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Introduction

With increasing age among the population in western countries the life qual-
ity of elderly people has received great attention. All physiological functions 
gradually decline with age including the activity of the growth hor-
mone/insulin-like growth factor-1 (GH/IGF-1) axis. This leads to changes in 
body composition including loss of muscle mass and strength, increased 
adiposity and loss of bone mineral. Besides metabolic effects, increased age 
also induce psychological changes as appetite- and sleep-disturbances and 
cognitive impairments. GH has been called “anti-ageing agent” and has been 
suggested to ameliorate or perhaps completely eliminate these symptoms of 
ageing. In this context the ability of GH to prolong life and improve cogni-
tive functions and psychological well-being has attracted many researches. 
Part of this thesis look into the effect of GH on fundamental biological sys-
tems for memory and learning. Considering the risks with hormonal re-
placement for anti-ageing purposes, I think it is necessary to scientifically 
investigate this issue.

Growth hormone and insulin-like growth factor-1 – the 
somatotropic axis 
As its name implies, GH is important for the regulation of postnatal body 
growth. GH is also involved in a wide number of actions such as regulation 
of the metabolism of lipids, proteins and carbohydrates in the liver and ex-
erts less documented actions over the immune and central nervous systems 
(CNS), kidney and heart [230]. There are clinical disorders caused by dis-
turbed production of pituitary GH such as congenital hyposecretion, charac-
terized by a low growth rate resulting in short stature [230] and chronic hy-
persecretion which leads to acromegaly (gigantism) [168]. GH levels are 
under the control of the somatotropic axis wherein GH acts on the liver 
through its receptor (GHR) to promote the synthesis and secretion of IGF-1 
into the circulation. IGF-1 in turn feeds back on the hypothalamus and pitui-
tary to inhibit the GH release. GH is at its maximal level during the rapid 
growth phase that precedes and accompanies sexual maturation, thereafter it 
gradually declines with increasing age. The growth promoting action of GH 
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is believed to be partly direct and partly mediated by locally produced IGF-1 
(the somatomedin hypothesis, for review see [122]).  

Apart from their wide distribution in the periphery, GH and IGF-1 are 
also found in most areas of the brain and they are both believed to pass the 
blood-brain barrier (BBB) [44, 114], though the mechanism for this transport 
is not yet completely understood. In addition, GH and IGF-1 mRNA can be 
found in the CNS, suggesting that the hormones are produced in the brain 
and act via autocrine/paracrine mechanisms [6, 135]. Moreover, their corre-
sponding receptors have also a widespread distribution in the CNS support-
ing that the somatotropic axis is of importance for physiological actions 
within the CNS. 

Growth hormone 
GH was for the first time isolated from bovine pituitaries in 1944 by Li and 
Evans [130]. This was 23 years after the discovery that pituitary extract has a 
growth promoting effect when injected in rats [70]. Unfortunately, the bo-
vine hormone was inactive in humans but with refined techniques for protein 
purification, Raben and co-worker [184] could successfully treat growth-
deficient children with human GH in 1957. A mild procedure for the recov-
ery of human pituitary GH for clinical use was developed in Sweden [191]. 
The protein structure of human GH was reported in 1969 [129] and the 
cDNA was cloned in 1979 [144, 192] and in 1987 the crystal structure of the 
porcine GH was recognized [1]. 

Hippocampus

Cortex

CA1

DG

CA3

Thalamus

Hypothalamus

Amygdala

Pituitary

Cerebellum

Figure 1. Sagittal section of rat brain. 

GH is primarily produced in the pituitary gland and is synthesized as a 
precursor protein with a signal peptide at the amino terminal that is enzy-
matically removed when secreted into the circulation. Human GH is a 22-
kDa, 191-amino acid (aa) single polypeptide, containing two disulfide 
bridges. Other molecular forms of GH have also been identified, (e.g. a 20 
kDa variant), but the 22-kDa entity appears as the predominant form in the 



13

circulating system. GH is not only produced in the pituitary but also to a 
lower extent in numerous other tissues including the CNS [15], where it by 
radioimmunoassay technique was shown to be present in the rodent amygda-
loidal nucleus, cortex, hippocampus and thalamus [92] (Figure 1). 

As mentioned above, the GH secreting cells in the pituitary is under the 
control of the somatotropic axis (Figure 2). The negative feedback by IGF-1 
on hypothalamus is mediated by the two hypothalamic peptides, growth 
hormone-releasing hormone (GHRH) that stimulates and somatostatin (SS) 
that inhibits the production of GH. Additionally, GH controls its own secre-
tion from the pituitary by a short feedback loop, where GH directly acts on 
the hypothalamus hormones, GHRH and SS. Moreover, IGF-1 is also pro-
duced in the hypothalamus and is most likely to contribute to the regulation 
of GH secretion. Further, many neuropeptides, catecholamines, steroid hor-
mones and their metabolites acting on the hypothalamus regulate the secre-
tion of GHRH and SS (for review see [163]). For example, Ghrelin, a newly 
discovered peptide hormone that is mainly produced in the stomach [108] 
but also in the pituitary was shown to stimulate the release of GH via the 
hypothalamus in human and rat [55, 177]. 
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Figure 2. The regulation of the somatotropic system. GHRH stimulates GH release 
from the pituitary while SS inhibits GH release. GH stimulates IGF-1 release in the 
liver that exerts a negative feedback on GHRH and GH. Both IGF-1 and GH may 
pass the BBB and exert distinct effects in the brain. Both hormones are also pro-
duced directly in the brain and might act via autocrine/paracrine mechanisms. 
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Growth hormone receptor 
The cellular effects of GH are initiated by its binding to a specific receptor 
(GHR) on the plasma membrane of target cells. The GHR was the first iden-
tified member of the cytokine receptor superfamily, which among others 
includes receptors for prolactin, erythropoietin and various interleukins, [49, 
104]. Characteristics of these receptors are that they constitute a single-
transmembrane protein containing a ligand-binding extracellular region, a 
hydrophobic transmembrane domain, and an intracellular region that regu-
lates interactions with signalling molecules [95]. Depending on species, the 
GHR consists of ~624 aa with a molecular weight between 100 and 130 kDa 
[231, 238]. 

The binding of GH results in a ligand-induced GHR dimerization forming 
a complex of 1:2 GH:GHR stoichiometry [53, 59]. Until recently it was be-
lieved that the binding occurs sequentially where the GH “site 1” first binds 
to one GHR and facilitates interaction of GH “site 2” with the second recep-
tor [77] (Figure 3). This mechanism has now been questioned since GHRs 
have been shown to exist as preformed ligand-independent dimers [82]. 
Nevertheless, despite the mechanism of interaction, a GHR-GH-GHR com-
plex is required to promote a proper intercellular signalling.  

Upon GH-induced GHR dimerization, a rapid phosphorylation and activa-
tion of Janus kinase 2 (JAK 2) occurs. JAK 2 belongs to the family of cyto-
plasmic tyrosine kinases [8] and is noncovalently bound to the GHR [73]. 
The activated JAK 2 interacts with and/or directly activates other signalling 
molecules. The main pathway that is activated by GH is that through the 
STAT (signal transducers and activators of transcription) proteins, in par-
ticular STAT5. The PKC (protein kinase C) and MAPK (mitogen-activated 
protein kinase) [161] signalling pathways are also activated by GH (Figure 
3).

Inactive GHR

GH 1 2

JAK 2 JAK 2

Activated GHR

-PP-

PKCSTAT

gene transcription

MAPK

GH

GH

GH

Figure 3. Mechanism of GHR activation and signal transduction pathways.  
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GHRs have been identified and quantified by the use of [125I]-GH binding 
[167, 236] and immunocytochemistry [134] in the rat brain. Binding sites 
were found in a number of structures including choroid plexus, cortex, hip-
pocampus, hypothalamus, striatum and spinal cord (Figure 1). A sex-related 
variance in GHR distribution of the rat brain was observed; female rats have 
higher densities compared to male rats [166]. This pattern of distribution and 
sex difference were also found in the human brain [113, 114]. 

