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Abstract
Brain injuries such as stroke and birth asphyxia cause major physical and cognitive disabilities.

Accumulating evidence shows that the injured brain produces growth factors as an endogenous

protective and regenerative mechanism. Several of these factors have been identified and include

insulin-like growth factor-I, transforming growth factor and fibroblast growth factor. Recent

work in our laboratory has shown that the growth hormone axis is also upregulated following

hypoxic ischemic injury to the juvenile rat brain. Importantly, central treatment with growth

hormone offered strong neuroprotection in this model. 

In vitro studies reported in this thesis have confirmed the neuroprotective properties of growth

hormone. Growth hormone-induced neuroprotection occurs via a neuronal brain-specific growth

hormone receptor, which behaves differently from that found in the periphery. Whereas both

ligands are strongly somatogenic in the periphery, rat but not bovine growth hormone had strong

neuroprotective, neurotrophic and gliatrophic effects in cortical primary cultures. This distinct

ligand specificity agrees with previous in vivo studies in our laboratory. Further, I show for the

first time that the prolactin axis, which is closely related to the growth hormone axis, is also

upregulated within the injured brain. Surprisingly, central treatment with prolactin failed to offer

neuroprotection. Immunohistochemistry however showed that prolactin and its receptor were

strongly and primarily upregulated on reactive glia in the penumbra, with limited staining on

neurons. This neuronal staining contrasts with a persistent and intense staining for the growth

hormone receptor and the growth hormone binding protein on these cells. The lack of any

neuroprotective effect of prolactin in vivo was confirmed using primary cortical cultures. In these

cultures, prolactin had only gliatrophic effects. These findings indicate a primary role for

prolactin in glial wound responses following brain injury. Furthermore, the prolactin axis was

upregulated in the neurogenic subventricular zone and dentate gyrus following hypoxia ischemia.

In a spatio-temporal fashion, the increased prolactin and prolactin receptor immunoreactivity was

specifically associated with an increased neuroblast proliferation and migration within the

neurogenic regions. A strong association between the prolactin axis and neuroblast activity was

also seen in neuroblast migration routes. Interestingly, subsequent in vitro studies by T. Gorba in

our laboratory confirmed that PRL has strong and direct proliferative and migratory effects on

neural stem cells.

In summary, these findings show for the first time that the growth hormone and prolactin axes 

i



have distinct roles in the injured brain. The growth hormone axis provides neuroprotection

through a distinct neuronal growth hormone receptor. In contrast, the prolactin axis is associated

with glial wound repair responses, post-injury neurogenesis and neuroblast emigration. Since this

prolactin-associated neuroblast activity was bilateral, prolactin may mediate distal processes such

as the transfer of function to the uninjured hemisphere. In conclusion, the growth hormone and

prolactin axes have distinct neuroprotective and restorative roles in the injured brain respectively.

Activation of both systems may therefore benefit neurological outcome following injury.
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For my late grandmother, who had a stroke
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Chapter I
General Introduction

Brain injuries resulting from an inadequate blood flow (ischemia) and a deprivation of oxygen

(hypoxia) can cause major physical and cognitive disabilities. In the US, stroke is the third

leading cause of death and severe, long-term disability (American Heart Association and

American Stroke Association 2005). During recovery from injury, the brain produces growth

factors, with the developing brain showing a higher level of activity than the adult brain (Nieto-

Sampedro et al., 1982). These factors, such as insulin-like growth factor I (IGF-I), transforming

growth factor β (TGFβ) and fibroblast growth factor-2 (FGF2), are strongly expressed by cells in

the vicinity of the cerebral lesion and are thought to represent endogenous neuroprotective

systems which facilitate some recovery from injury (Hughes et al., 1999). Subsequent treatment

of brain injuries showed that some of these factors can rescue injured neurons (Williams et al.,

1991; Gluckman et al., 1992; McNeill et al., 1994). Given the strong response of locally acting

trophins it is likely that other classes of growth factors or hormones have significant roles in

recovery from injury. Recent work in our laboratory has shown that the growth hormone (GH)

axis is upregulated following hypoxia ischemia to the juvenile rat brain (Scheepens et al., 1999;

Scheepens et al., 2001). Importantly, central treatment with rat GH offered neuroprotection in

this paradigm (Scheepens et al., 2001). 

As members of the prolactin (PRL)/GH/placental lactogen (PL) family, GH and PRL are closely

related hormones. GH and PRL and their receptors are expressed throughout the central nervous

system (CNS), which indicates a direct action of PRL and GH on the brain. Indeed, PRL and GH

have been shown to mediate brain growth and development, cognition and memory, behaviour,

stress responses and sleep. Further, PRL and GH have trophic effects on both neurons and glia

(DeVito et al., 1995; Phelps and Hurley 1999; Ajo et al., 2003; Shingo et al., 2003; Weiss and

Shingo 2003). To date it remains unclear whether the the PRL axis has neuroprotective roles

similar to those observed for the GH axis. 

The following literature review focuses on GH and PRL biology and explores the roles these

hormones play during recovery from hypoxic ischemic (HI) injury. The research aims of this

thesis, detailed at the end of this review, are to clarify the neuroprotective effects of GH in vitro,

and to characterise the response and possible neuroprotective roles of the PRL axis in vivo and in
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vitro. 

The growth hormone and prolactin axes

As members of the PRL/GH/placental lactogen hormone family, PRL and GH are closely related

molecules. Their genes originate from the duplication of an ancestral gene (Niall et al., 1971;

Chien and Thompson 1980; Miller and Eberhardt 1983; Bazan 1990; Forsyth and Wallis 2002)

and they bind to highly conserved cell surface receptors which are members of the class 1

cytokine receptor superfamily (Bazan 1990; Bazan 1990; Kelly et al., 1991; Goffin and Kelly

1996). Mutual characteristics of these receptors (Bazan 1989; Patthy 1990) include a 14-44%

amino acid homology, conserved cysteine residues and a single transmembrane domain. In

addition, the receptors lack intrinsic intracellular tyrosine kinase activity which requires

recruitment and/or activation of cytoplasmic tryosine kinases to relay intracellular signals (Liu et

al., 1998). Both PRL and GH are produced by the anterior pituitary ((Baker et al., 1969; Nakane

1970; Phelps and Hurley 1999)) however extrapituitary synthesis of these ligands is widely

acknowledged (Render et al., 1995; Harvey and Hull 2003). Further, numerous functions

throughout the body and brain have been described for PRL and GH.

It is not surprising that interaction between the PRL and GH axes has been reported given their

common features, such as similarities in signal transduction pathways, distribution of receptors,

the production of binding proteins and extrapituitary sources (see Grattan and Möderscheim

2005).  However, axis-specific features have been demonstrated as well, such as regulation of

feedback and certain neuronal functions within the CNS. 

Several animal models have been developed to study the GH and PRL axes. Hypophysectomy is

a widely used method to study the effects of extrapituitary PRL and GH. Widely used transgenic

mouse models include the Snell dwarf mouse, which lacks PRL and GH, and the little (lit/lit)

mouse, which is characterised by isolated GH deficiency. In addition, mice overexpressing GH or

its mediator IGF-I are used and mice with targeted deletions in the IGF system (Le Roith et al.,

2001). Further, GH- and PRL-effects can be studied in animals with a mutation of the receptor

gene. The GH axis is also studied in humans. For example, mutations in the growth hormone

receptor (GH-R) and concomitant GH insensitivity in Laron syndrome result in a failure to grow.

The Laron mouse, a model for this syndrome, is characterised by a targeted disruption of the

growth hormone binding protein (GHBP) (Zhou et al., 1997). Abnormally high concentrations of

PRL are secreted by some cancers (Vonderhaar 1999) and pituitary adenomas, or result from
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interference in the dominant negative control exerted by hypothalamic dopamine (DA).

Reproductive abnormalities, such as amenorrhoea or inappropriate lactation (galactorrhoea)  in

women and impotence in men also alter the physiological PRL balance.

1. The growth hormone axis
1.1. Growth hormone

GH, formerly described as somatotropin, is a 22-kDa polypeptide hormone and is mainly

produced by the somatotroph cells of the anterior pituitary gland. Best-known for its growth-

promoting effects,  GH actions are classically mediated by IGF-I (Isaksson 2004 and see below).

Excess GH results in acromegaly (Daughaday and Harvey 1995; Melmed et al., 1995; Colao and

Lombardi 1998), while GH deficiency (GHD) results in diminished postnatal growth (Reiter and

Rosenfeld 2003).

Isoforms of GH exist resulting from alternative splicing, post translational modification and

aggregation with other GH molecules or binding proteins (Baumann 1991). The production of

vast numbers of ligand isoforms and their receptors suggests that our knowledge to date may

only be a fraction of the full array of forms and functions. For example, monomeric 22kDa or

serum GH, comprises only 21% of total immunoreactivity (IR) in plasma (Baumann 1991).

Knowledge of the precise biological functions of these variants is still scarce.

Regulation of pituitary growth hormone secretion

As summarised by Figure 1, pulsatile secretion of GH into the circulation is regulated by a

number of factors of which growth hormone releasing hormone (GHRH) and inhibitory

somatostatin (SST) are the main regulators (Brazeau et al., 1973; Pradayrol et al., 1980; Bluet-

Pajot et al., 1998 and see Muller et al., 1999). Further, anti-GHRH antiserum abolishes GH

release (Wehrenberg et al., 1982) which results in drastic growth retardation (Wehrenberg et al.,

1984). GHRH and SST are produced by the arcuate and periventricular nuclei of the

hypothalamus respectively (Muller et al., 1999). Surges in GHRH induce an episodic GH release,

while the rise in SST suppresses the GH release (Tannenbaum and Ling 1984). In turn, GHRH

and SST are regulated by GH through a negative feedback loop. Pituitary GH secretion is further

controlled by GH-induced liver IGF-I, which inhibits GHRH and stimulates SST release within

the hypothalamus (Sato and Frohman 1993; Ghigo et al., 1997). IGF-I also has a direct inhibitory

effect by acting on the pituitary via the local GHRH receptor and the growth hormone

secretagogue receptor (GHSR) (Yamashita and Melmed 1986; Yamashita and Melmed 1987;

Bermann et al., 1994; Wallenius et al., 2001). Produced by the stomach, ghrelin, the endogenous
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ligand of the GHSR in the pituitary (Kojima et al., 1999; Kojima et al., 2001), stimulates GH

secretion directly. Ghrelin has also been found in the arcuate nucleus, an important region

controlling appetite (Kojima et al., 1999; Lu et al., 2002), in neurons adjacent to the third

ventricle within the hypothalamus (Cowley et al., 2003) and within the pituitary (Bennett et al.,

1997; Guan et al., 1997; McKee et al., 1997). In an autocrine / paracrine fashion, ghrelin targets

its receptors on the pituitary somatotrophs (Bennett et al., 1997; Guan et al., 1997; McKee et al.,

1997). Ghrelin is under inhibitory control by SST. A further component of pituitary GH secretion

is leptin, which is produced by adipocytes (Zhang et al., 1994). Leptin stimulates ghrelin and

GHRH secretion, while blocking SST action on GHRH (Carro et al., 1999; Cocchi et al., 1999;

Toshinai et al., 2001). Pituitary GH secretion is also directly controlled by GH itself via a

pituitary-pituitary negative feedback loop (Clark et al., 1988). Whether this is required to

maintain basal pituitary GH expression and secretion in mammals, as thought for fish (Zhou et

al., 2004), remains to be established.

Extrapituitary growth hormone

In addition to pituitary / circulating endocrine GH produced by the anterior pituitary gland, the

synthesis and secretion of GH of extrapituitary origin is widely acknowledged. In the fetal brain,

immunoassayable GH is expressed before its detection in the pituitary (Hojvat et al., 1982).

Hypophysectomy, i.e. the removal of the pituitary gland which results in a fall in serum GH, does

not affect brain GH immunoreactivity (GH IR) (Hojvat et al., 1982). Using a specific sensitive

radioimmunoassay, this group further showed that, 48 days following hypophysectomy in the rat,

the distribution of GH IR in CNS regions including cortex, hippocampus and the thalamus, did

not change. In addition, Hull et al. (Hull and Harvey 1998) showed that chronic

hyposomatotropism, induced by hypophysectomy, reduced GH-R and GHBP transcripts in the

hypothalamus but not in the liver, spleen, cortex/neocortex or brainstem at 10 days. These

findings clearly indicate that the liver, spleen, cortex and brainstem exhibit pituitary

independence and autoregulation of GH-R and GHBP gene transcription. In support of

extrapituitary regulation is the presence of GH and GH-R mRNA throughout the CNS (see

below). 
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Figure 1 Regulation of pituitary GH secretion. Although GH has been shown to directly inhibit its own
release within the pituitary, GH secretion is strongly controlled by the hypothalamic GHRH and SST
through feedback loops. In addition, GH-induced liver derived IGF-I acts directly on pituitary GHRH
receptors and on the GHSR to suppress GH secretion, and inhibits GHRH while inducing SST. Leptin
originating from adipocytes has a stimulatory role in GH secretion through GHRH and ghrelin in the
stomach. Stimulation of GH secretion by ghrelin action through pituitary GHSR can be blocked by SST.
Leptin was also shown to block SST within the hypothalamus, thereby promoting GH secretion. 

The GH produced in CNS extrapituitary sites appears similar to that produced by the pituitary.

As determined following column chromatography, parallel displacement curves and biological

assays (the ability to increase tibial epiphyseal cartilage width of 14-day post-hypophysectomised

animals), brain GH exhibits similar immunological affinity to pituitary GH, molecular weight

and biological effectiveness(Hojvat et al., 1982).

1.2. The growth hormone receptor 

The GH-R is a single-pass transmembrane protein and consists of an extracellular, a

transmembrane and an intracellular region (Figure 2). The extracellular region exhibits three

conserved pairs of cysteine residues which function in structural and functional properties of the

receptor (Rozakis-Adcock and Kelly 1991). Further, the extracellular domain (ECD) contains

consensus interspersed Trp-Ser-Xaa-Trp-Ser cysteine residues (WSXWS or WS motifs), which

are required for ligand binding and signalling through specific folding and cellular trafficking

(Miyazaki et al., 1991; Baumgartner et al., 1994). The intracellular regions of the GH-R contain

two proline-rich regions termed Box 1 and Box 2 which are situated close to the transmembrane

region. Box 1 of the membrane proximal portion of the GH-R is particularly important for JAK2

activation (Tanner et al., 1995). Deletion of Box 1 and Box 2 is detrimental to GH-R association
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with and signalling through Jak2 (Dinerstein et al., 1995; Tanner et al., 1995; Finidori 2000).

The tyrosine residues serve to further recruit and activate signalling molecules.  

Several isoforms of the GH-R have been reported (Postel-Vinay and Kelly 1996) and are

produced either via proteolytic cleavage or by alternate mRNA splicing. In the human, two short

membrane-bound GH-R forms have truncated cytoplasmic domains which are incapable of

signal transduction (Dastot et al., 1996; Ross et al., 1997). Heterodimerisation of these truncated

isoforms with a full length GH-R monomer results in inhibition of GH-R signalling (Ayling et

al., 1997; Ross et al., 1997; Iida et al., 1998). In addition, the GHBP (see below) is produced

either by proteolytic cleavage of the membrane-bound GH-R (in humans and rabbits) or by

alternative splicing of GH-R pre messenger RNA (in mouse and rat) (Baumbach et al., 1989;

Edens et al., 1994; Baumann 2001; Wang et al., 2002)

The growth hormone binding protein

The GHBP is found in serum (Herington et al., 1986; Baumbach et al., 1989; Sotiropoulos et al.,

1993), within the intracellular compartment and associated with the cell membrane (Baumann et

al., 1987; Herington 1994). The GHBP consists of an extracellular/GH binding domain attached

to a hydrophilic tail. Through the heterodimerisation with the membrane-bound GH-R

(Herington 1994), GHBP can compete with tissue receptors for GH binding (Mannor et al.,

1991). Further, by binding GH, circulating GHBP decreases the availability of the ligand to the

GH-R, which results in the prolongation the half-life of GH and the extension of its biological

activity. Indeed, a short isoform of the human growth hormone receptor, which generates large

amounts of binding protein, functions as a competitive inhibitor of the full-length receptor (Ross

et al., 1997). Within the cell, GHBP is thought to mediate GH transport (Baumann et al., 1987). 
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Figure 2 The growth hormone receptor. The extracellular region has conserved cysteine residues, which
are important for the structure and function of the receptor and WSXWS-like motifs, which are required for
folding and cellular trafficking. Boxes 1 and 2 within the intracellular region serve as alignment and
phosphorylation sites for JAK2. The tyrosine residues are involved in the activation of recruited
downstream kinases.

Growth hormone receptor activation

Activation of the GH-R is traditionally thought to be GH-dependent and is achieved by the

sequential recruitment of the ECDs of two GH-R monomers by GH, resulting in a

ligand:receptor 1:2 stoichiometry (Ultsch et al., 1991; de Vos et al., 1992; Fuh et al., 1992; see

Figure 3). Initially, a high affinity site of the GH ligand binds a GH-R monomer, followed by

binding of a second GH-R monomer to a lower affinity second site on the ligand. This results in

the activation of multiple signalling cascades. This model has been found to be typical for

tyrosine kinase receptors.

Recent studies have revealed that homodimeric GH receptors exist as preformed dimer

complexes (Ross et al., 2001; Gent et al., 2002). As shown by Waters and co workers (Brown et

al., 2005; Waters et al., 2006) and others (Mellado et al., 1997; Rowlinson et al., 1998; van

Kerkhof et al., 2002), activation of GH signalling and a biological response through these

constitutive GH-R dimers occurs via conformational changes, i.e. relative receptor subunit

twisting of the GH-R dimer. In vivo, a portion of the full-length GH-R appears to exist as 
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Figure 3 Simplified overview of GH-R activation. In the absence of the GH ligand GH-R monomers are
inactive. According to Waters and co workers (Brown et al., 2005; Waters et al., 2006), part of the GH-R
monomers constitutively exist as inactive dimers. When present, GH binds to the first GH-R using a high-
affinity site. Subsequent binding to the second GH-R results in a ligand : receptor 1:2 stoichiometry.
Activation of the complex is subsequently achieved through a rotational conformation of the extracellular
portions, which realigns the transmembrane region and both intracellular JAK2s, which have been
recruited to Box 1. This allows for downstream activation of intracellular kinases.  

8



constitutive dimers (Gent et al., 2002; Brown et al., 2005) and the subunits are held in an

inactive orientation in the absence of GH. This orientation prevents the dimerisation domains

from locking and subsequent activation of signalling. In the presence of GH, GH binds the first

GH-R monomer and facilitates alignment of the second receptor through thermal movement. The

second GH site then binds to this second GH-R which rotates and locks the dimerisation domains

into the active signalling mode. The transmembrane domain is subsequently properly oriented

and signalling cascades are initiated (Brown et al., 2005). 

Over the years various GH antagonists have been developed, such as G120R. This antagonist is

produced by substitution of arginine for glycine at position 120 in native 22-kDa human growth

hormone (hGH). G120R is able to antagonise the biological effects of hGH; however, it is

inactive as a GH-R agonist. When applying the above conformation model proposed by Waters

and co workers (Brown et al., 2005; Waters et al., 2006), G120R would be unable to correctly

align the second receptor, preventing the locking of the dimerisation domains and rotation,

thereby rendering the G120R/GH-R complex susceptible to proteolysis (van Kerkhof et al.,

2002), explaining failure of G120R to act as a GH-R agonist. 

Growth hormone signal transduction

Since 1992/93, when intensive research on GH-R activation and signalling commenced (de Vos

et al., 1992; Argetsinger et al., 1993), significant progress has been made to clarify the signal

transduction cascades activated following GH-R activation. Following GH-R dimerisation and

proper alignment of the transmembrane GH-R regions, the Janus Kinase (JAK) and the c-Src

family of proteins appear to be key signalling components (Foster et al., 1988; Argetsinger et al.,

1993; Shafiei et al., 2005). Since a discussion of the GH-induced pathways determined to date is

beyond the scope of this review, only selected key pathways are described below (see Figure 4).

For a recent review on GH signal transduction, the reader is referred to (Shafiei et al., 2005).

In the JAK2 signalling cascade, the alignment of Box 1 and Box 2 on each receptor monomer

induced by ligand binding is followed by the association of intracellular JAK2 with the receptor

dimer (Argetsinger et al., 1993). JAK2 subsequently catalyses autophosphorylation and

transphosphorylation of the receptor dimer and creates independent and unique docking sites for

a vast array of downstream signalling molecules. As discussed by Shafiei et al. ((Shafiei et al.,

2005) these molecules include Src homology 2/α collagen (SHC)-related proteins, Insulin

receptor substrate (IRS) proteins, p125 focal adhesion kinases (FAKs), Suppressor of cytokine 
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signalling (SOCSs) proteins (see below), phospholipase γ (PLC γ), Raf-1 proteins and Signal

transduction and activator of transcription (Stat) proteins (Stat1, 3 and 5). Subsequently, major

groups of signalling molecules are recruited and activated, such as downstream members of the

MAPK and IRS families, Ras-like GTPases and Stat family members. Stat5a/b are the

predominant Stats in GH signalling and translocate to the nucleus to bind to DNA response

elements. After signal transduction, Stats return to the cytoplasm.

The Src cascade is another key component of GH signalling. The Src pathway does not require

activation of JAK2 and can be directly stimulated by GH (Reddy et al., 2000; Zhu et al., 2002).

Src activates molecules such as focal adhesion kinase (FAK) which can interact with the

SHC/Raf pathway (see Shafiei et al., 2005). In addition, other JAK2-independent pathways, such

as the s-Src-mediated activation of Ras-like small GTPases have been shown to interact with

other GH-associated pathways (Zhu et al., 2002; Ling and Lobie 2004 and see Shafiei et al.,

2005). The activation of multiple signalling routes and molecules likely serves the execution of

multiple biochemical and biological responses by the cell. For example, PI-3K activation through

IRS-1 may execute metabolic processes (Ridderstrale and Tornqvist 1994); whereas PI-3 kinase

can also be activated through JAK2-independent FAK (Chen and Guan 1994) thereby

contributing to cytoskeletal reorganisation (Goh et al., 1997). The utilisation of different

pathways to activate the same kinase can therefore serve differential biological responses.

Negative regulation of growth hormone signalling: SOCS

Negative regulation through the GH-R can occur through the direct inhibition of JAK/Stat

signalling by the Suppressors of cytokine signalling (SOCS). The expression of SOCS is induced

by GH (Miller et al., 2004). To date, eight SOCS proteins have been identified (Hilton et al.,

1998). For example, overexpression of SOCS3 results in complete inhibition of GH-induced

Stat5b-dependent transcription (Ram and Waxman 1999). Recently, SOCS2 has been shown to

regulate the effects of GH on growth. SOCS2 knock out (KO) mice, in which GH signalling via

the JAK/Stat pathway is promoted, exhibit accelerated postnatal growth (Metcalf et al., 2000),

which is primarily mediated through Stat5b mediation (Greenhalgh et al., 2002). Further, SOCS2

may promote neuronal differentiation through the inhibition of GH. Overexpression of SOCS2,

i.e. inhibition of GH signalling via the JAK/Stat pathway, increases neuronal differentiation

within stem cell cultures (Turnley et al., 2002). Furthermore, SOCS2 is expressed by neural stem

cells and neurons, and SOCS2-deficient mice exhibit fewer neurons within the 
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Figure 4 Simplified overview of several signal transduction pathways activated following GH-R activation.
GH-binding and activation of the GH-R dimer results in activation of JAK2s which recruit further
intracellular kinases. Major JAK2-mediated pathways include the Stats, IRS/PI3K, PLC and the SHC/Raf
pathways. The recruited SOCS family of proteins thereby control JAK2-dependent signalling. As
discussed by Shafiei et al. (Shafiei et al., 2005), c-Src is a further key component of GH signalling and
allows for interaction with JAK2-mediated pathways. p, putative.
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cerebral cortex. In addition, these brains show a decreased neuron : glia ratio (Ransome et al.,

2004). On the other hand, GH-R KO mice exhibit a decreased brain size and an increase in the

number of neurons as well as a higher neuron : glia ratio (Ransome et al., 2004). Together, these

findings suggest that GH mediates some forms of neuronal differentiation and number, and is

regulated by SOCS2. 

Interestingly, variation in the concentration of SOCS2 results in the enhancement or suppression

of GH signalling. Low SOCS2 levels inhibit approximately half of all GH-induced Stat5 activity,

whereas higher levels cause increased GH signalling (Favre et al., 1999; Greenhalgh et al.,

2002). The differential expression of the SOCS proteins in several cell types (Polizzotto et al.,

2000; Turnley et al., 2002) is thought to direct the extent of SOCS inhibition on GH signalling.

SOCS proteins are differentially expressed in neural progenitor cells, neurons and astrocytes

(Turnley et al., 2002). Further, growth factors and cytokines in turn are able to regulate SOCS

expression. For example, SOCS3 expression is induced by GH (Adams et al., 1998). The above

indicates that the effect of GH on neuronal differentiation can be regulated at the signal

transduction level, and that regulators of cytokine signalling work in concert with growth

factors/cytokines to maintain a fine balance between the amount of glia and neuronal numbers in

the CNS. This pathway might therefore encompass a mechanism for the control of cell fate,

which is likely to be of importance during development (Bonni et al., 1997) and may also be a

controlling factor in the pathological brain. It should be kept in mind however that alteration of

SOCS2 expression affects all cytokines utilising the JAK/Stat pathway, making interpretation

difficult. In addition, limitation of the JAK/Stat pathway does not completely abolish GH effects

since multiple signalling pathways are used by the GH ligand (Scheepens et al., 2005 and see

above in section 1.2.).  

1.3. Insulin-like growth factor-1

IGF-I, which is produced in various tissues in response to GH, especially in the liver (Roberts et

al., 1986), is considered to be the principal mediator of the peripheral anabolic and mitogenic

actions of GH (Mathews et al., 1988; Mathews et al., 1989; D'Ercole 1993). IGF-I is widely

expressed in the CNS (reviewed by (Hepler and Lund 1990)), where it exerts multiple functions

(reviewed by Le Roith et al., 2001). Like GH, IGF-I has been shown to affect the size and

morphology of the CNS during development and to alter differentiated cell functions like neural

growth, myelination, and cognitive performance (Beck et al., 1995; Lobie et al., 2000). Within

the CNS, IGF-I is neurotrophic and is involved in projection neuron growth, dendritic

12



arborisation, synaptogenesis and neuronal survival during normal brain development (reviewed

in Bondy and Cheng 2004). GH-stimulated IGF-I expression can be observed in the brain, for

example, IGF-I mRNA increases in response to GH in dwarf mice (Mathews et al., 1986). For an

extensive reviews on IGF-I function within the CNS, see Anlar et al., 1999 and Russo et al.,

2005.

It is widely acknowledged that GH and IGF-I may exert distinct but overlapping roles in the CNS

and that various GH functions within the brain are independent of IGF-I and vice versa. Within

the periphery, IGF-I independent actions of GH are also seen, for example enlargement of the

liver by GH occurs independently of IGF-I (Mathews et al., 1988; Behringer et al., 1990;

D'Ercole 1993). Further, Doi et al. (Doi et al., 1988) showed IGF-I-independent GH action in the

kidney during the development of certain diseases in mice. Although GH and IGF-I commonly

utilise multiple signal transduction molecules, such as FAK, IRS, PI3K and p44/42 MAPK

(Butler et al., 1998; Carter-Su and Smit 1998; Lobie 1999), which may provide the basis for the

shared cellular function, there are important differences in the mechanism of PI3K and p44/42

MAPK activation by GH and IGF-I (Lobie et al., 2000). Further, although the sites of expression

of GH-R and IGF-I are macroscopically similar, they are distinct at the cellular level (Edmonson

et al., 1995; Lobie et al., 2000). For example, within the olfactory bulb (OB), GH-R/GHBP

mRNA is expressed in the granule layer, adjacent to the outer mitral and glomerular layers,

which express IGF-I mRNA (Edmonson et al., 1995). Further, mice overexpressing GH display

increased whole body as well as motor neuron size, whereas body size, but not motor neuron

size, is increased in transgenic animals overexpressing IGF-I (Chen et al., 1997). Although Ajo

and co workers (Ajo et al., 2003) have shown that GH action on fetal cortex cells in vitro is

mediated by IGF-I, other in vitro studies show that GH but not IGF-I upregulates brain

angiotensin in astrocytes (Sernia and Wyse 1996). Together these studies show that there are

direct IGF-I independent actions for GH in the CNS. 

1.4. Growth hormone and growth hormone receptor expression in the CNS

As determined by ligand binding experiments and studies into both mRNA and protein

expression using brain region homogenates and immunohistochemistry, the expression and

distribution of GH and GH binding sites within the CNS has been elucidated. Apart from the

pituitary (Zhai et al., 1994), GH binding sites are expressed throughout the brain (Table 1),

where it occurs prior to its ontogenic appearance in the pituitary, stressing its role as a

neurodevelopmentally important peptide (see Harvey and Hull 2003). GH-R/GHBP expression is
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high in the choroid plexus, hippocampus, cerebral cortex, thalamus, hypothalamus and amygdala

(Lobie et al., 1993; Lincoln et al., 1994). Within the fetal rat brain, the GH-R/GHBP is found on

neurons, astrocytes, microglia and oligodendrocytes (Garcia-Aragon et al., 1992; Lobie et al.,

1993). In their description of the distribution of GH binding sites however, most investigators

have not distinguished between authentic GH-R and the non-membrane bound GHBP. The

localisation of binding sites may therefore not reflect the actual sites of GH action. A more

correct approach, for example, would be the use antibodies against the GH-R intracellular

domain, or the detection of specific GH-response genes such as GH Responsive Gene-1 (GHRG-

1) (Harvey et al., 2002). Expression of the GH ligand is also widely distributed throughout the

brain with GH mRNA present in regions including the striatum, ventral thalamus, hippocampus

and basal cortex (Table 1).

Ontogeny 

The expression of the GH axis is developmentally regulated. Within the rat brain, GH is

detectable as early as embryonic day 10 (E10) and reaches maximum levels the day before birth

(E21). Within the early postnatal brain, GH expression declines to subsequently increase to adult

levels by postnatal day 30 (P30) (Hojvat et al., 1982; Lobie et al., 1993). Interestingly, brain GH

expression is distinct from and precedes pituitary GH expression, which is detectable from

embryonic day 12 (E12) and reaches adult levels at postnatal day 20 (P20) (Hojvat et al., 1982).

This confirms the existence of an extrapituitary brain GH system. A developmentally regulated

expression has also been found for the GH-R/GHBP. Brain GH-R expression and

immunoreactivity is high during fetal and early postnatal life and declines thereafter to reach

adult levels by P25 (Burton et al., 1992; Lai et al., 1993; Lobie et al., 1993; Harvey et al., 2002). 

Within the ageing human and other species, secretion of the GH ligand into the circulation is

reduced (Rudman et al., 1981). Furthermore, binding of GH to various brain regions including

the choroid plexus, hippocampus, hypothalamus, pituitary and caudate putamen decreases during

ageing (Lai et al., 1993 and see Nyberg 1997). 
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Table 1 Overview of GH and GH-R/GHBP expression in selected extrapituitary CNS structures the rat.

Region GH GH-R/GHBP
Amygdala Hojvat et al., 1982 Burton et al., 1992

Brain stem Gossard et al., 1987 Kastrup et al., 2005; Lobie et al., 1993; ; Hull
and Harvey 1998

Central gray Mustafa et al., 1994

Cerebellum Hojvat et al., 1982 Lobie et al., 1993; Lincoln et al., 1994

Choroid plexus Scheepens et al., 2001 Lobie et al., 1993; Mustafa et al., 1994;
Scheepens et al., 1999; Zhai et al. 1994

Cortex Diamond 1968; Hojvat et al., 1982;
Gossard et al., 1987; Martinoli et al.,
1991; Scheepens et al., 2001

Lobie et al., 1993; Scheepens et al., 2001;
Hull and Harvey 1998; Zhai et al. 1994;
Mustafa et al., 1994; 

Hippocampus Hojvat et al., 1982; Gossard et al., 1987;
Martinoli et al., 1991; Fujikawa et al., 2000;
Donahue et al., 2002; Sun et al., 2005

Burton et al., 1992; Zhai et al. 1994; Mustafa
et al., 1994; Bennett et al., 1996;  Thornwall-
Le Greves et al., 2001

Hypothalamus Hojvat et al., 1982; Gossard et al., 1987;
Martinoli et al., 1991; Bennett et al.,
1996;  Yoshizato et al., 1998

Burton et al., 1992; Lobie et al., 1993;  Hull
and Harvey 1998; Zhai et al. 1994; Mustafa
et al., 1994; Hasegawa et al., 1993; Minami
et al., 1993; Kastrup et al., 2005

Septum Burton et al., 1992

Striatum Hojvat et al., 1982; Gossard et al., 1987 Mustafa et al., 1994; 

Thalamus Hojvat et al., 1982; Gossard et al., 1987 Burton et al., 1992; Lobie et al., 1993;

Blood brain barrier

The blood brain barrier (BBB) is a communicating interface between the periphery and the CNS.

The BBB also forms a barrier for large and lipid insoluble proteins which have limited diffusion

across the lipid bilayers of endothelial cells and hence cannot enter the brain. There is little doubt

however that serum GH, although of a large size (22kDa), has access to the CNS. GH is

increased in CSF of acromegalic patients (Linfoot et al., 1970; Schaub et al., 1977). In addition, 

following GH replacement therapy of GHD patients, radioimmunoassay-detectable GH can be

detected in the CSF (Johansson et al., 1995) and GH levels within this fluid correlate positively

to the given hormone doses (Burman et al., 1996). GH was shown to affect the CSF levels of

various neuropeptides, amino acids, and monoamine metabolites (Johansson et al., 1995; Nyberg

and Burman 1996) and can be recovered from the CSF following peripheral administration

(Coculescu 1999). Notably, peripheral administration of GH has been proven functional through

the improvement of cognitive function (see section 1.5.), mood, memory and sleep (Burman et

al., 1995; Nyberg 2000).  

The mechanisms of GH passage from the blood to the brain however remain subject of debate. 
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Growing evidence suggests that transport of GH into the brain parenchyma is actively mediated

via the GH-R at the level of the choroid plexus. Indeed, the presence of GH-R within the CNS

and the choroid plexus together with highest GH binding density in this structure (Walsh et al.,

1984; Silverman et al., 1986; Lai et al., 1991; Lobie et al., 1993; Mustafa et al., 1994; Mustafa

et al., 1994; Zhai et al., 1994; Thornwall et al., 1995; Roky et al., 1996 and see Table 1) is

indicative of receptor-mediated transport. Recent studies by Pan et al. (Pan et al., 2005) however

have dismissed a specific process at the BBB located at brain capillaries. The authors postulate

that, at least at the capillary BBB, transport of GH is passive and involves simple diffusion.

Pharmacokinetic studies on the entry of 125I-GH showed that excess GH failed to modulate the

influx of 125I-GH in vivo. In addition, excess unlabelled GH failed to inhibit the binding or

internalization of 125I-GH to cerebral microvessel endothelial cells in vitro. Pan and co workers

however did not exclude receptor-mediated transport at the choroid plexus since this structure

displays a high GH-R density (Pan et al., 2005). 

1.5. Functions of growth hormone in the CNS

GH has classically been implied in somatogenic growth and body composition during embryonic

development as well as postnatally, but in addition is presently known to modulate metabolic

pathways and reproductive, immune, cardiovascular and pulmonary functions. More than 400

roles have been described. The widespread expression of GH-R within the CNS, as shown in

Table 1, indicates that GH has direct functions within the brain. Indeed, GH has been implied in

the regulation of brain growth, development, myelination as well as cognition in the adult brain

and to have effects on neurons, astrocytes and oligodendrocytes (see Aberg et al., 2006). GH may

induce various actions directly through activation of the GH-R on the surface of target cells,

whereas other effects are mediated by IGF-I. For example, GH, independent of IGF-I, increases

motoneuron size (Chen et al., 1997). GH further increases, directly and not via IGF-I, the

expression of angiotensin receptors in primary cultures of rat astrocytes (Wyse and Sernia 1997).

In contrast, central and systemic GH treatment of hypophysectomised rats increases brain IGF-I

mRNA levels (Hynes et al., 1987). Furthermore, GH increases expression of IGF-I promoter-

controlled luciferase in cultures of fetal mouse brain (Ye et al., 1997).

Brain growth and brain development

 Early embryonic and fetal growth is considered to be independent of pituitary GH and dependent

on paracrine, extrapituitary GH (see Harvey et al., 1998). This likely also applies to CNS

development, considering a strong GH and GH-R expression within the fetal brain and the
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neonate (Garcia-Aragon et al., 1992; Lobie et al., 1993; and see above in section 1.4.). A role for

the brain GH axis in CNS growth and development is supported by a postnatal increase in

thickness of the diencephalon following GH treatment of hypophysectomised rats (Diamond

1968). Conversely, expression of a GH antagonist by transgenic mice results in reduced brain and

spinal cord weight, in addition to a decrease in body mass (McIlwain et al., 2004). Further effects

of GH on neural development can be found in (Scheepens et al., 2005).

Effects on neurons and glia 

Increasing evidence shows that the GH axis has trophic effects on neurons and glia. Indeed, GH

has been implied in growth and differentiation, proliferation and survival of neurons and glia.

Trophic GH effects on astrocytes are well documented. In an elegant study, Ajo et al. (Ajo et al.,

2003) demonstrated that GH treatment of primary cultures of fetal cortex increased glial fibrillary

acidic protein/bromodeoxyuridine (BrdU)-positive cells in addition to an increase in3H-

thymidine incorporation, proliferating cell nuclear antigen (PCNA) levels and BrdU-positive

cells. Unfortunately, the authors used hGH which is lactogenic in the rat (Chadwick et al., 1961;

Hughes and Friesen 1985; Duda and Brooks 2003) and the trophic effects of hGH may therefore

have been partly mediated by the prolactin receptor (PRL-R) which is also known to exert some

of these effects (see below). IGF-I antiserum however blocked the effects of GH indicating that

the trophic effects were mediated by IGF-I and therefore by the GH axis. Interestingly, PRL has

also been shown to induce IGF-I in liver (Hill et al., 1977; Murphy et al., 1988). 

A role for GH in myelination has become evident following studies on GH-overexpressing and

GHD animals. GH overexpression or GH treatment increases neuronal and glial cell numbers

(Harvey et al., 1995; Miller et al., 1995; Chen et al., 1997). Conversely, chronic GHD  resulting

from injections with highly specific GH antibodies results in a decreased rate of body and brain

growth as compared to sham controls. Limited brain growth may be due to a decreased

proliferation and maturation of myelin-producing oligodendroglia as GHD in these animals

causes an accumulation of undifferentiated glia (Pelton et al., 1977). An arrested glial

proliferation, resulting in hypomyelination, was also postulated to cause microcephaly in the

Snell dwarf mouse and the Little mouse (Noguchi 1991). Due to a defective anterior pituitary,

Snell dwarf mice (Snell 1929) are one-quarter of normal size mice and characterised by a

severely reduced production of GH, thyroid stimulating hormone (TSH), and PRL (Lewis 1967).

The pituitary of Little mice (Eicher and Beamer 1976), is deficient in GH and PRL (Beamer and
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Eicher 1976) resulting in body size about two-thirds of that of control mice. Lehman et al.

(Lehman et al., 1999) disputed that hypomyelination causes retarded brain growth in these mice

by showing that Little mice are not hypomyelinated when myelin content is normalised to brain

size. Instead, microcephaly may result from a limited proliferation of neurons. Indeed, Snell and

Little mice have been shown to display retarded neuronal growth (Noguchi 1991). 

Within the past 5 years increasing evidence shows that GH has effects on neurons although the

precise mechanisms have remained unclear. In their review, Phelps and Hurley (Phelps and

Hurley 1999) demonstrated evidence of GH neurotrophic action. GH has trophic feedback effects

on its regulatory neurons within the hypothalamus, which is crucial for proper somatogenic

signalling in the hypothalamo-pituitary network (see Regulation of growth hormone signalling).

Further, in addition to the promotion of gliogenesis, GH promotes neural differentiation in

primary cultures of fetal rat cortex (Ajo et al., 2003). Within these cultures, GH increased beta-

tubulin/BrdU cell number whereas GH-stimulation of neuronal differentiation was indicated by

the absence of beta-tubulin/BrdU-positive cells and the increase in beta-tubulin protein. As

discussed above, Turnley and co workers (Turnley et al., 2002; Ransome et al., 2004; Ransome

and Turnley 2005) have indicated that neuronal differentiation is inhibited by GH and is thereby

regulated by SOCS2. It should be kept in mind however that GH effects are mediated by

additional pathways to the JAK/Stat cascade and the SOCS family of proteins is just one of

several mechanisms mediating GH’s effects on neurons.

Neurogenesis

In mammals, neuronal progenitor cells are produced throughout adult life in the sub ventricular

zone (SVZ) which is located adjacent to the lateral ventricles, and the subgranular zone (SGZ)

within the dentate gyrus (DG) of the hippocampus (Garcia-Verdugo et al., 1998; Gage 2000).

Whereas the majority of newborn cells within the SGZ become neurons (Cameron and McKay

2001; Brown et al., 2003; Christie and Cameron 2006), neurons, astrocytes and oligodendrocytes

arise from multipotential neural stem cells within the ventricular zone and SVZ during

development. 

Interestingly, some cells with astroglial features in the lateral wall of the lateral ventricle, the

subependymal zone as well as in the SGZ, act as adult neural stem cells and are a source of

ongoing adult neurogenesis (Doetsch et al., 1999; Seri et al., 2001; Belluzzi et al., 2003;

Carleton et al., 2003; Liu et al., 2003). These astrocytic cells can act as neural stem cells and

divide to generate immature precursors and neuroblasts, as well as new neurons within the OB.
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Furthermore, these cells grew into multipotent neurospheres in vitro (Doetsch et al., 1999).

The proliferation and differentiation of stem and progenitor cells is  regulated by growth factors

(Gage et al., 1995; Weiss et al., 1996). The number and type of clonal progeny is determined by

factors intrinsic to the stem and progenitor cells (Temple 1989), as well as by environmental

signals. The latter include platelet-derived growth factor (PDGF), which supports neuronal

differentiation and epidermal growth factor (EGF) which can induce the generation of neurons

and glia (Anchan et al., 1991; Reynolds et al., 1992). Transient exposure to extrinsic factors can

therefore initiate fate decisions by multipotential CNS stem cells (Johe et al., 1996). To date, the

precise signals that regulate stem cell differentiation and the characteristics of the

microenvironment stimulating these processes remain to be further elucidated. Understanding

these issues is fundamental to understanding of cellular diversity in the brain (Johe et al., 1996)

and is the subject of intensive research (see Weiss et al., 1996; Gotz and Huttner 2005; Mori et

al., 2005; Berninger et al., 2006).

