in separate eppendorf tubes in -80 °C 
until further processing.  

Autoradiographic methods 
Autoradiography is used to determine the localization of a radioactive sub-
stance in tissue. In study I, II and III, two different types of autoradiography 
were performed on coronal brain sections taken from bregma +3.2, +1.6, -
2.6 and -5.6. The density and location of receptors were determined using 
ligands labeled with a radioactive isotope, which are capable of binding to 
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specific receptors. Subsequently bound radioactive labeled substance is 
thereby detected using i.e. x-ray film or screens (Herkenham and Pert, 1982, 
Schmahl et al., 1996). 

The second technique, [35S]GTP!S receptor autoradiography is a tech-
nique which is used in studies on distribution and functionality of G-protein 
coupled receptors. It is based on a replacement of endogenous GTP to 
[35S]GTP!S upon receptor specific agonist activation. The activation of the 
receptor introduces conformational changes leading to an interaction be-
tween the radiolabeled [35S]GTP!S and the G-proteins. The amount radioac-
tive [35S]GTP!S incorporated can then be detected (Sim et al., 1995, Sovago 
et al., 2001).  

Representative autoradiograms including the majority of the regions ana-
lyzed in paper 1-III are presented below in figure 9. 

 
Figure 9. Representative autoradiograms from male Sprague Dawley rat brain. 
Coronal sections from bregma +1.6, -2.6 and -5.6 are presented. Cg1; cingulate 
cortex 1, Cg2; cingulate cortex area 2, CPu; caudate putamen, AcbSh; accumbens 
nucleus shell, AcbC; accumbens nucleus core, CA 1-3; fields of hippocampus, LD; 
laterodorsal thalamic nucleus, VPM; ventral posteromedial thalamic nucleus, 
DMD; dorsomedial hypothalamus nucleus, Me; medial amygdaloid nucleus, VMH; 
ventromedial hypothalamic nucleus, DG; denate gyrus, VPL; ventral posterolateral 
thalamic nucleus, LGP; lateral globus pallidus, Ce; central amygdaloid nucleus, 
LH; lateral hypothalamic area, PV; paraventricular thalamic nucleus, PAG; peria-
queductal gray, SNR; substantia nigra, MG; medial geniculate nucleus, VTA; ven-
tral tegmental area, DEn; dorsal endopiriform nucleus.             

GABAB, mu and delta opioid receptor stimulated [35S]GTP!S 
autoradiography 
In paper I, II and III, the functionality of GABAB receptors and the opioid 
peptide receptors mu (MOP) and delta (DOP), were determined after treat-
ment with GH and GHB, respectively. The method was performed as de-
scribed elsewhere (Sim et al., 1995), although slightly modified. Fresh fro-
zen 20 &m thick coronal brains sections thaw mounted on gelatin coated 
glass slides were equilibrated in a assay buffer containing 50 mM Tris-HCl, 
4 mM MgCl2, 0.3 mM EGTA and 100 mM NaCl, pH 7.4 for 10 min in room 
temperature. Afterwards, the slides were placed in humid chambers and pre-
incubation with assay buffer containing 10 mU/ml adenosine deaminase 
(ADA) and 2 mM GDP was conducted for 15 min in room temperature. The 
agonist-stimulated functionality was achieved in the presence of selective 
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agonists, 100 µM (R)-baclofen (GABAB), 10 µM DAMGO (MOP) and 10 
µM DPDPE (DOP) in assay-buffer containing 10 mU/ml ADA, 2 mM GDP 
and 0.04 nM [35S]GTPγS for 2 h in room temperature. Under the same con-
ditions the specificity of respectively G-protein activated receptor was de-
termined by adding the antagonists 100 µM CGP 35348 (GABAB) and 1 µM 
naloxone (MOP and DOP) to subsequent slides. Furthermore non-specific 
binding was assessed in the presence of unlabeled 10 µM GTPγS and the 
basal levels in absence of agonist. Following the last incubation step, slides 
were washed in cold 50 mM Tris-HCl, pH 7.4 (2x2 min), and distilled water 
for 30 sec and were exposed to Kodak BioMax MR-1 films. After 3-10 days 
the films were developed and analyzed and quantified according to Sims et 
al., in an Image J computer system (National Institutes of Health, Bethesda 
MD, USA) (Sim et al., 1995).  