GHR and GH binding protein encoding transcripts 
The cDNA sequence encoding the GHR was first cloned in the rabbit liver 
and, deduced on this sequence, subsequently also in human [128], rat [17, 
145] and sheep [2] among others [68]. The major mRNA transcript is ap-
proximately 4.5 kb in size with some variances between species. The recep-
tor protein is encoded by 10 exons in the human GHR gene. Exon 1 codes 
for a 5’-untranslated region (5’-UTR) and exon 2 encodes 11 bp of 5’-UTR 
and the signal peptide, exon 3 to 7 encodes the extracellular domain (246 
aa), exon 8 the transmembrane domain (24 aa) and the cytoplasmic domain 
is encoded by exon 9 and 10 (350 aa) [84]. In addition to the membrane-
bound GHR, a soluble, circulating GH binding protein (GHBP) has been 
characterized in many species [5]. The GHBP is identical to the extracellular 
domain of the GHR, which is essential for the binding of GH, and is gener-
ated in a species-specific manner. In mouse [208] and rat [17] the GHBP is 
produced from a mRNA (1.2-1.4 kb) that is an alternatively spliced tran-
script of the GHR gene while in rabbit and man, GHBP is generated by pro-
teolytic cleavage of the membrane-bound receptor by a transmembrane met-
alloprotease named tumour necrosis factor- -converting enzyme (TACE) 
[196] GHBP is believed to act as a reservoir for GH regulating the concen-
tration of GH present in the bloodstream.  

The GHR transcript has been detected in several CNS structures including 
cortex, thalamus, hippocampus, hypothalamus, cerebellum, brain stem, 
choroid plexus and the spinal cord [103, 134, 220] (Figure 1).  

A number of GHR cDNA variants, generated by alternative processing of 
the primary transcript, have been identified [68]. One of these is the GHR3-, 
with a 66-basepair deletion exactly corresponding to exon 3, first isolated 
from human placental tissue [223]. Many researchers have since speculated 
in whether the GHR3- transcript is tissue-specific [152, 224], individual-
specific [232] and/or species-specific [175]. At present, the exon 3-deleted 
variant of GHR is considered to be species-specific existing solely in hu-
mans. However, in the present thesis it is demonstrated that the GHR3- iso-
form also is present in the sheep choroid plexus [119]. The generation of
human GHR3- seems to be a result of polymorphism in the GHR gene [215] 
and it was suggested that it is produced by a retrovirus-mediated alternative 
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splice mimicry [175]. The mechanism for the generation of the ovine GHR3- 
has not yet been revealed.  

The physiological importance of the retention or deletion of exon 3 is still 
not clarified. Many studies comparing binding of GH and related proteins to 
GHR and GHR3- have been performed without revealing any differences. 
However in a recent study it was shown that short-statue children, carrying 
at least one allele encoding the GHR3-isoform, show a 1.7-2 times higher 
response to GH therapy [64].  

As the human GHBP is enzymatically cleaved from the GHR protein, the 
exon 3 is also absent in the GHBP when generated from GHR3- variant. The 
full-length GHBP and the GHBP3- show no differences in capacity of bind-
ing GH [14]. However, GHBP has been shown to increase the metabolic risk 
factors of adiposity compared to GHBP3- [111]. 

Regulation of GHR by GH 
GHR is regulated at gene and protein level by many factors including devel-
opment (ontogeny), hormonal presence, nutritional status and tissue/cell 
specific control [199]. One of the most important regulatory mechanisms for 
GHR is the cycles of internalization and recycling [193] synchronized with 
the frequency of the GH secretion pulse [24] which has been shown to be 
advantageous to somatic growth [41]. 

The regulation of GHR by GH seems to be complex and conflicting re-
sults have been reported. In the liver, GH is reported to down-regulate, up-
regulate or leave GHR unaffected [35, 75, 93, 140, 145]. In studies on GHR 
expressing cell lines, GH has been shown to down-regulate the receptor in 
fibroblasts and IM-9 lymphocytes [127, 165]. In the brain, studies on the 
transcriptional level showed that central infusions of GH in normal rats de-
creased the GHR gene expression in the hypothalamus [20]. On the contrary, 
a single injection of GH resulted in an increase of the GHR and GHBP 
mRNA in the brain while in the liver only the GHBP transcript was in-
creased leading to the suggestion that GHR gene transcription is autoregu-
lated in a tissue-specific manner [93]. Furthermore, chronic administration of 
GH enhanced the GHR mRNA expression in the hippocampus of young 
adult but not in older rats. The GHBP mRNA expression in the same study 
was unaffected in both groups of animals [121]. There are no reports con-
cerning GHR protein regulation by GH in the brain.  

Regulation of GH and GHR by opioids 
A number of studies have demonstrated that opioid agonists and antagonists 
effect the regulation of GH secretion in rats and humans. It was shown that 
endogenous opioid peptides as well as morphine stimulate GH secretion 
when administered to rats. Further, these effects could be reversed by con-
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current treatment with the potent but nonselective opiate receptor antagonist, 
naloxone [31, 43]. In humans there are more conflicting results, morphine 
and -endorphin did not influence basal GH secretion [185] but enkephalins 
and related peptides stimulate GH secretion in both men and women [71, 87, 
218] and their effects can be blocked by naloxone administration [218]. It is 
believed that the opioid effect on GH release is mediated via hypothalamic 
mechanisms [86, 150] since no effects of opioids on pituitary somatotroph 
cells has been demonstrated. 

Administration of opiates also influences the GHR protein present in cer-
tain areas of the brain. It was demonstrated that exogenous opiate admini-
stration decreases the level of GHR binding sites in the choroid plexus and 
the hypothalamus during its acute phase [237]. When tolerance to morphine 
was developed, the level of GH binding was restored to control level. In the 
hippocampus and spinal cord of rats treated with a single dose of morphine, 
a decrease in the levels of GHR and GHBP transcripts were seen [220]. On 
the contrary, in the isolated human lymphoblast cell line, IM-9, it was shown 
that morphine increases both the number of binding sites and the expression 
of GHR mRNA in a naloxone-reversible manner [91]. 

Insulin-like growth factor-1
In 1957, Salmon and Daughaday [194] discovered a factor (somatomedin) 
that was regulated by GH. This lead to the purification of the somatomedin 
family [229], which is comprised of small peptide hormones (about 7.5 kDa) 
that circulate in the blood at high concentration and have important growth 
and differentiation properties [56, 124]. Somatomedin C, more known as 
IGF-1, is derived from the same precursor gene as the structurally related 
proinsulin giving it similar effects on glucose regulation as insulin, though 
less potent [188]. IGF-1 is a 70 aa single-chain peptide circulating in the 
blood either free or bound to specific IGF binding proteins (IGFBPs [26, 
205, 206]. The IGFBPs prolong the half-life of the peptide and regulate their 
availability to specific tissues. The IGF-1 mRNA has been cloned and se-
quenced in many species [18, 97, 189] and is expressed in multiple tissues, 
including the brain, throughout embryonic and postnatal development and 
during adult life [88, 189].

Insulin-like growth factor receptor type 1 
IGF-1 acts through different cell surface receptors [54] of which the type 1 
IGF receptor (IGF-1R) is the major transducer of IGF-1 signalling. In paral-
lel to the peptides, the IGF-1R and the insulin receptor are very similar in 
structure with respect to aa sequence, domain structure and signalling 
mechanisms [222]. The IGF-1R is a heterotetrameric transmembrane protein 
composed of paired, disulfide-linked - and -subunits. The -subunits are 
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extracellular and bind IGF-1 whereas the -subunits contain the protein tyro-
sine kinase domains that are activated by binding of a ligand. Tyrosine 
kinase activity induces a conformational change in the receptor that results in 
autophosphorylation of the -subunits and starts a signalling cascade that 
involves phosphorylation of a series of intracellular messengers [125] acti-
vating the expression of response genes. The gene encoding the IGF-1R is 
large and consists of 21 exons, reflecting the organisation of the subunits of 
the receptor protein. There are two mRNA species present, a major of 11 kb 
in size and a minor of 7 kb [222].  