Ample evidence exists for a role for GH and IGF-I in the proliferation of stem and progenitor

cells. During development, GH-R/GHBP expression is strong and observed on cells migrating

from the SVZ in the E14 rat (Turnley et al., 2002). Further, immunoreactivity for GH has been

shown in neurogenic areas in the developing mouse brain (Turnley et al., 2002). The GH-

R/GHBP is also expressed on hippocampal neurons and the OB (Lobie et al., 1993). Recent in

vitro studies by Ajo and co workers (Ajo et al., 2003) using primary cultures of fetal rat cortex

confirmed a neurogenic role for GH. GH treatment increased the number of nestin/BrdU-positive

cells. A role for IGF-I in GH-induced neurogenesis, as indicated by Ajo et al. (Ajo et al., 2003) is

well-documented (see Aberg et al., 2006 for review). For example, IGF-I treatment or IGF-I

overexpression within the hippocampus has been shown to induce progenitor cell proliferation

and neurogenesis in the dentate gyrus (DG) (Aberg et al., 2000; O'Kusky et al., 2000). Further,

IGF-I is a major regulator of stem cell differentiation into neurons. Brooker and co workers

(Brooker et al., 2000) showed that clones of mouse adult forebrain stem cells can be induced to

differentiate into neurons by IGF-I treatment, whereas antibodies to IGF-I or IGF binding protein

inhibited neuronal production. GH and IGF-I effects on neural stem cells are currently under

further investigation; a patent filed by Weiss and Shingo (Weiss and Shingo 2003) describes an

increased proliferation of neural stem cells in the SVZ of adult mice following GH treatment.

These cells subsequently migrate into the striatum of adult animals while expressing receptors

for GH and IGF-I. The neurogenic action of GH may therefore be mediated by IGF-I.  
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Cognition

In addition to the expression of GH-R within brain regions involved in cognitive function (Table

1), such as the hippocampus, the aforementioned effects of GH on neurogenesis within the

hippocampus strongly suggest a role for the GH axis in cognition. 

Ames dwarf mice, which show impaired pituitary development, exhibit normal cognitive

functions and maintain these during aging despite reduced GH/IGF-I serum levels (Sun et al.,

2005). Interestingly, both hippocampal GH and IGF-1 protein levels were increased and the

corresponding mRNAs were normal as compared to normal mice. Whilst this confirms

extrapituitary production of GH and IGF-I in the hippocampus, this also shows that local

GH/IGF-I production can maintain cognitive function in these mice. The activation of PI3K/Akt-

CREB signal transduction cascade, induced by the increased hippocampal GH/IGF-I protein

expression, is thought to contribute to the maintained cognitive function. Further, both the

number of DG neurons and hippocampal GH mRNA expression are increased following

hippocampus-dependent learning tasks (Gould et al., 1999; Donahue et al., 2002). This was

determined in classical trace eye blink conditioning tasks and spatial navigation learning in a

Morris water maze. In contrast, neither GH mRNA nor the number of BrdU-positive cells

increased following non-hippocampus-dependent learning (Donahue et al., 2002). Le Greves et

al. (Le Greves et al., 2002) recently showed that GH treatment affects the expression of the

NR2B subunit of the N-methyl-D-aspartate (NMDA) receptor in the hippocampus of both young

and older rats, as well as GH-R expression within this region. The NR2B NMDA receptor

subunit has been suggested to be essential for spatial learning and plasticity and is thought to be

involved in age-related decline in memory and learning capabilities (Clayton et al., 2002). Le

Greves et al. (Le Greves et al., 2005) also showed IGF-I  to have an important role in these

processes, supporting involvement of the GH axis. Interestingly, peripheral GH treatment of

aging rats prevents hippocampal neuronal loss associated with aging (Azcoitia et al., 2005).

In addition to evidence from animal studies, the GH axis may have a role in neural function in

humans and regulate cognitive performance and memory (Deijen et al., 1996; Rollero et al.,

1998). With several contradicting reports from clinical studies however this association has

remained unresolved to date. For extensive reviews on this subject, the reader is referred to (Van

Dam and Aleman 2004; Deijen and Arwert 2005; Ramsey and Sonntag 2005).
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2. The prolactin axis 
2.1. Prolactin

PRL, a 23-kDa polypeptide hormone, is synthesized and secreted by lactotrophs of the anterior

pituitary (Freeman et al., 2000). PRL is secreted in daily pulses occurring every 2-3 hours with

the bulk of PRL secretion during rapid eye movement (REM) sleep (Sassin et al., 1973).Multiple

isoforms exist for PRL in various tissues, which arise from posttranslational modifications

including glycosylation, phosphorylation or proteolytic cleavage (Sinha 1995). For example,

glycosylation (Markoff et al., 1988; Sinha et al., 1991), dimerisation and polymerisation (Sinha

1995) lower biological activity, whilst phosphorylation generates PRL antagonists in some

species (Wang and Walker 1993). PRL has also been shown to bind to immunoglobulin G(IgG)

in serum, leading to large molecular species: big PRL (50–60 kDa) and big-big-PRL (150–170

kDa) are present in serum of patients with hyperprolactinemia (Leite et al., 1992). A great variety

of isoforms is potentially related to a variety of function; overviews on the heterogeneity of PRL

isoforms and related functions have been published (Freeman et al., 2000; Goffin et al., 2002). 

Extrapituitary prolactin

As was shown for GH, PRL is produced in various CNS regions in addition to the pituitary and

can thus act as a neuropeptide in an autocrine / paracrine fashion. This extrapituitary PRL protein

is identical to pituitary PRL, sharing physicochemical properties as determined by

chromatography elution profiles (DeVito 1988). Extrapituitary and pituitary PRL are

differentially regulated (Ben-Jonathan et al., 1996) with the latter controlled by a proximal

promoter, requiring the Pit-1 transcription factor for trans-activation. The pituitary-type promoter

is regulated by various agents such as DA (Ben-Jonathan and Hnasko 2001). The synthesis of

extrapituitary PRL is driven by a superdistal promoter, which is silenced in the pituitary and does

not bind Pit-1. In addition, DA does not affect this promoter (Gellersen et al., 1994). Independent

expression of extrapituitary PRL was demonstrated by hypophysectomy, which does not alter the

neuronal content of immunoreactive PRL in the arcuate, ventromedial, premamillary, supraoptic

and paraventricular nuclei of the hypothalamus (Toubeau et al., 1979; Emanuele et al., 1987;

DeVito 1988). Interestingly, hypophysectomised rats are dependent on residual PRL for survival

(Nagy and Berczi 1991). Following hypophysectomy the serum of rats retains a residual 10-20%

lactogenic activity, which is abolished if treated with an anti PRL antiserum. This results in

severe anaemia, immune unresponsiveness and subsequent death. In contrast, serum lactogenic

activity increased to 50% of control levels with time in untreated hypophysectomised animals.

These findings stress the importance of extrapituitary PRL in a variety of processes such as the
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maintenance of vital functions.  

Regulation of pituitary prolactin secretion

The secretion of PRL from pituitary lactotrophs into the circulation is mainly under the inhibitory

control of DA which acts on dopamine receptors (D2 receptors) in the pituitary (Ben-Jonathan

and Hnasko 2001) (Figure 5). Blockade of the D2 receptors on the pituitary lactotrophs results in

significant elevation of circulating PRL levels (Lamberts and Macleod 1990). DA is secreted by

the tuberoinfundibular dopaminergic (TIDA) neurons within the arcuate nucleus (Ben-Jonathan

et al., 1989; Lamberts and Macleod 1990; Ben-Jonathan 1994) and by tuberohypophyseal

dopaminergic (THDA) and periventricular-hypophyseal dopaminergic (PHDA) neurons in the

rostral caudate and periventricular nuclei of the hypothalamus (Bjorklund et al., 1973; Goudreau

et al., 1992; Ben-Jonathan 1994; Goudreau et al., 1995; DeMaria et al., 2000). The TIDA system

however is the main axis regulating PRL secretion (Ben-Jonathan 1994). PRL further modulates

its own secretion from the pituitary, either through a short-loop feedback mechanism where PRL

increases synthesis, turnover and release of DA from TIDA neurons (Ben-Jonathan et al., 1989),

or through a direct action of PRL on pituitary cells (Herbert et al., 1979; Melmed et al., 1980;

Zacur et al., 1982; Hosojima and Wyche 1985; Bentley and Wallis 1987; Ho et al., 1989). PRL

receptors have been detected on lactotrophs in the rat (Giss and Walker 1985; Morel et al., 1994)

and PRL has been shown to strongly inhibit lactotroph PRL gene transcription (Devost and

Boutin 1999). Further, additional factors of hypothalamic origin and paracrine factors originating

in the neurointermediate lobe of the pituitary gland can modulate PRL secretion (Ben-Jonathan

et al., 1989; Samson et al., 2003). These factors have been identified as PRL releasing factors

(PRFs).  However, none of these peptides appeared to be a major determinant of PRL secretion

in vivo. It is likely that other yet uncharacterised hypothalamic factors affect pituitary PRL

secretion as well. Further, signals originating in peripheral target sites for PRL, such as the

ovaries, have been shown to regulate pituitary PRL secretion. Ovarian steroids such as estrogen

and progesterone directly stimulate pituitary PRL release and inhibit the activity of the TIDA,

THDA and PHDA neurons (DeMaria et al., 2000). The inhibitory effect of circulating PRL on

testosterone and estradiol may thereby depend on the intensity of steroidogenesis, with a stronger

inhibitory effect on cells displaying higher steroid production (Przala et al., 1984). However, the

regulation of the hypothalamic-pituitary-ovarian axis is complex and not yet fully understood. 

Recently defined as the endogenous ligand for the GHSR and a regulator of pituitary GH

secretion (Kojima et al., 1999; Kojima et al., 2001), ghrelin also appears to regulate PRL release.
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Intraperitoneal and intracerebroventricular (ICV) administration of ghrelin significantly inhibited

PRL secretion in rats (Tena-Sempere et al., 2004). Interestingly, ghrelin failed to inhibit PRL

secretion from pituitary samples in vitro, which indicates that interactions with other systems are

involved in the control of ghrelin on PRL secretion. 

The precise characteristics of the regulation of pituitary PRL release are fundamentally regulated

by the physiological status of the animal. For example, angiotensin-II receptors within the arcuate

nucleus of the hypothalamus have recently been shown to mediate stress-induced reduction of

pituitary PRL secretion in steroid-primed ovariectomised and lactating rats (Donadio et al.,

2004). 

A thorough review of the factors regulating PRL release and the physiological conditions

affecting can be found in Freeman et al. (Freeman et al., 2000).

Figure 5 Regulation of pituitary PRL secretion by hypothalamic factors, paracrine factors within the
pituitary and by factors produced by target sites such as the ovaries. Pituitary PRL secretion is primarily
controlled by inhibitory dopamine (DA) produced in the hypothalamus. Recently identified prolactin
regulatory factors (PRF) of hypothalamic and pituitary origin stimulate pituitary PRL secretion. Ghrelin
produced by the hypothalamus and stomach was shown to have an inhibitory role. Regulatory factors
produced by the ovaries, such as the ovarian steroids estrogen and progesterone, exert inhibitory actions
on dopaminergic neurons in the hypothalamus while having direct stimulatory effects on PRL secretion
within the pituitary gland. Further, PRL secretion is also regulated by PRFs within the pituitary gland itself.
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2.2. The prolactin receptor 

Like the GH-R, the PRL-R is a single-pass receptor with extracellular ligand-binding domains, a

hydrophobic transmembrane region and an intracellular domain that functions in signalling

(Bole-Feysot et al., 1998; Clevenger and Kline 2001; Figure 6). The extracellular domain

contains cysteine residues which are required for proper tertiary folding of the ligand binding

domain. A WSXWS motif, which consists of a tandem repeat of tryptophan and serine

intervened by a single amino acid, is thought to be required for folding purposes as well as

intracellular trafficking (Miyazaki et al., 1991; Quelle et al., 1992; Hilton et al., 1996). The

intracellular domain contains highly conserved membrane proximal regions termed Box 1 and

Box 2 motifs. Box 1 contains a proline-rich, SH3-like binding domain which is required for

JAK2 activation (Pezet et al., 1997), whereas Box 2 has not yet been fully characterised. The so-

called intervening variable box (V-box) and the extended Box 2 (X-box) are located adjacent to

Box 1 and Box 2. Although poorly understood (Chilton and Hewetson 2005), the V-Box may

interact with Box 2 to contribute JAK2 activation. Further, the intracellular domain contains 10

tyrosine residues which are important for further downstream signalling through the docking and

activation of kinases. 

Figure 6 The prolactin receptor. For details see text.
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Multiple isoforms of the PRL-R exist which result from transcription starting at alternative

inititation sites of the different PRL-R promoters and from alternative splicing (Hu and Dufau

1991; Hu et al., 1998). The isoforms vary in their cytoplasmic domains, however exhibit

identical extracellular domains (Kelly et al., 1991; Lesueur et al., 1991; Bole-Feysot et al.,

1998). In the rat, three isoforms have been cloned, the short, long and intermediate forms (Boutin

et al., 1988; Shirota et al., 1990; Ali et al., 1991). The short form lacks part of the central portion

of the intracellular domain found within the long form PRL-R (Ali et al., 1991), e.g. While Box

2 is present, only a partial sequence of the Variable Box is found within the short form.

Interestingly, in contrast to the long and intermediate PRL-R forms, the short form cannot induce

signal transduction, as found following PRL stimulation of Chinese hamster ovary cells

cotransfected with a 3-lactoglobulin gene promoter (Ali et al., 1992). Similarly, transfection of

the isoforms into cytokine-responsive Ba/F3 cells, showed that only the long and intermediate

forms stimulated PRL-driven cell proliferation and gene expression (O'Neal and Yu-Lee 1994).

In parallel, in human tissues, alternative spliced short PRL-R isoforms, which have comparable

binding affinities to the long form, are not able to mediate the activation of the beta-casein gene

promoter induced by PRL (Hu et al., 2001). Instead, these function as dominant negative forms

when co-expressed with the long form in transfected cells. Homo- and heterodimerisation of the

different PRL-R forms can therefore limit PRL signalling or block signal transduction altogether

(Chang and Clevenger 1996). However, when transfected into NIH/3T3 cells, the short form of

the mouse PRL-R was capable of mediating PRL-dependent cell proliferation (Das and

Vonderhaar 1995), showing the versatility of receptor isoforms. 

The differential initiation of transcription, alternative splicing and posttranslational processing

provides for multiple PRL-R forms. The rationale for this might be that their variety is needed to

suit the varied actions of their ligands and their signal transduction pathways (Sigel et al., 1981;

Davis and Linzer 1989). For example, as summarised by Chilton and Hewetson (Chilton and

Hewetson 2005), the truncation of the human intermediate PRL-R form to 7 tyrosine residues

during RNA processing has no impact on JAK2 activation, however activation of downstream

Fyn is greatly diminished. Another form, termed the ΔS1 isoform, lacks the extracellular S1

domain which results in a reduced affinity for the PRL ligand but faster signalling.

A soluble prolactin binding protein (PRLBP) has been reported (Berthon et al., 1987; Porter and

Frawley 1991; Dannies 2001), which is produced either via proteolytic cleavage of the receptor

molecule or by alternate mRNA splicing (Postel-Vinay and Kelly 1996; Kline and Clevenger
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2001). As indicated for GHBPs, PRLBPs function to extend the biological activity of the ligand

and provide a storage pool, thereby decreasing their availability to the receptors. Similarly, a

short isoform of the human growth hormone receptor generates large amounts of binding protein

and functions as an inhibitor of the full-length receptor (Ross et al., 1997).

Prolactin receptor activation and signal transduction

As a member of the class I cytokine receptor superfamily, the PRL-R functions through active

dimers of PRL-R recruited by PRL (Figure 7). The active PRL/PRL-R complex activates JAK2,

which is the essential PRL-regulated protein kinase (Campbell et al., 1994; Gao et al., 1996) and

in contrast to GH-R-associated JAK2, is constitutively associated with the PRL-R (Dusanter-

Fourt et al., 1994; Lebrun et al., 1994; Rui et al., 1994). Upon activation, JAK2 phosphorylates

specific tyrosine residues on the intracellular domain of the receptor, thereby creating docking

sites for additional signal transducers such as the Signal transducer and activator of transcription

(Stat) family of proteins (Figure 8). The JAK2/Stat5a/b signal transduction pathway is the

primary pathway in PRL signalling (Bole-Feysot et al., 1998; Goffin et al., 1998; Jabbour et al.,

1998) however Stat1 and Stat3 are also involved in PRL signalling. Stat5a deficiency in mice

results in loss of PRL-dependent mammary gland development (Liu et al., 1997) while deletion

of Stat5a/b results in impairment of corpus luteum development (Teglund et al., 1998). Stats,

phosphorylated by JAK2 following docking, dissociate to hetero- or homodimerise with other

phosphorylated Stat molecules. The dimers subsequently translocate to the nucleus and activate

Stat DNA-binding motifs (Horseman and Yu-Lee 1994; Bole-Feysot et al., 1998). 

Stat-independent JAK2-mediated pathways have also been identified (Figure 8), such as the

MAPK cascade (Piccoletti et al., 1994) involving Shc, SOS, Grb2 proteins and subsequently

Ras, Raf, MEK1/2 and MAPK (Das and Vonderhaar 1996). There are indications that the MAPK

pathway can interact with JAK/Stat signalling (Ihle 1996). Other signalling routes include Fyn,

which activates PI3 kinase (Al-Sakkaf et al., 1997; Berlanga et al., 1997; Ratovondrahona et al.,

1998). An extensive overview of signal transducers and regulating factors involved in PRL

signalling can be found in (Bole-Feysot et al., 1998). 
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Figure 7 Activation of the PRL-R. As shown for the GH-R, PRL-R activation requires the active formation
of a 1:2 ligand : receptor dimer complex. Activation of JAK2 is the primary pathway through which PRL-
signal transduction is initiated. In contrast to the activated GH-R dimer, JAK2  is constitutively associated
with the PRL-R. Subsequent phosphorylation through the intracellular tyrosine residues allows for further
signalling. 
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Negative regulation of prolactin signalling

Inhibition of PRL signal transduction has also been shown at the level of receptor dimerisation.

PRL signal transduction occurs through active receptor homodimers consisting of two long form

PRL receptors. Qazi and co workers (Qazi et al., 2006) recently showed that inhibition of PRL

signalling can be achieved by heterodimerisation of a long form PRL-R monomer with a short

form PRL-R. Since the short form lacks cytoplasmic sequences essential for activation of the

JAK2/Stat5 pathway, the heterodimer is prevented from mediating PRL-induced gene activation.

Long/short form heterodimers exist constitutively, as well as short form homodimers. 

 

As was shown for GH, suppression of PRL signalling can also be regulated by the SOCS family

of proteins (Alexander and Hilton 2004; Johnston 2004), which directly inhibit JAK/Stat

signalling (Nicola and Greenhalgh 2000; Alexander and Hilton 2004; Johnston 2004). For

example, SOCS2 and 3 can inhibit PRL-driven mammary development and induction of milk

protein gene expression and Stat5 activation (Le Provost et al., 2005; Harris et al., 2006) whilst

SOCS7 inhibits PRL-induced Stat5 and Stat3 phosphorylation as well as nuclear translocation of

activated Stat3 (Martens et al., 2005). Caution should be taken in interpreting the studies

showing involvement of SOCS in PRL signalling, since SOCS also regulate GH function, as has

been discussed above. Notably, regulation of SOCS proteins may be a means by which cross talk

between cytokine receptors could occur, further complicating interpretation of results (Goffin et

al., 2002).

Other negative regulators include the Protein inhibitors of activated Stats (PIAS), which like

SOCS inhibit specific and distinct aspects of cytokine signal transduction (Greenhalgh and

Hilton 2001; Wormald and Hilton 2004). Further, reduced PRL-negative feedback during

lactation was found to be a result of increased CIS (cytokine-inducible SH2 domain-containing

protein) expression in hypothalamic TIDA neurons (Anderson et al., 2006). 
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Figure 8 Simplified overview of several signal transduction pathways activated following PRL-R activation.
See text for details.
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2.3. Prolactin and prolactin receptor expression in the CNS

Apart from the pituitary (Nagano and Kelly 1994; Zhai et al., 1994; Royster et al., 1995;

Freeman et al., 2000), PRL and the PRL-R are expressed throughout the rat brain (Table 2). The

PRL-R is highly expressed in the choroid plexus and in the hypothalamus. The PRL-R is found

on glia and neurons, although its presence within the cerebral cortex, where it can be found on

neurons, is relatively scarce. Further, the cell-specific distribution of PRL in the cortex has not

been elucidated, although immunoreactive PRL has been demonstrated on fibers within this

structure. 

The expression of short and long PRL-R forms within certain brain regions is regulated by the

hormonal status such as estrous cycle, pregnancy and lactation. For example, the hypothalamus

and the pituitary express more of the long form PRL-R mRNA in diestrus than in proestrus

(Nagano and Kelly 1994). 

Ontogeny

The expression PRL and the PRL-R is developmentally regulated. As detected by reverse

transcriptase polymerase chain reaction (RT-PCR), total PRL-R mRNA is highly expressed from

embryonic day 8 in the rodent, decreasing at day 14 followed by a strong rise before birth

(Royster et al., 1995; Tzeng and Linzer 1997). Although binding of 125I PRL to the PRL-R in the

rat is detected at postnatal day 14 (P14) (Silverman et al., 1986), in situhybridisation,

immunohistochemistry and radioligand binding studies have shown functional PRL-R in the

choroid plexus during late gestation (Freemark et al., 1993; Royster et al., 1995). PRL-R mRNA

as well as immunoreactivity for the PRL-R was found in the choroid plexus, the neuroepithelial

cells of the germinative ventricular zone of the cerebral cortex and the hypothalamus. The

expression of PRL-R in late gestation indicates that the PRL axis has a role in tissue growth,

nutrient storage, and the maturation of organ structure and function critical for independent life

after birth, which occur during this time. As a parallel, PRL-R expression in thymic lymphocytes

and epithelium in late gestation indicates that the PRL axis has a role in postnatal immune

function through the regulation of T cell differentiation and/or function (Royster et al., 1995). It

is likely that placental lactogens have important roles during gestation through binding to PRL-R

(Tzeng and Linzer 1997; Freemark 2001).
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Table 2 Overview of PRL and PRL-R expression in selected extrapituitary CNS structures the rat

Region PRL PRL-R
Brain stem DeVito 1988; Harlan et al., 1989 Mangurian et al., 1999

Central gray
matter

Harlan et al., 1989; Siaud et al., 1989 Freemark et al., 1995; Freemark
et al., 1996;  Bakowska and
Morrell 1997; 

Choroid plexus Thompson 1982 Walsh et al., 1990; Walsh et al.,
1984; Muccioli et al., 1989;
Silverman et al., 1986; Brooks et
al., 1992; Chiu and Wise 1994;
Nagano and Kelly 1994; Royster
et al., 1995; Chiu and Wise 1996;
Roky et al., 1996; Bakowska and
Morrell 1997; Pi and Grattan
1998; Pi and Grattan 1999;
Mangurian et al., 1992

Cerebral
cortex

Emanuele et al., 1987; DeVito 1988; Harlan et al.,
1989; Siaud et al., 1989; Emanuele et al., 1992

Bakowska and Morrell 2003 ;
Nagano and Kelly 1994;  Royster
et al., 1995;  Shamgochian et al.,
1995; Roky et al., 1996;  Pi and
Grattan 1998; Pi and Grattan
1999; Pi and Voogt 2002

Hypothalamus Toubeau et al., 1979; Thompson 1982; DeVito et al.,
1987; Emanuele et al., 1987; DeVito 1988; Harlan et al.,
1989; Siaud et al., 1989;  Paut-Pagano et al., 1993;
Griffond et al., 1994

Bakowska and Morrell 1997;
Bakowska and Morrell 2003 ;
Chiu and Wise 1994; Chiu et al.,
1992; Emanuele et al., 1992;
Chiu and Wise 1994; Royster et
al., 1995; Shamgochian et al.,
1995; Chiu and Wise 1996; Roky
et al., 1996; Bakowska and
Morrell 1997; Lerant and
Freeman 1998; Pi and Grattan
1998; Pi and Grattan 1998;
Mangurian et al., 1999; Pi and
Grattan 1999; Mann and Bridges
2002

Limbic system Emanuele et al., 1987; DeVito 1988; Harlan et al.,
1989; Siaud et al., 1989; Emanuele et al., 1992

Freemark et al., 1995; Freemark
et al., 1996; Roky et al., 1996;
Bakowska and Morrell 1997;
Bakowska and Morrell 2003

Preoptic area Harlan et al., 1989; Chiu and Wise 1994; Bakowska
and Morrell 1997; Pi and Grattan
1998; Pi and Grattan 1999;
Bakowska and Morrell 2003

Septum DeVito 1988; Harlan et al., 1989 Roky et al., 1996

Striatum Emanuele et al., 1987; Emanuele et al., 1992

Thalamus Emanuele et al., 1987; DeVito 1988; Emanuele et
al., 1992; Paut-Pagano et al., 1993; Roky et al.,
1996; 

Bakowska and Morrell 1997;
Bakowska and Morrell 2003 
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To date, PRL binding in the aging rat brain is unclear. However, using in situ hybridisation, Chiu

and Wise (Chiu and Wise 1996) have established that PRL-R mRNA levels increase with age in

the choroid plexus, periventricular area of the preoptic nucleus and arcuate nucleus. The authors

postulate that this reflects a role for the PRL axis in endocrine aging and may allow older animals

to be more responsive to PRL than young rats. However, Kvitnitskaya-Ryzhova et al.

(Kvitnitskaya-Ryzhova et al., 1994) showed that the choroid plexus of aged rats was significantly

less immunoreactive for the PRL-R than the choroid plexus of young animals. This may be

indicative of a decreased PRL binding to the choroid plexus with aging and contrasts with the

abovementioned increase in choroid PRL-R mRNA with aging (Chiu and Wise 1996). This

discrepancy may be explained by the methods used. Kvitnitskaya-Ryzhova and co workers used

immunogold- immunocytochemistry, which is less sensitive than in situ hybridisation and may

not reflect actual PRL-R expression. However, the extent of mRNA expression may not

represent functional PRL-R presence within the choroid plexus since transcription cannot be

regarded as evidence of translation. As reviewed by Kindler et al. (Kindler et al., 2005), mRNA

can be 'translationally dormant', which allows for local translational regulation. 

Blood brain barrier

A high density of PRL-R on the choroid plexus is acknowledged to facilitate active transport of

circulating PRL of pituitary origin into the CSF (Clemens and Sawyer 1974; Augustine et al.,

2003). 

Several studies have shown that the expression of choroid PRL-R can be regulated by PRL. The

physiological state of the animal such as hyperprolactinemia, pregnancy, lactation or restraint

stress increases serum PRL levels, which in turn increase the expression of the PRL-R on the

choroid plexus (Mangurian et al., 1992; Fujikawa et al., 1995; Pi and Grattan 1999; Augustine et

al., 2003). A PRL-induced expression of the PRL-R has also been shown for other regions. In the

rat, PRL treatment increases the number of PRL binding sites in liver, lung (Amit et al., 1985)

and kidney (Barash et al., 1986). In addition, rat liver PRL-R mRNA can be upregulated by PRL

(Robertson et al., 1990). Transport of PRL from blood to CSF allows for hormonal control and

regulation of neuroendocrine and behavioural adaptations in the CNS, for example, in the

tolerance of stress (Fujikawa et al., 1995). 

2.4. Functions of prolactin

Following initial descriptions of its promotion of crop milk in pigeons  (Dumont 1965) and

effects on the corpus luteum (Astwood 1941), an excess of 300 functions have been described for
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the PRL axis (Bole-Feysot et al., 1998). The PRL axis is widely known to have effects on

reproduction, water and salt balance, growth and development (cell proliferation) and

metabolism. For example, through the modulation of adenosine triphosphate (ATP)ase activity,

endocrinology and the maturation of the neonatal neuroendocrine system, behaviour,

immunoregulation and adaptive stress responses. Most reports have described peripheral effects;

however, more recently evidence has emerged of PRL effects within the brain. Indeed, as

indicated by the presence of PRL and the PRL-R throughout the CNS, the PRL axis has functions

in various brain regions. A thorough description of PRL effects within the periphery is beyond

the scope of this review, only the currently known effects within the CNS are described.

Trophic prolactin effects in the CNS 

As was demonstrated for the periphery, where PRL induces proliferation pancreatic islets cells

(Nielsen et al., 1999), the liver (Vergani et al., 1994), mammary gland (Das and Vonderhaar

1997), and immune system such as lymphocytes and lymphoma cells (Tanaka et al., 1980;

Hartmann et al., 1989; Buckley 2001; Mohammad et al., 2002), PRL has additional proliferative

effects within the CNS. PRL has been shown to induce proliferation of cells of the GH3

somatotroph tumour cell line (Krown et al., 1992) as well as astrocytes in vitro (DeVito et al.,

1992; DeVito et al., 1993; DeVito et al., 1995; Mangoura et al., 2000) and in vivo following

hypothalamic injury (DeVito et al., 1995). The precise mechanisms of PRL-induced proliferation

however remain elusive. One mechanism of PRL-stimulated proliferation might be through

protein kinase C (PKC) (Buckley and Buckley 1991; DeVito et al., 1993), which is translocated

to the astrocytic cell membrane following PRL stimulation (DeVito et al., 1993). Indeed, PRL-

induced mitogenesis can be augmented by PKC activation (Rillema et al., 1983; Buckley et al.,

1986). Further, astrocytic differentiation is mediated by PRL, likely through prolonged

stimulation of STAT1 (Mangoura et al., 2000). 

Trophic effects on neurons include mediation of development and maturation of cells including

dopaminergic TIDA neurons in the hypothalamo-pituitary system (Shyr et al., 1986) and see

review by Phelps and Hurley (Phelps and Hurley 1999). PRL provides neurotrophic support to

these neurons, which mediate the negative short-loop feedback system of PRL. Within the Ames

and Snell dwarf mice, which are characterised by undetectable serum or pituitary PRL (Phelps,

2004; Phelps et al., 1994), the number of these neurons decreases significantly after birth. The

signficance of PRL for the TIDA neurons is shown by the restoration of the population of these

neurons following peripheral PRL treatment (Phelps et al., 2003). Since this restoration was
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partial, this indicates that other factors such as GH or TSH, which are also absent in the dwarf

mice, are likely important for TIDA maintenance. 

Neurogenesis and cognition

PRL was recently shown to have a role in functional neurogenesis. Elegant studies by Shingo et

al. (Shingo et al., 2003) showed that, whereas sub cutaneous (s.c.) or ICV infusion with PRL

(8µg/day and 0.8µg/day respectively) over 6 consecutive days did not alter the number of

proliferating cells within the DG of adult mice, PRL increased BrdU labelling in the SVZ as well

as the in vitro proliferation of SVZ neural stem cells isolated following infusion. Further,

olfactory neurogenesis as seen in pregnant mice was also stimulated by PRL treatment. PRL

infusion doubled the numbers of new interneurons within the OB after 4 weeks, which was

identical to that seen during pregnancy. These findings demonstrate that PRL has neurogenic

properties in the mouse CNS. Since these findings are similar to the changes observed during

pregnancy, where an enhanced proliferation in the SVZ is followed by progenitor migration to

the OB resulting in an increased olfactory discrimination of offspring, the authors indicate that

PRL-mediated neurogenesis is functional. Indeed, Prlr-/-and Prlr+/- nulliparous females are known

to display defective olfactory-dependent pup-induced maternal behaviour (Lucas et al., 1998). A

role for PRL in SVZ neurogenesis is supported by in situ hybridisation and western blotting,

which showed expression of PRL-R within the dorsolateral SVZ (Shingo et al., 2003). Neural

progenitors are known to assemble and migrate from here into the rostral migratory stream

(RMS) (Lois and Alvarez-Buylla 1994; Doetsch et al., 1999; Shingo et al., 2001 and see Shingo

et al., 2003). The PRL axis therefore has a role in constitutive neurogenesis within the SVZ.

To date PRL is not considered to have neurogenic effects within the hippocampus, a region

involved in cognition. Shingo and co workers (Shingo et al., 2003) demonstrated that both

subcutaneous and intracerebroventricular PRL treatment of ovariectomised mice failed to alter

cell proliferation in this region. This may be due to the dose used; a total of 48µg or 4.8µg by s.c.

and ICV administration respectively. However, this dose induced significant neurogenesis within

the SVZ (Shingo et al., 2003). Also, a dose of 5µg has been reported to induce grooming

behaviour in the adult rat (Drago et al., 1983). This indicates that PRL has likely no hippocampal

neurogenic effects and may relate to the lack of studies to date reporting a cognitive function for

the PRL axis. 
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Cell death

While ample evidence exists for a role in apoptosis within the periphery, specific pro- or anti-

apoptotic effects of PRL within the CNS have not been fully elucidated. For example,

proteolytically processed 16kDa PRL was shown to induce apoptosis in endothelial cells by

caspase-1 and -3 activation, thereby functioning as an anti-angiogenic factor (Martini et al.,

2000). In contrast, native 23-kDa PRL did not have anti-apoptotic effects (Martini et al., 2000)

and is widely known to promote angiogenesis (Corbacho et al., 2002). Further, PRL has anti-

apoptotic effects on several types of human cancer (Ben-Jonathan et al., 2002) and in Nb2

lymphoma cells, which are commonly used as a bioassay for lactogenic activity (Gout et al.,

1980; Tanaka et al., 1980; Al-Sakkaf et al., 2000), PRL also increases mRNA and protein for

Bcl-2, which is anti-apoptotic (Leff et al., 1996). PRL further induces survival of Nb2 cells

following treatment with staurosporine, a general protein kinase inhibitor (Al-Sakkaf et al.,

2000). However, PRL has also been shown to stimulate apoptosis. In rats and mice, PRL is

luteolytic, inducing apoptosis in the corpora luteum of short, 4–5-day estrous cycles (Bole-Feysot

et al., 1998). 

Other prolactin effects in the CNS

An intensely studied effect of PRL is that during pregnancy, and in particular its effects on

maternal behaviour. It is well-established that PRL controls the onset of maternal behaviour at

parturition. In this instance, PRL stimulates feeding and nurturing behaviour, adjustment to the

nutritional and metabolic demands of milk production, and maintains appropriate hormone

secretion to allow milk synthesis, secretion and ejection (see Grattan 2002). Impairment of PRL

action through the use of DA altering drugs such as the DA agonist bromocryptine has further

shown the importance of PRL on parental behaviour, which is disrupted following treatment with

bromocryptine. Bromocryptine is known to decrease serum concentrations of prolactin to

undetectable levels and in marmosets disrupts spontaneous display of parental responsiveness as

measured by infant retrieval and carrying duration, which was eliminated or significantly delayed

following treatment (Roberts et al., 2001). In rabbits, treatment with bromocryptine during

pregnancy through to postpartum day 5 increased time inside the nest, resulting in failure of

maternal nest-building (Gonzalez-Mariscal et al., 2000).

The modulation of stress responses in the peripartum period is regulated by PRL during lactation.

Torner and co workers (Torner et al., 2002) showed that chronic ICV treatment with antisense

(AS) oligonucleotides against the long form of the PRL-R (PRL-R AS) downregulated the brain
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PRL axis and impaired maternal behaviour. In addition, PRL-R AS infusion increased the

anxiety-related behaviour on the elevated plus maze, demonstrating PRL mediation of the HPA

axis. Conversely, PRL infusion downregulated the responsiveness of the HPA axis to stressors,

which is likely beneficial in the peripartum period. Notably, also in non-lactating rats, PRL has

anxiolytic and anti-stress effects on the elevated plus-maze through the regulation of the stress-

induced increase of corticotropin secretion (Torner et al., 2001). 

Other effects of PRL within the CNS include effects on energy metabolism. For example, in the

monkey brain, PRL supplies energy and enhances glucose utilisation by increasing blood glucose

and the utilisation of phosphorylated glucose (Kumaran et al., 1988). These authors showed that

PRL has differential effects on carbohydrate metabolism in neurons versus glia; in neurons PRL

favours the utilisation of phosphorylated glucose through the Embden Meyerhoff pathway,

whereas in glia PRL favours the hexose monophosphate shunt. 

For a comprehensive review on the functions of PRL, the reader is directed to (Bole-Feysot et al.

1998).

2.5. Cross-talk between the growth hormone and prolactin axes
Numerous similarities exist between the PRL and GH axes to indicate cross talk between these

systems. As discussed, the PRL and GH receptors are members of the same cytokine receptor

family and are expressed in common CNS regions indicating interaction in the regulation of

brain function (Grattan and Möderscheim 2005). Further, PRL and GH utilise similar signal

transduction mechanisms and share the JAK/STAT5a/b pathway, which is the predominant

signalling cascade for these axes (Ihle et al., 1994; Bole-Feysot et al., 1998; Thomas 1998;

Grimley et al., 1999; Freeman et al., 2000; Herrington et al., 2000; Ihle 2001; Aaronson and

Horvath 2002; Kisseleva et al., 2002). Stat5 is the major Stat protein activated by both PRL and

GH (Bole-Feysot et al., 1998; Ram and Waxman 1999; Greenhalgh et al., 2002) and effects of

PRL and GH on proliferation, differentiation and apoptosis are likely achieved through this

transducer. Further, both PRL and GH signalling can be blocked by SOCS family of proteins, of

which SOCS-1, -2, -3, and CIS are expressed in response to a number of cytokines and hormones

and inhibit JAK/Stat signalling. As mentioned above, SOCS proteins may reflect a means by

which cross talk between cytokine receptors could occur (Goffin et al., 2002). The induction of

certain SOCS by PRL signalling may regulate GH function, and vice versa.
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The conservation of key regions within the ligand and receptor isoforms allows for inter-ligand

cross-talk. For example, human growth hormone (hGH) is lactogenic in the rat (Chadwick et al.,

1961; Hughes and Friesen 1985; Duda and Brooks 2003) and induces signal transduction through

both the GH and the PRL receptors. Ovine PRL (oPRL) specifically binds the rat, rabbit, sheep

and pig PRL-R; in contrast, bovine GH (bGH) does not bind the rat PRL-R (Posner et al., 1983).

Interaction of PRL and GH with the closely related placental lactogens (PLs) has also been

reported. While ruminant PLs can activate homologous (ruminant) and heterologous

(nonruminant) PL receptors (Helman et al., 2001), ovine PL is able to form a heterodimeric

complex between the extracellular domains of the bovine PRL-R and the ovine GH-R, resulting

in a functional receptor complex capable of transducing biological signals (Herman et al., 2000).

This report was the first documentation of cross-talk between two distinct receptors in the

cytokine receptor superfamily and is likely a mechanism contributing to the diversity of cytokine

signalling (Herman et al., 2000). Interestingly, PLs have been implicated in the regulation of

maternal behaviour, acting in concert with PRL (Mann and Bridges 2001). Furthermore, PLs

have been implicated in the regulation of fetal metabolism and the growth and development of

the fetus, acting in concert with maternal GH to stimulate IGF-I production (Handwerger and

Freemark, 2000). 

Interaction of the PRL and GH axes has also been shown within the mammary gland. PRL and

GH may thereby regulate lactation in a variety of species, involving IGF-I (Flint and Knight

1997). Both PRL and GH axes are needed for the regulation of milk production (Flint and Knight

1997), since near-complete abolishment of milk yield is only achieved when both circulating

PRL as well as GH are abolished through treatment with bromocryptine and a GH antibody

(Knight et al., 1986; Madon et al., 1986; Shand and West 1991). Indeed, the apoptotic involution

within the mammary gland following PRL deficiency or milk accumulation, can be prevented by

treatment with GH and PRL (Travers et al., 1996). GH may thereby induce survival through IGF-

I; however, IGF binding protein-5 (IGFBP5) which is produced by involuting mammary gland

cells (Flint and Knight 1997; Lochrie et al., 2006), may inhibit GH-induced survival by

sequestering IGF-I. Flint et al. (Flint and Knight 1997) postulate that PRL suppresses IGFBP5,

thereby acting as a survival factor. This interaction between the PRL and GH axes may serve to

maximise mammary epithelial cell survival and function.

Interestingly, PRL has also been shown to induce IGF-I in liver (Hill et al., 1977; Murphy et al.,

1988). 
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2.6. Summary
Many similarities in the structures of PRL and GH, their receptors, signalling mechanisms and

locations of expression have been shown. However, important differences can be recognised

between PRL and GH in their biological functions. A primary function of (extra) pituitary GH

and its mediator IGF-I, is the stimulation of postnatal growth. IGF-I-independent effects of GH

have also been reported, in the periphery as well as in the CNS. Within the latter, GH has

neurotrophic and gliatrophic effects and has been implicated in brain growth and maturation

through proliferation and differentiation, as well as cognition. For PRL, in excess of 300

functions have been described within the periphery. Unfortunately, PRL effects within the CNS

are less well studied. Within the brain, PRL was shown to regulate behaviour, exert neurotrophic

and gliatrophic actions and to mediate neurogenesis. Interactions between the PRL and GH axes

putatively serve numerous functions both in the periphery and the CNS. It remains to be seen

however whether the PRL and GH axes interact or complement each other during specific

pathophysiological states such as brain injury.

Cerebral hypoxia ischemia 

Hypoxic ischemic (HI) injury to the CNS, also often referred to as only ischemic injury, is seen

during all stages of life. Intrauterine HI injury is global (Takeoka et al., 2002) and may be caused

by a reduction in the uterine circulation or obstruction of the umbilical cord (du Plessis and

Volpe 2002). Birth asphyxia in the preterm infant, commonly resulting in periventricular

leukomalacia (PVL), is the major cause of neurological morbidity in children (see Volpe 2001).

Further, birth asphyxia in the term infant may result following neonatal seizures or a long and

complicated birth process which may involve strangulation by compression of the umbilical cord

during delivery. This can lead to neurocognitive deficits, mental retardation, and/or epilepsy;

while HI injury to the mature brain, generally referred to as stroke, may equally cause

neurocognitive deficits and disability. Ample reports show that the mechanisms of infant HI

injury are different from those in a similarly affected mature brain, i.e. age-related changes in

sensitivity to HI injury exist. More immature brains generally show more resistance to injury than

do mature brains (Vannucci and Hagberg 2004). The former respond faster to injury and show a

greater plasticity, partly due to a greater expression of and responsiveness to trophic factors.
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3. Pathophysiology of hypoxic ischemic injury 
Hypoxia ischemia triggers a complex cascade of events leading to two distinct phases, an

immediate or acute necrotic death and a chronic phase characterised by delayed cell loss, which

is apoptotic in nature. Both necrosis and apoptosis have been reported following ischemia in

rodents (Nitatori et al., 1995; Charriaut-Marlangue et al., 1996; Du et al., 1996; Chen et al.,

1998; Endres et al., 1998; Matsushita et al., 1998; Ni et al., 1998). Necrotic death develops

rapidly in selectively vulnerable neurons, which die in groups. Delayed cell loss is apoptotic and

occurs primarily in the penumbral region surrounding the necrotic areas. Notably, while necrosis

is a pathological process, apoptosis, which normally is a benign attempt to maintain a healthy

neural environment, occurs without inducing a major inflammatory response as is seen in

necrosis (Banasiak et al., 2000). Cell death resulting from HI injury can coexist as apoptosis,

necrosis and hybrids along an apoptosis-necrosis continuum during the acute and chronic phases

(Martin et al., 1998; Banasiak et al., 2000), with necrotic and apoptotic morphology, as well as

apoptosis / necrosis hybrid morphologies which together dictate a wide range of apoptotic and

necrotic phenotypes (Martin et al., 1998). This range in neuronal death phenotype and the

characteristics of the death cascade are influenced by many factors such as the duration and

severity of the insult, mechanistic rate of evolving injury, and the metabolic state of the brain. It

is evident that neuronal degeneration following CNS injury is complex. 