GABAB receptor autoradiography 
In vitro receptor autoradiography was performed to determine the density of 
GABAB receptors in cerebral brain sections after treatment with GH (paper I) 
and GHB (paper III). Slightly modified, the assay was performed according 
to Cremer et al., (Cremer et al., 2009). After being thawed for approximately 
45 min, slides were pre-incubated for 15 min at 4 °C in a buffer consisting of 
50 mM Tris-HCl, 2.5 mM CaCl2 (pH 7.4). Total binding was assessed by 
incubation with the same buffer containing 2 nM [3H]CGP54626 and non-
specific binding was achieved with addition of 100 µM (R)-baclofen for 1 h 
in 4 °C. After being washed 3 x 30 s in ice-cold 50 mM Tris-HCl (pH 7.4) 
and rinsed in distilled water, the slides were dried over night. Together with 
a [3H]-microscales, the slides were exposed to a [3H] sensitive phosphor 
imager screens BAS-TR2040 (FUJI Science Imaging) for 14-20 days, and 
developed in a FUJI BAS 2500 scanner (Fuji Medical Systems). The recep-
tor density was quantified and converted into nCi/mg using the microscales 
using the Image J computerized system (National Institutes of Health, Be-
thesda, MD). Specific binding was calculated by subtracting non-specific 
binding from total binding. 

IGF-1 receptor autoradiography 
In order to study the impact on IGF-1 receptors after long-term treatment 
with GHB, IGF-1 receptor autoradiography was performed (paper III) as 
previously described (Dore et al., 1997, Kar et al., 1997). Coronal sections 
(12 µm), cut in a cryostat and mounted on gelatine coated glass slides were 
pre-incubated in 50 mM Tris-HCl (pH 7.4) containing 10 mM MgCl2, 0.1% 
BSA (w/v) and 1 mg/ml bacitracin in room temperature for 15 min. The total 
binding was determined by incubating the slides in 50 pM [125I]rhIGF-1 and 
non-specific binding in 50 pM [125I]rhIGF-1 in addition with 100 nM rhIGF-
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1, in the pre-incubation buffer for 24 h in 4°C. Subsequently, the slides were 
washed in ice-cold 50 mM Tris-HCl (pH 7.4) for 2 min and rinsed for 30 sec 
in distillated water. The slides were dried in room temperature over night. 
All sections, including the [125I]-microscale were exposed to Kodak Biomax 
MR-1 film, for 4 days. Developed films were analysed densitometrically and 
quantified using Image J software (National Institutes of Health, Bethesda, 
MD). Specific binding was achieved by subtraction of the non-specific bind-
ing from total binding. 

IGF -1 Enzyme-linked immunosorbent assay (ELISA) 
The concentration of IGF-1 in plasma was studied in paper IV after 7 days of 
GHB administration. The assay was performed using a commercial ELISA 
kit suitable for detecting IGF-1 in rat plasma (mouse/rat IGF-1 REF E25, 
Mediagnost, Reutlinger, Germany). The assay was conducted according to 
the manufactures instructions. Thawed plasma samples were first diluted 
1:500 in sample buffer and analyzed in duplicates using a micro plate reader 
POLARstar OPTIMA (BMG LABTECH GmbH, Ortenberg, Germany). 