Like IGF-1, the expression of IGF-1R protein and mRNA vary over de-
velopmental periods and between tissues. In the CNS, the level of IGF-1R is 
highest during late embryogenesis and declines to adult levels soon after 
birth [12, 102]. IGF-1 and its receptor are also important for prenatal growth, 
mutant mice lacking the IGF-1R gene have very small brains and die at birth 
[133]. In the brain, IGF-1R is anatomical distributed in a similar pattern as 
IGF-1 including expression in the olfactory bulb, cerebellum, cortex, chor-
oids plexus and hippocampus [7, 102, 126]. The IGF-1R mRNA expression 
in hippocampus was shown to be down-regulated in elderly rats by chronic 
IGF-1 treatment [120]. 

Biological effects of GH and IGF-1 in the CNS 
Central functions influenced by GH and IGF-1 include appetite, sleep, no-
ciception, neuroprotection, quality of life and cognitive functions. 

GH is known to stimulate appetite and food intake [217] but the mecha-
nism for this is unknown. It may be mediated by opioids as GH administra-
tion was shown to increase the level of -endorphin [99], which is known to 
increase appetite [85]. IGF-1 has been correlated to body mass index; in 
anorexia a positively correlation was seen [36] and conversely, a negative 
correlation was reported in obesity [138, 139]. 

The secretion of GH has been associated with sleep rhythm where an in-
creased release of GHRH gives a pulse of GH at onset of slow wave sleep 
(SWS) [225]. In addition, with increased age, a parallel exponential decline 
in SWS duration and nocturnal GH secretion is seen [226]. The mechanism 
behind the relationship between GH and sleep is not yet fully understood.  

GH has been suggested to influence sensory mechanisms in pain disor-
ders such as fibromyalgia syndrome (FMS). FMS is a chronic pain condition 
of unknown origin and is characterized by multiple symptoms, including 
widespread musculoskeletal pain and abnormal pain sensitivity, and frequent 
additional symptoms such as exhaustion, concentration difficulties and sleep 
disturbances. Some of the features seen in FMS are also seen in GH-
deficient (GHD) patients and this suggests that the somatotropic axis is in-
volved [42, 52]. IGF-1 and GH levels were also demonstrated to be reduced 
in FMS patients [23] and after treatment with GH the hormone levels were 
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restored [123]. Furthermore, GH therapy reduced the pain, and several of the 
clinical features [22]. The mechanisms involved in the etiology of FMS are 
far from clarified and other neurohormone (hypothalamic-pituitary-
adrenocortical-axis) and neuroimmune (e.g. glucocorticoid) systems are also 
affected in FMS patients [182].  

GH and IGF-1 have neuroprotective properties in dementia and in CNS 
injuries. In rats with spinal cord injury, treatment with GH improves neuro-
logical functions and reverses the traumatic suppression of spinal cord-
evoked potentials [197, 233]. GH’s neuroprotective action is possibly medi-
ated by IGF-1 as this hormone is important for proliferation and differentia-
tion of neurons and stimulates dendrite growth in the brain [170]. 

The actions of GH on certain brain areas and neurotransmitter systems 
have been linked to improvements in quality of life [94, 147, 173]. GHD 
patients suffer from social isolation, fatigue and depression, lack of concen-
tration and cognitive impairment to a larger extent than people with normal 
GH levels. Many of these symptoms were reversed by GH replacement ther-
apy. The mechanisms behind the improvements in well-being were sug-
gested to be due to a GH (or IGF-1) mediated stimulation of -endorphin 
production in the hypothalamus followed by a stimulation of dopamine se-
cretion in the brain reward system [100, 212]. GH treatment has also been 
shown to improve memory and learning functions in GHD patients [61].  

Mechanisms involved in learning and memory
In the 1950s the patient HM underwent an operation in order to alleviate his 
epilepsy resulting in damage to the hippocampus and associated cortical 
areas. The surgery left HM with severe anterograde amnesia, which means 
that he could not form new memory, while his retrograde amnesia, or loss of 
memory for events prior to surgery, was mild. This showed that the hippo-
campus is essential for the creation of memories [200, 201]. In 1949, Donald 
Hebb, defined a type of learning which he thought occurred in the cells 
through some form of synaptic modification, the Hebb’s rule [90]. It took 
almost 25 years to discover a process that seemed to fit Hebb’s rule. In 1973, 
Bliss, Lømo and Gardner-Medwin documented that repeated high-frequency 
stimulation to the hippocampus resulted in increased efficiency of synaptic 
transmission in target neurons, the mechanism of long-term potentiation 
(LTP) was discovered [28, 29]. Further in the 1980s, Morris and colleague 
linked the hippocampal LTP and learning and memory to the N-Methyl-D-
Aspartate (NMDA) receptor [158, 159]. Since then numerous investigations 
have given insight in the molecular and cellular mechanisms of memory and 
learning processes though most explanations are still theories. 
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Synaptic modification: LTP/LTD 
The synaptic enhancement, which eventually became known as LTP, is a 
phenomenon that requires activation of NMDA receptors, resulting in in-
creased intracellular calcium (Ca2+) concentrations (Figure 4). Individual 
synapses have different thresholds for expression of LTP but in postsynaptic 
neurons once the threshold is achieved, the degree of potentiation is the 
same, indicating that synapses respond in an all-or-none manner [179]. In 
contrast to LTP, long-term depression (LTD) reduces the synaptic strength to 
prevent saturation of the network [137]. Like LTP, LTD is induced by an 
influx of Ca2+ into the postsynaptic cell via the NMDA receptors [38, 136, 
162] but at a lower level of Ca2+ [9, 89, 132]. Many reports on the correla-
tions between NMDA receptor-dependent LTP/LTD and learning and mem-
ory derive from studies on rodents performing spatial reference memory 
task, in particular the Morris water maze (MWM) (see “Materials and Meth-
ods” and Figure 5). 

NMDA receptor complex
Excitatory synapses are synapses that employ glutamate as a neurotransmit-
ter and exert its action on ionotropic glutamate receptors, for example the 
NMDA receptor. In the CNS, the NMDA receptors are found in most neu-
rons and are present at high density in the cerebral cortex and the hippocam-
pus. Besides memory processes, the NMDA receptors are involved in a 
number of actions in the brain such as synaptogenesis [47], excitotoxicity 
[39, 151] and the molecular pathogenesis of neurological disorders [10, 65]. 

At least five subunits of the NMDA receptor have been identified divided 
into two families, termed the NR1 and NR2 [117]. The cDNA sequence en-
coding these subunits have been cloned in several species [96, 112, 149, 
155]. The NMDA receptor is a complex consisting of an obligatory NR1 
subunit and one or more of the NR2 subunits NR2A-D. Depending on the 
subunit composition, the NMDA receptor achieves distinct physiological and 
pharmacological properties. The large protein assemblage that constitute the 
NMDA receptor complex is forming a ligand-gated ion channel that is 
highly permeable to Ca2+ when activated. The NMDA complex has multiple 
binding sites for different categories of ligands [48]. Two of these are the 
glutamate/NMDA site, which binds the endogenous agonists L-glutamate 
and L-aspartate and the glycine-site, which binds glycine and serine. Deep 
inside the channel there is a binding site for magnesium (Mg2+) and at inacti-
vation (hyperpolarization) the channel pore is blocked by a Mg2+ ion [176]. 
Repetitive synaptic activation of the NMDA receptor complex leads to neu-
ronal depolarization and removal of the Mg2+, allowing Ca2+ to enter the 
neuron. An absolute requirement to achieve activation of the channel is that 
the glutamate and the glycine binding sites are occupied at the same occa-
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sion [48, 101]. The influx of Ca2+ into the neuron via the NMDA and activa-
tion of cascades of Ca2+-dependent transduction events (e.g. phosphorylation 
of calmodulin kinase II) are thought to play an important role in the induc-
tion of LTP/LTD [13, 27] (Figure 4).  

Postsynaptic
density

NR1 NR2

Mg2+ site

Ca2+

Glutamate (NMDA) siteGlycine site

PSD-95

activation of signal transduction pathways

increased [Ca2+]i

LTP/LTD

Learning and memory formation

Plasma membrane

intracellular

extracellular

Figure 4. The organization of the NMDA receptor in the excitatory postsynaptic 
terminal. 