The events during the acute and delayed phases following HI injury are first described, followed

by a description of the mechanisms of cell death. 

The acute phase

The acute phase of HI injury is characterised by an acute reduction in blood and oxygen supply.

Key damaging processes during this phase are cellular energy failure, excitotoxicity, free radical

damage and intracellular Ca2+ accumulation (Williams et al., 1993; Vannucci and Perlman 1997;

Berger and Garnier 1999). The acute reduction in oxygen supply and fall in energy causes

oxidative phosphorylation in the brain to come to a standstill and induces an attempt to

compensate through anaerobic metabolism. This however is unable to maintain cellular energy

demands and results in further depletion of energy compounds such as phosphocreatine and

adenosine triphosphate (ATP) and leads to the production of lactic acid and subsequent tissue

acidosis. The depletion of these energy stores results in the failure of processes dependent on

ATP, such as protein biosynthesis the ATP-dependent Na+/K+ ATPase membrane pumps.

Subsequently, cells depolarise and loss of ion homeostasis (Na+, Ca2+, Cl-, and K+) occurs
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resulting in osmotic swelling and edema, which can lead to cell lysis. Synaptic function is rapidly

disrupted resulting in a failure by glia to take up glutamate, an energy-dependent process (Tan et

al., 1996), which in turn results in an extracellular accumulation to excitotoxic levels. The excess

glutamate promotes a further influx of water by opening Na+/K+ and Ca2+ channels such as the α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and NMDA receptors. Excessive

stimulation of glutamate receptor/ion channel complexes further triggers intracellular Ca2+

flooding, resulting in upregulation of destructive enzymes including lipases, proteases, and

endonucleases which then attack the cellular skeleton (Jensen et al., 2003). These  cascades of

intracellular events result in rapid cell death that is primarily necrotic in morphology; however,

the evolving intracellular events also lay the foundation for apoptotic processes, which become

apparent in the delayed or secondary phase.

The delayed or secondary phase

Once the acute ischemic period is over and the brain is re-oxygenated, protein synthesis is re

established within the non-vulnerable regions, whereas it remains inhibited within vulnerable

areas (Berger and Garnier 1999). The vulnerable areas are termed penumbra and surround the

ischemic core which lies in the region directly supplied by the occluded artery. This region

receives a reduced blood flow through collateral vessels allowing partial metabolic activity

(Astrup et al., 1981) (Hill et al., 1995; Edwards and Mehmet 1996; Banasiak et al., 2000) and

protein synthesis (Lorek et al., 1994). This triggers genes involved in apoptosis and a second

wave of cell death is initiated. This secondary phase starts 6 to 15 hours post-insult and can

extend for days (Pulsinelli et al., 1982; Roth et al., 1992; Lorek et al., 1994). If the insult is

severe, this phase is accompanied by seizures (Gunn et al., 1992; Gunn et al., 1997). Delayed-

onset seizures have a significant effect on the death cascade and are associated with infarction as

well as long-term disability and mortality (Tudehope et al., 1988; Williams et al., 1990). Key

processes during the secondary phase are synthesis and release of toxic free radicals and

inflammatory processes (Berger and Garnier 1999). Inflammation is marked by the activation of

pro inflammatory cytokines and resident macrophages (Silverstein et al., 1997) such as

interleukin-1 (IL-1), tumor necrosis factor α (TNF α), and interleukin-6 (IL-6) (Martin et al.,

1994; Szaflarski et al., 1995). 

3.1. Mechanisms of cell death following hypoxic ischemic injury

Necrosis

The predominant type of cell death in the acute phase following a severe HI insult is necrosis
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(Walker et al., 1988; Banasiak et al., 2000) and concerns large groups of adjacent neurons and

well as glia. Specific CNS regions are more vulnerable than others and so-called selective

necrosis occurs in layers III-V of the neocortex, the CA1 and DG hippocampal region and the

caudate putamen. This partly relates to the level of expression of receptors to excitotoxic

neurotransmitters like glutamate and aspartate. The cascade resulting in necrosis commences

with the cessation of oxidative phosphorylation within mitochondria due to the acute oxygen and

energy depletion. The abovementioned resulting factors such as extracellular excitoxicity cause

swelling of mitochondria and the nucleus causing dispersion of clumped chromatin. In addition,

intracellular membranes rupture and ribosomes and lysosomes dissolve. The cells subsequently

lyse (Wyllie et al., 1980). The scattering of cytoplasmic and nuclear debris including enzymes

then induces strong inflammatory responses further exacerbating tissue damage. 

Apoptosis

As mentioned in section 3., secondary cell death or apoptosis occurs hours or days after the

initial insult (Beilharz et al., 1995; Nakamura et al., 1999; Gunn et al., 2005).  Apoptosis is

triggered by the induction of deoxyribonucleic acid (DNA) damage early following HI injury,

incompletely repaired or unrepaired oxidative DNA damage. Cells that were able to survive or

recover from the initial insult may therefore die during this secondary phase. The apoptotic

cascade is triggered by factors such as immediate early genes (IEG), which are rapidly activated

following HI injury in response to glutamate release, electrical depolarisation, dysregulation of

intracellular Ca2+ levels, formation of NO and reactive oxygen species (Akins et al., 1996;

Fellman and Raivio 1997; Namura et al., 1998; Love 1999; Taylor et al., 1999; Hata et al., 2000;

Sharp et al., 2000).  

Apoptotic morphology is associated with aggregation of chromatin, shrinkage of the nucleus and

cytoplasm and membrane blebbing and subsequent formation of apoptotic bodies and

phagocytosis of these elements (Wyllie et al., 1980; Wyllie 1997; Dikranian et al., 2001). DNA

fragmentation during apoptosis is tightly regulated and DNA pieces of internucleosomal size

(180–200bp) or multiples thereof are typically detected. Indeed, as described by Beilharz et al.

(Beilharz et al., 1995), this DNA laddering was associated with the development of apoptotic

morphology three days following severe and moderate HI injury in the juvenile rat. Apoptotic

biochemical events include the release of mitochondrial cytochrome C and caspase-3 (Guglielmo

et al., 1998; Renolleau et al., 1998; Ouyang et al., 1999). Caspases have a central role in

neuronal death following injury (Chen et al., 1998; Cheng et al., 1998; Ni et al., 1998; Taylor et
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al., 1999; Guegan and Sola 2000) whilst other important mediators of apoptosis following HI

injury are the Bcl-2 protease families of which Bcl-2 and Bcl-xL can block apoptosis and promote

cell survival. Related proteins such as Bax and Bcl-xS inhibit Bcl-2 and hence promote cell

demise (Roth et al., 1996; Merry and Korsmeyer 1997 and see Lou et al., 1998). Global ischemia

in the rat for example induces an increased expression of Bcl-2 and Bcl-xL mRNA in the

neocortex whereas expression of Bcl-2 and Bcl-xL mRNA increases in the CA1 and CA3

pyramidal layers and the DG granule cell layer at 48 hours post-injury (Chen et al., 1997). At 72

hours this is followed by a reduction Bcl-2 and Bcl-xL mRNA levels in the CA1 field (Chen et

al., 1997). Further, in inflammatory conditions surviving cells were found to express increased

Bcl-x (Li et al., 1996) whereas dying cells increasingly expressed Bax. 

Notably, inflammatory processes resulting in further cell damage as seen following DNA

fragmentation through necrosis is not seen following apoptotic cell death (Wyllie et al., 1980;

Ueda and Fujita 2004). Apoptosis may therefore be a beneficial effect; Young and co workers

(Young et al., 2004) suggested that apoptotic cell death following HI injury is a natural suicidal

response of neurons to incorrect synaptic connections, as seen during development. The loss of

neurons which serve as targets for synaptic input during the acute, necrotic phase, is followed by

a natural cell degeneration (apoptosis) which ensures clearing of neurons which lost synaptic

connectivity with these target neurons. 

Excitotoxic neuronal death

A major cause of DNA fragmentation with cells showing dendritic swelling, chromatin

condensation and organelle damage (Olney 1971; Kure et al., 1991; Ankarcrona et al., 1995;

Simonian et al., 1996; Gwag et al., 1997; Portera-Cailliau et al., 1997; Portera-Cailliau et al.,

1997) indicating necrosis (Wyllie et al., 1980), is the excessive extracellular accumulation of

glutamate during the acute phase of HI injury. Extracellular accumulation of glutamate results

from excessive stimulation of the glutamate-gated N-methyl-D-aspartate (NMDA) and non-

NMDA glutamate receptors. This alters intracellular ion concentrations, pH, protein

phosphorylation, and energy metabolism (Lipton and Rosenberg 1994; Whetsell 1996; Chen et

al., 1997), increased cytosolic Ca2+ and activation of Ca2+ sensitive proteases, protein

kinases/phosphatases and phospholipases, subsequently causing neuronal demise.

In addition to a necrotic morphology, excitotoxically injured neurons also show signs of

apoptotic phenotypes (van Lookeren Campagne et al., 1995; Portera-Cailliau et al., 1997). The

presence of both morphologies indicates that NMDA and non-NMDA glutamate receptor-
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mediated neural degeneration during this type of injury occurs along an apoptosis- necrosis

continuum with neuronal death appearing as apoptotic, necrotic, or intermediate between the two

extremes (Martin et al., 1998). Evidence shows that this depends on the subtype of glutamate

receptor that is activated (Wyllie et al., 1980; Martin et al., 1992; Fotuhi et al., 1993; Martin et

al., 1993; Martin et al., 1993). As reviewed by Schurr (Schurr 2004), the widely used NMDA

antagonist MK801 (Wong et al., 1986; Foster et al., 1987; Foster and Wong 1987; Woodruff et

al., 1987; Lysko et al., 1989) is a potent NMDA antagonist and of all the glutamate antagonists

synthesised or discovered so far, is the most neuroprotective (see Clinical treatments following

hypoxia ischemia). In anaesthetised cats subjected to middle cerebral artery occlusion (MCAO),

Ozyurt and co workers (Ozyurt et al., 1988) showed that pretreatment with MK801 significantly

reduced the volume of ischemic damage as measured at 6 hours post-insult. Other NMDA

antagonists shown to have neuroprotective properties are 2-amino-5-phosphonopentanoic acid

( APV) (Choi 1988; Wang et al., 1997) and Gacyclidine (Gaviria et al., 2000). 

Oxidative cell death

Secondary delayed cell death is brought about by events such as synthesis and release of free

radicals including nitric oxide (NO), hydrogen peroxide (H2O2), hydroxyl ions (OH·-) and

superoxide anion (O2·-) with increased Ca2+ levels during the preceding acute phase contributing

to the formation of  oxygen free radicals (Berger and Garnier 1999). Free radicals have been

shown to have toxic effects through the peroxidative attack of lipids, such as the membrane lipid

bilayer (Vannucci 1990). Importantly, this can compromise BBB function, thereby contributing

to invasion of leukocytes and the demise of brain tissue. They have also been shown to damage

proteins and DNA (Halliwell 1992; Breen and Murphy 1995). Within the normal, uninjured

brain, antioxidants and free radical scavengers such as superoxide dismutase, catalase,

glutathione peroxidase and vitamin E, are used in the defence against physiologically produced

free radicals. Following hypoxia ischemia however, these systems may be compromised,

inhibited or simply overwhelmed (Watson and Ginsberg 1989).

A note of caution

Many studies have reported excitototoxic and/or HI injury to induce cell degeneration which is

clearly necrotic or apoptotic (Hill et al., 1995; Portera-Cailliau et al., 1995; Edwards et al., 1997;

Gwag et al., 1997; Renolleau et al., 1998; Colbourne et al., 1999; Northington et al., 2001; Lok

and Martin 2002). However, since morphologically many possible variant forms of cell death are

seen following injury, apoptotic and necrotic cell death cannot readily be resolved (Formigli et
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al., 2000), it has become increasingly clear that neuronal degeneration exists as a continuum with

apoptosis and necrosis at either end of the spectrum (Portera-Cailliau et al., 1997; Martin et al.,

1998; Banasiak et al., 2000). In addition, morphological changes do not always reflect

intracellular processes, for example, cells may exhibit the morphological features of necrosis

while undergoing DNA fragmentation, indicating apoptosis (Martin et al., 1998). Indeed,

internucleosomal DNA fragmentation indicating apoptosis with ultrastructural features of

necrosis has been reported in in vitro models of Ca2+ -induced cell death (Collins et al., 1992)

and in necrosis induced by NMDA receptor-mediated excitotoxicity (Gwag et al., 1997; Portera-

Cailliau et al., 1997). Techniques such as Terminal deoxynucleotidyl transferase mediated dUTP

Nick End Labelling (TUNEL), electron microscopy, DNA fragmentation analysis, Northern

analysis, reverse transcriptase polymerase chain reaction (RT PCR), in situ hybridisation,

immunoblotting and immunohistochemistry are widely used to distinguish apoptosis from

necrotic cell death. To elucidate modes of cell death, the use of multiple tools is recommended. 

Interestingly, Young et al. (Young et al., 2004) propose that apoptotic death following HI is

sequential and distinct from excitotoxic death. As discussed above, these authors postulate that

apoptosis is a separate process removing neurons that have lost synpaptic inputs to the targets

destroyed during the first, necrotic wave following hypoxia ischemia. This clearly distinguishes

an adverse effect following injury (necrosis) and a beneficial recovery/restoration effect

(apoptosis). 

4. The importance of glia following hypoxia ischemia
Both activated microglia and astrocytes contribute to inflammatory processes following hypoxia

ischemia and can be detected by lectin and GFAP immunohistochemistry respectively. Upon

activation, these cells release components of the complement system, chemokines and pro-

inflammatory cytokines such as TNFα, interferon γ (IFNγ), and the interleukins IL-1, IL-18 and

IL-6 (Liu et al., 1994; Ridet et al., 1997; Silverstein et al., 1997; D'Ambrosio et al., 2001; Shalak

et al., 2002). The secretion of pro inflammatory cytokines induces a cascade of further cytokine

production as well as recruitment of macrophages from the periphery, which is facilitated

through disruption of the BBB by increased oxygen free radicals. While microglia and peripheral

macrophages serve to phagocytose cell debris and dying cells, the production of inflammatory

cytokines creates an excitotoxic environment which can aggravate neuronal injury (Ivacko et al.,

1997; Park et al., 2002). Indeed, the inhibition of macrophage activity following HI injury to the

rabbit spinal cord was shown to reduce neuronal death (Giulian and Robertson 1990).
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Microglia are the main regulators of both innate and adaptive immune responses within the CNS

and swiftly respond to virtually any pathological event or neuronal stress (Kreutzberg 1996).

Schroeter et al. (Schroeter et al., 1997) determined that following photochemically induced focal

ischemia in rats, the phagocyte population in the penumbral region immediately adjacent to the

infarct consists predominantly of resident microglia, whereas blood macrophages are recruited

later. Upon activation, microglia retract their processes and adopt a rounded morphology as they

transform into macrophages and antigen-presenting cells. Activated microglia produce factors

such as proteases, cytokines, reactive oxygen and nitrogen intermediates and other neurotoxic

agents (Banati et al., 1993; Flaris et al., 1993; Lees 1993), thereby contributing to tissue demise.

Astrocytes may have adverse effects following injury as well. One factor determining neuronal

survival following ischemia is the extent to which astroglia retain their ability to take up

extracellular glutamate. In the normal brain, astrocytes are known to take up glutamate and

convert this into glutamine which is released for use in glutamatergic and γ-aminobutyric acid

(GABA)ergic neurons. The failure of astrocytes to internalise the excess of extracellular

glutamate following ischemia results in extracellular excitotoxicity and subsequent neuronal

demise (Szatkowski and Attwell 1994; Roettger and Lipton 1996; Anderson and Swanson 2000;

see Swanson et al., 2004). Further, activated astrocytes have also been shown to provide

precursors for excitotoxin synthesis, peroxynitrite, TNF and IL-1β (Heales et al., 1999; Bal-Price

and Brown 2001; Hertz et al., 2001; Anderson et al., 2003). Bal-Price and co workers (Bal-Price

and Brown 2001) showed that in vitro, the provision of NO by active astrocytes (and microglia)

inhibits neuronal respiration resulting in glutamate release. The subsequent excitotoxicity of NO

caused neuronal death. Whether this occurs in vivo as well is unclear. Interestingly, reactive

astrocytes are also thought to contribute to immunoregulation in the injured brain through the

secretion of cytokines, the expression of major histocompatibility complex (MHC) class I and II

antigens and the presentation of antigens to T cell clones (Chung et al., 1991). 

Adverse versus beneficial effects of glia

The activation of microglia and subsequent release of their products following hypoxia ischemia

is widely thought to be a major contributing factor to the demise of brain cells. However, recent

evidence suggests neuroprotective and neuroregenerative roles through the production of trophic

agents (Dirnagl 2004; see Neumann 2000 and Trendelenburg and Dirnagl 2005). Upon

activation, trophic factors can be released by microglia such as IL-1 (Brenneman et al., 1992; see

Panickar and Norenberg 2005). Astrocytes have also been shown to release trophic factors
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including neural growth factor (NGF), brain-derived neurotrophic factor (BDNF), basic

fibroblast growth factor (bFGF), neurotrophin-3 (NT-3) and IGF-I, which is neuroprotective (see

Trendelenburg and Dirnagl 2005 and Schwartz and Nishiyama 1994; Strauss et al., 1994;

Mocchetti and Wrathall 1995; Beilharz et al., 1998; Panickar and Norenberg 2005). Indeed, IGF-

1 mRNA is increasingly expressed by reactive microglia with immunoreactive IGF-1 seen on

these microglia and reactive astrocytes juxtaposed to surviving neurons surrounding the infarct

(Beilharz et al. 1998; Gluckman et al. 1998). Beilharz and co workers indicated that the IGF-1

produced by microglia may be transferred to reactive astrocytes expressing IGFBP-2 and -3, a

mechanism which may restrict cell death following hypoxia ischemia. Glial activation may thus

be beneficial to the injured brain and may outweigh the deleterious pro-inflammatory effects

mentioned earlier (Panickar and Norenberg 2005). The nett effect of glia-released factors,

however, depends on the intensity and context of the injury which dictate the extent and nature of

the glial activation. Chemokines and cytokines can have a dual role in respect to neuronal

outcome (see Trendelenburg and Dirnagl 2005). For example, following kainic acid injury in the

hippocampus, astrocyte-macrophage inflammatory protein (MIP2) induces neuronal apoptosis

but also the production of bFGF by astrocytes. This indicates that MIP2 protein can mediate both

neuronal demise and regeneration of hippocampal neurons (Kalehua et al., 2004). Further, the

interplay between glutamate and microglial activation results in dual effects. Studies by Schwartz

et al. (Schwartz et al., 2003) indicate that elevated extracellular glutamate induced by brain

injury elicits an immune response directed against self-antigens that reside at the site of

glutamate-induced damage. Microglia subsequently clear the damaged site of potentially harmful

material, thereby assuming a dual role by serving the immune system through antigen

presentation, and by serving the nervous system by clearance of the ischemic core (Schwartz et

al., 2003). Clearance of the lesion site facilitates re-growth and restoration of the nervous tissue. 

It is not surprising that glia affect neuronal survival, considering their importance for neuronal

function. As reviewed by Chen and Swanson (Chen and Swanson 2003), astrocytes provide

structural, trophic and metabolic support to neurons and mediate synaptic functionality.

Astrocytes are in close contact with neurons since their processes cover most synapses. In

addition, astrocytes are strongly associated with brain vasculature (Simard et al., 2003),

(Nedergaard et al., 2003) and are strategically placed between neurons and blood vessels.

Interaction with blood vessels allows for metabolic trafficking and putative regulation of local

microcirculation (Zonta et al., 2003; Mulligan and MacVicar 2004). Further, neurons depend on

metabolites and energy substrates released by astrocytes (Dringen et al., 2000; Anderson et al.,

46



2003; Hertz and Zielke 2004). Trophic support from astrocytes through growth factors may not

only be functional within the acute phase following injury, but may also be important in the

secondary phase thereby promoting long-term recovery. Astrocyte-derived trophic factors

mediate neurite outgrowth, synaptic plasticity, angiogenesis and neuron regeneration (Chen and

Swanson 2003; Yanni et al., 2002; Swanson et al., 2004). 

Neuronal survival is thought to be tightly associated with astrocytic well-being, since within the

ischemic core, astrocytes degenerate due to a combination of hypoxia, acidosis and high K+ (see

Nedergaard and Dirnagl 2005). The resulting impaired metabolic interaction between astrocytes

and neurons putatively results in neuronal demise (Nedergaard and Dirnagl 2005). In contrast,

within the penumbra, conditions are more favourable and astrocytic metabolism as well as

neuronal utilisation of astrocytic metabolites are less affected. Nedergaard et al. (Nedergaard and

Dirnagl 2005) therefore argue that neuronal demise is associated with compromised astrocytic

function. Notably, implication of an important role for astrocytes abandons a neurocentric view

(Lin and Nedergaard 2002). 

Within a few days following HI injury, a so-called glial scar is formed around the ischemic core.

This scar provides a barrier between the surviving parenchyma and heavily injured tissue.

Astrocytes and extracellular matrix molecules containing proteoglycan products, generate this

dense plaque (Silver and Miller 2004). Whether this is a beneficial process is the subject of an

ongoing debate. Classically the scar is considered inhibitory to neuroregeneration and

remodelling of neural connectivity (Reier et al., 1983). Reactive astrocytes and their

proteoglycan products are known to actively repulse regenerating axons and brain reorganisation

and regeneration (Silver and Miller 2004; Pekny and Nilsson 2005 and see Trendelenburg and

Dirnagl 2005)1. However, many researchers assign beneficial properties to the glial scar since it

contains the lesion site and prevents its extension (Faulkner et al., 2004). As a chemical and

physical barrier, the scar likely facilitates the re-establishment of metabolic and ionic

homeostasis, and thus eventual recovery. 

Recent evidence shows that microglia can have neurogenic properties, likely through the release

of TGF-β which was recently demonstrated to have neurogenic properties in the adult rat DG

(Battista et al., 2006). Within adrenalectomised rats, neural stem cell (NSC) proliferation was

increased and correlated with microglial activation. In addition, increased TGF-β mRNA levels

1However, immature reactive and resting astrocytes support regeneration {Smith, 1986 #710}.
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were associated with microglial activation. Whereas antibody-mediated inhibition of TGF-β

activity decreased the number of BrdU/PSA NCAM-immunopositive cells in vivo, neurogenesis

was promoted in NSC primary cultures by TGF-β. The authors further postulate that neurogenic

effects of activated microglia depend on the composition of the cellular and molecular niche, in

particular the balance between pro- and anti-inflammatory secreted molecules, including TGF-β.

In summary, following ischemic injury to the CNS, reactive glia can modulate inflammation and

neuronal survival through the release of inflammatory agents and trophic factors. The seemingly

adverse effects of microglia may however serve a beneficial role which alters the classical view

of these cells as neurodegenerative cells. In addition, many beneficial effects have been described

for astrocytes. This provides potential therapeutic opportunities. As summarised by Nedergaard

et al. (Nedergaard and Dirnagl 2005), Table 3 provides an overview of the diverse roles of

astrocytes and microglia following cerebral ischemia.

Table 3 Overview of the diverse roles of astrocytes and microglia following hypoxia ischemia. 
- deleterious; +  beneficial effects. Partially adapted from Nedergaard and Dirnagl (Nedergaard and
Dirnagl 2005).

Astrocytes Microglia 

- swelling/ edema/ vascular obstruction - disruption of BBB

- peri-infarct depolarisations - hyperinflammation

- induction of secondary neuronal damage + growth and trophic factor production

- astrogliosis as impediment for axonal
regeneration

+ scavenging of free radicals

+ astrogliosis- formation glial scar + phagocytosis 

+ scavenging of free radicals + degradation of extracellular matrix during
remodelling

+ growth factor release 

+ guidance for neuronal repair

+ ion, glutamate and water homeostasis

5. Animal models in hypoxia ischemia
In order to study the pathophysiology and recovery of the HI-injured brain, several animal

models have been developed which, to an extent, reflect ischemic injury in the human brain

(Garcia 1984; McAuley 1995). These models classically involve rats, gerbils, guinea pigs, pigs,

sheep and monkeys (Vannucci 1993). 
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Focal injury models

Focal injury models are designed to mimic stroke. These widely used models exhibit a central

ischemic core, in which blood flow is compromised resulting in irreversible damage (Heiss et

al., 1994; Touzani et al., 1995), and a viable surrounding penumbra exhibiting delayed death

(Astrup et al., 1977). A popular focal injury model is middle cerebral artery occlusion (MCAO)

in the rat (Tamura et al., 1981; Bederson et al., 1986). In this model, major arteries to the brain,

i.e. the carotid arteries, are surgically occluded resulting in injury in the neocortical region

supplied by the middle cerebral artery. This results in irreversible damage or

pannecrosis/infarction (Garcia et al., 1993). Both transient and permanent MCAO are used; a

variable infarct and penumbra extension can be achieved depending on the duration of the

ischemia. However, a consistent injury size cannot be achieved, which is a disadvantage of the

MCAO paradigm. This is due to collateral blood flow at the borders of the region supplied by the

middle cerebral artery, resulting in an injury which is typically smaller than the blood distribution

territory of this artery. Collateral blood flow is provided by the anterior and posterior cerebral

arteries and the leptomeningeal anastomoses (Herz et al., 1996; Herz et al., 1998). Other cerebral

ischemia paradigms include photochemically induced thrombosis in the rat (Watson et al., 1985).

This approach results in highly reproducible infarcts due to endothelial alterations, which in turn

lead to the disruption of the BBB, edema, clot formation and occlusion of small vessels (Dietrich

et al., 1987; Dietrich et al., 1987). 

Global injury models

Global transient ischemia models, resulting in selective neuronal death, generally reproduce the

effects of complete loss of blood flow to the cerebrum, for example following cardiac arrest and

resuscitation or strangulation at birth. Global ischemia is achieved using either the four or the

two vessel occlusion model. With the four vessel model, the circulation of the entire brain is

interrupted by transient occlusion of the four extracranial arteries (Ginsberg 1990). Less severe,

global transient ischemia limited to the forebrain is achieved using the two vessel occlusion

model, where both internal carotid arteries are transiently occluded (Pulsinelli et al., 1982).

Global ischemia models can be used to study the mechanisms of delayed neuronal death and

neuroprotection in the absence of pannecrosis. In these models, cell loss is generally restricted to

vulnerable populations of neurons. 

In vitro models

In addition to in vivo models of cerebral hypoxia ischemia, in vitro models are also widely used.
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These include cell lines, ex vivo slices, as well as mixed or purified primary cultures. Primary

cultures are almost exclusively taken from fetal brain to ensure a viable culture which can be

kept for a few weeks depending on the cell type cultured. A limited lifespan and adaptation of the

cells to culture conditions, for example by alteration of receptor expression, are disadvantages of

in vitro systems. Ex vivo brain slices have the disadvantage of an intense glial response upon

culturing, resulting in scarring of the tissue and limited perfusion of the tissue. However,

advantages of these cell systems include easy assessment of the response of specific cell

populations to interventions and control of conditions. Anoxic, excitotoxic, hypoglycemic and

nutrient-deprivation paradigms are widely used (Sher 1990; Goldberg and Choi 1993; Strasser

and Fischer 1995; Ajo et al., 2003; Griffin et al., 2005).

Paradigms that exhibit delayed neuronal death and facilitate neuroprotection within the same

region are important, since treatment of human ischemia should be focused on the potentially

viable penumbral region (Astrup et al., 1977). Furthermore, the rapidly evolving cell death

within the ischemic core offers a small treatment window. Attempts to prevent

neurodegeneration within this region are therefore not clinically relevant. Although global

ischemia models facilitate studies into delayed neuronal death in the absence of infarction, focal

injury paradigms are preferred since they resemble human stroke due to embolic or thrombotic

vessel occlusion. Our laboratory developed two focal injury paradigms which facilitate studies on

delayed neuronal loss in the presence of absence of pannecrosis in the brain. The model uses P21

rats in order to allow for studies on HI injury to the developing brain. 

5.1. The juvenile hypoxic ischemic rat model 

The P21 unilateral HI brain injury model is used to study the pathophysiology of hypoxia

ischemia in the immature brain. The immature brain is more plastic than the mature brain and

exhibits developmental processes which are also activated during recovery from HI injury. In

addition, the immature brain responds more quickly to injury and expresses growth factors to a

greater extent (Nieto-Sampedro et al., 1982). Many of these growth factors, such as IGF-I, have

been shown to contribute to recovery (Gluckman et al., 1992; Gluckman et al., 1993). The

independence and size of the P21 rat is also suitable for the placement of monitoring devices

such as brain temperature probes and electrodes. The juvenile P21 rat model which was

developed by our co workers and described in 1994 (Sirimanne et al., 1994), is a modification of

the adult Levine HI brain model (Levine and Marvin 1960) and the Levine model using the P7

rat, which was developed to study HI injury in the immature brain (Rice et al., 1981). The rats
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used for the Levine preparations receive permanent unilateral ligation of the carotid artery and

undergo 3.5 hours / 8% oxygen. The resulting cortical pannecrosis is often inconsistent and the

model is characterised by a high mortality. In contrast, the variant paradigm developed within our

laboratory exhibits consistently reproducible injury. The unilateral nature of the model allows for

research into the aetiology of the injury and possible injury-induced processes in the uninjured

hemisphere. The model is extensively used to study the expression of growth factors following

HI injury (Dragunow et al., 1992; Klempt et al., 1992; Klempt et al., 1992; Beilharz et al., 1993;

Dragunow et al., 1993; Hughes et al., 1993; Klempt et al., 1993). 

Importantly, variation of the duration of hypoxia within this model produces two paradigms of

HI brain injury exhibiting either selective delayed apoptotic death (the “moderate” HI model), or

pannecrotic and delayed apoptotic death (the “severe” HI model). The paradigms exhibit distinct

but consistent patterns of neuronal loss (Sirimanne et al., 1994) which allows for the dissection

of the pathophysiology and mechanisms associated with cell death and recovery following

hypoxia ischemia. For both models, the right common carotid artery is permanently ligated

(ischemia)  under light halothane anaesthesia. This is followed by warming of the animals in a

34°C/85±5% humidity human infant incubation chamber and induction of hypoxia under 8% O2.

Severe and moderate HI injury are achieved following 60 and 15 minutes 8% oxygen

respectively. A 100% survival rate is seen following moderate HI injury whilst the severe HI

paradigm shows 5% mortality. The characteristics of these paradigms are described below. 

The moderate hypoxic ischemic injury paradigm 

Following the moderate HI insult, selective loss of neurons is observed in the hippocampal

CA1/2 region and in layers III-V of the frontoparietal cortex supplied by the middle cerebral

artery (Sirimanne et al. 1994). In addition, neuronal loss is seen within the dorsolateral caudate

putamen and thalamus, albeit to a lesser extent. Neuronal injury is thereby primarily seen from 3

to 5 days post-injury and is typically apoptotic, as demonstrated by chromatin condensation, the

presence of apoptotic bodies and DNA end labelling showing fragmented DNA (Beilharz et al.,

1995). Some initial necrotic cell death is also evident from gel electrophoresis showing “smeared

DNA”(Beilharz et al., 1995). Further, lectin staining shows that  the activation of microglia from

3 days coincides with neuronal death in a spatio-temporal pattern. 
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The severe hypoxic ischemic injury paradigm

The severe HI model results in rapid widespread neuronal death (Sirimanne et al., 1994) with

initial cell death classified as necrosis as demonstrated by smeared DNA degradation at 10h post-

insult (Beilharz et al., 1995). Widespread necrosis and mitochondrial failure resulting in

infarction develops by 24h with the cortical ischemic core located within the region supplied by

the middle cerebral artery. Necrosis is also seen within most hippocampal regions and to a lesser

extent the dorsolateral thalamus and striatum (Sirimanne et al. 1994). Seizure activity is often

seen within the first 24h of injury. In addition, delayed or secondary apoptotic neurodegeneration

develops within the penumbra and other affected regions from three days and appears

independent from necrotic cell loss (Sirimanne et al., 1994; Beilharz et al., 1995). As seen in the

moderate paradigm, microglial activation is associated with the delayed phase and is found

within all affected regions from 3 days. 

In summary, the severe HI paradigm is characterised by widespread necrosis from 1 day followed

by apoptosis at 3 days, whereas the moderate HI injured brain shows neuronal loss from 3 days,

which is primarily apoptotic. Both paradigms affect the neocortex, hippocampus and the

striatum/thalamus, albeit the moderate model shows limited, selective neuronal loss whereas

widespread neuronal death is evident in the severe paradigm.

5.2. Responsive growth factor systems in hypoxia ischemia

In 1982, Nieto-Sampredo and co workers (Nieto-Sampedro et al., 1982) were amongst the first to

show that the injured brain produces factors which have neurotrophic properties shortly
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following injury. Ample evidence now shows that immediately following HI injury, an initial,

rapid transient expression of IEGs/inducible transcription factors can be observed (Dragunow et

al., 1987; Gass and Herdegen 1995). These likely serve to ensure an efficient stimulus-response

mechanism (Hughes et al., 1999) and result in the expression of growth factors within 3 to 24h

post-HI. These rapidly expressed growth factors include NGF, BDNF and NT-3 (Schmidt-

Kastner et al., 2002 and see Hughes et al., 1999). Expression of these factors is not seen at later

stages (3-5 days) and since their expression is found within neurons of the uninjured hemisphere

only (Dragunow et al., 1994), is thought to be induced by seizure activity rather than neuronal

injury (Hughes et al., 1999). In contrast, an injury-induced expression of trophic factors occurs in

a delayed fashion, i.e. 3-5 days following hypoxia ischemia. These factors include IGF-I and IGF

binding proteins (Gluckman et al., 1992; Klempt et al., 1992; Beilharz et al., 1993; Beilharz et

al., 1995), TGF -β (Klempt et al., 1992; McNeill et al., 1994) and activin (Lai et al., 1996) and

are expressed by neurons and glia within the injured region. Following injury to the brain, growth

factors are therefore either released within hours and seizure activity-induced, or expressed in a

delayed fashion (Hughes et al., 1999). Whilst the former may act as endogenous neuroprotective

mechanisms, the delayed-onset expression of growth factors may result in neuronal rescue.

Further, a third wave of gene expression, involving growth factors such as IGF-II by microglia

and astrocytes, as late as 5 to 10 days post-insult may contribute to scar formation, wound repair

and recovery.

Growth factors released following HI injury are thought to represent an endogenous

neuroprotective response. Exposure to a brief period of ischemia has been shown to pre condition

the brain and provide tolerance against future ischemic insults, through the upregulation of these

trophic factors (Kirino 2002). 

Long term recovery

In addition to the regulation of the cellular environment shortly following injury, long term

recovery of function may be associated with increased trophic activity (Mocchetti and Wrathall

1995). For example, members of the FGF growth factor family not only have profound effects on

neuron survival and neuroprotection (Otto et al., 1987; Otto et al., 1989; Sasaki et al., 1992), but

also mediate neurite regeneration (Morrison et al., 1986; Walicke et al., 1986; Unsicker et al.,

1987). Long-term recovery roles have also been shown for other growth factors, such as EGF and

bFGF. These factors play a critical role in neurogenesis as demonstrated by Tureyen and co

workers (Tureyen et al., 2005). In addition to inducing survival and maturation, ICV treatment
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with both EGF and bFGF induces post-ischemic progenitor cell proliferation within the

hippocampal DG and the SVZ as demonstrated by BrdU immunohistochemistry. In this study,

the newly generated cells survived to 3 weeks within the SVZ. Further, IGF-I is known to induce

olfactory neurogenesis (McCurdy et al., 2005), indicating this growth factor contributes to long-

term recovery post-HI through neurogenesis. Further, as shown by Krüger et al. (Krüger et al.,

2006), injury-induced gene expression can be detected as late as 3 weeks following cerebral

ischemic injury such as a photothrombotic cortical insult in the sensorimotor cortex of the rat. By

means of a sensitive restriction-mediated differential display technique, changes in 40 genes

could be detected at this time. These included IGF-II and genes involved in neurogenesis such as

nestin and stathmin, as well as semaphorin VI-a and synaptotagmin IV which are associated with

the configuration of neuronal networks. In contrast, other growth factors have been shown to

only transiently improve neurobehavioural outcome, for example TGF-β (Guan et al., 2004).

These authors showed that following HI injury in adult rats, ICV administration with TGF-β

improved performance in the adhesive removal test after 10 days but not 40 days post-insult.

This improvement is likely linked to a increase in the area of injured cortex at 40 days as

opposed to 10 days. 

Functional outcome and recovery following ischemia critically depends on postischemic

adaptations (Hurtado et al., 2006; Krüger et al., 2006), be they neurogenesis or network-inherent

changes, such as the assumption of lost functions by uninjured regions. Therapeutic interventions

should therefore not solely be aimed at neuronal rescue within the days following the insult, but

also at recovery processes which dictate long-term neurological outcome. 

 

6. Clinical treatments following hypoxia ischemia
Unfortunately, no substances protective against ischemic injuries in experimental studies have

been successful in phase 3 efficacy trials (Gladstone et al., 2002; Labiche and Grotta 2004;

Sughrue et al., 2006). Translation of successful animal research into a clinical setting may have

failed because of specific pharmacological issues, administration of agents tested in clinically

unrealistic settings, incorrect timing of treatment, treatments targeting single events and

unexpected side effects. In addition, rodent models are limiting. Rodents display differences in

tolerance to edema and molecular differences in thrombotic, inflammatory and DNA repair

cascades compared with primates (Tagaya et al., 1997; Fukuda and del Zoppo 2003). This may

prevent  laboratory models from being applicable to human HI pathology. 
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The use of cerebral infarct volume, often used as the sole outcome parameter in animal studies,

does not necessarily secure satisfactory behavioural outcome (Gladstone et al., 2002).

Improvement of neurological / behavioural function should therefore be the primary objective of

acute stroke therapy (Fisher 1999; Gladstone et al., 2002). As summarised by Labiche and

Grotta (Labiche and Grotta 2004), careful and thorough new preclinical testing has led to

encouraging results. Current tests include agents targeting downstream events (FK506, NXY-

059, trophic factors, erythropoietin (EPO), albumin) and the combined treatment of agents to

target multiple pathways such as caffeinol/hypothermia. Since large numbers of cells die within

the delayed phase of the insult, treatments aimed at recovery of the brain should focus on delayed

cell loss or apoptosis (Hill et al., 1995; Edwards and Mehmet 1996; Banasiak et al., 2000).

Furthermore, the delayed phase offers a larger therapeutic window (Pulera et al., 1998) than the

acute phase of the injury, where the opportunity for treatment may be as short as 1-2h (Belayev

et al., 1996). Treatments aimed at delayed neuronal death are thus clinically more relevant.  

Work by Gunn et al. and other groups (see Gunn et al., 2005) has shown that hypothermia can be

used as to influence neuronal outcome. Hypothermia during severe hypoxia is associated with

long lasting neuroprotection (Nurse and Corbett 1994). Moderate hypothermia induced several to

12 hours into the recovery phase reduced neuronal degeneration at 7 days post-injury (Coimbra

and Wieloch 1994). Conversely, hyperthermia during middle cerebral artery occlusion (MCAO)

in rats induces an increased glutamate release as compared to normothermic animals (Takagi et

al., 1994). Intra ischemic hyperthermia was reported to aggravate neuronal damage (Minamisawa

et al., 1990).  

Neuroprotection following hypothermia is induced through inhibition of multiple components of

the biochemical cascade following brain injury, with a reduction of 5-7% for each degree

reduction in body temperature (Erecinska et al., 2003). Recent research has shown that, while

hypothermia reduces apoptotic death more than necrotic cell death (Edwards et al., 1995),

excitatory amino acids (Thoresen et al., 1997), NO production, disruption of the BBB, edema

and the duration of seizures (Tooley et al., 2003) are also reduced. Promising results were

achieved following the recent “Cool Cap Trial”, a large multi-centre trial which was the first

large randomised trial of hypothermia in >36 week infants with perinatal asphyxia (Gluckman et

al., 2005). An overall statistical significant difference was not found for selective head cooling.

However, a significant reduction in death or disability was found when infants with most severe

EEG changes, reflecting seizures and depression, were excluded from the study. For  these

infants, hypothermia is likely to be ineffective. Neuroprotective properties of head cooling in
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term infants were further confirmed in trials applying hypothermia at less than 6 hours following

putative asphyxia (see Thoresen and Whitelaw 2005). Clinical selective head cooling is currently

being further optimised.

Clinically unsuccessful agents however have proven useful since research into their protective

potential has contributed to a better understanding of pathophysiological mechanisms. For

example, although promising as a neuroprotectant, the NMDA antagonist MK801 was shown to

have psychopathologic side effects (Albensi et al., 1999) rendering it unsuitable as a human

treatment. Treatment of experimental animals with this agent however has revealed the

importance of glutamate receptors following hypoxia ischemia. MK801 reduces neuronal death

(Hagberg et al., 1994; Albensi et al., 1999; Alkan et al., 2001), decreases caspase 3 activation

(Puka-Sundvall et al., 2000), prevents post-ischemic seizures (Gunn et al., 1988) and induces

neuroprotection (Engidawork et al., 2001). The reduction of the NMDA receptor-mediated

formation of superoxide and reactive oxygen species (ROS), as well as cooling effects which are

achieved through the impairment of NMDA receptor-mediated thermoregulation (Canini et al.,

2003; Tsai et al. 2002), are thought to contribute to the beneficial effects of MK801.