Peptide extraction and separation 
As described previously (Zhou et al., 1998, Nyberg and Hallberg, 2011) 
peptides were extracted from discrete brain regions collected in study IV. 
Briefly, each tissue sample was heated in 1 M acetic acid, 95 °C for 5 min, 
cooled on ice and homogenized using a Branson Sonifier (Branson Ultrason-
ics Corporation, Danbury, CT, USA). The samples were again cooled on ice 
and reheated for 5 min at 95 °C and then centrifuged (13 400 × g, 4 °C) for 
15 min. The supernatants were collected and diluted with 1 mL Buffer I (0.1 
M formic acid/0.018 M pyridine, pH 3.0). The peptide separation was per-
formed using ion-exchange chromatography on a column containing SP-
Sephadex C-25 (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). Buffer 
containing increasing concentrations of formic acid and pyridine were used 
for stepwise extraction of the opioid peptides (details presented elsewhere 
(Nyberg and Hallberg, 2011)). The fraction were dried in a vacuum centri-
fuge (SpeedVac SC210A, Savant Instruments, Holbrook, NY, USA) and 
stored at -80 °C until further radioimmunoassay.  
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Radioimmunoassay (RIA)  
The radioimmunoassay technique was one of the first immunoassay tech-
niques developed to determine nanomolar to picomolar concentrations of 
peptides in biological fluids and tissues. The low detection limit makes the 
technique suitable for analyzing levels of the opioid peptides. MEAP and 
Dyn B were detected and quantified in various brain regions after daily 
treatment of GHB (paper IV). The method we used is previously described 
elsewhere (Johansson et al., 2000). Antisera specified for each peptide were 
generated in rabbits by injections of thyroglobuline-conjugated Dyn B and 
oxidized MEAP (Glamsta et al., 1993). The MEAP antisera used in the as-
says were diluted to a final concentration of 1:80 000 in gelatin buffer (0.15 
NaCl, 0.025 M EDTA, 0.1% gelatin and 0.1 % BSA in a 0.05 M sodium 
phosphate buffer) and the antisera against Dyn B to a concentration of 1:180 
000 in another gelatin buffer (0.15 NaCl, 0.02 % Na-azid, 0.1% gelatin, 0.1 
% Triton X-100 and 0.1 % BSA in a 0.05 M phosphate buffer). Furthermore, 
prior to the RIA, the tracer peptides were iodated with the chloramine-T 
procedure, followed by HPLC purification (Hallberg et al., 2000). The 125I-
MEAP and 125I-Dyn B were diluted in above-mentioned buffers to an activi-
ty of 4000-5000 cpm/100 µL. The fraction and standards subjected to the 
MEAP assay were oxidized by incubating the samples in 100 µL, 1 M HAc 
and 10 µL 30 % H2O2 for 30 min in 37 °C and subsequently dried in the vac-
uum centrifuge. All fractions were diluted with MeOH:HCl 0.1 M (1:1). The 
standards (25 µL) and samples (25 µL) were incubated with 100 µL antise-
rum and 100 µL radiolabeled peptide for 24 h, 4 °C. The total and blank were 
conducted under the same conditions with 25 µL MeOH:HCl 0.1 M (1:1) 
and 100 µL gelatin buffer or 100 µL antiserum respectively. 

The RIA technique used for MEAP is based on charcoal absorption, 
whilst the Dyn B RIA is based on double-antibody precipitation. Briefly, 
after incubation with 200 µL of charcoal suspension (2.5 % charcoal and 
0.25 % dextran 70 in 0.05 M sodium phosphate buffer) for 10 min on ice, the 
MEAP samples were centrifuges 2 min at 12 000 × g. A volume of 300 µL 
of the supernatant was collected and analysed in a gamma-counter. For the 
Dyn B assay, samples were incubated with 50 µL Goat ant-rabbit IgG serum 
and 50 µL normal rabbit serum (Peninsula Laboratories LLC; San Carlos, 
CA) for 90 min in 4 °C, centrifuged 12 000 × g, 4 °C for 20 min. The super-
natants were discarded and the radioactivity in the pellets analyzed.  

Statistical analysis 
All the data sets obtained from the behavioral studies and the biochemical 
analysis were first tested for normality distribution using Shapiro Wilk’s test.  
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As the data sets did not follow a normal distribution, all the behavioral 
data were analyzed using non-parametric methods and are expressed as me-
dian plus minimal and maximal values. Comparison between treatment 
groups (paper III and IV), regarding the behavioral data obtained from the 
WM and OF procedures was statistically analyzed using the Kruskal Wallis 
one-way ANOVA, followed by Dunn’s multiple comparison test. Perfor-
mance with in each treatment group over time (paper III) was statistically 
analyzed using Friedman matched pair test.   

Differences between treatment groups, regarding weight measurements, 
autoradiographic assays, ELISA and RIA studies (paper I-IV) followed a 
normal distribution and were therefore analyzed using the parametric one-
way ANOVA, followed by Tukey’s post hoc test. The Student's t-test was 
used to compare the differences in basal levels and agonist induced 
[35S]GTPγS binding within each treatment group (paper I-III). Data, ana-
lysed by parametric methods are presented as mean ± S.E.M. Furthermore, 
Grubb’s test was used to detect outliers. α-values less than 0.05 were consid-
ered outliers and were removed. The correlation analysis performed between 
biochemical parameters were performed with the Pearsons parametric test 
(paper III and IV).   