Postsynaptic density protein-95 
The NMDA receptors are clustered with associated downstream signalling 
enzymes in the postsynaptic density (PSD), a thickening of the cytoskeleton 
that underlies the postsynaptic cell-membrane at excitatory synapses in CNS 
[106, 107]. This cluster arrangement makes a rapid and efficient transmis-
sion possible and is also a powerful implement for fast changes in the 
NMDA receptor number leading to altered synaptic strength [141, 142]. The 
postsynaptic density protein-95 (PSD-95), a major protein component of 
PSD [110] co-localizes with the NMDA complex and acts as a molecular 
scaffold for organization and anchoring of the NMDA subunits as well as 
postsynaptic signal transduction proteins that are involved in NMDA recep-
tor action [51, 174, 204, 213]. PSD-95 has been implicated in the regulation 
of ion-channel function [153, 235], excitatory synaptic maturation [69] and 
learning and memory functions [109]. 
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Spatial memory and the hippocampus formation 
The concept of memory has been divided into four separate stages: learning, 
consolidation, storage and retrieval. The hippocampus is believed to be im-
portant in learning and in consolidation of new memories into long-lasting 
ones [186, 201, 240]. After completion of hippocampal consolidation, the 
memories are, by a not fully understood mechanism, transported to and 
stored in the cortex as remote memories [30, 241]. Spatial learning and 
memory are largely dependent on the hippocampal LTP, which is mediated 
by the NMDA receptors in complex with PDS-95 and associated signal 
transducers (see above). The NMDA antagonist AP5 inhibits LTP induction 
in hippocampal slices and causes spatial learning impairment in intact ani-
mals when subjected to the MWM [57, 157]. Further, PSD-95 knockout 
mice indicate an important role for this protein in both synaptic plasticity 
and learning [153].  

The MWM is used to measure hippocampus dependent ability to orientate 
in an environment (spatial learning and memory), in this task, to find a hid-
den platform in a pool of water [156] (for details, see “Materials and Meth-
ods”, Figure 5). Many investigations on this subject have since given insight 
in the mechanisms of spatial processing in the brain, even though they are 
not yet fully understood. 

The hippocampus is a looped cylindrical structure that is anatomically di-
vided into three main areas, CA1, CA3 and dentate gyrus (DG) (Figure 1) 
which all seems to be associated with different stages of the learning and 
memory processes. The CA1 neurons have been connected to the acquisition 
of spatial memories as CA1-NR1–knockout mice show severe failure in the 
MWM task [221]. The CA3 was shown to be important for the recall of spa-
tial memories as CA3-NR1-knockout mice trained in the MWM and sub-
jected to a “recall-session”, with reduced number of external cues, did not 
perform as good as their wild-type littermates [169]. In the DG, neurons are 
generated (neurogenesis) continuously throughout life and these newborn 
neurons have been suggested to be involved in spatial learning processes. 
The number of new neuron produced each day more than double in the DG 
of rats after been trained in the MWM [214]. Running and physical exercise 
or environmental enrichment [171] conditions that increase memory per-
formance, also enhances neurogenesis [105, 228]. 

Effects of ageing on the brain 
As early as in the fifth decade of human life a detectably decrease in learning 
and memory capabilities has been observed [3]. Learning and memory im-
pairments differ between individuals and span from “benign senescent for-
getfulness”, that most humans experience during ageing, to the severe disor-
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der Alzheimer’s disease. The nature of the impairments in learning and 
memory related to ageing is mainly a decline in the persistence of recently 
acquired memories (spatial memory) and it has been shown that hippocam-
pal damage produces cognitive impairments that are similar to the cognitive 
declines experienced by aged. The speculations in the underlying causes of 
these memory declines are many. The functions of almost all organs in the 
body, including the brain, are affected by ageing. A consequence is a reduc-
tion in the brain content of neurotransmitters and hormones as well as their 
corresponding receptors.

NMDA receptor, LTP/LTD and synaptogenesis 
Aged rats, like humans, exhibit impairments in memory and have widely 
been studied in spatial learning tasks, e.g. MWM, which is a sensitive tool in 
such studies. It has been well documented that memory dysfunctions during 
ageing correlate to lower binding of agonist or antagonist to the NMDA re-
ceptor in hippocampus and impairments in learning and/or remembering of 
tasks that are dependent on an intact hippocampus [11, 58, 76, 203]. How-
ever, the mechanism for LTP induction in the hippocampus is not affected 
by increasing age. NMDA receptors provide sufficient Ca2+ influx for LTP 
induction and maximal LTP magnitude is generated independently of age 
[202]. With advancing age a shift in the balance between LTP and LDP oc-
curs. The threshold for LTP induction is increased, making it more difficult 
for aged rats to establish a new memory and the threshold for LDP induction 
is decreased, making it easier for aged rats to delete a memory [72]. In an-
other study it was suggested that the impairments in spatial learning seen in 
aged rats is due to a loss of hippocampal neurons [46]. It was further shown 
that rats exhibiting age-related cognitive deficits had lower hippocampal 
neuron densities compared with young and aged animals performing well in 
the MWM [148]. Furthermore, the age-related decline in functional synaptic 
plasticity detected in the DG of senescent rats has been associated with 
changes in the connections between the cells in the hippocampus, a loss of 
synapses [81]. In the DG area of the hippocampus, the number of synaptic 
contacts per neuron was shown to be age-dependently decreased [79]. After 
high-frequency stimulation, resulting in LTP, an increase in the number of 
synapses was observed [80]. Moreover, when the concentration of a certain 
synapse-associated protein was measured in the hippocampus of aged rats a 
decline in its concentration was recorded and could be correlated with the 
performance in the MWM [207]. However, the mechanisms behind age-
related changes in hippocampal functions are still not fully understood. 
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Somatotropic axis 
The activity of the GH/IGF-1 axis also declines with increasing age [115] 
and has been speculated to contribute to cognitive impairments that occur 
during ageing [227]. The hippocampus contain high densities of GHR, 
which decline with increased age [113, 236], suggesting that GH plays an 
important role in memory functions. In addition, aged humans have de-
creased concentration of circulating GH thought to be responsible for low-
ered serum IGF-1 levels, which has been associated with impaired cognitive 
performance [4, 63]. Similar associations between cognitive performance 
and the somatotropic axis have been observed in GHD patients [60] and 
indications that GH treatment may correct this have been observed [61, 62]. 
Furthermore, icv treatment with IGF-1 in aged rats was shown to reverse 
age-related impairments in the MWM task [143] and injections of [D-Ala2]-
GHRH, which increase both GH and IGF-1, were shown to prevent age-
related decline in spatial working memory [219] while IGF-1 antagonist 
administration was shown to impaired learning and memory functions. As 
previously described, GH is released from the anterior pituitary and regu-
lated by SS and GHRH secretion from the hypothalamus. Changes in the 
release pattern of these two hormones or alterations in the responsiveness of 
the somatotroph cells can contribute to age-related decline in GH release. 
Many studies have been focused on this hypothesis. During ageing GHRH 
synthesis and release are depressed [164] while the SS neurons are activated 
[78, 210]. Moreover, an impairment of the GHRH receptor mechanism as 
well as a decline in the amount of SS receptor in the pituitary has been re-
ported [45].  
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Aims

The aims of this thesis were to study potential targets for GH and IGF-1 in 
the CNS with the emphasis on their regulation by the hormones and their 
relation to cognitive processes, in particular those involving the NMDA re-
ceptor system. 

Paper I and II: To identify and characterize the GHR mRNA present in an 
ovine choroid plexus cell line as well as in ovine choroid plexus tissue. 

Paper III: Examine the distribution of GHR in brain stem and spinal cord 
of the rat. 

Paper IV: Clarify whether the GHR mRNA expression in rat hippocam-
pus and spinal cord is affected by an acute dose of the opiate, morphine. 

Paper V and VI: Examine whether administration of GH or IGF-1 has co-
ordinated effects on hippocampal GHR and GHBP mRNA levels in 
young and older rats. 

Paper V and VI: Examine whether GH or IGF-1 treatment age-
dependently affects hippocampal expression of the NMDA receptor sub-
units, NR1, NR2A and NR2B in rats. 