Growth hormone and prolactin in neuroprotection and recovery

As discussed above in section 5.2., HI injury to the brain induces the release of growth factors as

an attempt to offer neuroprotection and repair of the affected brain parenchyma. The GH and

PRL axes may have a similar function as indicated by increased immunoreactivity for GH and

the GH-R/GHBP following hypoxia ischemia (Scheepens et al., 1999; Scheepens et al., 2001),

neuroprotection following treatment within this paradigm (Scheepens et al., 2001) and

neurogenesis following GH treatment in vitro (Ajo et al., 2003). Although less well studied, PRL

was shown to stimulate neurogenesis in vivo (Shingo et al., 2003; Thompson et al.,  2003) while

its neurotrophic properties are well-known (Bole-Feysot et al., 1998; Phelps and Hurley 1999;

Phelps et al., 2003). The finding that cell proliferation in the SVZ and brain parenchyma provides

new neurons to replace the neurons injured by ischemia (Arvidsson et al., 2002), may suggest

that the GH and PRL axes have a role in the functional recovery following injury through

enhancing injury-induced neurogenesis. 
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7. Growth hormone-mediated neuroprotection and recovery

Using the P21 model of juvenile HI brain injury, our laboratory showed that immunoreactivity

for the GH-R and GHBP (GH-R/BP IR) is strongly increased following severe HI injury

(Scheepens et al., 1999). GH-R/BP IR was thereby upregulated on blood vessels throughout

areas of neuronal loss within the first 24 hours after severe HI. From 3 days, GH-R/BP IR was

seen on microglia and reactive astrocytes. The authors subsequently showed that immunostaining

for the GH ligand (GH IR) is increased following both the severe and moderate HI injury

(Scheepens et al., 2001). With the severe paradigm showing the most rapid response, intense GH

IR was seen on injured neurons, axons and glia within and surrounding the affected brain

parenchyma. Together, these findings strongly indicate that the GH axis is part of a rapid cerebral

response to hypoxia ischemia, which suggests a role in neuroprotection. Indeed, subsequent

studies showed that ICV treatment of the moderately injured brain 2 hours post-insult offered

strong neuroprotection within the frontoparietal cortex, hippocampus and dorsolateral striatum

(Scheepens et al., 2001). This effect correlated with the spatiotemporal expression of the

GHR/BP.

Shin et al. (Shin et al., 2004) recently determined that neuroprotective properties of GH are at

least partly mediated via anti-apoptotic mechanisms. Terminal transferase-mediated dUTP nick-

end-labelling (TUNEL) studies showed fewer TUNEL-positive cells within the injured site

following GH treatment as compared to saline-treated group, indicating anti-apoptotic effects of

GH. In addition, GH treatment decreased immunoreactivity for pro-apoptotic bax and bad as well

as nitric oxide synthases which catalyse the production of NO (Berger and Garnier 1999). This

work confirms previous anti-apoptotic properties of GH (Jeay et al., 2001; Frago et al., 2002;

Ajo et al., 2003). 

Is IGF-I involved in growth hormone-induced neuroprotection?

As discussed in section 1.3., IGF-I is known to mediate most of the anabolic and mitogenic

actions of GH in the periphery (see Jones and Clemmons 1995; Strobl and Thomas 1994). When

considering neuroprotective mechanisms for GH following HI injury, mediation through the IGF-

I system is not unlikely. The spatial distribution of neuroprotection following ICV treatment of

the moderately injured brain however correlated with that of the neural GH-R, but not with the

distribution of neuroprotection seen following IGF-I treatment. This strongly indicates that GH-

induced neuroprotection is not mediated by IGF-I. In support of this, Hughes et al. (Hughes et

al., 1999) indicate that the elevated IGF-I mRNA levels following HI injury, which is seen on

astrocytes and microglia within the injured hemisphere (Gluckman et al., 1992; Beilharz et al.,
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1993; Beilharz et al., 1995), was largely of the Ea form. This form is classically thought to

represent the autocrine/paracrine form of IGF-I which is non-GH responsive (LeRoith and

Roberts 1991). The Eb form, which represents the main GH-responsive, endocrine form of IGF-I

(LeRoith and Roberts 1991) was only slightly induced within the HI-injured regions (see Hughes

et al., 1999). Furthermore, GH-induced neuroprotection was strongest within regions that

constitutively express the GH-R/BP, whereas no neuroprotection was seen within the striatum,

which expresses low levels of the GHR/BP and which can be protected by IGF-I (Scheepens et

al., 2001). Other reports however have indicated a possible IGF-I-mediation of neuroprotection

following GH treatment. Gustafson and co workers (Gustafson et al., 1999) showed that s.c.

treatment with recombinant human GH (rhGH) induced neuroprotection and increased the

expression of IGF-I, IGF-I receptor as well as the GH-R at three days following hypoxia

ischemia. While this indicates that neuroprotection may be mediated by the GH-R,

neuroprotection may also partly occur via IGF-I. In addition, Frago et al. (Frago et al., 2002)

demonstrated that treatment with rhGH or GH-releasing peptide-6 increased IGF-I gene

expression in the rat brain, which resulted in inactivation of Bad and activation of Bcl-2, which

are pro and anti apoptotic factors respectively. However, as noted previously, rhGH has potent

lactogenic properties in the rodent and is therefore an unsuitable test agent for investigating the

action of GH in the rodent (Chadwick et al., 1961; Hughes and Friesen 1985; Duda and Brooks

2003). It is therefore not clear if IGF-I plays a role in the neuroprotective action of GH on the HI-

injured brain. It may be possible that the IGF-I and GH axes work in concert to provide

neuroprotection. 

8. Prolactin-mediated neuroprotection and recovery

Despite reported PRL-neurotrophic effects on TIDA neurons (Phelps and Hurley 1999; Phelps et

al., 2003) and increased serum PRL levels from one day following head injury or trauma (King

et al., 1981; Chiolero et al., 1988), a role for the PRL axis in cortical neuroprotection has not

been reported to date. Clues to a possible neuroprotective function following brain injury may be

found in its anti-apoptotic and survival effects on several tissues in vivo and in vitro. Flint and

Knight (Flint and Knight 1997) found that suckling extended the lifespan of lobulo-alveoli cells

in the rodent mammary gland which undergo apoptosis when suckling is stopped or when PRL is

withdrawn. Further, in PC3 prostate cancer cells, PRL has anti apoptotic effects via Akt/PKB

phosphorylation (Ruffion et al., 2003). In Nb2 rat lymphoma cells, increased Bcl2 mRNA and

protein levels are detected following PRL treatment (Leff et al., 1996). Interestingly, Bcl2 has

been recognised as a key regulator in axon elongation processes (see Chen and Tonegawa 1998)
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which may imply PRL is involved in these processes and may have a role in recovery of injured

brain parenchyma.  

A well-described effect on astrocyte proliferation indicates that PRL may induce astrogliosis

following hypoxia ischemia as well. In vitro, PRL stimulates astrocyte proliferation and

differentiation (DeVito et al., 1992; DeVito et al., 1993; Mangoura et al., 2000). In addition,

following infliction of a hypothalamic wound in rats PRL, PRL mRNA and GFAP levels

increased near the wound site (DeVito et al., 1995), showing activation of astrocytes concomitant

with increased PRL expression. Furthermore, injection of PRL into the wound site markedly

increased astrocyte proliferation and TNFα levels. In vitro, PRL induces astrocytic IL-1, TNFα

and interestingly, TGF-β (DeVito et al., 1995). Together with the finding that astrocyte

metabolism and astrocyte-released factors are essential for neuronal survival (Haberg et al., 2006

and see above), these studies strongly suggest a role for the PRL axis within the HI injured brain.

9. Neurogenesis

The finding that neurogenesis persists throughout life has prompted the idea that neurogenesis

may be a compensatory or adaptive mechanism, facilitating functional recovery from injury (Liu

et al., 1998; Jin et al., 2001). Ample evidence of increased neurogenesis following focal

ischemic brain injury exists. HI induces neuronal progenitor proliferation in the SGZ (Liu et al.,

1998; Arvidsson et al., 2001) and the SVZ (Jin et al., 2001; Zhang et al., 2001). The proliferation

of endogenous progenitor cells is thereby seen from a few days (Gu et al., 2000; Zhang et al.,

2001) to several weeks (Liu et al., 1998; Arvidsson et al., 2001; Arvidsson et al., 2002) after

injury. The finding that new neurons can migrate to the site of brain damage and replace the

neurons that have died, adapting identical morphology and functionality (Arvidsson et al., 2002),

supports the concept of neurogenesis as an injury recovery mechanism. In addition, Magavi et al.

(Magavi et al., 2000) demonstrated that several new neurons replacing degenerated cortical

neurons extended their processes to the original target sites. Interestingly, progenitor cells are

also found in brain parenchyma outside the SGZ and SVZ and have been suggested to proliferate

following HI injury, as was demonstrated for the cerebral cortex (Gould et al., 1999; Gu et al.,

2000; Zhang et al., 2001) and striatal parenchyma (Reynolds and Weiss 1992; Arvidsson et al.,

2002).

The importance of growth factors as environmental signals in the genesis of neurons (Gensburger

 et al., 1987; Murphy et al., 1990; Anchan et al., 1991; Lillien and Cepko 1992; Reynolds et al.,

1992; Johe et al., 1996; Williams et al., 1997; Bartlett et al., 1998), suggests that growth factors

such as GH and PRL may have contributing roles in this process. 
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The growth hormone axis and neurogenesis

A neurogenic role for the GH axis has been indicated by several studies. As discussed above,

Ajo and co workers (Ajo et al., 2003) showed that GH treatment of primary cortical cultures

increased the number of Nestin/BrdU-positive cells, showing GH-induction of neural stem cell

proliferation. This effect could be blocked by IGF-I antiserum and thus demonstrated that the

mediation of neurogenesis occurred via IGF-I. In fact, most research into the neurogenic roles of

the GH/IGF-I axis has focused on IGF-I (see (Aberg et al., 2005) for review). To date no study

has investigated the long-term regenerative effects of GH and IGF-I following injury to the brain

(Aberg et al., 2005). 

The prolactin axis and neurogenesis

As discussed above, Shingo and co workers (Shingo et al., 2003) showed that PRL treatment

specifically and selectively stimulates neurogenesis in the normal mouse SVZ. Since this

appeared similar to that observed during the PRL surge and an enhanced olfactory discrimination

associated with pregnancy in mice, PRL-mediated neurogenesis was concluded to be functional.

Subsequentstudies on isolated NSCs showed that PRL in the presence of EGF activated these

stem cells directly to increase proliferation and differentiation (Shingo et al., 2003). The PRL

axis therefore has a role in neurogenesis the normal rodent. There is evidence that the PRL axis

also has a mediatory function in post-injury neurogenic events. In a recent patent (Thompson et

al., 2003) , Shingo, Weiss and co workers mention that a recovery of motor function was

observed in rats subjected to ischemia of the motor cortex, when treated with PRL for 7 days and

EPO for 7 days. The recovery was determined by the forelimb inhibition test and the forelimb

asymmetry test and the authors attribute this to a PRL-induced increase in SVZ neurogenesis and

emigration of neuroblasts into the lesioned cortex. However, papers showing PRL-induced

neurogenesis in the injured brain have not been published to date. 

Aims and hypotheses

This review has explored potential roles of PRL and GH in the developing CNS and several

modes of action are suggested. Since GH has recently been shown to protect neurons in a model

of HI injury in the juvenile rat (Scheepens et al., 2001), it is tempting to suggest that PRL may

also have neuroprotective properties within this paradigm. Reported neurotrophic and neurogenic

effects of GH and PRL may also aid in the long term recovery from brain injuries.
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The research presented in this thesis addresses several unknown functional aspects of the GH

and PRL axes within the injured brain. The four projects undertaken to elucidate these issues are

outlined below, followed by the respective aims and hypotheses. 

Project 1. 

Scheepens et al. (Scheepens et al., 2001) have shown that rGH induces a strong neuroprotective

effect within the HI injured juvenile rat. However, the precise cellular mechanisms of GH-

mediated neuroprotection have remained unclear. To this end rGH-neuroprotective effects were

characterised in vitro using primary cultures of embryonic day 18 (E18) rat cortices. Primary

cultures provide a reproducible controlled system in which assessment of factors on individual

cell populations under specific conditions is possible. Further, these cultures provide a more in

vivo-like system compared to other systems such as cell line cultures and provide minimal

difficulties as compared to ex-vivo culture systems such as slice cultures. In addition to rGH

effects on injured cultures, trophic effects on stable cultures were investigated. The trophic and

neuroprotective effects of related bGH were also assessed. This ligand has identical effects to

rGH within the periphery (Closset et al., 1991; Palmer et al., 1994) and is considered purely

somatogenic in the rat (Closset et al., 1991; Lobie and Waters 1997).  

Project 2.

Injury triggers the release of developmentally active growth factors which may contribute to

neuroprotection and recovery of the brain. Immunoreactivity for the GH ligand and receptor was

recently shown to increase in the cerebral cortex following severe hypoxia ischemia (Scheepens

et al., 1999; Scheepens et al., 2001). Regarding the close relationship between the GH and PRL

axes, the response of the PRL system within the HI cerebral cortex was investigated. To this end,

immunohistochemistry for the PRL ligand and receptor was carried out on brains of HI injured

rats. The HI paradigm (Sirimanne et al., 1994) was chosen since consistent growth factor

responses can be seen within this juvenile brain injury paradigm (Dragunow et al., 1994;

Beilharz et al., 1998; Scheepens et al., 1999; Scheepens et al., 2001).

Project 3.

Despite several reports of trophic properties, in vivo effects of PRL on cell survival within the

hypoxic ischemic brain have not been reported to date. Most cells die by apoptosis in the delayed

phase of hypoxia ischemia (Beilharz et al., 1995; Gunn et al., 2005) and treatment in this phase

of the injury may prevent neuronal cell death (Gunn et al., 2005). Indeed, our laboratory recently
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showed that GH offers strong neuroprotection in the moderate HI injury model which provides

opportunities for neuronal rescue (Sirimanne et al., 1994; Beilharz et al., 1995; Scheepens et al.,

2001). To elucidate neuronal rescue properties for PRL, moderately HI injured rats were ICV

treated with PRL. In addition, injured and normal primary cultures of E18 cortices were treated

with PRL. 

Project 4.

Previous work shows an increased progenitor proliferation in the SVZ and SGZ following

ischemic injury in the rodent (Liu et al., 1998; Takagi et al., 1999; Jin et al., 2001; Yoshimura et

al., 2001; Zhang et al., 2001; Parent et al., 2002; Sharp et al., 2002; Gotts and Chesselet 2005;

Ong et al., 2005; Tonchev et al., 2005) whereas a recent report by Shingo and co workers

(Shingo et al., 2003) suggests a possible neurogenic role for PRL following HI injury. Using

immunohistochemistry of HI injured juvenile rat brains, the short-term involvement of the PRL

axis in post-injury neurogenesis was assessed in the neurogenic SVZ, SGZ and neuroblast

migratory routes.

Hypotheses

✗ rGH and bGH are neuroprotective via direct effects through the neuronal rat GH-R

✗ Immunoreactivity for PRL and the PRL-R increases in the cerebral cortex after injury

✗ PRL rescues neurons within the HI-injured cerebral cortex 

✗ The PRL axis has neurogenic effects within the SVZ and SGZ of the HI-injured brain. 

Aims

✗ To evaluate in vivo neuroprotective effects of rGH in vitro using primary cultures of fetal rat

cortices

✗ To assess neuroprotective effects of bGH in vitro using primary cultures of fetal rat cortices

✗ To characterise the injury-induced responses of the PRL axis in the cerebral cortex using fixed

brain tissue

✗ To evaluate the neuroprotective effects of PRL in the cerebral cortex through central treatment

of the HI injured juvenile rat brain

✗ To characterise the neurogenic properties of PRL following HI injury in the juvenile rat brain

using fixed brain tissue  
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Chapter II
Rat growth hormone has unique trophic and neuroprotective
effects in vitro

Abstract
Recent studies in our laboratory have shown that a cerebral growth hormone axis is activated

following hypoxic ischemic injury to the juvenile rat cortex (Scheepens et al., 1999).

Subsequently, central treatment with rat growth hormone proved neuroprotective in this

paradigm (Scheepens et al., 2001). Rat growth hormone is now shown to have both trophic and

neuroprotective effects on primary neuronal cultures of fetal rat neocortex. In contrast, bovine

growth hormone, which is equipotent to rat growth hormone in the periphery, had no

neurotrophic or neuroprotective properties and only minor gliatrophic effects.

Immunocytochemistry confirmed that the growth hormone receptor protein was present on

neurons and glia within these cultures. Further, G120D, a competitive growth hormone receptor

antagonist, confirmed the utilisation of a cortical growth hormone receptor by rat growth

hormone in these cultures. In conclusion, the trophic and protective effects of rat growth

hormone on neurons in vitro were mediated via a neuronal growth hormone receptor exhibiting

unique ligand specificity.

Introduction
Our laboratory recently showed that a cerebral growth hormone (GH) axis is activated following

focal hypoxic ischemic (HI) injury to the developing rat brain (Scheepens et al., 1999; Scheepens

et al., 2001). Intracerebroventricular (ICV) treatment with rat growth hormone (rGH) proved

neuroprotective in this model, preventing cell death by up to 55% (Scheepens et al., 2001). Shin

et al. (Shin et al., 2004) demonstrated that GH-induced neuroprotection is due to an anti-

apoptotic effect. These neuroprotective actions were recently confirmed clinically in a pedriatic

AIDS model where GH treatment protected neural stem cells from lentivirus-mediated injury

(Marle et al., 2005). 

Abundant reports now confirm trophic roles for GH in the central nervous system (CNS),

especially in the developing brain. For example, GH increases the thickness of diencephalic

structures in the growing postnatal CNS (Diamond 1968) whereas treatment with GH antiserum

decreases proliferation and myelination in the developing rat (Pelton et al., 1977). Ajo and co
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workers (Ajo et al., 2003) showed that GH increased the number of 5'-bromo-2'-deoxyuridine

(BrdU) immunoreactive neurons and astrocytes in primary cultures of fetal rat cortex.

Unfortunately, the authors used human growth hormone (hGH) which is lactogenic in the rat

(Chadwick et al., 1961; Hughes and Friesen 1985; Duda and Brooks 2003). The trophic effects

of hGH may therefore have been partly mediated by the prolactin receptor (PRL-R). Antiserum

against insulin-like factor I (IGF-I) however blocked the effects of GH showing that the observed

trophic effects were largely somatogenic. 

Interestingly, in spite of ample evidence of GH’s trophic effects on neurons, recent reports have

argued against such a role for GH. Turnley, Ransome and co workers have indicated that GH

inhibits neuronal differentiation and that this effect can be blocked by Suppressor of cytokine

signalling-2 (SOCS2). Growth hormone receptor (GH-R) null mice show and increased brain

size and a higher neuron to glia ratio in the cortex and striatum (Ransome et al., 2004).

Conversely, overexpression of SOCS2 increases neuronal differentiation within cultures of

embryonic subventricular zone (SVZ) progenitor cells (Turnley et al., 2002). A role for GH in

neurogenesis is currently under further investigation. In their patent, Weiss and Shingo (Weiss

and Shingo 2003) describe an increased proliferation of adult mouse SVZ cells bearing GH-R. 

Given evidence of trophic properties for GH and a clear neuroprotective role for rGH in the HI

brain, the trophic and neuroprotective effects of this ligand were further investigated using

primary cortical cultures from fetal rats. Since this type of model replicates several characteristics

of the rat cortex, it provides a useful tool for the study of GH effects on cortical cells. Studies on

bovine growth hormone (bGH) are also carried out. bGH has identical effects to rGH in the

periphery (Closset et al., 1991; Palmer et al., 1994) and like rGH, bGH is considered purely

somatogenic in the rat (Closset et al., 1991; Lobie and Waters 1997) through activation of the rat

GH-R (Johnson et al., 1990; Ambler et al., 1993). Together with its availability and low cost,

bGH is a widely used substitute for rGH in rodent studies. 

Methods
Experiments were approved by the University of Auckland Animal Ethics Committee, New

Zealand. Wistar rats were kept under standard conditions and fed ad libitum and all care was

taken to minimise suffering. Further details of the methods described below can be found in

Appendix II. 
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Primary cortical cultures

The primary culture paradigm employing embryonic day 18 (E18)  rat cortices was developed in

our laboratory. Briefly, cortices were dissected in phosphate buffered saline (PBS)/0.65%

glucose and dissociated using trypsin/EDTA. Following straining, the cells were suspended in

1:1 Neurobasal medium/B27/penicillin streptomycin (NBB27ps, Gibco) and astrocyte

conditioned medium (ACM, see below). Cells were then seeded at either low to medium density

(160,000-250,000 cells/cm2) or at high seeding density (650,000 cells/cm2) on 96-well Falcon

plates (Becton Dickinson) coated with 0.2mg/ml poly-L-lysine and 2µg/ml laminin (Sigma-

Aldrich). To produce neuron-enriched cultures, cells were treated with the standard antimitotic

additive Cytosine β-D-arabinofuranoside hydrochloride (Ara-C; Sigma) at 1 day in vitro (DIV)

for 24h. Due to the toxic properties of Ara-C, a concentration of 3μmol/L was used rather than a

previously reported dose of 5μmol/L used for primary cortex cultures of fetal monkey cortex

(Negishi et al., 2003). Hereafter the Ara-C concentration was lowered to 2μmol/L until the start

of the treatment studies. Ara-C was omitted from the medium to produce mixed neuron/glia

cultures. The astrocytic content of the neuron-enriched and mixed cultures was assessed at 7DIV.

Briefly, cells were immunostained for GFAP and counterstained with Hoechst 33342 (see

below). Images were acquired using the Discovery-1 automated fluorescence microscope

(Molecular Devices, USA) and analysed using the associated Metamorph Image Analysis

program v.6.2.6. 

Production of astrocyte conditioned medium

ACM was produced from postnatal day 1 Wistar rats. Briefly, cortices were mechanically

dissociated, suspended into Dulbecco's Modified Eagle Medium (DMEM)/10% fetal bovine

serum (FBS)/penicillin streptomycin (Gibco) and seeded into 75cm2 flasks (Griener-Bio One

GmbH, Germany). When reaching confluence the cultures were further incubated in NBB27ps

and ACM was harvested after 3 and 6 days.

Growth hormone treatment of primary cultures

Treatment studies were started at 7DIV to avoid post-plating stress of the cells in culture  and to

allow for culture stabilisation ensuring the functionality of receptor systems such as the

AMPA/Kainate receptors (Drian et al., 2001). This helped to create an in vitro system which

resembled the in vivo situation as closely as possible.
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Neurotrophic effects 

To examine neurotrophic effects of rGH and bGH, 7DIV low-medium density neuron-enriched

cultures were treated with either 0, 5, 10, 50 or 100ng/ml pituitary rGH or recombinant bGH

(both from NIH, Bethesda, USA) in 1:1 NBB27ps/ACM for 48-72h. Carbonate buffered saline

(CBS; 145mmol/L NaCl, 32mmol/L NaHCO3, 10mml/L Na2CO3, pH7.4) was used as the vehicle

for both rGH and bGH. Culture viability was subsequently examined by Thiazolyl Blue

Tetrazolium Bromide (MTT; Sigma) assay (Mosmann et al. 1983). Briefly, 4h prior to

termination of treatment, MTT was added to the culture media to give an end concentration of

0.5mg/ml and the cultures were incubated at 10% CO2 /37°C. An excess 10% sodium dodecyl

sulphate (SDS)/ 0.01mol/L HCl was then added. Following solubilisation of the cells the optical

density was measured by spectrophotometry at 595nm. 

Neuroprotective effects 

To examine neuroprotective effects, 7DIV neuron-enriched cultures were treated with either 0, 5,

10, 50 or 100ng/ml rGH or bGH in ACM-free NBB27ps medium for 48-72h. To assess

protective effects in differential conditions, delayed (16DIV) and extended (96h) rGH treatments

were carried out using high density neuron-enriched cultures. Culture viability was measured by

MTT assay (Sigma) and spectrophotometry (595nm). Alternatively, the number of cells that had

formed formazan salt, e.g. viable cells, was counted using using the Discovery-1 automated

microscope and software. The extent of cell death following rGH or bGH treatment was assayed

using Trypan Blue (Sigma) cell death assays. Cells were exposed to 0.2% Trypan blue in PBS at

the conclusion of the treatment studies. Images were acquired at 20x objective and analysed by

an observer blinded to the treatment groups. Total dead cells (blue) were calculated and averaged

per treatment. 

Proliferative effects 

Proliferative effects of rGH and bGH were assessed on non-ACM deprived neuron-enriched and

mixed neuron/glia cultures representing stable neuronal systems. At 7DIV, 50ng/ml rGH or bGH

treatment in 1:1 NBB27ps/ACM was supplemented with 1μmol/L BrdU (Invitrogen) for 36h.

Cells were then fixed and immunostained as below. Images were acquired and analysed using the

Discovery-1 microscope and software. 

G120D 

The use of a GH-R by rGH was assessed by treatment of ACM-deprived neuron-enriched
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cultures with 10 or 50ng/ml rGH and 5, 10, 50 or 100μg/ml G120D (Neuren Pharma, Auckland,

New Zealand) for 72h from 7DIV. G120D is a hGH variant with a glycine to aspartate mutation

at position 120 and acts as a selective GH-R antagonist. CBS was used as the vehicle for G120D

at pH 9.4. Viability of the cultures was assessed by MTT assay (Sigma) and spectrophotometry

(595nm).

Immunocytochemistry

At the conclusion of treatment studies, cultures were fixed in 4% paraformaldehyde (PFA) for 15

minutes at room temperature (RT) and permeabilised with 0.1% Triton X100. 

To determine the astrocyte content of neuron-enriched and mixed neuron/glia cultures at 7DIV,

cultures were blocked in 5% normal horse serum (NHS)/5mg/ml bovine serum albumin (BSA)/

PBS and incubated with 4μg/ml anti-GFAP antibody (Chemicon, USA) at 4ºC overnight.

Biotinylated horse anti mouse IgG (Molecular Probes, USA) was used at 3μg/ml in 5mg/ml

BSA/PBS for 1h at RT and labelled with 5μg/ml  Streptavidin/Alexa Fluor 488 (Molecular

Probes, USA) for 1h at 37ºC. Cells were subsequently counterstained with 8μg/ml Hoechst

33342 (Sigma) and stored in Vectashield (Vector Laboratories). GFAP content of the cultures

was subsequently determined using the Discovery-1 microscope and software. 

In order to determine if GH-R protein was present on neurons and glia at 7DIV, mixed

neuron/glia cultures were fixed at 7DIV, blocked in 5% NHS and normal goat serum (NGS)/

5mg/ml BSA/PBS and co incubated with 4μg/ml anti Tubulin β III antibody (Chemicon, USA)

and a 1:4000 dilution of a highly specific anti rat GH-R antibody (a kind gift of Dr Thordarson,

UC, Santa Cruz, USA) in 5mg/ml BSA/PBS at 4ºC overnight. This GH-R antibody is directed

against amino acids 642-655 of the GH-R C-terminus and was previously shown to be specific

((Ilkbahar et al., 1999) and L. Christophidis, private communication). Biotinylated goat anti

rabbit IgG (Molecular Probes, USA) was used at 3μg/ml in 5mg/ml BSA/PBS for 1h at RT and

labelled with 5μg/ml  Streptavidin/Alexa Fluor 488 (red; Molecular Probes, USA) for 1h at 37ºC.

Subsequently, cultures were incubated with 7.5μg/ml biotinylated horse anti mouse IgG (Vector

Labs, USA) in 5mg/ml BSA/PBS for 1h RT and labelled with 5μg/ml Streptavidin/Alexa Fluor

568 (green; Molecular Probes, USA) for 1h at 37ºC. Cultures were stored in Vectashield (Vector

Laboratories). In addition, 7DIV neuron-enriched cultures were immunostained for GH-R only.

For visualisation of BrdU incorporation, cultures were fixed in 4% PFA followed by incubation
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in 2 mol/L HCl for 30 min at 37ºC and neutralisation with 2% Borax. Following a 2% NHS/

3mg/ml BSA/0.1% Triton X100/PBS block, cells were incubated with 13μg/ml anti BrdU

antibody (Chemicon, USA) in 2% NHS/3mg/ml BSA/0.1% Triton X100/PBS at 4ºC overnight.

Biotinylated horse anti mouse IgG (Molecular Probes) was used at 7.5μg/ml for 2h at RT. Cells

were subsequently incubated with Vectastain ABC reagent complex (Vector Laboratories, USA)

and labelled with di-amino benzidine (DAB) (brown). For assessment of BrdU content using the

Discovery-1 microscope cells, were subsequently counter stained with thionin. Cultures were

stored in PBS.

High through-put analysis of in vitro cell staining

The Discovery-1 microscope and associated software allow for automated high through-put

quantification of stained cells. Briefly, images were acquired automatically at 10x objective using

the Discovery-1 automated microscope (Molecular Devices, USA; High Content Screening

Laboratory, Department of Pharmacology, University of Auckland, New Zealand) were analysed

for the percentage of positive cells using the associated Metamorph Image Analysis program

v.6.2.6 (Molecular Devices, USA) and the Cell Scoring application.

Statistical procedures

Data were analysed using Student's t-tests or analysis of variance (ANOVA) and Dunnett's

Multiple Comparison post hoc tests as appropriate. Results are expressed as mean ± standard

error of the mean (SEM); significance was set at p<0.05.

Results
Astrocyte content of neuron-enriched and mixed neuron/glia primary cultures

Neuron-enriched and mixed neuron/glia cultures were established by treatment or omission of

anti-mitogenic Ara-C at 1DIV respectively. As determined at 7DIV, neuron-enriched cultures

contained 4.1 ± 1.6% GFAP-immunopositive cells, whereas mixed cultures contained 85.8 ±

0.9% GFAP-positive cells (Figure 1). 

Growth hormone receptor presence in primary cortex cultures

GH-R immunocytochemistry on mixed neuron/glia cultures revealed that the GH-R protein was

present on the cell body of neuron- as well as glia-like cells at 7DIV (Figure 2A, left panel and

inset). The GH-R antibody used proved extremely specific as shown following negative control

immunohistochemistry of the rat pituitary (L. Christophidis, private communication) and
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following staining of the mouse mammary gland, where GH-R staining proved distinct from 

Figure 1 The effect of Ara-C on primary cortex cultures as measured by GFAP immunocytochemistry and
Discovery-1 analysis at 7DIV. Treatment with 3μmol/L Ara-C for 24h at 1DIV followed by 2μmol/L until
7DIV resulted in a reduction of GFAP immunopositive cells to 4.1% in neuron-enriched cultures.
***p<0.001.

staining associated with an antibody against the growth hormone receptor binding protein

(GHBP) (Ilkbahar et al., 1999). Tubulin β III immunostaining (Figure 2A, middle panel)

colocalised with GH-R IR showing GH-R presence on neurons (yellow, Figure 2A, right panel).

Figure 2B shows the bright punctuate GH-R staining of neuronal cell bodies in more detail

(neuron-enriched culture). 
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Figure 2 Beta Tubulin III and GH-R immunostaining in mixed neuron/glia (A) and neuron-enriched (B)
cultures at 7DIV. A, immunoreactivity for the GH-R was present on the cell body of neuron-like as well as
glia-like cells (green, left panel and inset). Tubulin β III staining (red, middle panel) colocalised with GH-R
immunoreactivity to produce a yellow colour (overlay, right panel) confirming neuronal identity. B, GH-R
staining was typically punctuate (arrow head, neuron-enriched culture). Scale bars: 20μm (A, B), inset left
panel A: 10μm.
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Neuro- and gliatrophic effects of rGH on normal cortical cultures

As determined by MTT assays on normal neuron-enriched cultures, there was a strong and dose-

dependent effect of rGH on neuronal cell viability after 48-72h (p<0.01) (Figure 3A). Treatment

with 5 and 10ng/ml but not 50 or 100ng/ml rGH increased the viability of normal neuron-

enriched cultures (p<0.05 and p<0.001 respectively, Figure 3A). BrdU incorporation assays on

neuron-enriched cultures showed that 50ng/ml rGH treatment failed to increase proliferation

(Figure 3B). In contrast, 50ng/ml rGH induced BrdU intensity in mixed neuron/glia cultures

(p<0.001, Figure 3B). 

Figure 3 Neuro- and gliatrophic effects of rGH in normal primary cortical cultures. A, As determined by
MTT spectrophotometry, 48-72h rGH treatment of normal neuron-enriched cultures increased viability at 5
and 10ng/ml, showing rGH was neurotrophic. B, BrdU incorporation studies showed that 36h of 50ng/ml
rGH did not induce proliferation in normal neuron-enriched cultures. In contrast, rGH treatment increased
BrdU intensity in normal mixed cultures at this concentration. This indicates rGH-gliatrophic effects.
*p<0.05, ***p<0.001.

Neuroprotective effects of rGH in neuron-enriched cultures

The neuroprotective properties of rGH were tested in ACM-deprived neuron-enriched cultures.

After 48-72h of treatment of low-medium density cultures, there was a dose-dependent effect

(p<0.001) with 5ng/ml rGH inducing neuroprotection as determined by counting of MTT-

positive cells (p<0.05, Figure 4A). In independent studies using MTT spectrophotometry as the

endpoint, dose-dependent protective effects were confirmed following 48-72h treatment of low-

medium density cultures (p<0.01). Neuroprotection was thereby offered at 5, 10, 50 and

100ng/ml rGH (p<0.05, Figure 4B). Further, delayed (16DIV) and extended treatment (96h) of

high density cultures also resulted in neuroprotection, with 5, 10 and 50ng/ml rGH producing a

significant effect (p<0.001, Figure 4B). The protective effects of 10 and 50ng/ml rGH were

inhibited by 100μg/ml G120D GH-R antagonist (p<0.001, Figure 5).
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Figure 4 Neuroprotective effects of rGH in ACM-deprived neuron-enriched cultures, as determined by
counting of MTT-positive cells (A) and MTT spectrophotometry (B). There was a dose-dependent
neuroprotective effect of rGH, both in low-medium density cultures treated for 48-72h from 7DIV and in
high density cultures treated for 96h from 16DIV. *p<0.05, ***p<0.001.

Figure 5 Inhibition of rGH effects by G120D in ACM-deprived, neuron-enriched cultures as determined by
MTT assays. Effects of 10 and 50ng/ml rGH on culture viability were significantly inhibited by 100μg/ml
G120D. ***p<0.001.

bGH lacks trophic as well as neuroprotective properties

Possible trophic properties of bGH were investigated in normal neuron-enriched and mixed

cultures. In contrast to rGH, none of the bGH doses increased the viability of normal neuron-

enriched cultures (Figure 6A). Moreover, bGH decreased neuronal viability at 100ng/ml

(p<0.001, Figure 6A). In normal mixed cultures however, bGH increased BrdU intensity at

50ng/ml (p<0.05, Figure 6B), albeit less strongly than 50ng/ml rGH (Figure 6B) as compared to

untreated mixed cultures (grey bar in Figure 6B, “ACM”, set at 100%). Further, neither 50ng/ml
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rGH nor 50ng/ml bGH increased proliferation in neuron-enriched cultures as compared to

untreated neuron-enriched cultures (grey bar in Figure 6B, “ACM”, set at 100%).

Neuroprotective properties of bGH were assessed in ACM-deprived neuron-enriched cultures. In

contrast to rGH, bGH lacked neuroprotective properties (Figure 6C), thereby mirroring the lack

of neurotrophic effects (Figure 6A). This was further confirmed in Trypan blue cell death assays

in deprived neuron-enriched cultures, which showed that 50ng/ml rGH but not 50ng/ml bGH

prevented neuronal cell death (p<0.001, Figure 6D). rGH was thereby as effective as ACM in

preventing cell death (Figure 6D).

Figure 6 Bovine GH lacks strong neuro- and gliatrophic, and neuroprotective properties. A, as determined
by MTT assays, 48-72h treatment with bGH, unlike rGH, failed to increase viability of normal neuron-
enriched cultures, indicating only rGH has neurotrophic properties in this paradigm. B, As compared to
untreated mixed cultures (“ACM”, set at 100%), 36h treatment with 50ng/ml bGH increased BrdU intensity,
however this effect was not as strong as that seen for 50ng/ml rGH. As compared to untreated neuron-
enriched cultures (“ACM”, set at 100%), neither 50ng/ml rGH nor 50ng/ml bGH increased BrdU intensity
cultures. C, protection of deprived neuron-enriched cultures was only achieved following 48-72h treatment
with rGH as determined by counting of MTT-positive cells. This was confirmed by Trypan blue cell death
assays which showed that 48-72h treatment with 50ng/ml rGH but not 50ng/ml bGH exhibited
neuroprotective properties in neuron-enriched cultures (D). *p<0.05, ***p<0.001. 
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Discussion
Together the results have shown that rat GH has a strong trophic/survival effect on neuron-

enriched cultures in the presence or absence of ACM, and enhanced proliferation in mixed

neuron/glia cultures. In contrast, bGH did not have a neurotrophic or neuroprotective role within

the primary cortical culture paradigm. These distinct effects of rGH and bGH within the

cerebrum are in agreement with previous studies (Scheepens et al., 2001) and suggest that the rat

cerebrum may express a unique GH-R.

Rat GH has neurotrophic, neuroprotective and gliatrophic properties

In normal neuron-enriched cultures, rGH treatment increased culture viability which showed that

rGH had a trophic effect on normal, e.g. stable, neuronal systems. In addition, rGH induced

neuronal survival in ACM-deprived cultures. These results are consistent with the neurotrophic

and neuroprotective effects of GH observed in the HI-injured brain (Scheepens et al., 2001). In

studies on HIV-induced neurodegeneration by Silva and co workers (Silva et al., 2003),

protective effects of GH could be blocked by the GH-R antagonist B2036 suggesting the

involvement of GH-R in neuroprotection. In the present studies, the selective GH-R antagonist

G120D inhibited the neurotrophic effects of rGH, confirming that rGH utilised a cortical GH-R.

Since the neuronal content of the neuron-enriched cultures was 95.9%, the observed rGH effects

were likely mediated directly via GH receptors expressed by neurons. Indeed,

immunocytochemistry confirmed the presence of GH-R protein on these cells, which is in

agreement with previous reports of neuronal GH-R expression in vivo (Lobie et al., 1993;

Scheepens et al., 2001). 

The neurotrophic effects of rGH as found in the present studies are in agreement with several

previous reports. GH is thought to have trophic feedback effects on its regulatory neurons in the

hypothalamus which is crucial for proper somatogenic signalling in the hypothalamo-pituitary

network (Phelps and Hurley, 1999). Studies by Lichtenwalner et al. (Lichtenwalner et al., 2005)

further support a role for GH in neuroprotection. These authors showed that depletion of GH

selectively affects the survival of newly generated neurons following neurogenesis in the normal

adult rat. Depletion of GH thereby exclusively impaired the survival of mature neurons.

Interestingly, due to Ara-C treatment, most cells within the present neuron-enriched cultures

would have been mature post-mitotic neurons. This would also explain why proliferation was not

observed in neuron-enriched cultures. 

The neurotrophic properties of GH are currently subject of debate. Turnley and co workers
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(Turnley et al., 2002; Ransome and  Turnley, 2005; Ransome et al., 2004) indicated that in

certain instances, Suppressor of cytokine signalling-2 (SOCS2), which inhibits GH effects

through the JAK/Stat cascade, promotes neuronal differentiation. This requires further

investigation however since the brains of SOCS2 overexpressing/GH insensitive mice show only

a modest increase in the number of cortical neurons (Ransome and Turnley 2005) which

indicates a redundancy of JAK2/SOCS2-associated effects on neurons. GH effects on neurons

are likely achieved through several signalling routes not involving JAK2, thereby bypassing

SOCS2 action (Scheepens et al., 2005). In conclusion, the findings presented here are in concert

with ample previous reports showing a neurotrophic role for GH within the injured brain.

Since mixed cultures consisted mostly of astroglia, the increased total proliferation in these

cultures following rGH treatment indicated that rGH has trophic/mitogenic effects on astrocytes.

Similarly, recent studies by Ajo and co workers (Ajo et al., 2003) who showed that GH increases

the number of GFAP/BrdU-positive cells as well as GFAP expression in primary cortical

cultures. Considering astroglia provide structural, trophic and metabolic support to neurons and

mediate synaptic functionality (reviewed by Chen and Swanson 2003), gliatrophic rGH effects

may complement neurotrophic properties of rGH in the injured and normal brain. 

Bovine GH has no neurotrophic or neuroprotective properties and only minor gliatrophic

effects

In contrast to rGH, bGH treatment did not have neuroprotective effects, nor did it increase the

viability of normal neuron-enriched cultures. Furthermore, bGH elicited only a small pro-

proliferative effect in normal mixed neuron/glia cultures, where rGH had a stronger pro-

proliferative effect. Importantly, the bioactivity of the bGH used had been proven in a previous

study showing strong effects on body weight and serum IGF-I levels (Scheepens et al.,

unpublished). The lack of (neuro) trophic and neuroprotective effects of bGH is in agreement

with a previous study in our laboratory (see Appendix I). ICV treatment with bGH shortly

following hypoxia ischemia failed to induce neuroprotection in the injured rat cortex.

Furthermore, rGH was shown to offer neuroprotection in this model (Scheepens et al., 2001). In

addition, sub cutaneous treatment with bGH following HI injury did not induce neuroprotection

although bGH did reverse the weight loss and drop in serum IGF-I levels associated with the

injury (Scheepens et al., 1999). Together, the present and previous results indicate a differential

effect for bGH and rGH in the injured brain. This is surprising since rGH and bGH have identical

effects in the periphery, such as an increase of body weight and serum IGF-I levels (Closset et
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al., 1991; Palmer et al., 1994), and bGH is considered purely somatogenic in the rat (Closset et

al., 1991; Lobie and Waters 1997).

Additional data in support of the present differential effects of rGH and bGH on cortical tissue in

vitro were provided by A. Scheepens in our laboratory (see Appendix I). Briefly, 21-day-old

wistar rats were submitted to moderate HI injury followed by ICV treatment with bGH 2h

following injury (see Appendix II for details on this technique). Semi-quantification of neuronal

outcome at three days post-treatment showed that bGH failed to offer neuroprotection in the

parietal cortex.

A unique cerebral GH-R?

It  is not clear why bGH and rGH have differential effects within the cortex. An explanation may

be sought in the existence of a unique cerebral GH-R distinct from the GH-R found in the

periphery. Neuroprotective effects following rGH treatment may be the result of a direct effect on

this neural GH-R whereas bGH may not activate this receptor. A distinct cerebral GH-R may

exhibit altered binding sites or specific structural properties which are different from the classical

GH-R. These features may arise from altered transcriptional and/or post transcriptional

mechanisms. Notably, since GH-R within the fetal cortex was recognised by our GH-R antibody,

a least some epitopes of this GH-R are identical to those of the classical GH-R. In addition, since

this GH-R antibody recognises the intracellular portion of the GH-R, extracellular features of the

receptor may be distinct. Further studies are  needed to clarify whether a unique cerebral GH-R

exists and would include reverse transcriptase polymerase chain reaction (RT PCR), cloning and

sequencing, mass spectrophotometry, amino acid sequencing and radioligand/binding assays. 