All statistical analyses were assessed using Graphpad Prism 5.0d and p-
values less than 0.05 were considered as significant.  
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Results and discussion 

GABAB receptors 
In the first study (paper I), male Sprague Dawley rats were subjected to 
rhGH (0.7 and 0.07 IU/kg) twice daily for 7 days. This treatment led to alter-
ations in both density and functionality of GABAB receptors in several brain 
areas.  

As seen in figure 10, the receptor density is increased in the cortical areas 
of primary motor corte and cingulate cortex area 2 in low dose treated ani-
mals (0.07 IU/kg), but not in the high dose treated group (0.7 IU/kg). In con-
gruence with our results, Walser and co-workers observed an increase of 
GABAB(1) gene transcript in the cerebral cortex after 6 days of GH treatment 
(Walser et al., 2011). Interestingly, in the same study, in hippocampus and 
dentate gyrus, two regions that are crucial for learning and memory no alter-
ations in GABAB(1) gene transcript were observed. This is also in line with 
the observations found in our study.  

Not only the motor cortex and cingulate cortex 2, but also the caudate pu-
tamen and periaqueductal grey displayed an increased expression of GABAB 

receptors only with the low dose treatment. Thus, all four regions seem to 
display a bell-shaped response (Cunningham et al., 1991, Gent et al., 2002). 
Bell-shaped curves have over the years been observed when studying GH. 
For example GH also induce bell-shape effects in cell proliferation and dif-
ferentiation (Mustafa et al., 1997, Lyuh et al., 2007, Aberg et al., 2009).  

 
Figure 10. The GABAB receptor density (niCi/mg) in Sprague Dawley male rats 
after 7 days of s.c. treatment with rhGH. Values are expressed as mean ± S.E.M. 
*p<0.05 
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In the third study (paper III), male Sprague Dawley rats received GHB 
treatment (50 and 300 mg/kg) for 16 consecutive days. In addition these rats 
were submitted to behavioural tests in a WM.  

These results demonstrate an over all down regulation of the GABAB re-
ceptor system, in several brain regions after the treatment. For example as 
can be seen in figure 11 and 12, in the fields of hippocampus (CA1 and CA 
3) and dentate gyrus there is a clear attenuation of both the GABAB receptor 
functionality and the density.  

 
Figure 11. The effect on GABAB receptor density (nCi/mg) in brain regions associ-
ated with learning and memory in rats pretreated with GHB for 16 days. CA1 = 
Fields of hippocampus 1, CA3 =Fields of hippocampus 3. Values are presented as 
mean ± S.E.M. *p<0.05,  **p<0.01 and ***p<0.001. 

 
Figure 12. Baclofen stimulated binding of [35S]GTPγS-binding autoradiography 
after 16 days of treatment with 50 mg/kg GHB and 300 mg/kg GHB. CA1 = Fields 
of hippocampus 1 and CA3 =Fields of hippocampus 3. Values are presented as 
mean ± S.E.M. *p<0.05 and  **p<0.01. 

The GABA receptor system has been proposed as a target for new treatments 
of memory impairments. Several research groups have reported that GABAB 
receptor antagonists can improve memory and learning in in several mam-
mals by reducing the transcription factor CRE, which is associated in 
memory formation (Mondadori et al., 1993, Helm et al., 2005). Based on the 
reports using GABAB antagonists an effect of decreased GABAB density 
should theoretically lead to improved memory. We however observed a gen-
eral down regulation of the GABAB receptor system is accompanied by a 
GHB induced cognitive impairment. Although more in line with our obser-
vations, another study using intra-hippocampal injections of the GABAB 
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receptor agonist baclofen demonstrated a reduced retention memory 
(Zarrindast et al., 2002).  

The amygdala is a region predonimantly associated with processing of 
emotions, but also formulation of long-term memory (see review (LeDoux, 
2000)). Both the rhGH (figure 13) and GHB treatment induced a clear down-
regulation of GABAB receptor density and functionality in this area. These 
results may seem a bit inconsistent, since GHB is known to induce neurotox-
ic effects, whilst GH exhibits neuroprotective capabilities (Svensson et al., 
2008, Pedraza et al., 2009). On the other hand, the outcome may be ex-
plained by the fact that that GHB have been reported to induce an increased 
GH release.  