Paper VII: Examine whether GH treatment in association with the NMDA 
receptor-system improves spatial memory functions in hypophysec-
tomized rats. 
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Materials and Methods 

SCP cell culture and ovine choroid plexus tissue (paper 
I and II) 
The ovine choroid plexus epithelium cell line (SCP) was achieved from the 
ATCC (Rochville, USA). The cells were grown as monolayer cultures in 
minimum essential medium (MEM) supplemented with Earle´s BSS, non-
essential amino acids,100 U/ml penicillin, 100 µg/ml streptomycin sulphate 
and 10% foetal calf serum (all products from Invitrogen™ Corporation). The 
cell cultures were kept in an incubator with a humidified atmosphere of 37ºC 
and 5% CO2. The cells were passaged twice a week. 

The ovine brain was obtained from a local slaughterhouse and the choroid 
plexus tissue was dissected out and frozen immediately until further proc-
essed.

Animals (paper III, IV, V, VI, VII) 
Ethical committees for animal experiments approved all animal experiments. 
In paper III, IV, V and VI intact male Sprague-Dawley rats were used while 
Hx Sprague-Dawley rats were used in paper VII. The rats were kept and 
taken care of according to instructions at the animal departments, including 
temperature-and humidity-controlled conditions, 12 h day-night cycle, food 
and water available ad libitum and enriched environment. The animals were 
sacrificed by decapitation, except for paper III see “In situ hybridization”. 

RNA extraction (all papers) 
The SCP cells were harvested and the tissues were thaw on ice and total 
RNA was extracted using the acid guanidium thiocyanate-phenol-chloroform 
method [40]. Briefly, 1-2 107 cells or 100 µg of tissue were homogenized in 
6 M guanidinum thiocyanate solution containing 0.32 M EDTA, 2% N-
lauroyl-sarcosine and 70 mM -mercaptoethanol buffered with 50 mM Tris-
HCl, pH 7.5. The homogenization was followed by a phenol-chloroform 
extraction in which the aqueous phase was collected and precipitated with 
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isopropanol. After centrifugation, the pellet was dissolved in autoclaved 
DEPC-treated water.  

Poly(A)+ RNA was isolated from the SCP cells using a purification kit 
utilised on oligo (dT)-cellulose chromatography technique (QuickPrep Micro 
mRNA Purification Kit, Pharmacia). The RNA concentration was deter-
mined at 260 nm using a spectrophotometer. 

Reverse transcription-polymerase chain reaction (RT-
PCR) (paper I, II, III, IV) 
Five µg of total RNA were reversed transcribed (RT) receiving a comple-
mentary DNA, using 0.5 µg random hexamer primers (pd(N)6, Amersham 
Biosciences), 2 mM dNTPs and 400 U M-MLV transcriptase or 200 U 
RnaseH- reversed transcriptase, SuperScript™ (Invitrogen™ Corporation 
and Stratagene®, respectively) in RT buffer containing 50 mM Tris-HCl, pH 
8.3, 75 mM KCl, and 3 mM MgCl2, 10 mM DTT. The cDNA was amplified 
in a polymerase chain reaction (PCR). An aliquot (2µl) of the RT reaction 
was amplified using primers (25 pmoles of each) specific for the target 
cDNA and 5 U Taq DNA polymerase (Stoffel fragment, Perkin-Elmer Cetus 
or Taq Plus Long™ Stratagene®) in a buffer recommended by the manufac-
tures for 35 cycles in a thermocycler. A typical thermal profile used was: 
94ºC for 5 min followed by 94ºC for 30 sec-1min, 50-60ºC for 30 sec-1 min, 
72ºC for 30 sec-1min followed by a final extension at 72ºC for 7 min. The 
PCR products were analyzed on an agarose gel and visualized in UV light by 
adding ethidium bromide. The molecular weight marker x174-HaeIII frag-
ments were used for identification of the obtained cDNAs.

cDNA cloning and sequencing of GHR and GHR3- 
(paper I, II, III, IV) 
The PCR products were cloned into a pCR3.1 plasmid vector according to 
recommendations from the manufacturer (Eukaryotic TA Cloning® Kit, Invi-
trogene™). The Taq polymerase has a nontemplete-dependent activity that 
adds a single deoxyadenosine (A) to the 3’ ends of the PCR products. The 
linearized vector supplied in the kit has single 3’ deoxythymidine (T) resi-
dues. This allows PCR inserts to ligate efficiently with the vector. After 
transformation into competent cells (TOP 10F’) the cells were grown on 
LB/ampicillin agarplates, positive colonies were identified and isolated. The 
nucleotide sequencing of the isolated cDNAs was made by the dideoxy chain 
termination method [195] using a T7Sequencing™ Kit (Amersham Biosci-
ences).
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Northern blot analysis (paper I, II, IV, V, VI, VII) 
Twenty µg of total RNA or 5 µg of poly(A)+ RNA were separated by elec-
trophoresis in a 0.6% denaturing formaldehyde-agarose gel and transferred 
to a nylon filter in 10X SSC (1.5 M NaCl, 0.15 M Na-citrate). The filter was 
then washed in 0.05 M NaOH/0.15 M NaCl for 20 min and in 0.1 M Tris-
HCl, pH 7.5/0.15 M NaCl for 30 min before it was prehybridized and hy-
bridized to a [32P]-CTP-labelled probe in hybridization buffer (QuickHyb®,
Stratagene®) at 65ºC. The probes were generated by random priming 
(Ready-To-Go™ DNA labelling kit, Amersham Biosciences) and consisted 
of a 200-400 bp fragment complementary to the RNA transcripts of interest. 
After completed hybridization the filter was washed twice in 2X SSC/1% 
sodium dodecyl sulphate (SDS) for 15 min at room temperature followed by 
two times in 0.1X SSC/0.1%SDS for 15 min at 65ºC. After exposure to X-
ray film the hybridization signals were analyzed using an image analyzing 
program (NIH Image 1.63, NIMH, USA) and normalized to the signal of 
GAPDH (the housekeeping gene: glyceraldehyde 3-phosphate dehydro-
genase).

In situ hybridization (paper III) 
The rats were killed by an overdose of sodium pentobarbital given intraperi-
toneally and perfused transcardially with 0.9% NaCl followed by 4% para-
formaldehyde (PFA). The brains and spinal cords were removed and stored 
in 4% PFA with 20% sucrose overnight. The next day the tissues were cut 
(20 µm) on a freezing microtome. Every eighth section of the brain stem and 
every tenth section of selected spinal cord segments were mounted on glass 
slides (Superfrost Plus, Menzel-Gläser, Germany). In addition, sections from 
the hypothalamus including the arcuate nucleus were used as positive con-
trols. Prior to hybridization the slide-mounted sections were treated with 
proteinase K. The hybridization was performed under cover slips at 56-59ºC 
for 16-20 h against a sense or a antisense [35S]-labelled uridine 5’-
triphosphate (Promega) probe generated by a T7 RNA polymerase (New 
England Nuclear) from a 738 bp long cDNA corresponding to the extracellu-
lar part of the GHR (cloned in the TA Eukaryotic TA Cloning kit; Invitro-
gene®). The hybridization solution consisted of 0.5mg/ml tRNA, 0.1 M 
DTT, 50% formamide, 10% dextransulphate, 2% Denhardt’s solution, 0.3 M 
NaCl, 10mM Tris-HCl, 1 mM EDTA and probe at a final concentration of 
5x106 cpm/ml. After being rinsed in SSC pH 7.0, four times the slides were 
incubated in 0.002% RNase A and rinsed in decreasing concentrations of 
SSC and heated to 73ºC in 0.1X SSC. They were then dipped in photo-
graphic emulsion (Kodak NTB2) and stored at –20ºC before developed, 
fixed and evaluated. 
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Morris water maze performance test (paper VII) 
The Morris water maze [156] is a task measuring spatial learning and mem-
ory, meaning the ability to navigate in an environment (Figure 5). In this task 
the rats are required to learn the location of a hidden platform in a circular 
tank filled with water. The tank is placed in a room with a sufficient amount 
of external cues visible for the swimming animal. The extramaze cues are 
kept constant through out the experiment. The first time the rat is placed into 
the water it will swim around randomly and find the platform by coinci-
dence. Subsequently the rat will remember the location of the platform and 
will find it even with different starting points. Our experiment consisted of 
five days of training, with four trials each day; the starting point was altered 
between trails. The time to reach the platform and the length of the swim 
path as well as the swim speed was recorded in each trail. After the last trail 
on day five, the platform was situated in another part of the tank and a probe 
trail was performed, the time spent by the rat in the area where the platform 
used to be was recorded. 