Conclusion
The present studies provide evidence of a strong trophic effect for rGH which applied to both

maintenance and neuronal rescue paradigms. Effects of rGH are thereby mediated via a GH-R

located on neurons. Neuron-enriched cultures exhibited a differential response to rGH and bGH,

with bGH having no neurotrophic/protective and only minor pro-proliferative effects on mixed

neuron/glia cultures. These findings indicate that rat cortical neurons express a GH-R with a

distinct ligand specificity.
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Chapter III
Activation of a cerebral prolactin axis following hypoxic ischemic
injury

Abstract
Following hypoxic ischemic injury to the juvenile rat cortex, cells within the cortical penumbra

become strongly immunoreactive for growth hormone and the growth hormone receptor/binding

protein (Scheepens et al., 1999; Scheepens et al., 2001). The present studies show for the first

time that the closely related PRL axis is also activated in this focal injury paradigm. From one

day post-injury, cortical prolactin immunostaining increased (p<0.001) parallel to the

development of the injury (p<0.001). Initially, prolactin and prolactin receptor protein were

increased on penumbral neurons and astrocytes. Neuronal staining progressively decreased

whereas reactive astrocytes remained strongly immunopositive until seven days. Reactive

microglia also became strongly prolactin immunoreactive. Blood brain barrier components were

positive for both prolactin and the prolactin receptor, similar to that seen in the normal brain. In

contrast, prolactin receptor immunoreactivity on tanycytes within the penumbra markedly

increased. In summary, hypoxic ischemic injury induced a strong response of the prolactin axis in

regions of the brain involved with hormone transport and the regions directly affected by injury.

Its strong relation to glial reactions suggest that prolactin was primarily involved in a gliogenic

wound response during recovery from injury.

Introduction
Injury to the developing cerebral cortex induces the local expression of trophic factors (Nieto-

Sampedro et al., 1982) such as fibroblast growth factor (FGF) (Finklestein et al., 1990),

epidermal growth factor (EGF) (Naylor et al., 2005), insulin-like growth factor (IGF-I) (Beilharz

et al., 1998; Naylor et al., 2005), and growth hormone (GH) (Scheepens et al., 2001). Previous

studies in our laboratory showed that the growth hormone receptor (GH-R)/ binding protein

(GHBP) is also upregulated in the injured brain (Scheepens et al., 1999). A number of  injury-

induced growth factors have neuroprotective properties, and GH is amongst those described most

recently (Scheepens et al., 2001). 

The prolactin (PRL) axis is closely related to the GH axis (Chien and Thompson 1980; Bazan

1990; Goffin and Kelly 1996; Bole-Feysot et al., 1998; Freeman et al., 2000; Forsyth and Wallis
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2002 and see Chapter I). Similar to GH, PRL is produced by the anterior pituitary gland (Riddle

et al., 1933; Herlant 1964; Baker et al., 1969; Nakane 1970; Berwaer et al., 1991) whereas

extrapituitary expression and independent regulation has also been reported (see Freeman et al.,

2000 for review). This is supported by the finding that hypophysectomy fails to alter

hypothalamic PRL levels (Toubeau et al., 1979; Emanuele et al., 1987; DeVito 1988). Several

reports have described PRL and prolactin receptor (PRL-R) expression in the cerebral cortex of

the rat (Table 1), although contradictory reports exist. For example, immunoreactivity for the

PRL-R (PRL-R IR) was found on isolated fibers (Harlan et al., 1989; Siaud et al., 1989; Roky et

al., 1996) and on cortical pyramidal neurons and their dendritic processes (Roky et al., 1996). Hu

and coworkers (Hu et al., 1998) showed mRNA for the PRL-R long and short forms, which

result from alternative transcription or splicing (Hu et al., 1998), on neurons within layers II, III

and V/VI of the adult cerebral cortex (Bakowska and Morrell 1997; Bakowska and Morrell

2003). These authors used in situ hybridisation (ISH), which allows for sufficient spatial

resolution to detect individual cells expressing mRNA. However, using the same technique as

well as the reverse transcriptase polymerase chain reaction (RT PCR), Chiu and Wise (Chiu et

al., 1992; Chiu and Wise 1994) failed to clearly demonstrate cortical PRL-R mRNA in the rat

cortex. This discrepancy may have been caused by the fact that these authors used highly specific

probes and stringent hybridisation conditions. Furthermore, Royster and coworkers (Royster et

al., 1995) found PRL-R IR and mRNA in the germinative ventricular zones, but not within the

fetal cortex of the fetal rat brain. Since many reports have failed to clearly demonstrate PRL-R

protein and mRNA expression in the cortex, constitutive expression is likely low within this

region. It follows that a function for the PRL axis in the cerebral cortex remains unclear to date. 

Table 1 Overview of studies showing PRL and PRLR presence in the cerebral cortex of the rat

PRL PRL-R
In situ hybridisation Bakowska and Morrell 1997;

Bakowska and Morrell 2003
Immunohistochemistry
and radio immuno
assays 

Emanuele et al., 1987; DeVito 1988;
Harlan et al., 1989; Siaud et al., 1989;
Royster et al., 1995; Roky et al., 1996

RT PCR and
quantitative PCR

Emanuele et al., 1992; Nagano and
Kelly 1994; Shamgochian et al., 1995;
Pi and Grattan 1998; Pi and Grattan
1999; Pi et al., 2003

RNase protection
assays

Pi and Voogt 2002
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Transport of peripheral PRL into the central nervous system (CNS) is mediated by the choroid

plexus, which exhibits a very high density of PRL-R (Silverman et al., 1986; Walsh et al., 1987;

Roky et al., 1996; Bakowska and Morrell 2003). Increased serum PRL levels have been shown to

upregulate the expression of the PRL-R on the choroid plexus, for example during certain

physiological states such as hyperprolactinemia, pregnancy, lactation or restraint stress

(Mangurian et al., 1992; Fujikawa et al., 1995; Chiu and Wise 1996; Pi and Grattan 1999;

Augustine et al., 2003). It is likely that the increase in serum PRL levels following brain trauma

(King et al., 1981; Chiolero et al., 1988) also results in upregulation of PRL-R on the choroid

plexus. This may cause an increased transport of peripheral PRL into the brain. It is thought that

transport of PRL from blood to cerebrospinal fluid (CSF) allows for hormonal control and

regulation of neuroendocrine and behavioural adaptations in the CNS. For example, lactogenic

control of brain function is considered to be important in the tolerance of stress (Fujikawa et al.,

1995). 

To date it is not known whether injury to the cerebral cortex induces enhanced recruitment of

peripheral PRL, or a response of the PRL axis within the injured cortex per se. To address this,

immunohistochemical studies were undertaken using a well-described model of unilateral

hypoxic ischemic (HI) injury in the juvenile rat (Sirimanne et al., 1994). Given the strong

response of a cerebral GH axis in this injury paradigm (Scheepens et al., 1999; Scheepens et al.,

2001) and the close relationship between the PRL and the GH axes, it is hypothesised that HI

injury may also induce a response of the PRL axis. This hypothesis is supported by a previous

study reporting increased local PRL protein and mRNA levels upon hypothalamic injury in the

rat (DeVito et al., 1995). 

Methods
All experiments were approved by the University of Auckland Animal Ethics Committee, New

Zealand. Rats were kept under standard conditions and fed ad libitum. All care was taken to

minimise suffering. Further details of the methods described below can be found in Appendix II.

Hypoxic-ischemic insult

The method of induction of unilateral HI injury has been previously described in detail

(Sirimanne et al., 1994). Briefly, 40-50g 21-day old rats were subjected to permanent ligation of

the right common carotid artery. After recovery for 1h at 34°C, 95% humidity, they were

exposed to 60 min (severe hypoxia) 8% O2 at 34°C, 95% humidity. Afterwards the rats were
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returned to their holding area.

Histology and immunohistochemistry

Rats were sacrificed with intraperitoneal pentobarbital and transcardially perfused with

phosphate buffered saline (PBS; 137mmol/L NaCl, 3mmol/L KCl,  2mmol/l KH2PO4, 8mmol/L

Na2HPO4, pH 7.4) followed by modified Bouin's fixative (4% paraformaldehyde (PFA), 15%

picric acid, 0.08% glutaraldehyde in PBS, pH 7.4). Brains were processed and wax embedded. At

the mid level of the striatum and the mid and caudal level of the dorsal hippocampal horn (A6.2,

A3.5 and A2.0 respectively (Sherwood and Timiras 1970)), 8μm coronal sections were cut and

placed on Poly-L-lysine coated slides. 

To confirm neuronal cell death following hypoxia ischemia, sections were washed in 0.06% w/v

KMnO4 in dH2O for 15 minutes followed by incubation with 0.001% Fluoro Jade B (FJB; Histo-

Chem Inc. Jefferson, AR, USA) in dH2O containing 0.1% acetic acid for 30 minutes. Slides were

dehydrated and mounted with DPX mounting medium (Sigma).

PRL and PRL-R responses following severe HI were visualised by fluorescent

immunohistochemistry. Briefly, sections were blocked with normal goat serum (NGS) or normal

horse serum (NHS) in 5mg/ml bovine serum albumin (BSA)/PBS for PRL and PRL-R

respectively for 1h at room temperature (RT). This was followed by incubation with either

2μg/ml anti rat PRL antibody (NIH, USA) or 5μg/ml anti rat PRL-R antibody (MA1610, U5

clone, Affinity Bioreagents) in 5mg/ml BSA/PBS overnight at 4°C. The PRL antibody was raised

against highly purified pituitary extracted rat PRL and tested for cross reactivity against other

pituitary hormones (rat growth hormone (rGH), rat thyroid stimulating hormone (rTSH), rat

follicle stimulating hormone (rFSH) and rat luteinising hormone (rLH)) and proved to be

extremely specific for rat PRL (Scheepens/Parlow (NIH), private communication). The anti PRL-

R antibody MA1610 recognised both short and long PRL-R forms. Sections were further

incubated with 10μg/ml biotinylated goat anti rabbit IgG (Molecular Probes) or 7.5μg/ml

biotinylated horse anti mouse IgG (Vector Laboratories) in 5mg/ml BSA/PBS for 3h at RT.

Streptavidin/Alexa Fluor conjugate 568 (Molecular Probes) (5μg/ml 1h 37 °C) was used as the

fluorochrome. Negative controls for PRL and PRL-R immunostaining involved omitting the

primary antibody from the antibody diluent, whereas positive controls included staining of

hypothalamic arcuate/mediodorsal nuclei. 
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To determine whether neurons, microglia and/or astrocytes were associated with PRL and PRL-R

IR, double fluorescent immunohistochemistry was performed. Procedures for PRL and PRL-R

were carried out as above, followed by extensive washing and reblocking with 5% NHS in

5mg/ml BSA/PBS. Primary cell marker antibodies were used at the following concentrations:

anti neuronal nuclei (NeuN) antibody (Chemicon International) 2μg/ml in 5mg/ml BSA/PBS;

anti glial fibrillary acidic protein (GFAP) antibody (Chemicon International) 4μg/ml in 5mg/ml

BSA/PBS. Biotinylated horse anti mouse IgG (Vector Laboratories) was used at 7.5μg/ml in

5mg/ml BSA/PBS. Biotinylated Lycopersicon Esculentum (Tomato) Lectin (Vector

Laboratories) was used at 10μg/ml in 5mg/ml BSA/PBS. Streptavidin/Alexa Fluor conjugate 488

(Molecular Probes) was used at 5μg/ml 37ºC for 1h to label the neurons, microglia and

astrocytes.

Semi-quantification of the cortical PRL response following injury 

Mid-hippocampal sections of brains taken at 1, 3, 5 and 7 days after severe injury (n=6

brains/time point) were assessed for injury using FJB staining. Brains were only included for

analysis if cortical injury was evident. Mid-striatal (A6.2), mid-hippocampal (A3.5) and caudal

hippocampal (A2.0) (Sherwood and Timiras 1970) sections of these brains were then stained for

PRL as described above and the parietal cortex was divided into 3 regions for analysis (Figure 1).

Two observers blinded to the groups (1, 3, 5, 7 days) scored the cortical PRL response according

to a three-point scale with (0) no change, (1) moderate increase, (2) large increase, as compared

to corresponding sections of uninjured/control brains. In addition, a standard five-point scale was

applied for the assessment of neuronal loss (adapted from Williams et al., 1990): (0) 0% loss; (1)

1-10% loss; (2) 11-50% loss; (3) 51-90% loss and (4) >90% loss. PRL and injury scores were

then compared between treatment groups. The control group included brains taken at all four

time points. There appeared to be no visual difference in the extent of cortical PRL IR over these

time points in uninjured brains.

Statistical procedures

Data were analysed using analysis of variance (ANOVA) and Tukey's Multiple Comparison post

hoc tests. Correlations were calculated using Pearson correlation tests. Results were expressed as

mean ± standard error of the mean (SEM) and significance was set at p<0.05.
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Figure 1 Diagrams illustrating the areas used for semi-quantification of the PRL response following
severe HI injury. The parietal cortex at the mid-striatal (A, A6.2), mid-hippocampal (B, A3.5) and caudal
hippocampal (C, A2.0) levels were divided into 3 regions. A PRL and an injury score were assigned to
each of these regions at 1, 3, 5 and 7 days following severe HI.  

Results
Histological outcome after HI

As visualised by FJB staining, unilateral right common carotid artery occlusion (ischemia) and

severe hypoxia induced cell death on the ligated side of the brain only. This confirms earlier

studies using this paradigm (Sirimanne et al., 1994; Beilharz et al., 1995). At the mid-level of the

dorsal hippocampal horn, extensive FJB-positive neuronal death was seen in the parietal cortex

(Figure 2A, B), while FJB-positive neurons were also seen in the sagittal and piriform cortices.

Within the hippocampus, the CA1/2 (Figure 2C), and CA3 and 4 regions and often the dentate

gyrus were injured. Limited neuronal death was also observed within the thalamus and striatum

(not shown). Since the anatomical volume affected by neuronal loss included the mid-striatum

and the dorsal and caudal hippocampus (A6.2, 3.5 and 2.0 respectively (Sherwood and Timiras

1970)) these levels provided satisfactory information about the histopathological development

and the response of the PRL axis.
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Figure 2 Overview of neuronal death at 3 days following severe HI, as visualised by FJB staining at the
mid-level of the dorsal hippocampal horn (A3.5 (Sherwood and Timiras 1970)). A, at this level, severe HI
resulted in severe neuronal loss in hippocampus and cortex. B and C, neuronal death in de cortex and
pyramidal layer of the CA1/2 region of the hippocampus respectively. Scale bars: A, 500µm; B, C, 50µm.
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Semi-quantification of the cortical PRL response

The cortical PRL response following HI injury was determined by scoring the extent of PRL

immunoreactivity (PRL IR) and cell loss in the ipsilateral hemisphere at mid-striatal (A6.2), mid-

hippocampal (A3.5) and caudal hippocampal (A2.0) levels (Sherwood and Timiras 1970), at 1, 3,

5 and 7 days post-HI. Cortical cell loss increased from 1 day and remained increased until 7 days

(p<0.001, Figure 3). PRL IR was also increased at all time points (p<0.001; Figure 3). Pearson

correlation tests showed that the rise in PRL related to the extent of cell loss with r2= 0.19 for day

1 (p<0.001), 0.37 for day 3 (p<0.001), 0.13 for day 5 (p<0.001) and 0.07 for day 7 (p<0.01).

Figure 3 Semi-quantification of the cortical PRL immunoreactivity from 1 until 7 days following severe HI
injury, at frontal, mid- and caudal levels (A6.2, A3.5 and A2.0, Sherwood and Timiras 1970). Hypoxia
ischemia induced cortical injury from 1 day which remained increased throughout the time course studied.
Cellular loss was thereby accompanied by a marked increase in PRL immunoreactivity. Injury key: (0) 0%
loss, (1) 1-10% loss, (2) 11-50% loss, (3) 51-90% loss, (4) >90% loss. PRL key: (0) no change, (1)
moderate increase, (2) large increase. ***p<0.001, n=6 brains per time point. 

The relation between cortical cytopathology and the PRL/PRL-R response 

Within the normal P21 brain, the parietal cortex was largely devoid of PRL IR (Figure 4A),

except for a few scattered immunoreactive cells (Figure 4A inset). This was also observed for

PRL-R IR (Figure 4B and inset). One day following severe HI, there was a marked increase in

PRL and PRL-R immunostaining throughout the injured/ipsilateral cortex. PRL and PRL-R IR

was thereby primarily seen on the cell body of neuron-like cells (Figure 4C and D respectively).

From 1 day, the number of cortical PRL and PRL-R IR neurons rapidly decreased, resulting in a

small number of PRL/NeuN and PRL-R/NeuN double stained neurons within the injured region

(open arrows in Figure 4E and Figure 4F/G respectively). Further, from 1 day, the cell body and

processes of reactive astrocytes within the infarct and penumbra became strongly
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immunopositive for PRL (arrows in Figure 4H) and PRL-R (arrows in Figure 4K and L). Strong

PRL and PRL-R staining of astrocytes persisted throughout the time course studied (7 days).

PRL and PRL-R IR also colocalised with GFAP staining surrounding blood vessels (open arrows

in Figure 4M and N respectively). Further, limited PRL-positive microglial activity was seen at 3

days (not shown) which subsequently spread through the lesioned region to reach a maximal

response at 5 days (Figure 4O and inset). At this stage, microglia were pleiomorphic whereas a

subset of cells may have represented rounded macrophages that had invaded from the periphery.

Pleiomorphic microglia which were immunopositive for PRL had enlarged soma and short thick

processes (open arrows in Figure 4P). However, PRL-R IR was not found on these cells (Figure

4Q, red, arrow heads; green for microglia). At 7 days, microglial activity had decreased, although

microgliosis was still seen in the most severely injured brains. Brains with relatively little injury

displayed less gliosis and a smaller PRL response. Negative controls for PRL and PRL-R

immunostaining showed absence of staining within the injured parietal cortex at 1 day following

injury (Figure 4R and S), whereas positive controls showed staining of the arcuate/dorsomedial

hypothalamic nuclei (insets Figure 4R and S), showing the PRL and PRL-R staining to be

specific. Some diffuse non-specific staining was seen representing dead neurons (figure 4S).

Figure 5 shows that, at 7 days, the PRL response within the penumbra was dominated by

astrocytes (arrow head).  

Overleaf
Figure 4 Overview of the cortical PRL/PRL-R response following HI injury at the mid-level of the dorsal
hippocampal horn. In the normal cortex, PRL IR was largely absent (A) except for a few scattered PRL IR
cell bodies (inset A). This was also seen for PRL-R IR (B and inset). At 1 day post-injury, PRL and PRL-R
IR increased, with staining primarily seen on neuron-like cells throughout the injured cortex (C and D
respectively). From 1 day however PRL staining (E, arrow heads, red) of neurons (E, closed arrow, green)
became weak (E, open arrows, yellow) and the number of PRL-positive neurons progressively decreased.
The number of PRL-R IR neurons also decreased from 1 day (open arrows in F and G). Astrocytes
became strongly PRL and PRL-R IR from 1 day. Initially, PRL-positive astrocyte-like cells were seen
amongst PRL IR neuron-like cells (H, arrows and arrow head respectively). From 3 days, when neuronal
PRL IR decreased, astrocytes were the primary PRL-R-positive cell type (yellow; arrows and open arrow
in K and L respectively). Further, PRL IR (M, arrow heads, red) and GFAP IR astrocytes surrounding
blood vessels (M, arrow, green) colocalised (M, open arrow, yellow). This was also seen for PRL-R IR (N,
open arrows, yellow). In addition to astrocytes, microglial activation was PRL-positive. Microglial reactivity
was maximal at 5 days with pleiomorphic microglia and other macrophages in the superficial cortex (O)
and more central infarct regions (inset O). Tomato lectin staining (P, green) colocalised with PRL IR to
produce a yellow colour (P, open arrows). PRL staining however did not colocalise with lectin-positive
vessel epithelium (P, arrow, green). Immunoreactivity for PRL-R (Q, arrow heads, red) did not colocalise
with microglia within regions that were very densely populated with these cells (Q, green). In addition,
PRL-R IR did not colocalise with lectin-positive vessel epithelium (Q, arrow, green). Negative controls for
PRL and PRL-R immunohistochemistry included omission of the primary antibody resulting in absence of
specific staining in the cortex at 1 day post-injury (R and S respectively). Diffuse staining of dead neurons
is non-specific. Positive controls for PRL and PRL-R included the mediodorsal and arcuate hypothalamic
nuclei (insets in R and S respectively). Scale bars: 20µm except for inset A (10µm) and C/O (50µm).
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Formation of a glial scar

Astrocytic PRL and PRL-R IR was strong within the penumbra throughout the time course

studied. By 5 days, part of the PRL and PRL-R-positive astroglial reactivity was concentrated on

a glial scar which had formed between the infarct and the surviving tissue/penumbra (Figure 6,

arrow heads). The lesion site was thereby physically separated from the penumbra. Further, PRL-

positive microglial activity (Figure 6, arrows) had invaded the infarct region (Figure 6, star).

Figure 5 shows PRL-positive astrocytes comprising the scar in more detail.

Blood brain barrier components

In the normal brain, immunoreactivity for PRL and the PRL-R was strong on the choroid plexus

(arrow heads in Figure 7A and B respectively) and on the ependymae (arrows in Figure 7A and B

respectively). Similarly, within the injured brain, epithelial membranes of the choroid plexus

were strongly immunoreactive for PRL (arrow head in Figure 7C; 1 day post-HI) and the PRL-R

(arrow head in Figure 7D and inset #1; 5 days post-HI). The ependymae were also

immunopositive for PRL (arrow in Figure 7C) and the PRL-R (arrow in Figure 7D and inset #2).

These observations were made in the lateral ventricles of both hemispheres. Further, PRL-R IR

was associated with brain capillaries within the penumbra (Figure 7D, inset #3). PRL-R staining

was previously shown to colocalise with GFAP surrounding vessels (Figure 4N, open arrows)

but not with the vessel epithelium per se (Figure 4Q, arrow). Importantly, strong PRL-R IR was

not observed near vessels in the normal brain.   
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Figure 5 Domination of the PRL response by PRL-positive astrocytes at 7 days post-injury. At 7 days,
microglial reactivity had decreased and PRL-immunoreactive astrocytes represented the PRL response
(arrow head). Scale bar 50μm.
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Figure 6 Low-power composite image of the PRL-immunopositive glial scar at 5 days following severe HI
injury. By 5 days an astrocytic glial scar had formed which gave a positive stain for PRL-R (not shown)
and PRL. PRL IR astrocyte-like cells (arrow heads) clearly enclosed the infarct region (star), thereby
isolating the lesion from the penumbra (P). Microglia had invaded the infarct region (arrows). Scale bars:
50μm. 
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Figure 7 Presence of PRL and PRL-R immunoreactivity on choroid plexus, ependymae and brain
capillaries following injury. In the normal brain, PRL and PRL-R staining was seen on epithelial
membranes of the choroid plexus (arrow heads in A and B respectively) and on the ependymae (arrows in
A and B respectively). Similarly, following injury. intense PRL and PRL-R staining was seen on these
structures. This was observed in both hemispheres. C, PRL immunostaining of the choroid plexus and
ependyma at 1 day (arrow head and arrow respectively). D, PRL-R staining of the choroid plexus (arrow
head in D, and inset #1) and the ependyma (arrow in D, and inset #2). In addition, PRL-R IR was
markedly increased near brain capillaries within the penumbra (inset #3 in D). Scale bars: 20µm (A-C) and
50µm (D).
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Discussion
Together, the present results provide the first evidence of a strong response of the PRL axis in the

injured rat cortex shortly following hypoxia ischemia. The increase in PRL IR was significant

and was correlated with the development of the injury. Immunoreactivity for PRL was primarily

seen on activated astrocytes and microglia while its receptor was mainly localised on activated

astrocytes. These results indicate an injury-induced activation of the PRL axis and strongly

suggest a role for this system in post-injury glial responses and recovery. 

Hypoxia ischemia induced a strong PRL response in the cerebral cortex 

As compared to the normal brain, the injured parietal cortex showed a strong PRL response from

1 to 7 days following severe hypoxia ischemia. The increase in PRL IR was thereby significant at

all time points and correlated with the developing injury. The extended PRL staining until 7 days

indicated that this response was not seizure/activity-induced, since seizures only occur within the

first 24h in this HI injury model. The PRL response rather represented a persistent effect that was

directly associated with the injury. This relates to a previous study by DeVito and co workers

(DeVito et al., 1995), who studied PRL protein presence and mRNA expression following injury

to the hypothalamus in rats. Western blotting and PCR showed that both PRL protein and PRL

mRNA were increased within the injured region at 5 days after the infliction of the wound. It is

therefore likely that the PRL response following injury has a role in recovery processes. 

The PRL/PRL-R response appears minimally involved in neuronal events

In the parietal cortex of the normal brain, PRL and PRL-R staining was absent apart from a few

specific cells and agrees with reports that failed to clearly show expression of PRL and PRL-R

within this region (Chiu et al., 1992; Chiu and Wise 1994; Royster et al., 1995). 

One day following HI injury, a marked increase in neuronal PRL and PRL-R IR was seen

throughout the injured cortex. Similar to the signal reported for PRL-R mRNA (Freemark et al.,

1996; Bakowska and Morrell 1997; Bakowska and Morrell 2003), PRL-R staining was

concentrated on the soma or cell body. This may represent PRL-R protein in somal cytoplasmic

vesicles or PRL-R inserted in the somal cell membrane. Similarly, neuronal PRL IR was

primarily confined to the cell body and likely represented PRL bound to the PRL-R or PRL in

vesicles. The early injury-induced increase in neuronal PRL and PRL-R IR suggested that the

PRL axis may be associated with post-injury neuronal events. However, this is not likely to be a

major role given the observation that PRL/PRL-R staining on neurons and the number of
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immunopositive neurons within the penumbra progressively decreased from 1 day post-insult.

Interestingly, this transient neuronal effect is in stark contrast with neuronal GH-R

immunoreactivity, which was intense and did not decrease until 5 days following severe HI

injury (Scheepens et al., 2001). This striking difference between the neuronal responses of the

PRL and GH axes in the injured cortex suggests that the PRL axis is not directly involved in

neuronal events in the injured brain. 

A role for the PRL axis in glial responses 

Throughout the time course studied, most PRL/PRL-R-positive cells within the penumbra were

reactive astrocytes which may indicate a role for the PRL axis in astrogliosis following HI injury.

Indeed, previous studies have shown cultured astrocytes (DeVito et al., 1992; DeVito et al.,

1993; Mangoura et al., 2000) as well as astrocytes in a hypothalamic wound site (DeVito et al.,

1995) to proliferate following PRL treatment. Notably, PRL treatment of cultured astrocytes also

induces the expression of TNFα and IL-1 by these cells (DeVito et al., 1995), which relates to its

immunoregulatory role in the periphery (Draca 1995; Bole-Feysot et al., 1998; Goffin et al.,

1998). Trophic effects of astrocytes within the CNS include the  facilitation of axonal growth

(Smith et al., 1986; Joosten and Gribnau 1989). PRL-mediation of astrogliosis may therefore

contribute to recovery in the penumbra. Also, intense PRL and PRL-R IR on cells comprising the

glial scar indicates that the PRL axis may mediate recovery through this structure. The glial scar

serves as a barrier between nervous and non-nervous tissue, thereby isolating the affected region.

The scar is thought to facilitate the re-establishment of metabolic and ion homeostasis and

eventual recovery (Reier et al., 1983). Furthermore, the glial scar allows for reparative processes

within the external tissue or penumbra (Norenberg 2005). Together with an astrocytic

immunoregulatory role and an involvement with the glial scar, the PRL axis may have an indirect

role in tissue recovery through astroglial responses. 

As expected, HI injury induced microglial activation, which is an important component of the

inflammatory response following injury. Upon activation, microglia release trophic factors such

as IGF-I (Beilharz et al., 1998), but also deleterious factors, such as TNFα, nitric oxide (Boje and

Arora 1992; Chao et al., 1992; Zielasek et al., 1992), superoxide anions (Woodroofe et al.,

1989), reactive oxygen radicals (Banati et al., 1991) and glutamate (Piani et al., 1991).

Microglial macrophage activity results in removal of the ischemic cell debris from the lesion site

(Schilling et al., 2005), which can be considered to facilitate regeneration and recovery. In the

present studies, activated microglia became strongly PRL immunoreactive at 3-5 days following
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HI injury. This suggests that the PRL axis may have a role in microglial processes. PRL-R IR

however was not seen on these cells. This is surprising considering reports of functional PRL-R

on microglia. Benedetto and Auriault showed that the functional PRL – PRL-R complex

contributes to the activation of murine microglia  (Benedetto and Auriault 2002). These authors

also showed that PRL is an important component in the production of inflammatory cytokines by

microglia (Benedetto et al., 1995; Benedetto and Auriault 2002; Benedetto et al., 2003). A lack

of PRL-R immunostaining on activated microglia may suggest PRL is produced by these cells to

act in a paracrine fashion on astrocytes, which were immunoreactive for PRL-R. In summary, the

PRL-axis may have multiple roles following HI injury and participate in immunoregulation and

clearance of the infarct area, astroglial scar formation and processes providing trophic support.

The initial PRL and PRL-R staining of neurons following injury may be of significance. As

reviewed by Aldskogius and Kozlova (Aldskogius and Kozlova 1998), neuron-astrocyte

interaction upon neuronal injury is important for astroglial and subsequent microglial activation.

Paracrine and autocrine mechanisms (employing cytokines) thereby affect neuronal survival,

regeneration and recovery of the CNS. Initial neuronal PRL and PRL-R IR may thus be of

significance to glial events following injury.

The role of the BBB in the PRL/PRL-R response 

Following injury, the choroid plexus and ependymae of both hemispheres were PRL and PRL-R

immunoreactive, which indicates that PRL is being actively recruited into the injured brain.

There was no clear visual difference however with choroid plexus and ependymal PRL/PRL-R

staining in the normal brain. This may indicate that the PRL-R on the choroid plexus are not

upregulated in response to injury. This is surprising since serum PRL levels increase following

brain trauma (King et al., 1981; Chiolero et al., 1988) and high serum PRL levels are known to

induce upregulation of plexus PRL-R (Mangurian et al., 1992; Fujikawa et al., 1995; Chiu and

Wise 1996; Pi and Grattan 1999; Augustine et al., 2003). It is possible however that

immunohistochemistry did not offer sufficient resolution to observe an upregulation in a

structure which already had high levels of expression. 

PRL-R IR was markedly increased on astrocytes closely associated with capillaries within the

penumbra as compared to the normal brain. These cells are likely tanycytes (Zoli et al., 1995),

which are closely related to astrocytes and help maintain the blood brain barrier (BBB).

Tanycytes have previously been shown to be PRL and PRL-R IR (Thompson 1982; Lerant and
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Freeman 1998). Since tanycytes were increasingly PRL-R following HI injury compared to those

in the normal brain, this indicates upregulation of PRL-R on local BBB components within the

injured cortex. Whereas peripheral PRL is recruited by the choroid plexus, penumbral

recruitment of peripheral PRL may allow for a targeted PRL/PRL-R response following injury.

It should be kept in mind however that severe hypoxia ischemia may injure BBB components.

PRL and PRL-R IR on BBB cells may be an indication of a role on this structure per se as

opposed to a function in transport of peripheral PRL. 

Conclusion
Reports of increased local PRL protein and mRNA following hypothalamic injury in the rat

(DeVito et al., 1995) and increased serum PRL levels following brain trauma in man (King et

al., 1981; Chiolero et al., 1988) have suggested a role for PRL in the recovery from brain injury.

These findings have now been extended. A significant, strong and extended PRL response was

observed in the parietal cortex following injury which correlated with cell death. A detailed

analysis of the cellular PRL/PRL-R response showed that the PRL axis is activated and involved

in glial responses more so than in neuronal events. This contrasts with the GH response on

neurons in this paradigm (Scheepens et al., 2001). The PRL axis may therefore play an indirect

role in recovery through glial wound responses.
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Chapter IV
Prolactin lacks neuroprotective properties during recovery from
hypoxic ischemic injury

Abstract
In the juvenile rat brain, hypoxia ischemia induces a strong cortical prolactin and prolactin

receptor response (Chapter III) and neuroprotective properties of this system are now

investigated. Prolactin was administered centrally two hours after moderate hypoxic ischemic

injury. Unlike rat growth hormone, which is neuroprotective in this paradigm (Scheepens et al.,

2001), prolactin did not significantly protect cortical neurons in the parietal cortex,

caudate/putamen or the hippocampal CA1/2 field. This was confirmed in nutrient-deprived

primary neuronal cultures from rat cortex. Interestingly, prolactin exhibited pro-proliferative

effects in normal mixed neuron/glia cultures. In conclusion, the lack of neuroprotective

properties in vivo and in vitro show that prolactin is not directly involved in neuroprotection as

was shown for rat growth hormone. Instead, the results suggest a role for prolactin in glial

proliferation which may relate to glia-related events following injury to the brain (Chapter III).

Introduction
Our laboratory was the first to show that rat growth hormone (rGH) is neuroprotective following

intracerebroventricular (ICV) treatment of the hypoxic ischemic (HI) juvenile rat brain

(Scheepens et al., 2001). Subsequently, the neuroprotective properties of rat growth hormone

(rGH) were confirmed in vitro using primary cultures of the fetal rat neocortex (Chapter II). 

Studies into the neuroprotective properties of GH were prompted by the finding that, following

HI injury, immunoreactivity for GH and the growth hormone receptor (GH-R) increased in the

cortical penumbra (Scheepens et al., 1999; Scheepens et al., 2001). Studies using the same injury

paradigm showed that immunoreactivity for prolactin (PRL) and the prolactin receptor (PRL-R)

was also increased in the cortical penumbra (Chapter III). Considering GH has neuroprotective

properties and the PRL and GH axes are closely related and also interact at various levels (see

Chapter I), the PRL axis may have a neuroprotective role as well. However, since PRL and PRL-

R staining on neurons progressively decreases from 1 day following injury whereas neuronal

GH-R staining extends to 5 days (Scheepens et al., 2001), a role for the PRL axis in neuronal

events is thought to be unlikely (Chapter III).
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Several publications describe effects of PRL on neurons. O'Steen and co workers (Duncan and

O'Steen 1985; O'Steen and Kraeer 1977) showed that PRL induces neuronal cell death in the

retina of rats subjected to high intensity light and even reverses the protective effect of

hypophysectomy on retinal neurons in this paradigm. Increasing evidence however suggests that

PRL has neurotrophic effects. PRL mediates the development and maturation of dopaminergic

TIDA neurons in the hypothalamo-pituitary system (Shyr et al., 1986; Phelps and Hurley 1999;

Phelps et al., 2003). However, a role for the PRL axis in cortical neuroprotection following HI

injury has not been reported to date. This is addressed in the present studies.

Neuroprotective properties of PRL were examined using the well-characterised model of focal

unilateral HI brain injury in the juvenile rat (Sirimanne et al., 1994). Following moderate HI, rats

were ICV treated with PRL and neuronal outcome was determined at 3 days. In addition, using

primary cultures of fetal rat cortex, neuroprotective as well as trophic effects of PRL were

studied and compared to effects induced by GH.

Methods
Experiments were approved by the University of Auckland Animal Ethics Committee, New

Zealand. Wistar rats were kept under standard conditions and fed ad libitum. All care was taken

to minimise suffering. A detailed description of the methods can be found in Appendix II.

Moderate HI insult and PRL ICV treatment

The induction of unilateral HI injury and ICV treatment paradigms have been previously

described in detail (Sirimanne et al., 1994; Scheepens 1999). Briefly, 40-50g 21-day old rats

were subjected to permanent double ligation of the right common carotid artery. After recovery

for 1h at 34°C, 95% humidity, they were exposed to 15 min 8% O2 at 34°C, 95% humidity. Two

hours after the end of the hypoxia, the rats were prepared for ICV treatment by an intraperitoneal

(i.p.) injection with Saffan after which up to 6 rats were fitted with metal skull templates termed

skull caps. These were developed by A. Scheepens in our laboratory (Scheepens 1999) and are

described in Appendix II. Briefly, each cap had a prefixed cannula which guided an infusion

needle into the right lateral ventricle. The infusion needle was connected to a hamilton syringe

via polyethylene tubing, and prior to treatment these were filled with 0.1mol/L PBS (137mmol/L

NaCl, 3mmol/L KCl,  2mmol/l K4H2 PO4, 8mmol/L Na2HPO4, pH 7.4). Either 5μg pituitary rat

PRL (rPRL, National Hormone and Pituitary Programme (NHPP-NIH), USA) in 10μl vehicle

(0.01mol/L NaHCO3/0.1% bovine serum albumin (BSA) pH8.2), or 10μl vehicle only were

97



subsequently drawn into the infusion needle and tubing, leaving an air bubble separating the PBS

and infusate. The infusion needle was subsequently inserted into the right lateral ventricle and at

a rate of 1.0μl/min, (10μl) infusate was injected by means of a calibrated micro-infusion pump

(CMA 100c, Carnegie Medicin AB, Stockholm, Sweden) in which the hamilton syringe was

placed. 

At 3 days following HI injury/treatment the rats were sacrificed with i.p. pentobarbital and

transcardially perfused with PBS followed by modified Bouin's fixative (4% paraformaldehyde

(PFA), 15% picric acid, 0.08% glutaraldehyde in PBS, pH 7.4). Brains were processed and wax

embedded. At the mid level of the striatum and the mid level of the dorsal hippocampal horn

(A6.2 and A3.5 respectively, (Sherwood and Timiras 1970)) 8μm coronal sections were stained

with Fluoro Jade B (see below).

Neuronal outcome following HI injury/ICV rPRL treatment was determined by counting FJB-

positive cells in the parietal cortex at both the mid striatal level and the mid-level of the dorsal

hippocampal horn (Figure 1). In addition, FJB-positive cells in the caudate/putamen and in the

CA1/2 region of the hippocampus were counted at mid-striatal and mid-hippocampal levels

respectively. Results were averaged for the cortical regions and data for the cortex,

caudate/putamen and CA1/2 field were compared between the treatment groups.

Figure 1 Diagrams illustrating the regions analysed for neuronal outcome 3 days following moderate HI
injury and rPRL ICV treatment. FJB-positive cells in the parietal cortex between the sagittal cortex and the
sulcus rhinalis at the mid-striatal level (A, arrow) and the mid-level of the dorsal hippocampal horn (B,
arrow) (Sherwood and Timiras 1970) were counted and averaged. In addition, FJB-positive cells in the
caudate/putamen (CP) at mid-striatal level, and FJB-positive cells in the CA1/2 region at mid-hippocampal
level (B, arrow head) were counted.
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In vitro studies 

Preparation of primary cortical cultures

See Appendix II for a full description of the preparation of embryonic day 18 (E18) primary

cultures. Briefly, cortices were dissected and dissociated cells plated at 160,000-250,000

cells/cm2 (low to medium seeding density) or at 650,000 cells/cm2 (high density) in 96-well poly-

L-lysine/laminin (Sigma)-coated Falcon microplates (Becton Dickinson). Cells were plated in 1:1

Neurobasal medium/B27/penicillin streptomycin (NBB27ps, Gibco)/astrocyte conditioned

medium (ACM). To achieve neuron-enriched cultures, cells were treated with 3μmol/L Cytosine

arabinofuranoside hydrochloride (Ara-C, Sigma) at 1 day in vitro (DIV) for 24h. Hereafter the

Ara-C concentration was lowered to 2μmol/l until 7DIV. As shown previously (Chapter II), 4.1 ±

1.6% astrocytes survived Ara-C treatment at 7DIV (p<0.001). Mixed neuron/glia cultures were

achieved by omitting Ara-C treatment, resulting in 85.8 ± 0.9% astrocytes at 7DIV (Chapter II).  

Production of astrocyte conditioned medium

ACM was produced from postnatal day 1 Wistar rats. Briefly, cortices were mechanically

dissociated, suspended into Dulbecco's Modified Eagle Medium (DMEM)/10% fetal bovine

serum (FBS)/penicillin streptomycin (Gibco) and seeded into 75cm2 flasks (Griener-Bio One

GmbH, Germany). When reaching confluence the cultures were further incubated in NBB27ps

and ACM was harvested after 3 and 6 days.

Treatments of primary cortical cultures

To assess neuroprotective properties of pituitary rat GH (rGH) or rPRL, the medium of low-

medium and high density cultures was refreshed with ACM-free NBB27ps at 7DIV or 16DIV

respectively. This created an ACM-deprived environment. Cultures were simultaneously treated

with rGH (NHPP-NIH, USA) or rPRL (as used in ICV treatment) at various concentrations. As

the vehicle 0.01mol/L NaHCO3 was used at pH 9.4 or 8.2 for rGH and rPRL respectively.

Treatment duration was 48-72h from 7DIV (for low-medium density cultures) or 96h from

16DIV (for high density cultures). Cell viability was assessed by Thiazolyl Blue Tetrazolium

Bromide (MTT) assay (Sigma) and spectrophotometry at 595nm. 

Proliferative effects of rPRL in normal and ACM-deprived neuron-enriched and mixed

neuron/glia cultures were investigated using 5'-bromo-2'-deoxyuridine (BrdU) incorporation and

immunocytochemistry. At 7DIV, cultures were simultaneously treated with 100ng/ml rPRL and

1μmol/L BrdU (Invitrogen) in either 1:1 NBB27ps/ACM or ACM-free NBB27ps for 36h. Cells
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were then fixed with PFA and immunostained as below. Images were acquired using the

Discovery-1 automated microscope (Molecular Devices, USA) followed by quantification of

BrdU-positive cells using the associated Metamorph Image Analysis program v.6.2.6  (High

Content Screening Laboratory, Department of Pharmacology, University of Auckland, New

Zealand) (see Appendix II for details).

Nb2 lymphoma cultures

The bioactivity of rPRL used for the in vivo and in vitro studies was tested using cultures of the

rat Nb2 lymphoma cell line, which is commonly used as a bioassay for lactogenic activity (Gout

et al., 1980; Tanaka et al., 1980; Al-Sakkaf et al., 2000). Cells were grown in Glutamax/10%

fetal bovine serum/10% horse serum (HS)/RPMI 1640/penicillin streptomycin (Gibco, Invitrogen

Corporation) and seeded at 8000 cells/cm2 in uncoated 24-well Falcon plates (Greiner-Bio One

GmbH, Germany). At 48h, total serum was withdrawn and at 96h the cultures were treated with

PRL at various concentrations in 0.01mol/L NaHCO3 pH8.2 for 8 days. Viability was determined

by MTT assays and spectrophotometry (595nm). 

Immunohistochemistry and immunocytochemistry

Fluoro Jade B

To visualise neuronal cell death following hypoxia ischemia/ICV treatment, sections were de-

paraffinised, rehydrated and washed in 0.06% w/v KMnO4 in dH2O for 15 minutes. Sections

were then incubated with 0.001% FJB (Histo-Chem Inc. Jefferson, AR, USA) in dH2O

containing 0.1% acetic acid for 30 minutes, dried and mounted with DPX (Sigma).