The fact that GHB is used for its relaxative and anxiolytic effects may 
partly be explained by these alterations seen in the amygdala (Freese et al., 
2002, Cryan and Kaupmann, 2005) 

The GABAB receptors have also attracted attention as targets for the de-
velopment of new antidepressants (Nowak et al., 2006, Cryan and Slattery, 
2010). GABAB(1) receptor knockout mice and GABAB receptor antagonist 
display antidepressant effects in a forced swim test, effects that are suggest-
ed to involve the serotonergic system (Mombereau et al., 2004, Slattery et 
al., 2005, Cornelisse et al., 2007). Moreover, it has been reported that there 
is an over-representation of GHD patients suffering from depression (Deijen 
et al., 1998). An effect that may be counteracted with GH replace treatment 
since GH has an overall positive effect on the quality of life (Hull and 
Harvey, 2003). 

 
Figure 13. The figure display GABAB receptor functionality (nCi/mg), after 7 days of 
rhGH treatment in male rats. Values are expressed as mean ± S.E.M. *p<0.05. 

Although both receptor density and functionality in many regions were al-
tered after treatment, there were no correlation between these effects i.e. 
density vs. functionality. A possible explanation is that the GABAB receptor 
consist of 2 receptor subunits, GABAB(1) and GABAB(2) (White et al., 1998). 
The GABAB(1) subunit is suggested to bind the specific ligand e.g. baclofen, 
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whilst GABAB(2) is connected to the G-protein, inducing intracellular activa-
tion. Therefore we believe in this study that the [3H]CGP54626 binding 
mainly indicates GABAB(1) levels, whilst the baclofen induced [35S]GTPγS 
binding measures both the subunits, hence receptor functionality.  

For more detailed information regarding the results on GABAB receptor 
density and functionality in respectively study, please see paper I and III.  

Mu and delta opioid receptors 
MOP and DOP receptors are widely distributed in the brain and in peripheral 
sensory neurons. The receptors are predominantly associated with analgesia 
and emotional responses, like depression and anxiety (Law and Loh, 1999, 
Filliol et al., 2000, Dietis et al., 2009). Several studies have also emphasized 
their importance in reward, drug addiction and cognition, including learning 
and memory (Burgess, 2008, Marinelli et al., 2009, Rudy, 2009, Le Merrer 
et al., 2011).  
In our study (paper II) we evaluated the MOP and DOP receptor functionali-
ty following treatment with rhGH (0.07 IU/kg or 0.7IU/kg). The MOP recep-
tor dose-dependently enhanced the receptor functionality in central amygda-
la, laterodorsal hypothalamus, ventral posterolateral nucleus of thalamus as 
well as in the lateral globus pallidus (figure 14). In the latter region a signifi-
cant difference was also observed between the two GH treatment groups. 
Regarding the mechanism of action, the MOP receptor may be directly acti-
vated by the GH receptor or via indirect activation by its mediator IGF-1. 
Although the mechanisms behind the GH induced alterations are not fully 
clarified, it however seems clear that opioids and GH interact. For example, 
an acute dose of morphine down-regulates the transcript for the GH receptor 
and GHBP in hippocampus and the spinal cord (Thornwall-Le Greves et al., 
2001). Furthermore, enhanced plasma levels of GH have been reported after 
acute opiate treatment in humans (Bartolome and Kuhn, 1983, Vuong et al., 
2010). In the case of DOP receptor functionality, GH did not have an effect 
in our experimental model. Other studies performed on hypophysectomized 
rats have reported a significant down-regulation of the DOP receptor in cer-
ebral cortex and cerebellum after GH treatment (Persson et al., 2003, 
Persson et al., 2005). The same research group also observed a decrease in 
the expression of large sized DOP receptors in the cerebral. The results also 
implicated that the large sized receptors consisted of a receptor dimer, 
whereas the smaller entities corresponded to monomeric forms of the recep-
tors (Persson et al., 2005). The effects of GH on the DOP receptors needs to 
be further elucidated. 

For more detailed information regarding the results on MOP and DOP re-
ceptor density, please see paper II.  
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Figure 14. Figures represent MOP receptor activity in specific brain areas after 
treatment with rhGH for 7 consecutive days. The method used is DAMGO induced 
[35S]GTPγS binding autoradiography on coronal brain sections. Values are ex-
pressed as mean ± S.E.M. *p<0.05; **p<0.01 and ***p<0.001. 