computer

Figure 5. The Morris Water Maze  
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Statistical analysis 
All data are expressed as mean ± SEM and were statistically analyzed by 
using the StatView® 5.0.1 software (SAS Institute Inc., Cary, NC, USA). 
The following statistical methods were used: 1) analysis of variance 
(ANOVA) followed by Fisher PLSD (paper III); 2) one-tailed un-paired 
Student’s t-test (paper VII); 3) two-tailed un-paired Student’s t-test (paper V, 
VI, VII); 4) ANOVA followed by Tukey’s post hoc test (paper VII). 
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Results and Discussion 

Paper I: Detection of growth hormone receptor mRNA 
in an ovine choroid plexus epithelium cell line 
Previous studies on GH binding in the brain have revealed a high density of 
GH-binding sites in the rat choroid plexus [114]. Furthermore, differences in 
molecular mass for the GH-binding proteins in central and peripheral tissues 
had been observed, indicating diversity in functions [236]. It was suggested 
that the GHR present in the choroid plexus might be involved in a receptor-
mediated transport of GH over the BBB [44, 114]. To evaluate this hypothe-
sis, further characterization of the GHR in this tissue was necessary. From an 
ovine choroid plexus epithelial cell line (SCP), the RNA was isolated and 
subjected to RT-PCR using GHR specific primers. A single product of the 
expected size (1204 bp, equivalent to 63% of the full-length GHR) was 
achieved. The obtained cDNA was cloned and the nucleotide sequence was 
found to be identical to that of ovine liver GHR [2]. Northern blot analysis of 
poly(A)+ RNA from the SCP cell line using the obtained PCR product as a 
probe, revealed a transcript of 4.4 kb. This transcript corresponds to the tran-
script previously detected in ovine liver [2, 25]. We conclude that the GHR 
mRNA is present in epithelial cells derived from ovine choroid plexus and 
that the cloned sequence is identical to that earlier described in the liver. 

Paper II: The exon 3-deleted isoform of the growth 
hormone receptor mRNA is present in ovine choroid 
plexus
In this paper a novel isoform of the ovine GHR mRNA was isolated and 
cloned from the ovine epithelial cell line SCP and ovine choroid plexus tis-
sue. A full-length cDNA was generated from SCP cells by RT-PCR using 
specific primers. The cDNA was cloned and when sequenced an isoform, 
lacking exon 3 (GHR3-), previously only found in humans [152, 175, 209, 
223, 232, 239], was identified. The exon 3 corresponds to 66 bp positioned 
in the extracellular hormone binding part of the receptor. To investigate this 
isoform further, we also generated a full-length cDNA from ovine choroid 
plexus tissue using the same methodology. The SCP showed a homozygous 
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expression pattern of GHR3-, while the ovine choroid plexus showed a het-
erozygous GHR expression, one GHR allele and one GHR3- allele. Northern 
blot analysis of RNA from the SCP cells and choroid plexus tissue identified 
a single transcript of 4.4 kb, which is similar in size to the previously re-
ported mRNA in ovine liver [2, 25]. The GHR3- isoform was first isolated 
from human placental tissue [223] and has since then been thoroughly stud-
ied resulting in an amount of conflicting data, which have suggested the 
isoform to be tissue- [152, 224] developmentally- [239] species- and/or indi-
vidual-specific [175, 209, 232]. Recently, it was found that the generation of 
human GHR3- is due to an ancestral retrovirus-mediated alternative splicing 
mimicry that shows a Mendelian inheritance of the GHR expression patterns 
[175]. It was suggested by these authors that this was an evidence for the 
GHR3- isoform to be specific for humans. Our results dispute this conclu-
sion as they showed the existence of the GHR3- isoform in the ovine choroid 
plexus though its origin still is unclear. Even if many investigators have tried 
to functionally distinguish the two isoforms from each other no differences 
in binding capacities or ligand specification have been observed [16, 209, 
223, 224] until recently when Dos Santos and co-workers [64] showed that 
short children carrying the GHR3- isoform allele respond with nearly 2 times 
more growth acceleration to GH therapy than children carrying the full-
length isoform.  

Paper III: Distribution of growth hormone receptor 
mRNA in the brain stem and spinal cord of the rat 
The anatomical distribution of GHR mRNA in the rat brain stem and spinal 
cord was investigated by use of in situ hybridization histochemistry. Distinct 
cellular labelling was seen in several areas. In agreement with previous re-
ports, the most intense labelling was seen in the arcuate nucleus of the hypo-
thalamus [34], an area known to be highly involved in the feed-back regula-
tion of GH secretion from the pituitary [146]. GHR mRNA was further lo-
cated in the locus coeruleus, which also is believed to be involved in GH-
release control [160]. The GHR mRNA detected in the commissural part of 
the nucleus of the solitary tract, the superior lateral parabrachial nucleus and 
the area postrema have been suggested to be implicated in the control of 
food-intake and/or sleep pattern [178, 180, 187, 217]. The possible function 
of the GHRs present in the trigeminal and hypoglossal motor nuclei remains 
to be clarified. The demonstration of GHR mRNA in the superficial layers of 
the dorsal horn of the spinal cord suggests that GH has a role in homeostatic 
afferent signalling and may be involved in nociceptive functions [50]. Pa-
tients suffering from certain unclear pain conditions, such as FMS, have an 
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altered hormonal status with decreased levels of GH and IGF-1 [116, 123] 
and their pain conditions were improved by substitution therapy [21].  

Paper IV: Morphine decreases the level of the gene 
transcripts of growth hormone receptor and growth 
hormone binding protein in the male rat hippocampus 
and spinal cord 
In previous studies, it was reported that exogenous opiate administration 
decreases the level of the GHR protein in certain CNS areas [236]. To fur-
ther investigate this issue, we examined the effects of morphine on the gene 
transcripts for GHR and GHBP in the male rat spinal cord and hippocampus. 
Moreover, the cDNA encoding the GHR in these tissues were cloned and 
sequenced. The mRNA from the hippocampus and spinal cord was isolated 
and amplified by RT-PCR using specific primers. The sequencing of the RT-
PCR products revealed that the nucleotide sequence of GHR in the spinal 
cord and the hippocampus was identical to that previously cloned in the rat 
liver [145]. This indicates that the earlier suggested diversity in size between 
the receptors in the CNS tissues and liver is rather due to post-translational 
modifications than differences on transcriptional level. The presence of GHR 
in the hippocampus has been suggested to be involved in cognitive function 
while the GHR located in the spinal cord may be of special concern to no-
ciceptive functions. 

Male Sprague-Dawley rats, divided into six groups, were s.c. injected 
with a single dose of saline or morphine. One group of saline treated rats and 
one group of morphine treated rats where sacrificed after 30 min, 4h or 24 h. 
The hippocampus and the spinal cord were dissected out and subjected to a 
RNA extraction procedure followed by Northern blot analysis. The results 
(Figure 6) revealed no alterations in the levels of mRNA for GHR and 
GHBP in the hippocampus or the spinal cord 30 min after the administration 
of morphine. However, 4 h after the injection of the opioid, significant de-
creases in the levels of both transcripts in both tissues were observed. At 24 
h following morphine injection the levels of both GHR and GHBP in both 
hippocampus and spinal cord were restored to control levels. These results 
are in line with a previous observation showing that the opiate down-
regulates the GHR transcript at protein level in hypothalamus and choroid 
plexus [237]. One reason for the observed down-regulation could be an 
opioid-induced enhancement of GH release [66, 86]. The mechanism and the 
consequences of these effects elicited by morphine on GHR and GHBP in 
these brain areas are not yet clarified.  
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Figure 6. Effects of saline (control) or morphine (10 mg/kg) on the GHR and GHBP 
mRNA in rat spinal cord and hippocampus at 30 min, 4 or 24 h after a single injec-
tion. * indicates P<0.05.