BrdU

Cultures were fixed in 4% PFA followed by 0.1% Triton X100 in PBS for 15 minutes to

permeabilise cell membranes. Cultures were then incubated in 2 mol/L HCl for 30 minutes at

37ºC followed by neutralisation with 2% Borax. Following a 2% normal horse serum (NHS)/

3mg/ml BSA/0.1% Triton X100/PBS block, cells were incubated in 13μg/ml anti BrdU antibody

(Chemicon) in 2% NHS/3mg/ml BSA/0.1% Triton X100/PBS at 4ºC overnight. Biotinylated

horse anti mouse IgG (Molecular Probes) was used at 7.5μg/ml for 2h and the cells were

incubated with Vectastain avidin biotin complex (ABC) (Vector Laboratories) for 30 minutes

followed by 3,3'-diaminobenzidine (DAB, Sigma) as the chromagen. Cells were counterstained

with thionin to show all cells within the culture. The extent of BrdU staining was determined

using the Discovery-1 automated microscope (Molecular Devices, USA) and associated software
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(see Appendix II for details).

Statistical procedures

For the treatment studies, normally distributed data were analysed using paired Student's t tests

whereas data that were not normally distributed were analysed with Mann Whitney Rank Sum

test. Other normal data were analysed using analysis of variance (ANOVA) and Dunnett's or

Tukey's Multiple Comparison tests as appropriate. Results are expressed as mean ± standard

error of the mean (SEM); significance was set at p<0.05.

Results
Histological outcome following moderate HI

As visualised by FJB staining, unilateral right common carotid artery occlusion and moderate

hypoxia induced neuronal degeneration on the ligated/ipsilateral side of the brain only. This

confirms earlier studies using this paradigm (Sirimanne et al., 1994; Beilharz et al., 1995).

Selective neuronal loss was seen in the CA1/2 pyramidal layer of the hippocampus (Figure 2A),

the caudate/putamen (not shown) and in layers IV-V of the cortex (Figure 2B) in the areas

supplied by the middle cerebral artery. Extended neuronal loss could occasionally be seen in the

CA3/4 region of the hippocampus (not shown). Since the anatomic volume affected by neuronal

loss included the mid-striatal and mid-hippocampal levels, assessment of these levels provided

satisfactory information of neuronal outcome following moderate HI/ICV treatment. 

101



Figure 2 Neuronal death in the ipsilateral CA1/2 region and cortex following moderate HI injury as shown
by FJB staining. At 3 days following injury, FJB-positive cells were found in the CA1/2 pyramidal layer of
the hippocampus (A) and in layers III-V of the cortex (B). Neuronal cell death was also observed in the
caudate/putamen (not shown). Scale bars: A, 50μm; B, 100μm.
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In vivo rPRL treatment

At sacrifice (3 days following HI injury), body weights of vehicle- and rPRL-treated rats and rats

that had received HI only had significantly increased, due to general growth and development

(p<0.001, Figure 3A). No significant difference in body weight was found between the groups

(HI-only, rPRL- and vehicle-treated). Similarly, at the time of sacrifice, no significant difference

was found between brain weights of HI-only, vehicle- or rPRL-treated rats (Figure 3B). No

difference in brain weight was found as compared to age-matched P24 control rats (Figure 3B).

Semi-quantification of FJB-positive neuronal death following moderate hypoxia ischemia/ICV

treatment showed that a single ICV infusion with 5μg rPRL failed to offer significant

neuroprotection in the parietal cortex, caudate/putamen and the CA1/2 field as compared to the

vehicle data (Figure 4A, n=16/treatment group). Further, most neuronal death was observed in

the CA1/2 field, followed by the parietal cortex and the striatum (Figure 4A). Figure 4B shows

the distribution of injured brains per region with most brains showing moderate injury.

The bioactivity of the rPRL used for the treatment studies was confirmed using PRL-responsive

rat Nb2 lymphoma cell line (Figure 5). Serum withdrawal followed by rPRL treatment protected

the lymphoma cells at 10, 50 and 100ng/ml, with 100ng/ml providing maximum survival

(p<0.001), thus proving that the rPRL used for the in vivo and subsequent in vitro studies was

bioactive. This is similar to results reported by others (Al-Sakkaf et al., 2000). 

Figure 3 Box plots of body (A) and brain (B) weights throughout the course of the HI injury/ICV treatment
studies. A, rats receiving vehicle, rPRL or HI only had continued to grow following the intervention
(p<0.001). Further, at the time of sacrifice, brain weights were unaltered compared to control rats (B).
***p<0.001.
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Figure 4 Neuronal outcome in the parietal cortex, CA1/2 field and the caudate/putamen following HI/rPRL
or HI/vehicle treatment. ICV rPRL treatment of the moderately HI injured brain failed to induce
neuroprotection in the parietal cortex, hippocampal CA1/2 region and the caudate/putamen as assessed
at 3 days (A). Most neuronal death was seen in the CA1/2 region whereas little neuronal death was
observed in the striatum. B, scatter plot showing the extent of neuronal loss per brain. N=16 rats/treatment
group.

 
Figure 5 Assessment of the bioactivity of rPRL using Nb2 lymphoma cultures. Rat PRL induced survival
of serum-deprived Nb2 cultures, showing that the rPRL used for the in vivo and subsequent in vitro
studies was bioactive. ***p<0.001.
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rGH versus rPRL effects in vitro

Neuroprotective effects of rPRL on cortical neurons were assessed and compared to rGH-

induced neuroprotection using ACM-deprived neuron-enriched cultures. When treated for 48-

72h from 7DIV, there was a dose-dependent effect for rGH (p<0.01) with 5, 10, 50ng/ml

(p<0.001) and 100ng/ml (p<0.05) inducing neuroprotection in low-medium density cultures

(Figure 6A). However, rPRL treatment had no such effect (Figure 6A). Similarly, when deprived

high density cultures were treated for 96h from 16DIV (Figure 6B), there was a dose-dependent

effect (p<0.05), with 5, 10 and 50ng/ml rGH inducing neuroprotection (p<0.001). Although a

trend towards neuroprotection was observed for rPRL, statistical significance was not reached.  

Figure 6 Assessment of the relative neuroprotective properties of rPRL as compared to rGH. In neuron-
enriched cultures, rGH treatment protected neurons from ACM withdrawal at all doses tested. Rat PRL did
not have such an effect. This was evident in low-medium density cultures when treated for 48-72h from
7DIV (A). Similar results were found for high density cultures when treated for 96h from 16DIV (B).
*p<0.05; ***p<0.001.

Proliferation studies

In normal mixed neuron/glia cultures, 100ng/ml rPRL increased BrdU intensity (p<0.05; black

bar Figure 7A). In contrast, rPRL failed to increase proliferation in normal neuron-enriched

cultures (grey bar Figure 7A). Further, rPRL failed to increase proliferation in deprived cultures,

whether mixed (black bar, Figure 7B) or neuron-enriched (grey bar Figure 7B). 
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Figure 7 BrdU proliferation studies using normal (A) and deprived (B) rPRL-treated cultures. In normal
cultures, 100ng/ml rPRL treatment increased BrdU intensity within mixed cultures but not in neuron-
enriched cultures (A). Further, during ACM deprivation, 100ng/ml rPRL treatment failed to increase BrdU
levels in both mixed cultures and neuron-enriched cultures (B). *p<0.05, ***p<0.001.

Discussion
The present studies show that, in contrast to the closely related rGH (Scheepens et al., 2001), in

vivo rPRL treatment was not neuroprotective. This was confirmed in vitro using nutrient-

deprived neuron-enriched cultures. Unlike the GH axis, the PRL axis therefore does not have a

role in neuronal rescue in the current in vivo and in vitro paradigms. Further, PRL induced

proliferation in normal mixed cultures but not in neuron-enriched and deprived cultures,

indicating milieu-dependent gliatrophic properties. 

rPRL lacks neuroprotective properties in vivo and in vitro 

Hypoxia ischemia and ICV treatment did not significantly compromise the animals' general

health since the P21 rats continued to grow normally throughout the course of the experiment.

Furthermore, brain weights were unchanged. Since this HI injury model produced only moderate

selective neuronal death, this paradigm is a satisfactory model to study mild brain injury.

Central treatment with rPRL in the acute phase of HI injury failed to offer neuroprotection in the

moderately HI-injured brain as determined at 3 days. This was evident following counting of

FJB-positive cells in the parietal cortex, the caudate/putamen and the hippocampal CA1/2 field.

Most neuronal death was seen in the CA1/2 region followed by the parietal cortex and the

caudate/putamen. This confirms the selective vulnerability of the cells in these regions with

CA1/2 pyramidal cells proving highly vulnerable to hypoxia ischemia (Sirimanne et al., 1994).

The lack of neuroprotection following rPRL treatment in vivo was surprising since ICV treatment
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with closely related rGH is neuroprotective in this paradigm (Scheepens et al., 2001). In addition,

the rPRL used for ICV treatment was proven to be bioactive as demonstrated by studies on Nb2

lymphoma cultures, where rPRL protected Nb2 cells from serum withdrawal-induced death.

Further, the rPRL dose used was previously shown to be neuroactive and to induce grooming

behaviour in the adult rat (Drago et al., 1983).  It was therefore assumed that this dose would be

sufficient to elicit any putative neuroprotective effects in juvenile animals during the acute phase

of the injury. 

The lack of neuroprotective properties of rPRL was confirmed in primary neuron-enriched

cultures. Treatment with rPRL failed to protect neurons from ACM deprivation, whereas rGH

treatment strongly induced neuronal survival. This was observed both in low-medium density

cultures with treatments starting at 7DIV and in high density cultures with treatments starting at

16DIV. A trend toward rPRL-induced neuroprotection was visible when treated at 16DIV,

however this did not reach significance. The present in vitro and in vivo studies, together with the

previous in vivo studies (Scheepens et al., 2001) therefore clearly showed that rGH but not rPRL

has neuroprotective properties in these paradigms.

The lack of PRL-neuroprotective effects presented here may relate to a progressively decreasing

PRL and PRL-R presence on penumbral neurons from 1 day following HI injury, as described in

Chapter III. This strongly indicated that rPRL is not concerned with neuronal events and survival

following injury. Further support is provided by recent studies by Shingo and co workers (Shingo

et al., 2003) who demonstrated that PRL treatment failed to reduce the number of TUNEL-

positive apoptotic cells within the sub ventricular zone (SVZ) and the olfactory bulb (OB) of

normal mice. 

It should be kept in mind however that an increased PRL dose may prove more successful. An

extended treatment paradigm over several days would likely not contribute to neuronal rescue

since this requires treatment within the acute phase of the injury, as has been shown for rGH

(Scheepens et al., 2001). However, extended treatment may elicit restorative effects as described

in a patent by Thompson (Thompson et al., 2003). Infusion with PRL for 7 days followed by

erythropoietin for 7 days induced neurogenesis within the SVZ and migration of neuronal

progenitor cells into the ischemic motor cortex. Forelimb inhibition and asymmetry tests

demonstrated that PRL induced recovery of motor function. Although this patent is not peer-

reviewed, it is likely that the PRL axis has a role in neurogenic events following HI injury since

PRL has been shown to mediate neurogenesis and migration of SVZ cells in normal mice
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(Shingo et al., 2003). 

A gliatrophic role for rPRL

The studies described in Chapter III showed a role for the PRL axis in astrogliosis within the

penumbra following hypoxia ischemia. The present in vitro studies support a gliatrophic role.

rPRL treatment increased total BrdU incorporation within normal neuron/glia cultures. Since

these cultures mostly contained astroglia, rPRL-proliferative effects were likely glial. These

results relate to previous reports of trophic and proliferative effects of PRL on astrocytes, under

normal conditions and within the injured brain (DeVito et al., 1992; DeVito et al., 1995;

Mangoura et al., 2000). As discussed in Chapter III, astrogliosis following brain injury is an

important component of tissue recovery. Astrocytes express trophic factors (Carman-Krzan et

al., 1991; Ferrara et al., 1988; Stockli et al., 1989; Vaca and Wendt 1992; Liu et al., 1994) and

through the formation of a glial scar, astroglia separate nervous tissue from the infarct region

allowing for the re-establishment of metabolic and ionic homeostasis and eventual recovery

(Reier et al., 1983; Norenberg 2005). Further, immunoregulatory functions of astrocytes may

contribute to the clearance of the lesioned region and thus recovery. A gliatrophic role for PRL as

indicated in the present in vitro studies supports previous in vivo studies (Chapter III) postulating

a role for the PRL axis in glia-related recovery from HI injury. Further studies into the pro-

proliferative effects of PRL on astrocytes could make use of postnatal day 1 astrocyte-purified

cultures such as those utilised to produce ACM (see Methods). Pro-proliferative effects on other

CNS cells such as neural stem cells could be investigated using primary cultures of forebrain-

isolated neural progenitor cells (see Appendix 1).

It should be noted that, in contrast to normal mixed cultures, rPRL treatment failed to increase

proliferation in ACM- deprived mixed cultures. This indicates that ACM deprivation had

induced a culture environment in which significant increases in proliferation were not possible.

Within the HI-injured cortex, this may relate to the infarct region or the penumbral region

immediately adjacent to the infarct where the viability of astrocytes is compromised (see

Nedergaard and Dirnagl 2005). While environmental conditions in ACM-deprived cultures are

likely not as severe as within the infarct region in vivo, ACM deprivation may be sufficient to

prevent a significant increase in proliferation. Proliferation as seen within normal mixed cultures

may rather relate to the penumbra, where conditions are more favourable and astrocytes

proliferate (Chapter III). Gliatrophic properties of PRL are therefore milieu-dependent, in vitro

and likely also in vivo.
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Further, treatment with rPRL did not increase BrdU incorporation in neuron-enriched cultures,

whether normal or deprived. Since neuron-enriched cultures were produced using anti-mitogenic

Ara-C to eliminate glia, most surviving cells were likely post-mitotic, mature neurons which

would be unresponsive to any mitogenic effect of rPRL.

Conclusion
The present in vitro and in vivo studies show that PRL is not involved in neuronal rescue. This is

in stark contrast with the neuroprotection offered by rGH in vitro and in vivo. This poses a novel,

clear distinction between the closely related PRL and GH axes. The mitogenic effects of rPRL on

glia further support the in vivo findings described in Chapter III and support a role for the PRL

axis in glial wound responses during recovery from injury. 
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Chapter V
The prolactin axis is involved in neurogenic events following
hypoxic ischemic injury

Abstract
The cortical prolactin axis is activated following hypoxia ischemia in the rat (Chapter III) and a

role for this system in neurogenesis following hypoxic ischemic injury is now investigated. From

one until seven days following unilateral injury, immunostaining for prolactin, its receptor and

doublecortin increased within the ipsilateral subventricular (p<0.05) and subgranular zones. This

was also seen in migratory routes including the dorsolateral subventricular zone and the striatum.

Neuroblast emigration from the subventricular zone was markedly increased from three days

following injury. Prolactin and prolactin receptor immunostaining was specifically associated

with proliferating and migrating neuroblasts; occasional colocalisation of prolactin/prolactin

receptor and doublecortin staining was also observed. These responses were also seen within the

uninjured hemisphere and indicate that the prolactin axis may be involved in bilateral injury-

induced neurogenic events and the migration of neuroblasts. In conclusion, the prolactin axis has

a role in long term neurorestoration following brain injury. 

Introduction
Neurogenesis persists throughout life in the rodent sub ventricular zone (SVZ) (Reynolds and

Weiss 1992; Luskin 1993) and dentate gyrus (DG) (Kaplan and Hinds 1977). Progenitor cells

generated in the SVZ can migrate to the olfactory bulb (OB) via the rostral migratory stream

(RMS) where some develop into functional interneurons (Luskin 1993; Lois et al., 1996). Within

the DG, progenitor cells reside in the sub granular zone (SGZ) and after proliferation and

adoption of a neuronal phenotype (Kaplan and Hinds 1977; Cameron et al., 1993) they migrate

into the granule layer (Altman and Bayer 1990; Gould et al., 1997; Gage et al., 1998).

Neurogenesis is affected by growth factors including epidermal growth factor (EGF) and

fibroblast growth factor (FGF), which expand the SVZ progenitor population following

intracerebroventricular administration (Kuhn et al., 1997; Wagner et al., 1999). 

Brain injury is a well-known inducer of neurogenesis within the SGZ and SVZ. Neurogenesis

can be assessed by BrdU incorporation, 3H thymidine-labelling and the expression of for example

polysialic acid neural cell adhesion molecule (PSA NCAM) (Bonfanti and Theodosis, 1994;
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Rousselot et al., 1995; Doetsch et al., 1997; Hu et al., 1996), nestin (Lendahl et al., 1990),

neuron-specific β-tubulin (TuJ1) (Menezes et al., 1995; Doetsch et al., 1997; Thomas et al.,

1996) and doublecortin (DCX). DCX is a widely used marker for newly generated migrating

neuroblasts (Gleeson et al., 1999; Jin et al., 2001; Brown et al., 2003). For example, mechanical

injury, seizure activity, apoptosis and cortical aspiration induce progenitor proliferation within

these regions (Szele and Chesselet 1996; Gould and Tanapat 1997; Parent et al., 1997; Magavi et

al., 2000; Parent et al., 2002; Yang and Levison 2006). Increased progenitor proliferation in the

SVZ and SGZ has also been reported following ischemic injury in the rodent (Liu et al., 1998;

Takagi et al., 1999; Jin et al., 2001; Zhang et al., 2001; Parent et al., 2002; Sharp et al., 2002;

Gotts and Chesselet 2005; Ong et al., 2005; Tonchev et al., 2005). Although progenitor cells

within the SGZ exclusively integrate into the DG following ischemia (Sharp et al., 2002), SVZ

cells are known to migrate toward locations other than the OB both in the normal brain (Yang et

al., 2004) and in the injured brain, where migrating neuroblasts migrate into injured brain

parenchyma.  Parent et al. (Parent et al., 2002) showed that following neurogenesis in the SVZ

induced by MCAO in the rat, chains of neuroblasts migrated toward the injured striatum and

cortex. Migration of progenitor cells into injured brain parenchyma has subsequently been

confirmed (Arvidsson et al., 2002; Jin et al., 2003; Zhang et al., 2004). In addition, several

studies report the proliferation of neural progenitor cells residing within the neocortex (Gould et

al., 2001; Zhang et al., 2001; Bernier et al., 2002; Dayer et al., 2005). In summary, injury-

induced progenitor proliferation and directed migration is likely an adaptive process and is

thought to contributes to functional restoration and recovery (Arvidsson et al., 2002; Jin et al.,

2003; Parent et al., 2002; Liu et al., 1998). 

Prolactin (PRL) was recently shown to have pro-neurogenic properties. In normal mice, PRL

induced BrdU incorporation in the SVZ and subsequent migration of progenitor cells to the OB

(Shingo et al., 2003). These PRL-mediated neurogenic events are similar to those seen during

pregnancy, where an increased olfactory discrimination is critical for the recognition and rearing

of offspring (Shingo et al., 2003). PRL therefore likely mediates functional neurogenesis in the

normal brain. Although not peer-reviewed, a recent patent by Thompson et al. (Thompson et al.,

2003) describes the PRL/erythropoietin (EPO)-induced recovery of motor function following

ischemic injury to the motor cortex. This functional recovery, following 7 days of PRL and 7

days of EPO treatment, was attributed to an increased DCX staining in the SVZ, migratory routes

and the lesioned cortex. The authors therefore claimed that PRL directly mediates neurogenesis

and subsequent functional restoration following ischemic injury.
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The present studies investigate a role for the PRL axis in neurogenic events in the first seven

days following HI injury. A neurogenic role shortly following injury would complement a role in

glia-related recovery, as described in Chapter III. Using the well-characterised model of severe

hypoxic ischemic (HI) brain injury in the juvenile rat (Sirimanne et al., 1994) and

immunohistochemistry, the short-term spatio-temporal responses of the PRL axis in relation to

DCX immunoreactivity are assessed in the SVZ, SGZ and migratory routes. 

Methods
All experiments were approved by the University of Auckland Animal Ethics Committee, New

Zealand. Rats were kept under standard conditions and fed ad libitum. All care was taken to

minimise suffering. Further details of the methods described below can be found in Appendix II. 

Hypoxic-ischemic insult

As previously described in detail (Sirimanne et al., 1994), unilateral severe HI injury was

induced in 40-50g 21-day old rats by permanent ligation of the right common carotid artery and

following 1h recovery at 34°C, 95% humidity and subsequent exposure to 60 min 8% O2 at 34°

C, 95% humidity. Afterwards the rats were returned to their holding area.

Histology

One, 3, 5 and 7 days following HI injury rats (n=5 / time point) were sacrificed with intra

peritoneal pentobarbital and transcardially perfused with phosphate buffered saline (PBS;

137mmol/L NaCl, 3mmol/L KCl, 2mmol/L KH2PO4, 8mmol/L Na2HPO4, pH 7.4) followed by

modified Bouin's fixative (4% paraformaldehyde (PFA), 15% picric acid, 0.08% glutaraldehyde

in PBS, pH 7.4). Uninjured rats were also included. Brains were processed and wax embedded.

At the mid level of the striatum and the mid-level of the dorsal hippocampal horn (A6.2 and

A3.5 respectively (Sherwood and Timiras 1970)), 8μm coronal sections were cut and placed on

Poly-L-lysine coated slides. To confirm neuronal injury following severe HI, sections were

stained with 0.001% Fluoro Jade B (FJB, see below). 

Immunohistochemistry 

For FJB staining, sections were washed in 0.06% w/v KMnO4 in dH2O for 15 minutes followed

by incubation with 0.001% Fluoro Jade B (FJB; Histo-Chem Inc. Jefferson, AR, USA) in dH2O

containing 0.1% acetic acid for 30 minutes. Slides were dehydrated and mounted with DPX

mounting medium (Sigma).
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Neuroblast, PRL and PRL-R responses within the SVZ, DG and migratory routes following

severe HI were visualised by fluorescent immunohistochemistry for DCX, DCX/PRL and

DCX/PRL-R. Briefly, sections were blocked with 5% normal donkey serum in 5mg/ml bovine

serum albumin (BSA)/ PBS and incubated in 1μg/ml anti-doublecortin C-18 (DCX, Santa Cruz)

in 5mg/ml BSA/PBS at 4°C overnight. Sections were subsequently incubated with 10μg/ml

donkey anti goat IgG conjugated to Alexa Fluor 488 (green) (Molecular Probes) in 5mg/ml

BSA/PBS for 3h at room temperature (RT). For double staining with PRL and PRL-R antibodies,

section were reblocked with 5mg/ml BSA/PBS supplemented with either 5% normal goat serum

(NGS) or 5% normal horse serum (NHS) for PRL and PRL-R respectively. Sections were then

incubated with either 2μg/ml anti PRL antibody (NIH, USA) in 5mg/ml BSA/PBS, or 5μg/ml

anti rat MA1610 PRL-R antibody (U5 clone, Affinity Bioreagents) in 2% NHS/5mg/ml

BSA/PBS at 4°C overnight. MA1610 binds to the extracellular portion of the short and long

forms of the PRL-R. Sections were then incubated in either 10μg/ml biotinylated goat anti rabbit

IgG (Molecular Probes) in 5mg/ml BSA/PBS or 7.5μg/ml biotinylated horse anti mouse IgG

(Vector Laboratories) in 5mg/ml BSA/PBS for 3h at RT. Streptavidin/Alexa Fluor conjugate 568

(red) (Molecular Probes) (5μg/ml 1h 37°C) was used as the fluorochrome for both PRL and PRL-

R. Sections were mounted with Vectashield (Vector Laboratories).

Negative controls for immunohistochemistry involved omission of the primary antibody from the

antibody diluting buffer and a dilution series to show a progressive decrease in specific

immunostaining with a progressive decrease in concentration of primary antibody (Pi and Grattan

1998). Positive controls for PRL and PRL-R staining included staining of hypothalamic arcuate

and mediodorsal nuclei and the choroid plexus, while positive controls for DCX

immunoreactivity (DCX IR) included staining of the SVZ in the normal brain (Couillard-

Despres et al., 2005; Komitova et al., 2005). In addition, antiserum raised against ovine PRL-R

in rabbit (D23, a kind gift from Dr. Grattan, University of Otago, Dunedin, New Zealand)

(Craven et al., 2001) was used as a comparison with MA1610 staining. D23 recognises both

short and long PRL-R forms. Briefly, sections were washed in citrate buffer (10mmol/L

Na3C6H5O7, 2mmol/L C6H8O7; pH6.0) for 30 minutes and following a 5% NGS/5mg/ml

BSA/PBS block, sections were incubated in 1/500 rabbit anti ovine D23 antibody in 3mg/ml

BSA/PBS at 4°C overnight. Sections were then incubated with  10μg/ml biotinylated goat anti

rabbit IgG (Molecular Probes) in 3mg/ml BSA/PBS for 3h at RT. Streptavidin/Alexa Fluor

conjugate 568 (red) (Molecular Probes) (5μg/ml 1h 37°C) was used as the fluorochrome.
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Sections were mounted with Vectashield (Vector Laboratories).

Immunoreactivity for DCX, PRL and PRL-R (DCX IR, PRL IR and PRL-R IR) was semi-

quantified in the ipsilateral SVZ and immediately adjacent striatum at mid-striatal level (see

Figure 1A), using control brains (n=3) and brains taken at 1, 3, 5 and 7 days post-HI (n=5/time

point). Using a categorical approach, immunostaining was assigned one of two scores, with “0”

assigned to basal levels as seen in control brains and “+” assigned to markedly increased

immunostaining as compared to basal levels. 

Overview SVZ and DG

Figure 1 shows an overview of the SVZ (A) and the DG (B) at the levels of the mid-striatum and

mid-hippocampal horn. The SVZ lines the lateral side of the lateral ventricle and extends

laterally between the striatum and the corpus callosum (CC). DCX-immunopositive cells are

expected along the ventricle wall (arrow heads, Figure 1A) and in the dorsolateral/lateral SVZ

(arrow, Figure 1A), where neuronal progenitors congregate and depart for their migration along

the RMS to the OB (Lois and Alvarez-Buylla 1994; Doetsch et al., 1999; Shingo et al., 2001).

DCX-immunostaining was further expected to be visible within the DG hilus (arrow heads,

Figure 1B).

Figure 1 Overview of the SVZ and the DG at the levels of the mid-striatum (A) and mid-hippocampal horn
(B). Immunoreactivity for DCX is expected within the lateral (A, arrow heads) and dorsolateral (A, arrow)
SVZ, as well as in the dentate hilus (B, arrow heads). CC, corpus callosum; Str, striatum; CA1/2, CA1/2
field of the hippocampus. 

Statistical procedures

Categorical data were analysed using Fisher's exact test with significance set at p<0.05.
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Results
As determined by FJB staining, all brains included for analysis had confirmed neuronal cell death

following severe hypoxia ischemia (not shown). The pattern of neuronal death was identical to

that previously described for this injury paradigm (Sirimanne et al., 1994) and see Chapter I).

From 1 day, neuronal death was observed in the neocortex, most regions of the hippocampus, the

striatum and the thalamus.

Semi-quantification of the ipsilateral DCX, PRL and PRL-R response

Immunoreactivity for DCX, PRL and the PRL-R within the ipsilateral SVZ and immediately

adjacent striatum was scored in control brains (n=3) and brains taken at 1, 3, 5 and 7 days

(n=5/time point) following severe HI. Table 1 shows that, in most brains, immunoreactivity for

all three markers increased from 1 day as compared to normal brains, reaching significance for

all markers at 3 days (p<0.018; Fisher's exact test). Several brains proved too damaged and had

to be excluded from analysis, resulting in n=4 at 5 and 7 days. 

Table 1 Semi-quantification of DCX, PRL and PRL-R immunoreactivity in
the ipsilateral SVZ and adjacent striatum in normal brains and HI-injured
brains. 

Key: (0), basal immunoreactivity; +, markedly increased immunoreactivity;
3/3, three out of three brains. 
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The subventricular zone

Doublecortin

Within the normal brain, some DCX staining was observed in the dorsolateral SVZ of both

hemispheres (Figure 2A and arrow heads in 2B, see also Figure 3A and 4A). Myelin staining was

non-specific.

From 1 day following HI injury, the SVZ wall along the lateral ventricles within both

hemispheres markedly thickened, with DCX-positive cells arranged in distinct clusters (arrows in

Figure 2C and D). DCX IR cells and cell clusters were also seen in the dorsolateral SVZ (arrow

head in Figure 2C and see Figure 2D). From 3 days, DCX IR near and in the dorsolateral SVZ

strongly increased (Figure 2E and F and inset in F) and was organised into chain-like formations.

Clustered DCX-positive cells were again visible in the SVZ. Further, DCX IR cells were

increasingly seen within the injured striatum (arrow head in Figure 2E) while several were seen

in the septum (Figure 2E, F). This pattern of increased DCX IR extended to 5 and 7 days (Figure

2G-K) whereby the number of immunoreactive cells in the injured striatum further increased

from 5 days (arrow head and inset #2 in G). Many striatal DCX-positive cells showed a

migratory morphology with leading processes and a (dorso)lateral orientation (inset in Figure 2J).

DCX-positive cell clusters were again visible in the SVZ and dorsolateral SVZ (arrow and inset

#1 in Figure 2G). 

Overleaf
Figure 2 Doublecortin immunostaining of the ipsilateral (left panels) and contralateral (right panels) SVZ
following HI injury. Within the normal brain (A, B) little DCX IR was seen within the dorsolateral SVZ region
(see also Figure 3A and 4A). From 1 day following injury, the SVZ in both hemispheres thickened with an
increased DCX immunoreactivity on clustered cells along the ventricle walls (arrows in C and D). Several
cells were also seen in the dorsolateral SVZ region (arrow head in C and see D). From 3 to 7 days,
migration into the dorsolateral SVZ of both hemispheres strongly increased, with DCX immunoreactivity
organised into chain-like formations (E-K). DCX staining within the injured striatum also increased (arrow
head in E and G and see inset #2 in G). Many immunopositive cells thereby showed a migratory
morphology and were orientated in a dorsolateral direction (inset in J). DCX-positive clusters were again
seen in the dorsolateral SVZ at 5 days (arrow and inset #1 in G) and 7 days. Myelin staining was non-
specific. Scale bars 50µm.
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Doublecortin and prolactin

PRL immunohistochemistry indicated that in the normal brain, some PRL was present in the

dorsolateral region of the SVZ (red, Figure 3B). Merging of DCX staining (green, Figure 3A)

with PRL IR showed that PRL immunoreactive cells were interspersed between DCX-positive

cells in the SVZ of the normal brain (Figure 3C). 

From 1 day post-injury, PRL IR markedly increased within the SVZ (Figure 3E) alongside DCX

IR (Figure 3D). Merging showed that PRL staining surrounded DCX-positive cells (Figure 3F).

This pattern was also seen at 3 days (Figure 3G-J), 5 days (Figure 3K-M ) and 7 days (Figure 3N-

P). PRL IR was also present in the injured striatum (arrows in Figure 3L and O) and surrounded

DCX IR in this region (Figure 3M and P). DCX-positive clusters were present within the SVZ at

all stages (for 5 and 7 days: arrow heads in Figure 3K and N respectively).

Overleaf: 
Figure 3 Relation between DCX (green) and PRL (red) immunoreactivity in the ipsilateral SVZ following HI
injury. Within the normal brain, some DCX and PRL immunoreactivity was present in the dorsolateral SVZ
(A and B respectively). Overlay of DCX and PRL staining (C) shows that within the SVZ of the uninjured
brain DCX-positive cells were surrounded by PRL-positive cells. From 1 day following injury, DCX and
PRL IR  increased (D and E respectively) with PRL staining located in the vicinity of DCX IR (F). An
identical pattern was seen at 3 days (G-J), 5 days (K-M) and 7 days (N-P). DCX-positive cell clusters were
visible in the SVZ at all stages (for 5 and 7 days: K and N, arrow heads). In addition to the SVZ, PRL IR
(arrows in L and O) was associated with DCX staining in the striatum. Scale bars 20µm.
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Doublecortin and the prolactin receptor

The relation between PRL-R and DCX immunostaining of the SVZ in the normal and the injured

brain was identical to that observed for PRL and DCX IR. Within the SVZ of the normal brain,

some PRL-R staining was observed (Figure 4B). Overlay with DCX staining, which was seen in

the dorsolateral SVZ with some staining in the striatum (green, arrow heads in Figure 4A),

showed that the two markers were located in each other's vicinity (Figure 4C). 

From 1 day following HI injury, distinct DCX-positive clusters were seen in the SVZ (Figure

4D). PRL-R staining increased within this region with several PRL-R-positive cells also seen in

the striatum (Figure 4E). Figure 4F shows that PRL-R-positive cells surrounded the DCX-

positive cell clusters (arrow). At 3 days, DCX remained elevated (Figure 4G). PRL-R IR within

the SVZ (arrows, Figure 4H) and in the striatum (arrow head, Figure 4H) surrounded the DCX-

positive cells (Figure 4J). Myelin staining in the striatum (yellow, Figure 4J) was non-specific.

Increased DCX and PRL-R staining was also seen at 5 and 7 days (Figure 4K/L and N/O) and

identical to the previous time points, DCX- and PRL-R-positive cells were located in each other's

vicinity (Figure 4M and arrow heads in Figure 4P). 

Figure 5 shows the presence of DCX-positive cell clusters in the ventral SVZ at 3 days following

injury. As seen for the more dorsal SVZ, these clusters were located adjacent to the PRL-R-

positive ependyma (Figure 5, arrow head) and PRL-R immunoreactive cells within the SVZ and

striatum (Figure 5, arrows).

Overleaf: 
Figure 4 Relation between DCX (green) and PRL-R (red) immunoreactivity in the ipsilateral SVZ following
HI injury. Within the normal brain, DCX IR is seen within the dorsolateral SVZ with some staining in the
striatum (arrow heads, A). Some PRL-R staining is also present within the SVZ (B). Merging (C) shows
that the two markers are located in each other's vicinity. From 1 day, distinct DCX-positive cell clusters
can be seen within the SVZ (D). PRL-R IR also markedly increased (E) and surrounded the DCX
immunoreactive clusters (arrow, F). At 3 days DCX IR was again seen within the SVZ and striatum (G).
PRL-R staining in these regions (H, arrows and arrow head) surrounded DCX IR in these regions (J). This
was also observed at 5 days and 7 days following injury (K/M and N/P). Scale bars 20µm.
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Figure 5 Relation between DCX (green) and PRL-R (red) immunoreactivity in the ventral SVZ 3 days
following HI injury. Clusters of DCX-positive cells were located adjacent to the PRL-R-positive ependyma
(arrow head). Further, PRL-R-immunoreactive cells within the SVZ and striatum were seen in the vicinity
of the clusters (arrows). Scale bar 20µm.
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The lateral SVZ

Within the normal brain and in HI-injured brains, immunostaining for DCX, PRL and the PRL-R

was observed within the lateral SVZ which extends laterally from the dorsolateral SVZ between

the striatum and the CC (for overview see Figure 1A). The normal brain showed relatively little

DCX and PRL-R staining in this region (Figure 6A, arrow head and arrow respectively; with

non-specific myelin staining in yellow). Limited PRL IR was also observed (not shown).

At 1 day following severe HI injury, both DCX and PRL-R IR markedly increased within the

lateral SVZ of the injured hemisphere (Figure 6B). Many DCX-positive cells were organised in

clusters. PRL-R-positive cells were located in the vicinity of these clusters and single DCX-

immunoreactive cells at 1 day (Figure 6B, arrow) and also at 3, 5 and 7 days (Figure 6C, D and

E, arrow heads). Several cells may have expressed both DCX and PRL-R, showing a yellow

colour (arrow in Figure 6C and inset) although this requires verification. Immunoreactivity for

the PRL ligand also markedly increased within the lateral SVZ following injury and showed an

identical pattern of staining as was found for the PRL-R (not shown). 

Overleaf

Figure 6  Relation between DCX (green) and PRL-R (red) immunoreactivity in the lateral SVZ of the
injured hemisphere following HI injury. Within the normal brain, little DCX and PRL-R staining was seen
within the lateral SVZ (A, arrow head and arrow respectively). Yellow myelin staining was non-specific.
From 1 day following HI injury, DCX and PRL-R IR increased within this region with PRL-R IR cells (B,
arrow) surrounding DCX-positive cells and cell clusters (B, arrow head). This was also seen at 3, 5 and 7
days (C, D, E with PRL-R staining depicted by arrow heads). Further, there were indications that DCX and
PRL-R colocalised on several cells as shown by a yellow colour (arrow in C; enlarged view in inset C).
Scale bars: A-C: 20μm; D and E: 50μm.
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The lateral periventricular region

At the mid-level of the dorsal hippocampal horn (A3.5, Sherwood and Timiras 1970), single

DCX IR cells as well as DCX-positive clusters were seen within the lateral periventricular region

adjacent to the corpus callosum (CC) and the hippocampus (Figure 7A, green, arrow heads).

Most DCX-positive cell clusters were seen at 7 days following HI injury. As seen for other

regions, PRL staining was specifically associated with DCX IR (arrows and arrow head

respectively, Figure 7B). This was also observed for PRL-R staining (not shown). Yellow myelin

staining was non-specific. 

Overleaf
Figure 7 Relation between DCX and PRL immunoreactivity in the lateral periventricular region at the mid-
level of the dorsal hippocampus, 7 days post-HI. As shown at low magnification, DCX-immunoreactive cell
clusters (A, arrow heads) were present within the periventricular region bordering the CC and the
hippocampus. PRL-immunopositive cells surrounded the DCX-positive clusters (B, arrows and arrow head
respectively) and were also seen on the ependyma. CC, corpus callosum; CTX, cortex; f.hip, fimbria
hippocampi. Scale bars: 100μm (A) and 20μm (B).
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The dentate gyrus  

Doublecortin

Within the SGZ of the normal brain, DCX IR was scarce (Figure 8A), with some staining visible

in the granule layer (inset Figure 8A). 

From 1 day following HI injury, DCX IR within both the ipsilateral and contralateral SGZ

markedly increased (Figure 8B-J). At 1 day DCX IR was intense; however the extent of

ipsilateral staining at this and any stage depended on the severity of hippocampal injury; a

severely injured DG showed less ipsilateral staining. Extension of DCX-positive processes into

the granule layer was markedly increased in both hemispheres from 1 day (Figure 8B/C and

D/E). Cells progressing into the granule layer were also visible (arrow head in Figure 8D).

Several DCX-positive cell clusters could be seen in the SGZ (arrow in Figure 8E). The ipsilateral

DG was severely injured from 3 days in all brains examined. However, some DCX-

immunoreactive cells remained within the disintegrating SGZ (arrow in Figure 8F), whereas

DCX IR remained elevated within the contralateral SGZ and granule layer (Figure 8G and inset).

A similar contralateral staining pattern was observed at 7 days, even when the ipsilateral DG

appeared fully destroyed (Figure 8H and J).

Figure 8 DCX immunostaining of the ipsi- and contralateral DG following HI injury. In the DG of the
normal brain, DCX IR was scarce (A and inset). From 1 day following injury however DCX staining
markedly increased within the ipsilateral as well as contralateral DG. At 1 day, strong and widespread
DCX IR was seen within the SGZ (B and C) with many DCX-positive processes extending into the granule
layer (arrows in B and C). In some brains, DCX-immunoreactive cells had migrated into the granule layer
at 3 days (D, arrow head) alongside extending processes (D, arrow). DCX-positive clusters could be seen
as shown in the contralateral SGZ at 3 days (E, arrow). Although the ipsilateral DG was severely damaged
from 5 days (F and H), some DCX-positive cells could occasionally be seen in this region (arrow in F).
DCX IR within the contralateral DG remained increased following destruction of the ipsilateral DG (G, inset
G, and J). G, granule layer; SGZ, sub granular zone. Scale bar 20μm.
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Doublecortin and prolactin

PRL IR was negligible within the SGZ and granule layer of the normal brain whereas, as was

shown above, DCX IR within this region was relatively scarce (Figure 9A). 

From 1 day, PRL staining markedly increased within the DG of both hemispheres. PRL-

immunoreactive cells were thereby located in the vicinity of the DCX-positive cells from 1 until

7 days (Figure 9B-J, with PRL-positive cells depicted by arrow heads). Several cells may have

expressed both DCX and PRL (insets in Figure 9B-E) although this requires verification. DCX-

positive cell clusters were also seen in the SGZ (arrow in Figure 9E). From 5 days, cell death

within the ipsilateral DG was extensive. Relatively little DCX and PRL IR could be seen in this

region (Figure 9F, arrow and arrow head respectively) although a few cells may have expressed

both DCX and PRL (arrow in Figure 9H). This however requires verification. In several brains,

the ipsilateral DG showed an extensive PRL IR which likely represented PRL-positive astrocytes

(Figure 9H, arrow heads). PRL IR decreased from 5 days within the contralateral DG (Figure 9G,

arrow head, and Figure 9J). Several of the remaining PRL-positive cells were located in the

vicinity of DCX-immunoreactive cells (inset in Figure 9J). DCX IR remained elevated at 5 and 7

days however with several DCX-positive cell clusters visible within the SGZ (arrow in Figure

9J).

Figure 9 DCX and PRL immunostaining in the dentate gyrus following HI injury. Within the SGZ and
granule layer of the normal brain, DCX IR was scarce (arrow in A) and PRL IR was negligible. From 1 day
following HI injury, DCX IR markedly increased within the SGZ and the granular layer of the ipsilateral (B,
arrow) and contralateral (C) hemisphere. PRL IR increased alongside DCX staining and was located in
the vicinity of the DCX cells (B, arrow head and C). A similar pattern was seen at 3 days following injury (D
and E), with several DCX-positive cells migrating into the granular layer (D, arrow) or the formation of
DCX-immunoreactive cell clusters within the SGZ (E, arrow). Several DCX-positive cells may have
expressed PRL (insets in B-E). Although the ipsilateral DG of many brains showed severe cell death 5
days post-HI injury, some DCX and PRL IR remained in this region (F, arrow and arrow head
respectively). Within the contralateral DG, DCX staining remained elevated but the number of PRL-
positive cells (G, arrowhead and inset) decreased from 5 days. In several brains, PRL IR was seen
throughout the ipsilateral DG and may have represented PRL-positive reactive astrocytes (H, arrow
heads). Although DCX IR was scarce, some cells may have expressed both DCX and PRL (arrow in H).
DCX-positive cell clusters were observed within the contralateral SGZ at 7 days (J, arrow). The remaining
PRL IR was located in the vicinity of DCX-positive cells at this stage (inset in J). Scale bars 20μm.
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Doublecortin and the prolactin receptor 

As was shown for PRL IR, PRL-R staining was negligible within the DG of the normal brain

(Figure 10A). DCX IR was scarce (arrow and inset Figure 10A). 

From 1 to 7 days, DCX IR markedly increased within the DG of both hemispheres; however, if

severely injured, ipsilateral DCX staining was relatively scarce. An injury-induced increase in

PRL-R staining was also observed from 1 day, although the number of PRL-R-positive cells

decreased from 5 days as was shown for PRL IR. As shown at 1 day, a few DCX-positive cells

were visible in the severely injured DG (Figure 10B, arrows) whereas some may have co-

expressed the PRL-R (arrow head and inset in Figure 10B). Elevated DCX/PRL-R staining was

seen in the contralateral SGZ at 1 day (Figure 10C), with DCX-positive processes visible within

the granule layer (Figure 10C, arrow). In the SGZ, PRL-R-immunoreactive cells were

interspersed between the DCX-positive cells (Figure 10C, arrow head). At 3 days, PRL-R-

positive cells were again seen in the vicinity of DCX-positive cells (arrow heads in Figure 10D

and E). Although DCX IR remained elevated in the contralateral DG at 5 and 7 days (arrow in

Figure 10G and see J) and was occasionally seen within the injured DG (red arrow in Figure

10H), PRL-R IR progressively decreased. Several PRL-R-positive cells however remained in the

ipsilateral, injured DG (white arrow heads in Figure 10F and H) which may have been astrocytes.