Insulin-like growth factor-1 receptor 
In paper (III) we demonstrate that long-term GHB treatment has a major 
impact on IGF-1 receptors in regions important for declarative and spatial 
learning and memory. In e.g. dentate gyrus and the fields of hippocampus 
CA1, the IGF-1 receptor density was significantly reduced (figure 15). At 
the end of the GHB treatment, behavioral test using MW were conducted. 
The results obtained indicated poorer spatial learning in GHB treated rats 
compared to controls.  

In congruence with our results several studies have demonstrated that 
GH- and IGF-1 impaired rats also display deteriorated spatial cognitive be-
havior when tested in a WM (Charlton et al., 1988, Le Greves et al., 2006, 
Nieves-Martinez et al., 2010). Furthermore decreased levels of IGF-1 and 
IGF-1R in hippocampus following induced vascular dementia have been 
reported (Gong et al., 2012). Decreased levels of GH, IGF-1, IGFBP and 
IGF-1 mRNA have also been observed with increased age. The latter find-
ings have been suggested to contribute to age-related decline in cognitive 
functions (Corpas et al., 1993, Sonntag et al., 1997, Lai et al., 2000, 
Strasburger et al., 2001). Interestingly, treatment with IGF-1 given to older 
rats has proven to restore hippocampus dependent memories assessed in a 
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water maze (Markowska et al., 1998). In the neurodegenerative disease, 
Alzheimers’s disease (AD), stimulations of IGF-1 inhibits the formation of 
neurofibrillary tangles (Gasparini and Xu, 2003), oxidative stress (Garcia et 
al., 2006) and stimulates the clearance of Aβ (Carro and Torres-Aleman, 
2004). Taken together, these findings strengthens the connection between 
GHB and IGF-1, since IGF-1 receptors have been down regulated in areas of 
hippocampus, and in addition these rats proved to have poorer spatial cogni-
tive capabilities. 

For more detailed information regarding the results on IGF-1 receptor 
density, please see paper III.  

 
Figure 15. The effect on IGF-1 receptor density (niCi/mg) in brain regions associat-
ed with learning and memory in rats pretreated with GHB for 16 days. CA1 = Fields 
of hippocampus 1, CA3 =Fields of hippocampus 3. Values are presented as mean ± 
S.E.M. *p<0.05,  **p<0.01 and ***p<0.001.  

Insulin-like growth factor-1 in plasma 
After 7 days of GHB  (50 mg/kg and 300 mg/kg) the concentration of IGF-1 
in plasma was determined (paper IV). All treatment groups displayed ap-
proximately 2 µg IGF-1/ml plasma (figure 16), a concentration correspond-
ing well to levels in another study using male rats (Gronbladh et al., 2012). 
In our study, no differences between treatment groups were encountered. 
Other groups have reported, enhanced levels of IGF-1 in serum following 
GHB treatment (Murphy et al., 2007) as well as increased GH secretion fol-
lowing GHB administration in both humans and rats (Takahara et al., 1977, 
Takahara et al., 1980, Van Cauter et al., 1997, Volpi et al., 2000),. Thus it 
seems that several studies report increased IGF-1 levels in connection to 
GHB use, the lacking effect in our study may be explained by the impact of 
the treatment length and the doses given.  
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Figure 16. IGF-1 plasma levels in male Sprague Dawley rats treated with saline, 50 
mg/kg GHB or 300 mg/kg GHB for 7 days. Values are presented in as mean ± 
S.E.M.      

Opioid peptides 
The endogenous opioid peptides Dyn B and MEAP, were analyzed in dis-
sected brain regions as biomarkers for prodynorphin and proenkephlin after 
GHB treatment (50 mg/kg or 300 mg/kg) for 7 days (paper IV).  