Paper V: Growth hormone induces age-dependent 
alteration in the expression of hippocampal growth 
hormone receptor and N-methyl-D-aspartate receptor 
subunits gene transcripts in male rats 
Studies have shown that GH therapy in adult GHD patients induces in-
creased physiological well being [19, 33, 83] and improves cognitive effi-
ciency and memory functions [33, 61, 83]. In hypophysectomized male rats 
treated with daily injections of GH, a dose-dependent positive effect on 
learning and memory processes was observed [118]. Studies on rodents have 
suggested a potential role of the NMDA receptor in learning and memory 
functions [37, 221] and the expression of these receptor subunits appear to 
be involved in age-related decline in cognitive capabilities [211]. In the pre-
sent study we therefore have examined the effect of chronic s.c. injections of 
recombinant human GH on the hippocampal gene expression of GHR, 
GHBP and the NMDA receptor subunits NR1, NR2A and NR2B in male rats 
of two different ages. Daily treatment with GH for 10 days induced effects 
on the mRNA levels for GHR in young animals, where a significant increase 
was seen, but not in the elderly rats (Figure 7). Further, no alterations were 
seen in the levels of mRNA encoding GHBP in any group of animals after 
GH treatment. In the liver, it has been shown that GH may regulate its own 
receptor but in the CNS these mechanisms are poorly studied. The reason 
why the GHR message is not affected by the treatment with GH in the eld-
erly rats may be due to an age-related resistance to the hormone [131, 234]. 

 The hippocampal levels of mRNA expressing the NMDA receptor sub-
units were affected by the chronic treatment with GH (Figure 7). The subunit 
NR1 was affected in both young and elderly adult rats. In the young animals, 
the NR1 subunit expression was significantly decreased while in the elderly, 
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an increase was observed compared to saline treated rats. Furthermore, the 
expression of the NR2A subunit was enhanced in the elderly rats and the 
level of the NR2B transcript showed an increase in the young group of ani-
mals. It is suggested from the present study that GH affects the various gene 
transcripts of the NMDA receptor through an agonistic action of GH on hip-
pocampal GHR but whether this effect is direct or mediated by IGF-1 or is a 
coordinated effect of the two hormones is still to be clarified. 
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Figure 7. Effects of daily s.c. injections of saline or human GH (1mg/kg) on NMDA 
receptor subunit, GHR and GHBP mRNAs in the adult rat hippocampus. * P<0.05;
** P<0.01; *** P<0.001 compared with the age-corresponding control group; † 
P<0.05; †† P<0.01 compared with the 11-week-old control animals (unpaired Stu-
dent’s t-test)

We also detected an increase in the ratio of NR2B to NR2A in young rats. 
The NR2B/NR2A ratio declined with higher age and was furthermore not 
affected by GH injections in elderly adult rats (Figure 8). It has been sug-
gested that the regulation of the NR2B/NR2A ratio may be involved in the 
mechanisms for the induction of LTP and LTD [181, 183], two phenomena 
that have been shown to be essential for the hippocampal generation of new 
memories [141]. A high ratio of NR2B/NR2A is suggested to correlate with 
enhanced LTP while a low ratio with an increased LTD. 

An age-related alteration in gene transcription levels of the NMDA recep-
tor subunits was also observed in the present study (Figure 8). The NR1 
subunit mRNA was decreased in elderly male rats compared to the young 
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while the NR2A mRNA expression showed the opposite effect, an increased 
level in the elderly. These results are in agreement with previous studies on 
protein levels [67, 154]. 
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Figure 8. The ratio of NR2B to NR2A mRNA in hippocampus old adult rats of two 
different ages. The animals received daily injections of saline or human GH 
(1mg/kg). *** P<0.001 and †† P<0.01 compared with the control group of the 11-
week-old rats (unpaired Student’s t-test).

Paper VI: Age-related effects of IGF-1 on the NMDA-, 
GH- and IGF-1 receptor mRNA transcripts in the rat 
hippocampus
The GH/IGF-1 axis undergoes changes with increasing age such as declined 
concentrations of GH and IGF-1 in the brain [172]. These age-related altera-
tions have been suggested to play an important role in learning and memory 
deficiencies associated with increased age [190]. Treatment of aged cogni-
tive impaired rats with IGF-1 resulted in an improvement in spatial and 
working memory [198]. The NMDA receptors present in the hippocampus 
have been shown to be of importance for LTP/LTD formation and subse-
quently the acquisition of new memory and the recall of old ones [141]. In a 
recent study, we showed that GH may influence the proportions of NMDA 
receptor subunits mRNA as well as the expression of GHR in the rat hippo-
campus [121]. This effect may be a direct action of GH on GHRs or medi-
ated by IGF-1 or a co-ordination of both hormones. In the present study we 
demonstrate that s.c. injections IGF-1 affect the mRNA expression for 
NMDA receptor subunits and GHR in the hippocampus of male rats in an 
age-related way. It was observed that the NR2B subunit mRNA was in-
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creased in young but not in older rats while the expression of the NR2A 
mRNA was decreased in both groups by the treatment (Figure 9).  
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Figure 9. Effects of age (†† P < 0.01, † P < 0.05, compared with the 11-week-old 
controls) and 10 daily s.c. injections of recombinant human IGF-1 (0.3 mg/kg, ** P
< 0.01, * P < 0.05, compared with the age-corresponding control group) on mRNA 
transcripts for the NMDA receptor subunits NR1, NR2A and NR2B as well as GHR, 
GHBP and IGF-1R in the rat hippocampus. The values are expressed as mean ± 
SEM, n=7 and the unpaired Student's t-test was used for statistical analysis. Repre-
sentative Northern blot bands are shown above each column. The hybridization 
signals were normalized to that of GAPDH mRNA and values were mathematically 
transformed so that the mRNA mean values for the control groups of young animals 
were set to 1. 

Furthermore, the mRNA ratio NR2B/NR2A was seen to decline with age 
and treatment with IGF-1 reversed this effect and enhanced the ratio in both 
young and old rats (Figure 10). A high NR2B/NR2A ratio, at least at protein 
level, has been associated with the induction of LTP, a mechanism suggested 
to promote memory and cognitive performance [181, 183]. 

Moreover, the GHR mRNA expression was increased in young rats but 
not in the older after IGF-1 administration (Figure 9). This result is in line 
with our previous study [121] where GH treatment elevated the mRNA ex-
pression for GHR in young rats, suggesting a co-ordinated effect of both 
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hormones. In addition, an age-dependent decrease in the expression of IGF-
1R mRNA was observed in the hippocampus of male rats. This result is con-
tradictory to others, for example, Stenvers and co-workers [216] saw an in-
creased expression of the IGF-1R message in the hippocampus of aged rats 
and suggested this to be due the declined concentration of IGF-1 observed 
with increasing age. Reasons explaining the diversity in results could be due 
to differences in the experimental design, in the ages of rats and/or the rat 
strains used. Supplementary, the level of mRNA encoding IGF-1R was fur-
ther decreased in aged hippocampus after the treatment with IGF-1 this ef-
fect was not seen in young rats. Taken these results together, the effects of 
IGF-1 treatment are in many but not all aspects in line with our previous 
study [121].  
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Figure 10. The ratio of NMDA receptor subunits NR2B to NR2A mRNA in hippo-
campus of rats of two different ages (mean ± SEM). The animals received 10 daily 
s.c. injections of saline or recombinant human IGF-1 (0.3 mg/kg). †† P < 0.01 com-
pared with the control group of the 11-week-old rats and *** P < 0.001, ** P < 0.01 
compared with untreated rats (unpaired Student's t-test).

Paper VII: Growth hormone enhances spatial 
performance and hippocampal levels of NMDA subunit 
and PSD-95 transcripts in the hypophysectomized rat 
The NMDA receptor system is a critical part of LTP formation, which is 
known to be highly involved in memory acquisition [141]. It was shown that 
GH may influence the mRNA expression of the NMDA receptor subunits in 
a way that may be beneficial for the memory processes [118, 121]. To fur-
ther evaluate this hypothesis we treated Hx rats, which lack the secretion of 
GH and also as a consequence IGF-1, with GH for nine days and measured 
the effects on behavioural performance in the MWM, and hippocampal gene 
expression of the NMDA receptor subunits NR1, NR2A and NR2B as well 
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as PSD-95 and IGF-1R. The Hx rats performed significantly better in the 
MWM on the second and third day of training compared to control animals 
(Figure 11). After further training the untreated animals performed equally 
good as the GH-treated group of rats.  
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Figure 11. Effects of GH- and vehicle treatment in Hx rats on performance in the 
MWM behavioural task. Panel A shows the escape latency (time to reach the plat-
form in seconds), and panel B the length of swim path (distance in centimetres) 
during acquisition trails. *P<0.05, **P<0.01 vs. controls, ANOVA and post-hoc t-
tests.