Several cells appeared immunoreactive for both PRL-R and DCX, producing a yellow colour

(arrows in Figure 10F and H), although this requires verification

Figure 10 DCX and PRL-R immunostaining in the dentate gyrus following HI injury. As previously
demonstrated, DCX IR within the DG of the normal brain was limited (arrow in A and inset) and as was
shown for PRL IR, PRL-R staining was negligible (A). From 1 day, DCX IR increased within the SGZ of
both hemispheres although less staining was observed in the ipsilateral DG if severely injured (B, arrows).
Within the injured DG, a few PRL-R-positive cells were located in the vicinity of the DCX-positive cells or
may have colocalised with these cells (arrow head in B and inset). In the contralateral SGZ, DCX and PRL
IR markedly increased, whereby DCX-positive cells extended processes into the granule layer (C, arrow)
and were located in the vicinity of PRL-R immunoreactive cells (C, arrow). This association was also seen
at 3 days (arrow heads in D and E). DCX-positive processes were again seen in the granular layer (E,
arrow). PRL-R IR progressively decreased within the contralateral DG; and at 5 and 7 days was negligible
(G, J). Within the ipsilateral DG however some PRL-R remained at 5 and 7 days (arrow heads in F, H).
Although scarce in the injured DG, DCX IR (H, red arrow) may have colocalised with PRL-R IR (yellow,
arrows in F and H). DCX IR in the contralateral SGZ remained elevated at 5 and 7 days (arrow in G, and
see H), with DCX-positive processes extending into the granule layer (G, arrow). Scale bars 20μm.
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The cortex

Five and 7 days following severe HI injury, both DCX and PRL-R IR was seen within the

penumbra of the injured parietal cortex (Figure 11A and B). Enlarged views show that PRL-R

and DCX staining was likely located on the same cells (arrow heads Figure 11-1. to 3.). 

Control staining

Immunostaining for DCX, PRL and PRL-R proved specific following omission of the respective

primary antibodies and staining of the ipsilateral SVZ at 7 days following injury (Figure 12A, B

and C respectively). Punctuate PRL and PRL-R staining of epithelial choroid plexus cells was

absent (Figure 12D and E respectively with arrow heads depicting individual cells). In addition,

serial dilution of the primary antibody demonstrated a progressive decrease in staining for the

three markers (not shown). 

Positive controls for DCX staining included staining of the SVZ in the normal brain (see Figure

2A, 3A and 4A). Positive controls for PRL and PRL-R IR included staining of the arcuate and

mediodorsal hypothalamic nuclei (Figure 12G, 12G inset and 12H). In addition, D23, an

alternative marker for the PRL-R, confirmed the SVZ staining pattern as found when using the

MA1610 antibody (Figure 12F, 3 days post-HI) and the choroid plexus (Figure 12J and inset, 3

days post-HI). A further positive control for PRL and PRL-R staining included punctuate staining

of choroid plexus and ependymal cells (Figure 12K and L and insets, 3d post-HI). 
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Figure 11 DCX and PRL-R immunostaining within the cortical penumbra, 5 (A) and 7 (B) days following
HI injury. Several cells may have coexpressed DCX and PRL-R (arrow heads, panels 1.-3.). Scale bar
20μm. 
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Figure 12 Negative (A-E) and positive (F-L) control immunohistochemistry for DCX, PRL and the PRL-R.
Omission of the respective primary antibodies resulted in absence of staining for DCX, PRL and PRL-R
within the ipsilateral SVZ at 7 days post-HI (A, B and C respectively). Absence of punctuate PRL and PRL-
R staining on choroid plexus cells further confirmed specificity (D and E respectively with arrow heads
depicting individual cells). Positive controls for PRL and the PRL-R included staining of the arcuate and
mediodorsal nuclei (G, inset G and H) and D23 immunostaining of the ipsilateral SVZ at 3 days post-HI
(F). Punctuate staining of the choroid plexus at 3 days further confirmed specific staining for D23, PRL
and PRL-R (J-L and insets). Scale bar 20μm (A-F) and 50μm (G-L). 
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Discussion
Severe hypoxia ischemia induced a marked bilateral increase in PRL, PRL-R and DCX staining

in the SVZ, DG and migratory routes from 1 through to 7 days. Importantly, the increase in DCX

immunostaining coincided with an elevated PRL/PRL-R immunoreactivity in both a temporal

and a spatial fashion. PRL/PRL-R-immunoreactive cells were seen in the vicinity of proliferating

and migrating DCX-positive cells, and several examples of colocalisation were noted. Together

these results suggest that the PRL axis is involved in neurogenic events and neuroblast migration

following HI injury. 

Prolactin and its receptor are involved in neurogenic events within the SVZ

Within the SVZ of the normal brain, DCX immunopositive cells were seen within close

proximity of limited PRL and PRL-R immunostaining. This finding is in agreement with reports

showing constitutive neurogenesis to exist within the rodent CNS (Luskin et al., 1993; Kuhn et

al., 1996; Cameron and McKay 1998; Sharp et al., 2002, see Palmer et al., 1997; van der Kooy

and Weiss 2000), and PRL-R to be present within the SVZ (Shingo et al., 2003). The PRL axis

may therefore participate in neurogenesis in the SVZ of normal juvenile rats.

From 1 day following hypoxia ischemia, the number of DCX-immunopositive cells strongly

increased within the SVZ of both hemispheres. Many DCX-positive cells were arranged in

clusters indicating proliferation of neuroblasts. These proliferating cells may represent Type A

cells which are proliferating neuroblasts committed to a neuronal fate (see review by Garcia-

Verdugo et al., 1998). An HI injury-induced increase in SVZ proliferation confirms previous

studies of injury-induced neurogenesis within the rodent SVZ (Jin et al., 2001; Parent et al.,

2002; Sharp et al., 2002; Gotts and Chesselet 2005; Ong et al., 2005; Yang and Levison 2006).

DCX IR remained elevated throughout the 7 post-injury days studied, indicating that post-HI

neurogenic events are not a transient response to seizures, which usually only occur over the first

24 hours in this model. Instead, neurogenic events represent a more persistent injury-induced

response. This is supported by previous reports showing a robust proliferative response within

the SVZ following ischemia, which can be seen from days 5 through to 7 and continues for at

least 1 week post-insult (Yang and Levison 2006; Gotts and Chesselet, 2005). Since the elevated

DCX observed may have extended beyond 7 days, it is recommended that the extent of DCX IR

is investigated at later time points. 

Importantly, PRL and PRL-R immunostaining was also elevated within the SVZ from 1 to 7 days

following injury and coincided with the increased DCX IR in a spatio-temporal fashion.
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Immunopositive cells were clearly located in the vicinity of DCX-positive clusters and single

DCX-immunoreactive cells. Several examples of colocalisation were seen although further

studies using confocal microscopy (3 dimensions) are necessary to confirm this. Recent studies

have shown that DCX IR in neuroblasts sharply decreases upon expression of mature neuronal

markers, indicating that DCX is a suitable marker for newborn neuroblasts e.g. neurogenesis

(Brown et al., 2003). The specific association of PRL/PRL-R-positive cells with DCX-positive

proliferating clusters therefore suggests PRL involvement in neurogenesis. Indeed, the latest

results from our laboratory show that PRL strongly and directly induces proliferation of mouse

neural stem cells in culture (T. Gorba in Möderscheim et al., 2006; see Appendix I). Further,

DCX and PRL/PRL-R immunostaining was also markedly increased and specifically associated

within the contralateral SVZ. The pattern of elevation was similar to that of the ipsilateral SVZ

and likewise persisted through to 7 days. This may reflect the plastic nature of the brain with

contralateral responses contributing to transfer of function lost in the ipsilateral hemisphere. In

summary, the present results show a strong bilateral, spatio-temporal association between SVZ

neuroblast activity and the PRL axis from 1 day following HI injury. These studies therefore

provide the first evidence of an immediate, endogenous neurogenic response of the PRL axis in

the SVZ of the injured brain. 

The specific cell type of the PRL and PRL-R-positive cells is not clear. The close vicinity to

DCX immunoreactive cells suggests that these may be Type B cells which are known to sheathe

Type A cells, thereby providing a scaffold for migration (Lois et al., 1996; Jankovski and Sotelo

1996). However, the PRL and PRL-R-positive cells did not display characteristics of Type B

cells/SVZ astrocytes such as a spiderlike appearance with multiple processes (see Garcia-

Verdugo et al., 1998). Since Type B cells express glial fibrillary acidic protein (GFAP), future

double immunohistochemistry for GFAP and PRL/PRL-R would help to clarify this issue. 

The PRL axis is involved in progenitor emigration

In the adult SVZ, the primary migratory route for progenitors targets the OB via the RMS

(Luskin 1993; Lois and Alvarez-Buylla 1994; Jankovski and Sotelo 1996; Lois et al., 1996).

However, following injury to the cortex, SVZ progenitors have been shown to diverge and

migrate toward injured cortex and striatum (Arvidsson et al., 2002; Parent et al., 2002; Jin et al.,

2003; Zhang et al., 2004). The injury-induced ectopic migration of SVZ cells relates to

embryonic and early postnatal development, when newborn cells in the ganglionic eminences

migrate into the anlagen of the basal ganglia, cerebral cortex and CC (Levison et al., 1993;
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Alonso et al., 1999; Kakita and Goldman 1999). Since brain injury induces the reactivation of

developmental processes (Carmichael 2003), an injury-induced migration of progenitors into

non-OB regions was predicted for the present studies. Indeed, hypoxia ischemia induced a

marked DCX response within several migratory routes which was evident from 1 through to 7

days. Increased numbers of DCX-positive cells and clusters were seen in the dorsolateral SVZ,

the injured striatum and the posterior lateral periventricular region. 

1. The dorsolateral SVZ 

DCX IR markedly increased within the dorsolateral SVZ, which is the site where SVZ

progenitors congregate and depart for their migration to the OB along the RMS (Lois and

Alvarez-Buylla 1994; Doetsch et al., 1999; Shingo et al., 2001). Many DCX-positive cells were

organised in chain-like formations as seen within the SVZ-OB pathway (Jankovski and Sotelo

1996; Lois et al., 1996). As suggested above, these cells are likely to be Type A neuroblasts,

which are known to form migratory chains (Doetsch et al., 1997). Whereas this observation

indicates an enhanced migration of neuroblasts toward the RMS following injury, this route may

also be used to access the injured cortex (Jin et al., 2003). These authors showed that following

MCAO, DCX-positive cells migrated from the SVZ into the ischemic cortex via the RMS and

subsequently the lateral cortical stream. Whether this specific pattern of migration occurs in the

HI injury model used in the present studies remains to be seen. 

2. The injured striatum 

In addition to neuroblast migration into the dorsolateral SVZ, Jin and co workers (Jin et al.,

2003) observed a migration of SVZ cells into the striatum following injury. This pattern of

migration was subsequently confirmed by other groups (Jin et al., 2003; Gotts and Chesselet

2005; Yang and Levison 2006) and is in agreement with the present studies which clearly

showed an increased migration of DCX-positive cells into the injured striatal parenchyma. Many

DCX-positive cells displayed a migratory phenotype and the orientation of many striatal DCX-

positive cells was consistent with migration away from the SVZ and into the striatum. Since

ipsilateral striatal injury is a feature of the severe HI injury model, the increased DCX IR within

the ipsilateral striatum is likely directly related to the injury within this region. Maximum

migration was seen at 5 through to 7 days, confirming previous studies showing migration at 5

days (Gotts and Chesselet 2005). Although Jin and co workers (Jin et al., 2003) demonstrated

that SVZ cells send long processes and migrate into the striatum as early as 24h following

MCAO, further studies are necessary to detail the progress of progenitor migration into this
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region in the severe HI injury model. However, it should be kept in mind that in the present

studies several DCX-positive cells within the striatum may have represented injured neurons re-

expressing DCX. Injured neurons are known to reactivate microtubule-associated processes

(Ladrech et al., 2003). Indeed, several large DCX-positive cells not exhibiting a migratory

phenotype were seen in the injured striatum. 

3. Posterior periventricular region

At the mid-level of the dorsal hippocampal horn, DCX-positive clusters were seen in the lateral

periventricular region adjacent to the hippocampus. The periventricular region is a known

neurogenic site containing progenitor cells (Nakatomi et al., 2002). Interestingly, following

injury to the hippocampus, periventricular progenitors have been shown to migrate into injured

hippocampal fields. Here they contribute to endogenous neuronal restoration several weeks post-

insult as determined by fluorescent Dil labelling and NeuN staining (Nakatomi et al., 2002). This

is confirmed by a recent report by Bendel and co workers (Bendel et al., 2005) who demonstrated

that global ischemia in the rat caused an endogenous replacement of BrdU/NeuN-positive

neurons in the CA1 region. These newborn neurons originated from the adjacent lateral

periventricular region, where an increased number of PSA NCAM-positive cells was seen

following injury. Moreover, this endogenous restoration process resulted in the recovery of

cognitive function, showing a functional effect. The DCX-positive neuroblasts in the posterior

lateral periventricular region as seen in the present studies may likewise contribute to restoration.

If so, it remains to be established whether these cells would target the injured hippocampus

and/or migrate into the injured cortex. 

Together, the above findings suggest that the number of DCX-positive neuroblasts is increased in

established migratory routes in the juvenile rat HI injury paradigm. These neuroblasts likely

migrate toward injured brain parenchyma; this was most evident in the ipsilateral striatum.

Importantly, as seen for the more rostral SVZ, PRL/PRL-R IR was specifically associated with

these DCX-positive cells. Since ectopically migrating neuroblasts have reparative potential

(Arvidsson et al., 2002; Parent and Lowenstein 2002; Parent et al., 2002) these findings indicate

a role for the PRL axis in long-term restorative processes following injury. This relates to a

recent patent of Shingo, Weiss and co workers (Thompson et al., 2003) who attributed an

increased DCX-positive neuroblast emigration and functional recovery of the ischemic motor

cortex to 14 days of PRL/EPO treatment. The present studies have now extended this by showing

that the association of the PRL axis with neuroblast migration is an endogenous event, occurring
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immediately (1 day) following hypoxia ischemia. 

PRL as a neurogenic cue

The origin of immunoreactive PRL within the SVZ remains unclear. PRL may be expressed by

the SVZ cells or may be of endocrine/pituitary origin, accessing the SVZ via PRL receptors on

the choroid plexus or via brain capillaries. Access to the SVZ is not unlikely since this region is

located immediately adjacent to the lateral ventricles and the choroid plexus. Notably, both the

choroid plexus and the ependyma proved immunopositive for PRL and the PRL-R following

hypoxia ischemia (see Chapter III). 

Alternatively, immunoreactive PRL within the SVZ may represent diffusible PRL released from

the injured cortex, subsequently binding to PRL receptors within the SVZ. The concept of

diffusible growth factors or 'cues' released by brain lesion sites is well-known. In the cortex,

injured cells and cells surrounding these have been shown to release specific signals. For

example, apoptosis of pyramidal neurons in the cortex of mice increases the expression of brain-

derived neurotrophic factor (BDNF), neurotrophin-4/5 (NT-4/5) and neurotrophin-3 (NT-3)

(Wang et al., 1998). EGF expression is also increased following cortical injury (Planas et al.,

1998; Tanaka et al., 1999) and a chemotactic gradient of diffusible EGF is established between

the lesion site and the SVZ (Sundholm-Peters et al., 2005). Cues can have neurogenic properties

controlling stem cell microenvironments over long distances (Watt and Hogan 2000) and

mediate migration, differentiation and integration of progenitors at the target site such as the

cortex (Wang et al., 1998; Aboody et al., 2000). Growth factors such as EGF and FGF induce

progenitor proliferation and emigration of SVZ progenitors (Craig et al., 1996; Kuhn et al., 1997;

Sundholm-Peters et al., 2005). A rationale for this activity is that growth factors are

developmentally active and play a critical role during neurogenesis and reconstruction of

complex CNS circuitry (Wang et al., 1998). Since unilateral HI injury induces a rapid increase of

PRL IR in the cortex (Chapter III) and the present results suggest neurogenic and migratory

properties for PRL, PRL secreted by the injured cortex may function as a cue and contribute to

cortical recovery through neurogenesis and migration. 

The increased PRL-R immunostaining in the SVZ and migratory routes may be a result of

increased PRL presence. Several reports have shown that PRL is able to upregulate expression of

its own receptor within various regions of the body during certain physiological states. These

include the corpus luteum during pregnancy (Douglas et al., 1998), the mammary gland during
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pregnancy/lactation (Djiane and Durand 1977; Jahn et al., 1991) and the choroid plexus during

chronic hyperprolactinemia and pregnancy/lactation (Mangurian et al., 1992; Pi and Grattan

1999; Augustine et al., 2003). An increased PRL-R expression likely serves to enhance the effect

of PRL.

PRL and the dentate gyrus

Although some DCX IR was seen within the DG of the normal brain, PRL and PRL-R

immunostaining was negligible within this region. This suggests that the PRL axis does not

contribute to normal constitutive neurogenic processes within the juvenile rat DG. 

From 1 through to 7 days following HI injury, an increased DCX IR was seen within both the

ipsilateral and contralateral SGZ. This suggests injury-induced neurogenesis within the DG and

confirms previous reports (Gould and Tanapat 1997; Parent et al., 1997). As was indicated for

the SVZ, contralateral neurogenic responses within the SGZ suggest a transfer of function to the

uninjured hemisphere. Conversely, neurogenesis in the ipsilateral hippocampus is likely to be a

direct result of cell death in this region as has been shown following excitotoxic and mechanical

injury to the DG granule cell layer (Gould and Tanapat 1997). 

The PRL axis may have a neurogenic role in the DG since the increased DCX IR was specifically

associated with an increased PRL/PRL-R staining within this region following injury.

Interestingly, Liu et al. (Liu et al., 1998) observed an increased growth factor expression within

the DG following transient global ischemia in gerbils and suggested that growth factors may

mediate the increased neurogenesis in this region. For example, hippocampal immunostaining for

FGF and its receptor has been shown to increase following ischemia (Endoh et al., 1994),

entorhinal injury (Gomez-Pinilla et al., 1992) and seizures (Gomez-Pinilla et al., 1995). An

increased presence of FGF and the FGF receptor may subsequently stimulate neurogenesis.

However, Shingo et al. (Shingo et al., 2003) demonstrated that central or sub cutaneous PRL

treatment in normal mice failed to induce proliferation within the DG, in contrast to the SVZ.

Nevertheless, an association between PRL/PRL-R and DCX-positive cells and cell clusters

following injury indicates that the PRL axis has a role in neuroblast activity in the DG of the

injured brain. Whether this would translate into functional processes such as recovery of

cognitive processes which are impaired following stroke (Bachevalier and Meunier 1996;

Hodges et al., 1997), remains to be seen.
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Does the PRL axis modulate cortical progenitor activity?

The present studies show a colocalisation of PRL-R and DCX IR in the cortical penumbra from 5

days following hypoxia ischemia. This suggests that PRL may affect neuroblast activity within

the injured cortex. The DCX-positive cells may represent local progenitor cells in the cortex

(Gould et al., 1999; Gu et al., 2000; Magavi et al., 2000; Jiang et al., 2001; Zhang et al., 2001;

Dayer et al., 2005). Alternatively or in addition, DCX IR cells in the cortex may represent

neuroblasts that migrated from the SVZ. Interestingly, Faiz et al. (Faiz et al., 2005) showed that

SVZ cell migration toward the NMDA-lesioned cortex starts as early as 10-14h in the P9 rat.

Further, DCX-expressing cells were reported to arrive in the injured cortex by 24h post-MCAO

with accumulation in the penumbra at 72h (Jin et al., 2003). Although this time course of the

appearance of these progenitors in the cortex seems questionable, Jin and co workers argue that

their rate of migration is comparable to that of cerebellar granule cells in the neonatal rat (70-

120µm/h; Fishell and Hatten, 1991; Hager et al., 1995) but faster than the rate for young neurons

migrating to the neocortex (Nowakowski and Rakic, 1981). The latter suggests that migration in

the injured brain may be faster than during development, indicating that the prediction of

migration patterns following injury is difficult. Moreover, neuronal migration rates are known to

vary, even among simultaneously generated neurons (Nowakowski and Rakic 1981). Further

studies are needed to clarify the origin of DCX-positive cells in the cortex as seen in the present

studies. The validity of cortical DCX immunostaining itself also requires further investigation

since the penumbral environment may not be suitable for neuroblast activity as early as 5 days

following injury, when cell death is ongoing. 

Conclusion
Whereas the present studies suggest a role in constitutive neurogenic events within the SVZ, the

PRL axis was spatially and temporally strongly associated with upregulated neuroblast activity

within the SVZ and DG of the injured brain. In addition, a role in neuroblast emigration is

implicated. Considering that neurogenesis is thought to be an adaptive response to ischemia-

associated injury and promotes restoration (Liu et al., 1998; Arvidsson et al., 2002; Parent et al.,

2002), these findings strongly suggest the mediation of restorative processes in the injured brain

by the PRL axis. 
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Chapter VI
General Discussion

Together, the results presented in this thesis have shown that a brain-specific growth hormone

(GH) axis can provide neuroprotection in the juvenile brain. Secondly, it was shown for the first

time that the closely related prolactin (PRL) axis is also strongly activated following brain injury,

but in contrast to GH, was not neuroprotective in the hypoxic ischemic (HI) cerebral cortex.

Instead, the PRL axis was involved in wound-related responses and neuroblast activity and likely

contributes to the long term recovery of the injured cortex. This clear functional distinction

between the GH and PRL axes following HI injury is also a novel concept. 

Below, the key findings of this thesis are outlined, followed by a discussion of the relevance of

these results. This thesis is completed with a presentation of a novel model for PRL-mediated

recovery, future directions and concluding remarks.

Key findings 
This thesis has produced four key findings:

Chapter II. GH-induced neuroprotection is mediated by a brain-specific growth hormone

receptor 

Rat growth hormone (rGH) provided strong neuroprotective and trophic effects to both injured

and normal rat primary cortical cultures. These trophic and protective actions were mediated by a

growth hormone receptor (GH-R) located on neurons and could be inhibited by the GH-R

antagonist G120D. This neuronal GH-R is functionally distinct from its peripheral counterpart

since bovine growth hormone (bGH) had no neuroprotective and only minor trophic properties.

This functional distinction indicates that rat cortical neurons contain a GH-R with altered ligand

specificity to the peripheral GH-R which mediates neuroprotective and trophic effects on

neurons. These are the first in vitro data confirming an altered ligand specificity seen in vivo

(Möderscheim et al. submitted).

Chapter III. Activation of a cerebral prolactin axis following hypoxia ischemia

This thesis shows for the first time that HI injury increased PRL and prolactin receptor (PRL-R)

presence in the cortical penumbra from one day after injury. The PRL response was strongly

associated with glia and blood brain barrier components. This axis was therefore hypothesised to
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function in recovery from injury through the mediation of glia-related wound responses. The

PRL response pattern to injury was very distinct from that of the GH axis (Scheepens et al.,

2001), illustrating distinct roles for these factors following hypoxia ischemia.

Chapter IV. The prolactin axis is not neuroprotective following hypoxia ischemia in vivo

Intracerebroventricular (ICV) treatment with rat PRL during the acute phase of the injury failed

to induce neuroprotection in the parietal cortex, caudate putamen or hippocampal CA1/2 field as

assessed at three days. A lack of neuroprotection was subsequently confirmed in primary

neuronal cortical cultures. These findings are in stark contrast with the strong cortical

neuroprotection offered by rGH in these cultures (Chapter II) and in vivo following ICV

treatment (Scheepens et al., 2001). Further, PRL had a pro-proliferative effect on glia in normal

mixed neuron/glia cultures. Together these findings support distinct actions of the PRL and GH

axes during recovery from brain injury with the PRL axis having a primarily gliatrophic and not a

direct neuroprotective role. This is a novel finding.

Chapter V. The prolactin axis has a role in neurogenic events following hypoxia ischemia

HI injury induced an extended bilateral increase in PRL/PRL-R immunoreactivity from one to

seven days after injury which was specifically associated with an increased proliferation and

migration of neuroblasts in the subventricular (SVZ) and subgranular (SGZ) zones. In addition,

the elevated PRL/PRL-R presence was associated with an increased number of migrating

neuroblasts in the injured striatum, the dorsolateral SVZ and periventricular regions. Subsequent

studies in collaboration with T. Gorba (Möderscheim et al., 2006 and see Appendix I) showed

that PRL directly mediates the proliferation and migration of neural stem cells in culture. These

findings strongly indicate a role for PRL in injury-induced neurogenic events and emigration of

neuroblasts. In addition to a role in glia-related recovery, the PRL axis may therefore mediate

longer term restorative processes following brain injury as opposed to a more acute protective

role as shown for GH. This is the first report of a endogenous neurogenic effect of the PRL axis

shortly (one to seven days) following HI injury to the cerebrum.

Neuroprotection
Neuroprotection is mediated by a putatively unique neural growth hormone receptor 

Chapter II clearly showed a neurotrophic as well as a neuroprotective role for rGH on neuron-

enriched primary cortical cultures from the rat brain. These effects, which could be blocked by

the selective GH-R antagonist G120D, were mediated by a GH-R located on neurons as shown
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by immunocytochemistry. A neuroprotective role for rGH in vitro confirms that found in the HI-

injured cortex of the juvenile rat, where rGH offered 55% neuroprotection (Scheepens et al.,

2001). 

Although bGH and rGH have identical effects in the periphery (Closset et al., 1991; Ambler et

al., 1993; Palmer et al., 1994) and bGH is considered purely somatogenic in the rat (Closset et

al., 1991; Lobie and Waters 1997), rGH but not bGH induced neuroprotection in primary

neuronal cultures (Chapter II). In addition, bGH had only minor pro-proliferative effects on

mixed on neuron/glia cultures as compared to rGH. Notably, the bioactivity of bGH had been

proven in a previous peripheral treatment study where strong effects on body weight and serum

IGF-I levels were observed (Scheepens et al., unpublished)). A lack of neuroprotection following

bGH treatment in vitro was confirmed by in vivo studies in our laboratory which showed that

bGH treatment shortly following HI injury was likewise not neuroprotective. This was evident

both following ICV administration (A. Scheepens in Möderscheim et al., submitted) and sub

cutaneous treatment (Scheepens et al., 1999). In the latter study, only a small but insignificant

trend was found toward a reduced infarct size in the thalamus. Further, peripheral bGH treatment

reversed the weight loss and drop in serum IGF-I levels associated with the injury. Together, the

present in vitro and previous in vivo studies clearly show differential effects of bGH and rGH on

the injured rat brain. 

An explanation for the discrepancy in trophic and neuroprotective effects of rGH and bGH may

be sought in the existence of a distinct neural GH-R which has an altered ligand specificity. This

is supported by previous reports showing that a brain GH-R is differentially regulated from its

peripheral counterpart. For example, Bennett and co workers (Bennett et al., 1996) showed that

dexamethasone greatly reduces hepatic GH-R expression but does not affect hypothalamic and

hippocampal GH-R mRNA levels. Further, estradiol stimulates hepatic but reduces brain GH-R

expression. There is evidence that the direct neuroprotective effects of rGH through the neural

GH-R are at least partly IGF-I independent. This would represent a mechanism which is

additional to somatogenic neuroprotection mediated by IGF-I, which is a potent neuroprotective

agent (Guan et al., 1993; Brywe et al., 2005; Tagami et al., 1997; Fernandez et al., 1999).

Scheepens et al. (Scheepens et al., 2001) showed that neuroprotection following ICV treatment

did not correlate with the spatial distribution of neuroprotection offered by IGF-I or the IGF-1

receptor. Instead, rGH-induced neuroprotection correlated with the distribution of the neural GH-

R/growth hormone binding protein (GHBP) (Scheepens et al., 2001). The injured brain would
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certainly benefit from the existence of two independent GH-driven mechanisms supporting

neuronal survival. 

The primary cortical culture system used in the present studies allows for the clarification of the

effects seen in vivo. For example, Scheepens et al. (Scheepens 1999) suggested that the

differential in vivo effects of bGH and rGH may arise from inactivation of bGH within the

cerebrospinal fluid (CSF). This may occur through aggregation, phosphorylation, proteolysis or

other processes. Although these degradative processes may still occur in vitro, the absence of a

CSF compartment in the culture system reduces the possibility of bGH inactivation occurring in

the CSF. The existence of a distinct neural GH-R is strongly supported by the finding that rGH is

neuroprotective to cortical neurons both in vitro and in vivo whereas bGH, although bioactive, is

not neuroprotective or trophic in either paradigm. Further in vivo and in vitro studies clarifying

the true nature of this unique receptor are called for (see Future directions). 

When considering the neurotrophic properties of rGH, it should be kept in mind that several

reports have disputed such roles for GH. Recent studies by Ransome, Turnley and co workers

(Turnley et al., 2002; Ransome et al., 2004; Ransome and Turnley 2005) indicate that GH may

have an inhibitory effect on neuronal differentiation in some instances, and that this effect can be

blocked by Suppressor of cytokine signalling-2 (SOCS2). Studying SOCS2 overexpressing and

SOCS2 and GH-R knock out mice, these authors found that SOCS2 increased synaptic density

and dendritic branching in vivo and promoted neuronal differentiation in vitro. The brains of

SOCS2 overexpressing mice, and thus GH-insensitive mice, showed only a modest 9% increase

in the number of mature cortical neurons (Ransome and Turnley 2005). Variations were only

seen in calretinin and calbindin-expressing neuron size (decreased) and neuron densities

(increased). Further, proliferation and apoptosis in fetal transgenic and wildtype telencephalons

were similar. These similarities between the SOCS2 and wild type mice likely indicate the

redundancy of JAK2/SOCS2-associated effects on neurons. Nevertheless, possible inhibitory

effects of SOCS2 on GH-neurotrophic effects should be considered in future studies. Gene arrays

for example would elucidate the extent of SOCS2 expression in the rGH-treated brain,

considering GH can induce SOCS activation (Miller et al., 2004) (see Future directions). It is

important to note however that the clarification of the role of SOCS2 in GH signalling is difficult

since many cytokines utilise JAK2-dependent signalling pathways under the control of SOCS

inhibition, including IGF-I. Further, GH may have effects on neurons through several signalling

routes not involving JAK2, thereby bypassing SOCS2 action (Scheepens et al., 2005). Caution
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should also be taken when treating centrally with GH since increased central GH levels induce

robust increases in peripheral corticosterone levels in rodents (Miller et al., 1995).

Corticosteroids are known to potently alter neuronal proliferation, differentiation and cell death

processes (Scheepens et al., 2003; Fuentes-Pardo et al., 1990; Sloviter et al., 1989; Greiner et

al., 2001). 

Prolactin treatment is not neuroprotective

It is known that serum PRL levels increase within one day of a traumatic brain injury in man

(King et al., 1981; Chiolero et al., 1988) the level of which is related to the severity of the injury

(Matsuura et al., 1985; Chiolero et al., 1988; Agha et al., 2004). This finding implicates that the

PRL axis is involved in the aetiology of brain injury and several findings suggest that this may be

a neuroprotective role. Firstly, the GH and PRL axes are closely related and can interact at

various levels (Chien and Thompson 1980; Bazan 1990; Kelly et al., 1991; Forsyth and Wallis

2002; and see Chapter I). Secondly, immunoreactivity for GH/GH-R/GHBP (Scheepens et al.,

1999; Scheepens et al., 2001) as well as PRL/PRL-R (Chapter III) increased within the cortical

penumbra following HI injury to the juvenile rat brain. GH treatment subsequently resulted in

strong neuroprotection within this paradigm (Scheepens et al., 2001). However, rPRL, which

was proven to be bioactive using Nb2 lymphoma cells, failed to offer neuroprotection in the

cortex, striatum and hippocampus in vivo as well as in cortical cultures (Chapter IV).

The lack of neuroprotection following rPRL treatment may be explained by the finding that

within the HI-injured brain, PRL/PRL-R immunostaining of penumbral neurons progressively

decreased from one day post-injury. This is in contrast with the extended and intense GH/GH-

R/GHBP staining of these cells (Scheepens et al., 1999; Scheepens et al., 2001). The

immunohistochemical evidence therefore indicates that the PRL axis is not concerned with

neuronal events. The lack of protection offered by rPRL could simply be due to the fact that this

is not a neuroprotective hormone.

The 5µg dose of PRL used in the ICV treatment study was chosen because this dose was reported

to be neuroactive and induce behavioural changes in adult rats (Drago et al., 1980; Drago et al.,

1983). Given juvenile animals were used, it was assumed that this dose would be more than

sufficient to elicit any putative neuroprotective effects during the acute phase of the injury.

Further studies are necessary to establish whether an different in vivo PRL treatment regime

might be more effective as a neuroprotective strategy. Extended treatment or a higher dose are

possible treatment variations. To ensure possible neuronal rescue, these treatment regimes should
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again target the acute phase following injury. This was shown for rGH (Scheepens et al., 2001)

and IGF-I (Gluckman et al., 1992) which reduce neuronal loss when administered 2h post-HI

insult.

Bromodeoxyuridine (BrdU) incorporation studies showed that PRL induced proliferation of

mixed neuron/glia cultures but not in neuronally pure cultures (Chapter IV). This finding

suggests a gliatrophic role for PRL and is in agreement with other reports showing pro-

proliferative and trophic effects of PRL on glia in vitro (DeVito et al., 1992; DeVito et al., 1993;

Mangoura et al., 2000). In addition, DeVito et al. (DeVito et al., 1995) showed that PRL

treatment induces astrocyte proliferation within the injured hypothalamus. A strong PRL/PRL-R

presence on penumbral astrocytes following HI injury (Chapter III) together with a pro-

proliferative effect on glia in vitro (Chapter IV) therefore support a role for the PRL axis in glia-

related events during recovery from brain injury. This is further discussed below. 

Recovery
Prolactin involvement in recovery through mediation of local glial wound responses and

distal neurogenic events

Glial roles for prolactin

Characterisation of the response of the PRL axis in the injured cortex (Chapter III) showed that

PRL and PRL-R staining was primarily associated with astrogliosis and the glial scar  between 1

and 7 days post-HI. In vitro, rPRL induced proliferation within mixed neuron/glia cultures,

illustrating a trophic effect on glia (Chapter IV). Astroglia have recently gained renewed

attention following accumulating evidence that these cells have an important and complex role in

the pathophysiology of HI brain injury (see Nedergaard and Dirnagl 2005 and Glia, 2005,

Volume 50, Issue 4). Trophic effects have been reported for astrocytes and include the provision

of anti-apoptotic support (Ruscher et al., 2002; Trendelenburg and Dirnagl 2005), the scavenging

of free radicals (Trendelenburg et al., 2002), maintenance of ion homeostasis, support of

synaptogenesis, and the provision growth factors and nutrients. Beneficial growth factors

secreted by astrocytes include fibroblast growth factor (FGF), neurotrophin 3 (NT-3) and insulin-

like growth factor I (IGF-I) (Gluckman et al., 1992; and see Trendelenburg and Dirnagl 2005 and

Panickar and Norenberg 2005). However, astroglia can also have deleterious effects and the

beneficial versus disadvantageous effects of astrocytes in the injured brain are the subject of a

long-running debate (see Glia, 2005, Volume 50, Issue 4). Glial events such as the formation of a

scar (Chapter III), are considered beneficial in this thesis since this structure allows for the
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isolation of the infarct core, thereby allowing for reparative processes within the external tissue

or penumbra (Norenberg 2005) and the re-establishment of metabolic and ion homeostasis and

may thus contribute to the recovery of the surrounding tissue (Reier et al., 1983). The increased

PRL and PRL-R on reactive astrocytes within this glial scar (Chapter III) therefore indicates that

PRL is involved in astroglial responses, a process likely to be beneficial to the injured brain. 

The PRL axis may have a further role in post-injury macrophage and inflammatory processes.

Following HI, microglia, which are the key regulators of immune responses within the CNS

(Kreutzberg, 1996), are activated and transform into macrophages and antigen-presenting cells.

These cells then release proteases, cytokines, reactive oxygen and nitrogen intermediates, and

other neurotoxic agents (Banati et al., 1993; Lees, 1993; Flaris et al., 1993). These subsequently

contribute to the inflammatory cascade and tissue demise. An increased PRL immunostaining

was observed on reactive microglia following injury (Chapter III) which indicated a role for the

PRL axis in inflammation/phagocytosis. Indeed, PRL has been reported to contribute to the

activation of microglia (Dirnagl and Priller 2004) and to induce the release of inflammatory

cytokines by these cells (Benedetto and Auriault 2002; Benedetto et al., 2003). This relates to the

well-known immunoregulatory role for PRL within the periphery. Here PRL is synthesised  and

secreted by activated immunocytes and is known to regulate the proliferation of

immunocompetent cells (Draca, 1995; Bole-Feysot et al., 1998). Although phagocytosis and

inflammation can be deleterious for the injured brain tissue, these processes also ensure the

clearance of the lesion site which allows for regeneration. Together, the involvement of PRL in

astroglial and microglial events strongly indicates that the PRL axis has a role in local recovery

within the injured cortex. 

PRL and neuroblast proliferation/migration

A putative role for PRL in glia-related recovery is complemented by the mediation of neuroblast

activity (Chapter V). Constitutive immunostaining of PRL/PRL-R was seen near migrating

neuroblasts within the SVZ of the normal juvenile brain. This specific association between the

PRL axis and neuroblast activity confirms previous studies in the normal mouse, which showed a

pro-proliferative effect of PRL on SVZ cells in vivo and in vitro and the PRL-induced emigration

of SVZ cells (Shingo et al., 2003). Further, supporting previous reports (Parent et al., 2002;

Gotts and Chesselet 2005; Ong et al., 2005; Tonchev et al., 2005), HI injury increased the

number of proliferating and migrating neuroblasts in the SVZ, SGZ and migratory routes

including the dorsolateral SVZ, the striatum and more posterior lateral periventricular regions.
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Importantly, in a spatio-temporal fashion, elevated PRL/PRL-R immunostaining was specifically

associated with this upregulated neuroblast activity. PRL/PRL-R-positive cells were seen in the

vicinity of proliferating neuroblast clusters and migrating neuroblasts, which implicates a role for

the PRL axis in neurogenesis as well as migration. Indeed, subsequent studies in collaboration

with T. Gorba  (Möderscheim et al., 2006 and see Appendix I) confirmed a direct pro-

proliferative and pro-migratory effect of PRL specifically on neural stem cells (NSCs). As

described in Chapter V, the neurogenic effect of PRL appears to be two-fold. Firstly, the PRL

axis can contribute to cognitive plasticity through the mediation of neuroblast activity in the DG

(Bachevalier and Meunier 1996; Hodges et al., 1997). Secondly, the PRL axis mediates the

proliferation and emigration of neuroblasts from the SVZ into injured brain parenchyma. These

cells subsequently contribute to the restoration of the injured regions, as has been shown to occur

following injury (Arvidsson et al., 2002; Parent et al., 2002; Jin et al., 2003; Zhang et al., 2004).

A PRL-mediated neurogenic recovery of the HI-injured parietal cortex confirms a recent patent

by Shingo, Weiss and co workers (Thompson et al., 2003). Extensive PRL and erythropoietin

(EPO) treatment induced a long-term increase in neurogenesis and neuroblast migration toward

the injured motor cortex and subsequent improved recovery of motor function. Since these

observations were made 14 days post-insult and are not published or peer reviewed, the work

presented in this thesis is the first report of neurogenic activity of the PRL axis within the first 7

days following HI injury. Further, the present studies have shown that the neurogenic activity of

PRL is an endogenous response. In addition to a putative role in glia-mediated recovery, these

findings therefore indicate that PRL axis has a role in restorative processes through effects on

neuroblasts shortly following injury. A dual role for the PRL axis e.g. local recovery and distal

neuroregeneration, is therefore postulated. 

A role for the growth hormone axis in recovery from injury

As demonstrated in Chapter II, rGH induced total proliferation within mixed neuron/glia

cultures. This shows that rGH also has gliatrophic properties in agreement with previous studies

(Pelton et al., 1977; Noguchi 1996; Ajo et al., 2003). Furthermore, immunocytochemistry

confirmed the presence of GH-R on glia within these cultures (Chapter II). Within the neocortex

GH-R is also found on glia (Lobie et al., 1993; Scheepens et al., 2001). Together with

neurotrophic effects on neuron-enriched cultures (Chapter II), rGH appears to be able to

contribute to recovery of the injured brain through trophic effects on glia and through direct

protective/trophic effects on neurons. 
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The importance of combined neuroprotection and recovery
Following HI injury to the brain, treatment in the acute phase is primarily aimed at

neuroprotection or rescue whereas delayed and chronic treatment affects adaptive, plastic and

regenerative processes. Treatments that are effective in both the acute and the recovery phase are

therefore likely to greatly enhance neurological outcome. As the present studies have clearly

indicated, PRL receptors fail to mediate neuroprotection in the acute phase. Instead they may

mediate restorative and recovery effects through glial responses and neurogenic events at later

time points. On the other hand, the GH axis has clear neuroprotective and neuro- and gliatrophic

roles, which indicates that GH may have a dual (early and delayed) function following HI injury.

A combination of ICV PRL and GH treatment in an acute and extended fashion following injury

should be considered since activation of the cerebral GH and PRL receptors likely contributes to

neuroprotection/rescue and recovery. 

Intracerebroventricular treatment of stroke victims and ischemic infants with GH and PRL

would be invasive and time consuming. However, systemic treatment with GH and PRL is

known to produce side effects which have contributed to failing of human trials with these

hormones in the past. For example, women undergoing a 12-hour PRL infusion preceded by 7

days of twice-daily sub-cutaneous injections, experienced mild side effects including nausea,

myalgias, fatigue, and moodiness (Page-Wilson et al., 2006). However, more severe side effects

can include depression and headaches, peripheral vision problems, galactorrhea, amenorrhea and

infertility which are associated with hyperprolactinemia. Further, patients suffering severe burns

and treated with two intramuscular doses of 0.15 mg/kg GH experienced hyperglycemia,

resulting in the need for insulin treatment in some patients (Losada et al., 2002). Sub cutaneous

GH treatment in aging men (0.3 mg/kg for three times a week for 6 months) or in post-

menopausal women (0.02 mg/kg for six months) (Rudman et al., 1990; Holloway et al., 1994)

induced serious negative side effects such as hypertension, impaired glucose tolerance, fluid

retention, carpal tunnel syndrome and elevation of lipoprotein levels. Since these side effects

constrain the clinical use of GH (Vance 1990; Ho and Hoffman 1993; Holloway et al., 1994),

treatment with GH analogs may be more beneficial. For example, our laboratory has recently

shown that a 20kDa GH variant does not produce side effects such as diabetogenic effects, fluid

retention problems or a strong increase in serum IGF-I levels (private communication, M.