The results demonstrate that treatment with the higher dose of GHB (300 
mg/kg) resulted in a 38 % increase of ir MEAP levels in the frontal cortex 
compared to controls (figure 17). In congruence with our findings, GHB 
have in a previous study demonstrated to enhance mRNA expression of the 
precursor proenkephalin in that specific discrete region (Schmidt-Mutter et 
al., 1999a). Moreover the observed alteration of cortical MEAP, corroborate 
well with other drugs of abuse. For example, an acute high dose of metham-
phetamine increases the levels of Met-enkephalin in the frontal cortex 
(Alburges et al., 2001). Moreover, repeated treatment with supra therapeutic 
doses of anabolic androgenic steroids (AAS) increases the levels of MEAP 
in the regions of hypothalamus, striatum and PAG (Johansson et al., 2000). 
The fact that GHB induces alterations in MEAP levels in the frontal cortex 
may implicate that this peptide may be involved in GHB related reward and 
addiction.  

 
Figure 17. The MEAP concentration (fmol/mg) in male Sprague Dawley rats after 7 
days of GHB treatment. Values are expressed as mean ± S.E.M. *p<0.05. 
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Although, no significant alterations were observed regarding ir Dyn B levels 
between treatment groups, an imbalance between the two peptides (Dyn B 
and MEAP) was registered in amygdala, hippocampus and hypothalamus in 
the GHB receiving groups. In controls on the other hand, the levels of the 
two peptides correlated well in the above written areas (figure 18). We have 
reported similar patterns in a previous study on AAS, where the levels of 
Dyn B and MEAP were positively correlated in control, but the AAS treat-
ment seemed to create an imbalance between the two peptides (Johansson et 
al., 2000).  

 
Figure 18. Correlation between ir MEAP and ir Dyn B levels in a) amygdala, b) 
hippocampus and c) hypothalamus in rats pretreated with GHB for 7 days. P-values 
less than 0.05 are considered significant.  

The water maze  
The spatial cognitive capability in rats treated with GHB was evaluated us-
ing the WM regime. Rats treated with the higher dose of GHB performed 
poorer in both the acquisition trial (figure 19) and probe trial (figure 20). 
Animals submitted to the high-dose GHB treatment demonstrated signifi-
cantly longer escape latency i.e. time to reach the platform on the last day of 
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acquisition (day 4) compared to controls. On the probe-day (day 5), when 
the platform was removed, the same group made significantly fewer visits to 
the target quadrant and also spent less time there. There were no differences 
regarding swim speed, swim distance nor thigmotaxis between any treatment 
groups, at any time, which indicates that GHB did not affect the motoric 
system. Our findings are in line with studies, where rats have received GHB 
intraperitoneally for approximately 5 days (Sircar et al., 2008, Sircar et al., 
2010). The GHB induced cognitive impairments, however seem to be age- 
and gender related, since in adult female rats GHB treatment did not cause 
any significant impairment measured in the WM. However adolescent fe-
male rats treated performed significantly poorer than controls in the WM 
paradigm (Sircar and Basak, 2004, Sircar et al., 2010).  

 
Figure 19. Escape latency in the WM, i.e. time to find the hidden platform in se-
conds (s), after long-term treatment with GHB. Values are presented in mean as 
mean ± S.E.M. *p<0.05 control vs. GHB300 mg/kg, ap<0,05, aap<0,01, aaap<0,001 
(control group), bp<0,05, bbp<0,01 (GHB 50 mg/kg),  p<0,05 and ccp<0,001 (GHB 
300 mg/kg) compared to the first learning trial, on day 1. 
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Figure 20. The figures display observed behavior in male rats following treatment 
with GHB (50 mg/kg and 300 mg/kg) and saline during probe trial in the WM. Pa-
rameters presented are the number of visits to the target quadrant in  %, and the 
total time spent in that same area in seconds (s). Values are presented as median 
plus minimal and maximal values. *p<0.05 and ***p<0.001 in controls vs. GHB 
300 mg/kg. 

The Open field 
The open field test was used to evaluate whether GHB had an impact on 
spontaneous explorative behavior and locomotor activity. In the last study 
(paper IV), the OF test was conducted 60 min after the last administration of 
GHB (50 mg/kg, GHB 300 mg/kg or saline) and lasted for 10 min. The re-
sults obtained regarding general parameters i.e. velocity, track length or ac-
tivity did not demonstrate any significant differences between treatment 
groups (Table 1). Furthermore, no significant differences between treatment 
groups were detected regarding duration, number of visits and latency in 
respectively zone. Thus, the results demonstrate that GHB, did not induce 
any motoric effects that could be detected in the OF, results that are in con-
gruence with our results generated form the WM (paper III), where neither 
swim speed, swim length or thigmotaxis differed between treatment groups.  