The GH-treated group of animals showed elevated levels of the NR1, 
NR2A and PSD-95 mRNA transcripts compared with the untreated rats 
(Figure 12). The increased expression of NR1 and NR2A mimics the results 
earlier seen in intact elderly rats treated with GH, though we could not see 
any effects on the ratio NR2B/NR2A in the present study. It has been sug-
gested that the NMDA receptor subunits are organized and anchored in the 
plasma membrane by PSD-95, a highly abundant protein in the excitatory 
synapse [174]. The NMDA-PSD-95 complex has been associated with the 
induction of LTP and synaptic plasticity in the hippocampus [110]. 

The data from the present study demonstrate that GH injected s.c. amelio-
rate the cognitive functions in six months old male Hx rats. This is in line 
with an experiment done by others who showed that spatial memory de-
crease with age and that administration of GHRH prevents this age-related 
decline [219]. Although, the specific mechanisms of GH-induced improve-
ment of cognitive performance are unknown, part of these effects may be 
mediated by IGF-1. Low levels of IGF-1 have been shown to be negatively 
associated with both the level and the information processing speed in hu-
man objects [63] and IGF-1 administration was shown to improve MWM 
performance in old impaired rats [143]. 

Taken together, the results indicate that there are interactions between 
GH, the NMDA receptor complex and cognitive functions and that GH may 
have beneficial effects on the memory acquisition in Hx rats. 



40

NR1 NR2A NR2B IGF-1R PSD-95

�
�

���

0.0
0.2
0.4
0.6
0.8

1.0
1.2
1.4
1.6

m
R

N
A

 (
fo

ld
 o

f 
co

n
tr

o
l)

Control
GH

Figure 12. mRNA levels of NR1, NR2A, NR2B, IGF-1R, and PSD-95 in six months 
old Hx male rats treated with either GH or vehicle twice per day for nine days in 
parallel with a MWM experiment. Bar graphs present relative quantified data, for 
which values were normalized to the intensity of GAPDH and expressed as fold of 
the control *P<0.05; ***P<0.001 compared with control-group. Unpaired Student’s 
t-test was used for statistical analysis and data represent means ± SEM, n=10. 
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General discussion 

At the time the present work was undertaken, there were reports indicating 
that GH replacement therapy has beneficial effects on well-being, learning 
and memory in GHD patients [19, 32, 99]. This suggested that GH is able to 
cross the BBB and act on GHRs present in the CNS and it was proposed that 
GHRs present in the choroid plexus mediate this transport [44, 98, 172]. The 
molecular weight of the GHR in the rat choroid plexus was estimated to be 
60 kDa, [236] indicating the existence of a smaller form of GHR in this tis-
sue compared to that in the liver (130 kDa). It was speculated that the differ-
ence in size might be due to a specific role of GHR in the CNS. However, in 
this thesis, the cloning and the nucleotide sequencing of the GHR in the rat 
spinal cord revealed an identical sequence to that previously described in 
liver. A similar observation was made for the partially sequenced GHR 
cDNA from hippocampus. Also in SCP cells and ovine choroid plexus tis-
sue, cloning and sequencing of the GHR cDNA revealed no differences in 
nucleotide sequence compared to the liver receptor. Thus based on gene 
transcripts both in rat and sheep, CNS GHR seems to be identical to that 
present in the periphery, though a CNS specific posttranscriptional modifica-
tion of the receptor protein could not be ruled out. Moreover, a variant of the 
GHR mRNA, previously only described in humans, was found in the SCP 
cell line and choroid plexus tissue. This mRNA, lacking exon 3 (GHR3-) 
was the only transcript present in the SCP cell line while both the full-length 
GHR and the GHR3- mRNAs was found in choroid plexus tissue. The 
mechanism by which the ovine GHR3- variant is produced is still unknown 
but in human it has been proposed to originate from a retrovirus-mediated 
splicing mechanism [175]. In human it has been shown that a single copy of 
either GHR or GHR3- is sufficient for normal growth. The significance of 
such a dimorphic expression pattern is unknown but recently, it was shown 
that short stature children carrying at least one GHR3- allele respond more 
efficient to GH therapy [64]. 

It has been suggested that the presence of GHR in the spinal cord may re-
flex an involvement of GH in pain processes in this area. To further investi-
gate this issue, the effect of an acute dose of morphine on the gene regulation 
of GHR and GHBP in the spinal cord was studied. Both transcripts were 
shown to be significantly decreased. The observed down-regulation may be 
due to a morphine-induced enhancement of GH release [66, 86] or a direct 
effect of the opiate on cells expressing the GHR. The reduction in the level 
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of the GHR mRNA could also be caused by an altered regulation of the tran-
scriptional factors involved in the GHR transcription. Morphine has been 
shown to affect transcriptional factors controlling the gene expression in 
other neuronal systems [74]. The results indicate that an interaction between 
the opiate and GHR in the spinal cord may occur. 

In a study addressed to further clarify the anatomical distribution of GHR 
mRNA in the rat brain stem and spinal cord, an abundant expression was 
demonstrated in areas known to be involved in the regulation of GH secre-
tion and food intake. By the distribution pattern of GHR mRNA in the spinal 
cord, also this study supported a role for GH in the processing of nociceptive 
influx. Other indications pointing at an involvement of GH in these proc-
esses are the findings that FMS patients, who suffer from general fatigue and 
pain and low GH and IGF-1 levels [116, 123] experience an improvement 
when administrated GH [22]. The observations may also explain the positive 
effects of GH in GHD patients, whose symptoms are similar to those seen in 
FMS.

As mentioned above GH therapy has been suggested to enhance memory 
and learning. In work presented in this thesis, three studies were performed 
in an attempt to examine the importance of GH/IGF-1 in cognitive proc-
esses. In the first two studies made on intact rats of different ages, the effects 
of GH or IGF-1 treatment on NMDA receptor gene expression were most 
pronounced in younger compared to middle-aged animals. The regulation of 
the NMDA receptor system is well known for its impact on memory and 
learning. To further clarify the relationship between GH, the NMDA recep-
tor and memory, six months old Hx rats were chronically treated with GH. 
Behavioural studies using the MWM task showed that GH treated rats per-
formed better compared to untreated animals already on the second day of 
training, whereas on the fourth day the control group performed equally well 
as the GH group. After completed memory test, analysis of the hippocampal 
transcripts for the NMDA receptor subunits IGF-1R and PSD-95 showed 
results partly similar to those seen after GH treatment of intact young rats.  

It can be concluded that the GH/IGF-1 axis can interact with the NMDA 
receptor system and cognitive function. These effects may partly explain the 
mechanisms responsible for the beneficial effects of GH seen in GHD pa-
tients under replacement therapy. The benefits of restoring the activity of 
GH/IGF-1 axis with anti-ageing purposes have received great attention. 
Plasma levels of GH normally decline with age and treatment with GH or 
peptides that stimulate GH release can reduce or reverse age-related changes 
in body composition. At present there is no definitive evidence that restoring 
the activity of GH/IGF-1 axis to the level of the young adult would improve 
cognitive functions in elderly humans and it should be noted that the elder 
animals in the experiments discussed here show a decreased sensibility to 
hormone treatment.  
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If GH acts to prevent ageing and improves quality of life in elderly indi-
viduals, this would be comparible to oestrogen replacement in postmeno-
pausal women. However, there is a debate about the risks and benefits of 
hormone replacement in endocrinologically normal individuals for the pur-
pose to avoid symptoms of ageing and improve their general physical condi-
tion, appearance and performance. Also in recent years, the commercial 
market directed to GH releasers as anti-ageing and health-improving com-
pounds has increased. Therefore it is of great importance to thoroughly in-
vestigate the biological benefits of hormone replacement therapy. 
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