Table 1. General parameters observed in the OF arena following 6 days of GHB 
treatment. 

  Saline GHB 50 mg/kg GHB 300 mg/kg Significance 

Velocity (cm/s) 7.3 (5.5 - 8.8) 7.2 (5.1 – 8.9) 7.3 (4.9 – 9.8) ns 

Track length (cm) 4387 (3279 – 5275) 4274 (3069 – 5351) 4348 (2919 – 5855) ns 

Activity (%) 31.5 (26.1 – 36.3) 31.8 (24.3 – 38.3) 32.4 (23.5 – 38.2) ns 

Other groups using mice have however displayed significant hypolocomo-
tion 10 min after GHB treatment. The reduced locomotion was explained by 
GHBs sedative onset 10 min after administration. Moreover, the reported 
motoric effects were abolished after 60-120 min, results that are more in line 
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with ours (Itzhak and Ali, 2002). Nevertheless, the differences in GHB re-
sponse might also reflect spices differences in the mechanism of action.   
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Summarizing conclusion 

This thesis reports that treatment with GH and GHB affect transmittor sys-
tems in the Sprague Dawley male rat brain that are associated with cognitive 
processes and the development of drug dependence. Furthermore, evidence 
for a GHB induced decline in learning and memory are presented. The main 
outcomes from the studies included in this thesis are: 

 
• Treatment with rhGH for one week induces significant alterations in 

density and functionality of GABAB receptor in brain regions that 
are involved in cognitive function.  

 
• The functionality of MOP receptors, but not DOP receptors func-

tionality is altered in male rat brain following one week of rhGH 
treatment. The observed alterations were detected in brain regions 
that are essential for learning and memory.  

 
• GHB impairs spatial learning and memory in rats. The deficient 

cognitive parameters were verified in the well-established WM par-
adigm, by prolonged escape latency during acquisition trials and 
fewer visits to the target quadrant during probe test. In addition, 
GHB significantly down regulated GABAB receptor density and 
functionality, in several regions that are crucial for e.g. learning and 
memory. In these areas, alterations of IGF-1 receptor density were 
also observed.  

 
• GHB treatment increases the level of MEAP in the frontal cortex, 

and also creates an imbalance between MEAP and Dyn B in the 
amygdala, hippocampus and hypothalamus, brain structures that are 
important for the development of addiction and cognitive functions.  
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Populärvetenskaplig sammanfattning 

Missbruket av beroendeframkallande substanser, såsom alkohol och anabola 
androgena steroider har ökat under de senaste decennierna. En direkt följd av 
missbruket är fysiska och psykiska skador hos den enskilda individen, men 
det leder även ökade påfrestningar på samhället i stort, fram för allt på grund 
av ökad kriminalitet, ökat våld och förstörelse. Missbruk av droger ger stör-
ningar på kroppens så kallade belöningssystem, det nätverk i hjärnan som 
förmedlar vällust och njutning. Vidare verkar vissa droger ge skador på 
nervvävnaden i hjärnan och därmed ge upphov till bl.a. problem med inlär-
ning och minne. Detta gäller bland annat för alkohol, opioider och gamma-
hydroxybutyrat (GHB). På senare tid pekar dock ny forskning på att man ska 
kunna reversera dessa drog-relaterade skador med hjälp av tillväxthormon 
(GH) men även dess främsta mediator insulinliknande tillväxtfaktor-1 (IGF-
1). Dessa hormon har en positiv inverkan på inlärning och minne, detta ge-
nom egenskaper som förmedlar celltillväxt och verkar skyddande för celler.  

Det övergripande syftet med dessa studier är att inbringa en fördjupad 
kunskap kring GHs positiva och GHBs negativa inverkan på inlärning, 
minne och belöningssystemet. Studierna inkluderar beteende där den spatiala 
förmågan samt motorik har studerats i råtta som har behandlats med GHB. 
Beteendestudier har vidare kompletterats med biokemiska analyser.  

Resultaten visar att GH har en mätbar påverkan på vissa hjärnregioner, 
såsom främre hjärnbarken. I denna region och även andra områden som är 
relevanta för inlärning och minne observeras även tydliga GHB-inducerade 
förändringar. Vidare visar beteendestudierna att GHB ger en tydlig försäm-
ring av den spatiala inlärnings- och minnesförmågan. 
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