Vickers). Further, activation of GH- and PRL- releasing systems may be chosen, such as GHRH

or the use of dopamine antagonists which respectively induce GH and PRL release by the
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pituitary (see Chapter I). Active transport of pituitary-released GH and PRL into brain

parenchyma is subsequently mediated by their respective receptors at the choroid plexus and, as

has been shown for GH, occurs via additional routes such as diffusion across brain capillaries

(Pan et al., 2005 and see Chapter I). It should be kept in mind however that the blood brain

barrier (BBB) may be compromised following HI injury and that endocrine PRL and GH may

have ready non-receptor-mediated access to the injured brain parenchyma. Although stimulation

of pituitary/endocrine PRL and GH release would be the preferred treatment strategy for chronic

treatment, this regime also results in systemic effects and is therefore not the preferred means to

treat CNS injury. A direct stimulation of local brain GH and PRL receptors within the target

regions following cortical injury (SVZ, cortex) would therefore be most preferable.

Unfortunately, knowledge of the regulation of extrapituitary brain PRL and GH is scarce and

further clarification is required in order to develop therapeutic strategies involving local

induction of these hormones. 

A novel model for prolactin function in recovery
Research into the role of the PRL axis in the HI injured brain as presented in this thesis allowed

for the formulation of a novel model of PRL involvement in post-injury neural recovery and

regeneration (Figure 1). In summary, HI injury to the juvenile rat brain increases PRL and PRL-R

expression on reactive glia in the cortex. These, in response to PRL, proliferate and contribute to

local glia-mediated recovery through trophic support, the isolation of the infarct by the glial scar

and immunoregulatory responses. In addition, peripheral PRL is recruited by PRL-R expressed

on the choroid plexus and local tanycytes in the cortical penumbra. PRL released by injury-

response glia and peripheral PRL entering the brain may represent a neurogenic cue, which in

turn promotes neuroblast activity in the SVZ. In addition, local hippocampal injury directs

neurogenic PRL effects in the DG. PRL-mediated migration and integration of neuroblasts into

the dentate granule cell layer may then contribute to the recovery of DG function. PRL-mediation

of neuroblast proliferation in the SVZ and subsequent emigration may result in the addition of

differentiating neuroblasts to the injured cortex. Together with local progenitor cells that may

reside in the cortex, SVZ-derived neuroblasts may contribute to progenitor-mediated

regeneration of the injured cortex. 
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Figure 1 Proposed model for PRL-mediated neurorecovery and regenerative action within the cerebral
cortex following HI injury. See text for explanation. 

Interestingly, HI injury-induced neurogenic events and the concomitant upregulation of the PRL

axis within the contralateral SVZ and DG indicate a role for PRL in the transfer of function to

the uninjured hemisphere through neurogenic activity. This plastic response complements the

ipsilateral restorative effect. Rather than an activity-dependent response, these contralateral

systems likely represent a persistent, injury-induced process which further contributes to

functional recovery of the injured brain.

Future directions
Further research may focus on a number of issues in order to further clarify the roles of the GH

and PRL axes in the injured brain. 

Elucidation of the putative brain-specific GH-R should include studies on alternative post

transcriptional modification. Since the GHBP arises from alternative mRNA splicing, a distinct

neural GH-R may also be produced at the post transcriptional level. Further, a distinct GH-R

could arise via post translational modification. Techniques to assess these possibilities and to

detect possible changes at the mRNA level include reverse transcriptase polymerase chain

reaction (RT PCR) and subsequent sequencing, two-dimensional electrophoresis, mass

spectrophotometry and amino acid sequencing. Our laboratory has very recently demonstrated

the existence of a truncated GH-R mRNA in the injured rat brain, which is characterised by an
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intact intracellular tail and an in-frame deletion of a small part of the extracellular ligand binding

domain (private communication). It seems highly likely that this previously undescribed GH-R,

is responsible for the altered ligand specificity observed. 

Further, radioligand binding assays can determine GH-R affinity to ligands. Once identified in

the rodent, the differential patterns of GH-R expression following HI injury could be assessed, as

well as its presence in the brains of other mammals including man. 

RNA expression data may not provide sufficient information on protein expression however

since transcription cannot be regarded as evidence of translation. Especially within neurons, the

concept of 'translationally dormant' mRNA, which allows for local translational regulation, is

well-known (see review by Kindler et al., 2005). Studies into the molecular biology of the GH-R

should therefore be accompanied by a proteomic approach.

Elucidation of SOCS2 involvement in rGH-induced neuroprotection. Since GH can induce SOCS

activation (Miller et al., 2004), gene array studies on GH- versus vehicle-treated injured brain

tissue would clarify the significance of SOCS2 in neuroprotective effects. Further, GH effects in

HI-injured SOCS2-overexpressing animals versus HI-injured normal animals can be studied. The

findings would contribute to the debate on the neurotrophic (Ajo et al., 2003; Aberg et al., 2006;

and this thesis) versus neuro-inhibitory properties (Turnley et al., 2002; Ransome et al., 2004;

Ransome and Turnley 2005) of the GH axis and SOCS2 regulation of these effects. 

In vivo effects. Since GH is neuroprotective in the acute phase and PRL is involved in glial

wound responses and neurogenic events, in vivo effects of acute and extended GH/PRL ICV

treatment on neuronal rescue and recovery may be studied in the juvenile rat HI injury model. A

higher dose of PRL is also recommended to validate the lack of neuroprotective properties of

acute PRL treatment as found in this thesis (Chapter IV). Further, trophic effects of PRL or GH

treatment on the reactive glia population in the injured brain could be investigated using GFAP

immunohistochemistry combined with BrdU incorporation studies. The gliosis response may

subsequently be semi-quantified using a standard three-point scale as was used to determine the

cortical PRL response following hypoxia ischemia (Chapter III). Additional ICV treatments of

HI-injured rats are required to obtain mRNA for gene arrays which would show the induction of

neurogenesis- and migration-related genes following PRL treatment of either the normal or

injured brain. 
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Further immunohistochemistry of HI injured brains would help clarify PRL/PRL-R expression

near progenitor cells. To determine any colocalisation with neuroblasts, confocal imaging using

z-series would definitively clarify colocalisation. To establish whether the PRL/PRL-R-

immunopositive cells within the migratory routes are radial glia providing guidance for

neuroblasts, injured brains may be immunostained for Pax6, GFAP (Gotz 2003; Shapiro et al.,

2005) and vimentin. To clarify whether PRL/PRL-R-positive cells in the SVZ are Type B cells,

sections could be stained for PRL/GFAP and PRL-R/GFAP. Further studies into the cell type and

fate of PRL/PRL-R-associated cells may include immunohistochemistry for β III-Tubulin, which

shows neuroblast commitment and differentiation into neurons (Fanarraga et al., 1999) or NeuN,

which is a later marker of differentiated neurons; polysialic acid-neural cell adhesion molecule

(PSA-NCAM), which is expressed by neuronal-restricted precursor cells (Mayer-Proschel et al.,

1997); NeuroD, a transcription factor expressed in immature, differentiating neuronal precursor

cells (Lee et al., 1995; Lee 1997);  and GFAP and A2B5 which are expressed by glial-restricted

progenitor cells (Rao et al., 1998). In situ hybridisation would help establish expression patterns.

Further, tracing with BrdU and injection with retrovirus vectors carrying green fluorescent

protein would be useful in determining the extent of proliferation and migration patterns of cells.

BrdU studies are also recommended to establish whether DCX-immunopositive cells within the

cortical penumbra are genuine proliferating neuroblasts (Chapter V). 

Future in vitro studies may include combined GH/PRL effects on nutrient-deprived mixed or

neuron-enriched primary cortical cultures, or perhaps the use of human GH in the rodent which

strongly activates both the GH and PRL receptors. PRL-R expression by NSCs also needs to be

established, preferably by PCR while immunocytochemistry could be performed to address the

presence of receptor protein. 

Conclusion
The research presented in this thesis has determined that the GH and PRL axes have distinct

roles following HI injury in the rat cortex, despite their close interrelationship. This is a novel

concept. The GH, but not the PRL axis, was shown to have neuroprotective properties in vitro in

agreement with previous in vivo findings. The PRL axis was shown, for the first time, to be

involved in glia-mediated wound responses in the cortex, as well as neurogenic events and

neuroblast emigration from the SVZ. Together these results strongly suggest that the GH axis is

more beneficial during the acute phase, whereas the PRL axis may be more beneficial during the

recovery phase following HI injury.
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In concert with recent in vivo results (Möderscheim et al., submitted and see Chapter II), in vitro

studies indicated that GH-induced neuroprotective and neurotrophic effects were mediated by a

unique GH-R located on cortical neurons. This receptor differentially responded to rat and

bovine GH and may therefore be structurally distinct from its peripheral counterpart. Further

research is required to validate the existence of this distinct neural GH-R. In addition to its

neurotrophic properties, rGH was shown to have gliatrophic effects in vitro (Chapter II), which

supports the possibility that the GH axis has an additional beneficial role during the recovery

phase following injury. 

Supported by these data and ample reports in the literature, this thesis attributed a net beneficial

recovery role to gliosis following injury. A beneficial role was therefore assigned to the

upregulated PRL axis on reactive glia. Whereas research into the disadvantageous roles of PRL

and PRL-R-expressing glia is called for, the astrocytic scar is considered to allow for isolation of

the lesion and to contribute to recovery of the surrounding tissue. Penumbral PRL/PRL-R-

positive astroglia not contributing to the scar may have directed further recovery. In addition,

clearance of the infarct site by microglia is considered to facilitate tissue regeneration. The

present studies have presented a clear indication of a direct involvement of the PRL axis in glia-

related recovery following hypoxia ischemia.  

The present studies further showed that the PRL axis directs additional recovery of the injured

brain through the mediation of neuroblast activity and transfer of function. Considering that

neurogenesis is an adaptive response to ischemic injury and promotes functional recovery (Liu et

al., 1998), the involvement of PRL in these processes complements roles in glia-related recovery.

In conclusion, the combination of a neuroprotective role for the GH axis and a recovery and

restorative role for the PRL axis appears to be beneficial to the HI injured brain. Given both

these factors are well-characterised in the human body and have known pharmacokinetic

properties, a treatment regime involving early GH exposure with a long-term PRL treatment may

provide a safe and effective treatment for adult stroke victims as well as brain injured babies and

children in the future.
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Appendix I
Additional Data

1. The effect of central treatment with bovine growth hormone on hypoxic
ischemic injury to the juvenile rat brain (A.Scheepens)
 
As a comparison to rat growth hormone (rGH) which has neuroprotective properties following

hypoxic ischemic (HI) brain injury in the juvenile rat (Scheepens et al., 2001), the effect of

bovine growth hormone (bGH) on neuronal survival was assessed in the same paradigm. As

assessed at 3 days following injury/treatment, intracerebroventricular (ICV) treatment with bGH,

which is equipotent to rat growth hormone in the periphery, failed to offer neuroprotection.

These results were included in (Möderscheim et al., submitted).

Methods

Briefly, 45-50g 21-day old Wistar rats were paired by sex and weight and randomly assigned to a

treatment group. For this study, 20μg of recombinant bGH at 0.5mg/ml, or 10μl vehicle was

infused ICV (n=12/group) starting 2 hours after the end of the hypoxia. Carbonate buffered saline

(CBS) (145mmol/L NaCl, 31.5mmol/L NaHCO3, 10.7mmol/L Na2CO3, pH9.4) was used as the

vehicle. At 3 days following HI injury the rats were sacrificed with intraperitoneal pentobarbital

and transcardially perfused with phosphate buffered saline (PBS, pH7.4) followed by modified

Bouin's fixative (4% paraformaldehyde (PFA), 15% picric acid, 0.08% glutaraldehyde in PBS,

pH 7.4). Brains were processed and wax embedded. At the mid level of the striatum and the mid

level of the dorsal hippocampal horn (bregma +0.8 and -3.3mm respectively) 8μm coronal

sections were cut, placed on Poly-L-lysine coated slides and stained with acid fuchsin

(acidophilic, nuclear staining) and thionin (basophilic, cytoplasmic staining). For injury

assessment, cortices were divided into 5 regions (Figure 1) and scored according to a standard 5-

point scale for neuronal loss (adapted from Williams et al., 1990): (0) >90% loss; (1) 51-90%

loss; (2) 11-50% loss; (3) 0-10% loss and (4) no injury. Scores were combined over all levels and

compared between treatment groups.
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Results

Outcome after HI/bGH treatment

Acid fuchsin/thionin staining 3d following HI injury showed that neuropathology was similar to

that described previously (Sirimanne et al., 1994). Cell death was evident in the ligated

hemisphere only, and in the cortex restricted to selective neuronal death in layers IV and V in the

regions supplied by the middle cerebral artery (not shown). Scoring of the injury 3 days

following central bGH or vehicle treatment showed that bGH treatment 2h after HI injury failed

to prevent cell death, with combined scores of 3.4±0.1 (bGH) versus 3.5±0.1 (vehicle) (p=0.315;

Table 1).

Figure 1 Diagrams illustrating the procedure of neuronal loss assessment following HI injury and bGH
treatment. Each of five cortical regions at mid-striatal (bregma +0.8mm) and mid-hippocampal levels
(bregma -3.3mm) were assigned a neuronal loss score following acid fuchsin/thionin staining.

Table 1 Effect of ICV bGH treatment on neuronal loss, 3 days following HI injury to the juvenile rat cortex.
(Möderscheim et al., submitted).

Vehicle bGH

HI cortex 3.5 ± 0.1 3.4 ± 0.1

Key: (0) >90% loss; (1) 51-90% loss; (2) 11-50% loss; (3) 0-10% loss; (4) no injury. p=0.315, n=12/group.
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2. The effect of prolactin on proliferation and migration of mouse neural stem
cells (T. Gorba)

Recent results by T. Gorba within our laboratory have shown that rat prolactin (rPRL) induces

proliferation (p<0.001) as well as migration (p<0.001) of mouse neural stem cells (NSCs) in

vitro. The results were communicated at the 3rd international meeting of the Stem Cell Network,

North Rhine Westphalia, 15-16 May 2006, Munster, Germany (Möderscheim et al., 2006).

Methods

Neural stem cell culture and proliferation assay 

Acutely isolated NSCs were derived from embryonic day 15 (E15) CD1 mouse forebrain and

cultured as neurospheres in NSA medium (Euroclone) supplemented with 20ng/ml epidermal

growth factor (EGF) and 10ng/ml basic fibroblast growth factor (bFGF) (Sigma). The

neurospheres were passaged by tituration and NSCs of passage numbers 5-10 were subjected to

differentiation and migration experiments. When reaching a sufficient size, neurospheres were

dissociated by tituration and plated at a density of 200,000 cells per well on laminin-coated

coverslips placed in 24 well plates (Nunc). The plating medium was a 1:1 mixture of Dulbecco's

Modified Eagle Medium (DMEM)/F12 supplemented with N2, and Neurobasal medium

supplemented with B27, 2mmol/L glutamine and 2ng/ml bFGF. After 24 hours the medium was

replaced with bFGF-free medium supplemented with 0-500ng/ml rPRL and after 48h 1µmol/L

5'-bromo-2'-deoxyuridine (BrdU) (Sigma) was added. Cells were incubated for a further 24h after

which the cells were incubated with medium containing 100ng/ml Syto21 (Molecular Probes) for

20 minutes to label the nuclei of viable cells. The cultures were subsequently fixed with 4%

paraformaldehyde (PFA)/ 0.1% glutaraldehyde. Incubated with 2mol/L HCl for 30 minutes was

followed by immunostaining with 1:50 mouse anti-BrdU antibody (Oncogene) at 4ºC overnight.

Cells were washed and further incubated with 1:200 goat anti-mouse Cy3-coupled secondary

antibody (Sigma). After staining the coverslips were removed from the tissue culture plate and

mounted. Images of three random fields per well were acquired at 20x objective using a Zeiss

axiophot microscope. From these the percentage of BrdU-positive neurons / total Syto21-labelled

nuclei was calculated.

Haptotactic migration assays 

Migratory effects of rPRL on mouse NSCs were assessed in a haptotactic migration assay.

Control wells of Transwell plates (Corning) with 12μm pore size were coated in vehicle
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(10ug/ml bovine serum albumin (BSA)/ 0.01mol/L phosphate buffered saline (PBS)). Remaining

wells were coated with 400ng/ml rPRL in vehicle. The plates were then incubated at 37oC for 1

hour and the wells were washed twice with sterile PBS. The wells were further coated with 10

μg/ml laminin for 2h at room temperature to provide an extracellular matrix coating. The wells

were then washed with serum-free medium followed by PBS. Inserts were coated with a 5ug/mL

poly-D-lysine (PDL)/ poly-L-lysine (PLL) mixture in PBS which were subsequently rinsed with

sterile milliQ water. Following addition of NSA-medium to the wells the plates were incubated

at 37oC 5% CO2 and when calibrated seeded with NSCs at 3 x104 cells/well. Following

treatments inserts and wells were fixed in successive dilutions of PFA (0.4, 1.2, 3 and 4%)

followed by washing and staining with hematoxyline. Any cells that displayed neurite outgrowth

and traveled to the bottom chamber were counted as migrating cells. For the inserts five 10x

fields per insert were counted.

Results

Using cultured fetal mouse NSCs we found that 72h of rat prolactin (rPRL) treatment, including

a 24h co-treatment with BrdU, increased the number of BrdU positive cells in a dose-dependent

manner. Treatment with 50 and 100ng/ml rPRL significantly increased NSC proliferation by up

to 400% (p<0.001; Fig. 2). Further, using a Boyden chamber to assess the migrational activity of

NSCs, we found that rPRL had a potent chemo-attractive effect. Treatment with 400ng/ml rPRL

induced a doubling in the number of migrating NSCs as compared to BSA treated control

cultures (p<0.001; Fig. 3). 

164



Figure 2 Effects of rPRL on the proliferation of mouse neural stem cells in vitro. 72h of differentiation
including 24h treatment with 1µmol/L BrdU increased BrdU-positive cells relative to total cell number in a
dose-responsive manner. * p<0.05, *** p<0.001.

Figure 3 Effects of rPRL on the migration of fetal mouse neural stem cells in vitro. In a Boyden chamber
migration assay, 400ng/ml rPRL induced a two-fold increase in neural progenitor migration as compared
to the BSA control. * p<0.05, *** p<0.001.
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Appendix II
General Methods

Dams, postnatal day 1 (P1) and P21 rats were kept under standard light (8am-8pm), temperature

(22±2ºC) and humidity (55±5%) conditions and fed ad libitum. All experiments were approved

by the University of Auckland Animal Ethics Committee, Auckland, New Zealand. All care was

taken to minimise animal number used and any pain and suffering incurred.   

In vivo studies
The hypoxic ischemic injury model

Preparation of the moderate hypoxia ischemic injury paradigm

P21 rats weighing 45±5g were paired by sex and weight, anaesthetised with 5%

halothane/oxygen and subsequently maintained on a 2% halothane/oxygen mixture. Following an

incision in the neck, the right common carotid artery was exposed, separated from the vagus

nerve and doubly coagulated with a diathermy and then cut with diathermy. The incision was

then stitched closed with silk sutures. The rats were then calibrated and allowed to recover for 1h

at 34°C/ 95±5% humidity and normoxic conditions in an infant incubator. Moderate hypoxia was

subsequently induced by exposure to 15 minutes of 8% oxygen in nitrogen after which the rats

were allowed to recover in their holding area until sacrifice.

Preparation of the severe hypoxia ischemic injury paradigm

The induction of severe hypoxic ischemic (HI) injury in P21 rats was identical to the procedure

for moderate injury, however hypoxia was maintained for 60 instead of 15 minutes.

Intracerebroventricular treatment following moderate hypoxia ischemia

For intracerebroventricular (ICV) treatment studies, injections were carried out using metal head

caps developed by A. Scheepens in our laboratory (Scheepens 1999) and is an adaptation of those

described by Jirikowski et al. (Jirikowski 1992). The caps are preferred to stereotaxic injections

since correct placement of the stereotaxic metal ear bar is time-consuming, requiring extension of

anaesthesia. In addition, the bar often perforates the ear drum causing pain. Importantly, usage of

the skull caps allows for ICV injections of 6 animals simultaneously, reducing inter-experiment

variability (Scheepens 1999). The cap is a brass metallic skull template fitted with a 20-gauge

cannula as an injection aid. Prior to injection the cap is aligned with the maxillary incisors, the
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eyes and the outer ear canals. ICV injections using the skull cap can be accurately done as

confirmed by injection with ink into post mortem rats (not shown). Prior to treatment, equipment

was sterilised through autoclaving or thorough rinsing with absolute ethanol (EtOH).

Prior to induction of moderate hypoxia ischemia, rats were paired by sex and weight and

assigned to either the vehicle or rat prolactin (rPRL) treatment group (block design; see

Statistical procedures). Two hours after completion of the hypoxia, rats were anaesthetised with

an intraperitoneal (i.p.) injection of 0.2ml of Saffan (Glaxo), placed under heat lamps to prevent

body cooling and fitted with a skull cap. A sterile 24 gauge perforation needle of a pre-set length

was inserted through the guide cannula which perforated the skin, skull and dura membranes. A

sterile 30 gauge blunt stainless steel dental needle, termed the infusion needle, was then inserted

through this perforation needle to a depth set to reach the right lateral ventricle. Polyethylene

catheter tubing with an internal diameter of 0.35mm (Critchley Electrical, Australia) tightly

connected the infusion needle to the protruding end of a 30 gauge needle. The latter was fitted

onto a 50µl glass hamilton syringe. Prior to the infusions, the hamilton syringe and tubing were

filled with 0.1mol/L sterile phosphate buffered saline (PBS; 137mmol/L NaCl, 3mmol/L KCl,

2mmol/L K4H2PO4, 8mmol/L Na2HPO4, pH 7.4). Whilst leaving an air bubble to prevent mixing

of PBS and infusate and to assess treatment progress, infusate was drawn up into the tubing

through the infusion needle. The hamilton syringe was placed inside a calibrated micro-infusion

pump (CMA100c, Carnegie Medicin AB, Stockholm, Sweden) set at 10μl. Infusate (10μl) was

then injected into the right lateral ventricle at 1.0μl/min. Following infusion the needle was left

into place for 5 minutes to prevent backflow and relieve pressure. The rats were removed from

under the heat lamps and allowed to recover in the infant incubator at 34ºC and 85± 5%

humidity. Once conscious the rats were returned to their holding area.

Infusates 

 As the infusate, 5μg pituitary rPRL (National Hormone and Pituitary Programme (NHPP-NIH,

USA), was dissolved into 10μl sterile vehicle (0.01mol/L NaHCO3/0.1% bovine serum albumin

(BSA) pH8.2. Sterile vehicle only (10μl) was used as a control infusion. The infusates were

prepared freshly prior to each experiment.

Histology 

At the appropriate time points, HI-only and HI-injured/ICV treated rats were weighed and

sacrificed with an overdose of sodium pentobarbital via i.p. administration. Rats were
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transcardially perfused with 0.1mol/L PBS followed by freshly prepared modified Bouin's

fixative (4% paraformaldehyde (PFA), 15% picric acid, 0.08% glutaraldehyde in PBS, pH 7.4).

Briefly, the ribcage was opened and the descending arteries to the heart clamped. Using gravity

feed, PBS was infused into the left ventricle following an incision of the right atrium. Once all

blood had cleared, PBS was changed to Bouin's fixative, also under gravity, until fully perfused.

Following decapitation and removal and weighing of the brains, these were placed in Bouin’s

fixative for 1 day to ensure complete fixation. The brains were then washed with 50% EtOH for

3 days replacing the solution daily, and further immersed in 50% EtOH (minimum 12 hours),

70% EtOH (30 minutes), 2x20 minutes 95% EtOH, 2x20 minutes 100% EtOH, 2x20 minutes

chloroform and 3x10 minutes paraffin wax at 58°C. Using a metal rat brain matrix (Activational

Systems, Michigan, USA), the brains were cut into frontal, mid- and caudal portions which

included the mid-striatum, mid hippocampal and caudal hippocampal regions respectively. Each

portion was then embedded in paraffin wax and stored at room temperature (RT) until sectioning.

At the mid level of the striatum and the mid- and caudal level of the dorsal hippocampal horn

(A6.2, A3.5 and A2.0 respectively (Sherwood and Timiras 1970)), 8μm coronal sections were

cut using a sliding microtome and placed on 3-aminopropyl trimethoxysilane (silane)-coated

slides. Coated slides were prepared by immersing in detergent for 30 minutes and rinsing in

dH2O, then dipping in water containing some HCl, and dried. The slides were then dipped in 2%

silane (Sigma) in acetone, followed by 100% acetone and lastly dH2O, and left to dry overnight at

42°C.

Immunohistochemistry

Prior to immunohistochemistry, sections were de-paraffinised in xylene for 20 minutes and

rehydrated in 50/50% xylene/EtOH followed by graded alcohols, 100, 90, 70 and 50% EtOH, 4

minutes each. Sections were then briefly rinsed in dH2O and washed in 0.1 mol/L PBS (hereafter

termed PBS) for at least 5 minutes.

Neuronal degeneration

To confirm neuronal cell death following hypoxia ischemia, sections were washed in 0.06% w/v

KMnO4 in dH2O for 15 minutes and washed in dH2O. Sections were then incubated with 0.001%

Fluoro Jade B (FJB; Histo-Chem Inc. Jefferson, AR, USA) in dH2O containing 0.1% acetic acid

for 30 minutes, washed in dH2O and dried at RT. When dry, slides were dehydrated in graded

alcohols (50, 70, 90 and 10% EtOH) and following rinsing in xylene, coverslipped with DPX
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mounting medium (Sigma).

Prolactin immunohistochemistry

Following deparaffinisation, sections were washed in PBS and blocked with 5% normal goat

serum (NGS) in 5mg/ml BSA/PBS for 1h at RT and following washing were incubated with

2μg/ml anti rat PRL antibody (NIH, USA) in 5mg/ml BSA/PBS. The PRL antibody was raised

against highly purified pituitary extracted rat PRL and tested for cross reactivity against other

pituitary hormones (rat growth hormone (rGH), rat thyroid stimulating hormone (rTSH), rat

follicle stimulating hormone (rFSH) and rat luteinising hormone (rLH)) and proved to be

extremely specific for rat PRL (Scheepens/Parlow (NIH), private communication). Following

washing, 10μg/ml biotinylated goat α rabbit IgG (Molecular Probes) in 5mg/ml BSA/PBS was

applied and 5μg/ml streptavidin/Alexa Fluor conjugate 568 (Molecular Probes) was used as the

fluorochrome. Sections were washed and mounted in Vectashield (Vector Laboratories).

Prolactin receptor immunohistochemistry

Two distinct antibodies were used for PRL-R immunohistochemistry, namely the U5 clone

MA1610 anti rat PRL-R antibody (Affinity Bioreagents) and anti ovine PRL-R or D23 (a kind

gift from Dr. Grattan, University of Otago, New Zealand) (Craven et al., 2001). Both MA1610

and D23 recognise the short and long PRL-R forms. D23 was used as a comparison for MA1610

immunohistochemistry. 

The procedure for MA1610 was carried out as follows. Sections were washed in PBS and

blocked with 5% normal horse serum (NHS) in 5mg/ml BSA/PBS for 1h at RT. Subsequent

incubation with 5μg/ml MA1610 in 2% NHS/5mg/ml BSA/PBS at 4ºC overnight was followed

by washing and further incubation with 7.5μg/ml biotinylated horse α mouse IgG (Vector

Laboratories) in 5mg/ml BSA/PBS for 3h at RT. Sections were then incubated with 5μg/ml

fluorochrome Streptavidin/Alexa Fluor conjugate 568 (Molecular Probes) for 1h at 37ºC at RT,

washed and mounted with Vectashield (Vector Laboratories).

For D23 immunostaining, sections were washed in citrate buffer (10mmol/L Na3C6H5O7,

2mmol/L C6H8O7, pH6.0) for 30 minutes at RT and washed in PBS. Following a 5%

NGS/5mg/ml BSA/PBS block for 1h at RT, sections were incubated with 1/500 rabbit anti ovine

D23 in 5mg/ml BSA/PBS at 4ºC overnight. Washing in PBS was followed by incubation with

10μg/ml biotinylated goat anti rabbit IgG (Molecular Probes) in 5mg/ml BSA/PBS for 3h at RT.

Sections werethen incubated with 5μg/ml Streptavidin/Alexa Fluor conjugate 568 (Molecular
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Probes) for 1h at 37ºC, washed and mounted with Vectashield (Vector Laboratories).

Cell markers

Double fluorescent immunohistochemistry was carried out for PRL, PRL-R and cell markers for

neurons (anti neuronal nuclei or NeuN, Chemicon International) and astrocytes (glial fibrillary

acidic protein or GFAP, Chemicon International). Staining for microglia was also included, using

biotinylated Lycopersicon Esculentum (Tomato) Lectin (Vector Laboratories). Procedures for

PRL and PRL-R were carried out as above, followed by washing in PBS and reblocking with 5%

NHS/ 5mg/ml BSA/PBS for 1h at RT. Sections were then incubated with 2μg/ml mouse anti

NeuN, 4μg/ml mouse anti GFAP or 10μg/ml biotinylated lectin in 5mg/ml BSA/PBS at 4°C

overnight. Sections were subsequently washed in PBS. NeuN and GFAP-incubated sections were

then incubated with 7.5μg/ml biotinylated horse α mouse IgG (Vector Laboratories) in 5mg/ml

BSA/PBS for 2h at RT. Following washing in PBS, Streptavidin/Alexa Fluor conjugate 488

(Molecular Probes) was used at 5μg/ml  for 1h at 37°C to label neurons, astrocytes and

microglia. Sections were mounted with Vectashield (Vector Laboratories).

Double fluorescent staining was also carried out for PRL, PRL-R and neuroblasts (doublecortin;

DCX). DCX immunohistochemistry was carried out first. Following washing in PBS, sections

were blocked in 5% normal donkey serum (NDS)/3mg/ml BSA/PBS followed by incubation with

1μg/ml anti-C18 Doublecortin (Santa Cruz) in 5mg/ml BSA/PBS at 4°C overnight. The sections

were washed and further incubated with biotinylated 10μg/ml donkey anti goat IgG conjugated to

Streptavidin/Alexa Fluor 488 (Molecular Probes) in 5mg/ml BSA/PBS for 3h at RT. Sections

were washed and PRL or PRL-R immunohistochemistry was carried out as above.

Streptavidin/Alexa Fluor conjugate 568 (Molecular Probes) was used to label PRL and PRL-R

staining (5μg/ml 1h 37 °C). Sections were mounted with Vectashield (Vector Laboratories).

For DCX-only staining, sections were washed following IgG/Streptavidin/Alexa Fluor 488

incubation and mounted with Vectashield.

Controls for immunohistochemistry

Negative controls for immunohistochemistry involved omitting the primary antibody and using

antibody dilution buffer instead, showing absence of staining. In addition, dilution series of the

primary antibody showed a progressive decrease in specific immunostaining, as has been

described by Pi and Grattan (Pi and Grattan 1998). Positive controls were tissue-specific.

Staining of hypothalamic arcuate and mediodorsal nuclei and the choroid plexus was accepted as
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a positive control for PRL and PRL-R immunohistochemistry, whilst positive controls for DCX

staining included staining of the subventricular zone (SVZ) in the normal brain (Couillard-

Despres et al., 2005; Komitova et al., 2005). 

Semi-quantification protocols

Semi-quantification of neuronal loss/PRL response following HI injury

Time studies were carried out to examine neuronal loss and PRL immunoreactivity following

severe HI injury. Mid-striatal (A6.2), mid-hippocampal (A3.5) and caudal hippocampal (A2.0)

(Sherwood and Timiras 1970) sections were cut from injured brains taken at 1, 3, 5 and 7 days

after severe injury (n=6 brains/time point). These sections were then stained for PRL as described

above. The parietal cortices, from the sagittal cortex to the sulcus rhinalis, were divided into 3

regions for analysis (Figure 1).  Two observers (T. Möderscheim and P. Pathipati), blinded to the

groups, scored the cortical PRL response according to a three-point scale with (0) no change, (1)

moderate increase, (2) large increase, as compared to corresponding sections of uninjured/control

brains. A standard five-point scale was applied for the assessment of neuronal loss (adapted from

Williams et al., 1990): (0) 0% loss; (1) 1-10% loss; (2) 11-50% loss; (3) 51-90% loss and (4)

>90% loss. Scores were then compared between treatment groups. The control group included

brains taken at all four time points.

Figure 1 Diagrams illustrating the areas used for semi-quantification of the PRL response following
severe HI injury. The parietal cortex at the mid-striatal (A, A6.2), mid-hippocampal (B, A3.5) and caudal
hippocampal (C, A2.0) levels were divided into 3 regions. A PRL and injury score were assigned to each
of these regions at 1, 3, 5 and 7 days following severe HI.  
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Semi-quantification of neuronal loss following HI injury and ICV treatment 

Neuronal loss at 3 days following moderate HI injury and ICV treatment with rPRL or vehicle,

was semi-quantified at the mid level of the striatum and the mid level of the dorsal hippocampal

horn (A6.2 and A3.5 respectively, Sherwood and Timiras 1970). Neuronal loss was indicated by

FJB staining. Total FJB-positive cells were counted within the parietal cortex at mid-striatal and

mid-hippocampal level (Figure 2). In addition, FJB-positive cells in the caudate/putamen and the

hippocampal CA1/2 field were counted at mid striatal and mid-hippocampal levels respectively

(Figure 2). Results were averaged for the cortical regions and data for the cortex,

caudate/putamen and CA1/2 were compared between treatment groups.

Figure 2 Diagrams illustrating the regions analysed for neuronal outcome 3 days following moderate HI
injury and rPRL ICV treatment. FJB-positive cells in the parietal cortex between the sagittal cortex and the
sulcus rhinalis at the mid-striatal level (A, arrow) and the mid-level of the dorsal hippocampal horn (B,
arrow) (Sherwood and Timiras 1970) were counted and averaged. In addition, FJB-positive cells in the
caudate/putamen (CP) at mid-striatal level, and FJB-positive cells in the CA1/2 region at mid-hippocampal
level (B, arrow head) were counted.
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The relation between PRL, PRL-R and doublecortin immunoreactivity in the sub ventricular

zone

Immunoreactivity for DCX, PRL and PRL-R (DCX IR, PRL IR and PRL-R IR) was semi-

quantified in the ipsilateral SVZ and immediately adjacent striatum at mid-striatal level (A6.2

Sherwood and Timiras, 1970; see Figure 3), using control brains (n=3) and brains taken at 1, 3, 5

and 7 days post-HI (n=5/time point). Using a categorical approach, immunostaining was assigned

one of two scores, with “0” assigned to basal levels as seen in control brains and “+” assigned to

markedly increased immunostaining as compared to basal levels. 

Figure 3 Overview of the SVZ at the level of the mid-striatum (A6.2 Sherwood and Timiras, 1970).
Immunoreactivity for DCX, PRL and PRL-R in control brains and 1, 3, 5 and 7 days following injury was
scored in the SVZ and immediately adjacent striatum, as depicted by the box. CC, corpus callosum; Str,
striatum. 

In vitro studies
Primary fetal rat cortex cultures

Primary cultures were prepared from embryonic day 18 rat cortices. Dams were sacrificed by

CO2 and cervical dislocation and fetuses rapidly removed and put on ice. Within a sterile hood,

embryos were removed from their amniotic sac and decapitated. Heads were collected and

subsequently dissected in ice cold PBS/0.65% glucose/penicillin streptomycin (Gibco). Cortices

were isolated, leaving the hippocampi and the striatum. The cortical tissue was then centrifuged

at 350g for 5 minutes at RT, the supernatant aspirated and the cells dissociated in 0.05%
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Trypsin/0.53 mmol/L EDTA·4Na (Gibco) at 37°C for 8 minutes. This reaction was stopped by

adding an equal amount of Dulbecco's Modified Eagle Medium (DMEM)/5% fetal bovine serum

(FBS)/penicillin streptomycin. Following centrifugation at 350g for 5 minutes at RT, the pellet

was washed and centrifuged twice in neurobasal/B27 medium/penicillin streptomycin

(NBB27ps; Gibco). The cells were then resuspended into 1:1 NBB27ps/astrocyte conditioned

medium (ACM). Large pieces of tissue were dissociated by tituration with a Pasteur pipette. The

cells were then strained using a 100μm cell strainer (Becton Dickinson) and the number of viable

cells counted using a hematocytometer. The cells were diluted in 1:1 NBB27ps/ACM to achieve

a high seeding density (650,000 cells/cm2) or a low to medium seeding density (160,000-250,000

cells/cm2). At 60µl/well and the appropriate density, cells were subsequently seeded into 96-well

Falcon microplates (Becton Dickinson). Prior to seeding, the plates were freshly coated with

0.2mg/ml poly-L-lysine/laminin in dH2O (Sigma-Aldrich) and 2µg/ml natural mouse laminin

isolated from Engelbreth-Holm-Swarm (EHS) sarcoma (Gibco). Each well was filled with 60µl

1:1 NBB27ps/ACM. Following seeding the plates were lightly shaken to ensure that the cells

evenly covered the surface of each well and the cultures were transferred to an incubator set at

10% CO2 /37°C. After 24h, 60% of the medium was replaced with fresh 1:1 NBB27ps/ACM.

To produce neuron-enriched cultures, cells were treated with 3μmol/L Cytosine β-D-

arabinofuranoside hydrochloride (Ara-C; Sigma) at 1 day in vitro (1DIV) for 24h. Hereafter the

Ara-C concentration was lowered to 2μmol/l until 7DIV. To  produce neuron/glia mixed

cultures, Ara-C was not used. Treatments were started at 7DIV or at 16DIV.

Preparation of astrocyte conditioned medium

ACM was produced from P1 Wistar rats. Rats were decapitated and heads rapidly put on ice.

Within a sterile hood, skulls were opened and cortices were removed, leaving the striatum and

the hippocampus. Each hemisphere was then collected into DMEM/penicillin streptomycin and

titurated once with a 18 gauge flat tip needle to dissociate the tissue. The cells were filtered

through a 100µm cell strainer (Becton Dickinson), resuspended into DMEM/penicillin

streptomycin and centrifuged at 350g, 22°C for 5 minutes. The pellet was then resuspended into

DMEM/10% FBS/penicillin streptomycin and seeded into uncoated 75cm2 flasks (Griener-Bio

One GmbH, Germany). After lightly shaking the cultures were transferred to a 37°C/10% CO2

incubator. At 1DIV the media was replaced with fresh DMEM/10% FBS/penicillin streptomycin,

which was repeated twice weekly until confluent (13-14DIV). The cultures were further

incubated in NBB27ps and medium (ACM) was harvested after 3 days. The cells received fresh
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NBB27ps and ACM was again harvested at 6d, after which the cultures were discarded. Aliquots

of ACM could be frozen for several months at -70°C. 

Treatment of primary cultures

At 7DIV, medium was removed from neuron-enriched as well as mixed neuron/glia primary

cultures and replaced with medium supplemented with rGH, recombinant bovine growth

hormone (bGH) or rPRL. NBB27ps/ACM medium was thereby used to determine trophic effects

whilst NBB27ps medium only was used to study survival effects. Experiments were terminated

after 36 to 96h and cells were prepared for various assays (see below). 

Trophic effects on primary cultures

To study neurotrophic effects on normal neuron-enriched cultures, at 7DIV cells received fresh

1:1 NBB27ps/ ACM supplemented with 0, 5, 10, 50 or 100ng/ml pituitary rGH (NIH, Bethesda,

USA) or recombinant bGH (NIH, Bethesda, USA) in carbonate buffered saline (CBS;

154mmol/L NaCl, 32mmol/L NaCHO3, 11mmol/L Na2CO3, pH9.4). Treatment duration was 72-

96h; culture viability was determined by Thiazolyl Blue Tetrazolium Bromide (MTT) assay (see

below).

Proliferative effects on normal and ACM-deprived neuron-enriched and mixed cultures were

studied in 5'-bromo-2'-deoxyuridine (BrdU) incorporation assays. At 7DIV cultures were treated

with 50ng/ml rGH or bGH, or 100ng/ml rPRL in 1:1 NBB27ps/ACM (normal cultures) or ACM-

free NBB27ps (ACM-deprivation) supplemented with 1μmol/L BrdU. See

Immunocutochemistry: BrdU and BrdU cell proliferation assays below for further details.

Neuroprotective effects: treatment of ACM-deprived neuron-enriched cultures

For neuroprotective effects, neuron-enriched cultures received NBB27ps only supplemented with

0, 5, 10, 50 or 100ng/ml rGH, bGH or rPRL at 7DIV (low-medium density cultures) or 16DIV

(high density cultures). This withdrawal of ACM from the cells induced cell death. Indeed, ACM

has been shown to promote neuronal attachment and survival of E18 primary cultures (Wang and

Cynader 1999) and other cultured rat neurons (Lamarche et al., 2004). Treatment duration was

48-72h if started at 7DIV and 96h if started at 16DIV. Culture viability was measured by MTT

assay and quantification of MTT-positive cells using the Discovery-1 automated microscope and
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software (see below). In addition, neuronal survival following rGH or bGH treatment was

assayed using Trypan Blue (Sigma) cell death assays (see below).

In vitro studies on the growth hormone receptor

The use of a GH-R by rGH in primary cultures was assessed by co treatment with G120D

(Neuren Pharma, Auckland, New Zealand). G120D is a human GH variant with a glycine to

aspartate mutation at position 120 and acts as a selective GH-R antagonist. At 7DIV, neuron-

enriched cultures were deprived of ACM and the NBB27ps medium was supplemented with 10

or 50ng/ml rGH and 5, 10, 50 or 100μg/ml G120D. CBS was used as the vehicle for both rGH

and G120D at pH 9.4 and 7.4 respectively. Treatment duration was 72h and viability of the

cultures was assessed by MTT assay (see below).

Nb2 lymphoma cultures

The Nb2 node rat lymphoma cell line is commonly used as a bioassay for lactogenic activity

(Gout et al., 1980; Tanaka et al., 1980; Al-Sakkaf et al., 2000). The replication of Nb2 cells is

specifically stimulated by lactogenic hormones such as PRL, which was also shown to have anti-

apoptotic effects on these cells. The bioactivity of the rPRL used in the abovementioned

experiments was therefore tested using Nb2 cells (a kind gift from P. Lobie, Liggins Institute,

Auckland, New Zealand). Cells were grown in Glutamax/10% FBS/10% horse serum/RPMI

1640/ penicillin streptomycin (Gibco) and seeded at 8000 cells/cm2 in uncoated 24-well plates

(Greiner-Bio One GmbH, Germany). At 48h, total serum was withdrawn and at 96h the cultures

were treated with 0, 10, 50, 100 and 200ng/ml rPRL in 0.01mol/L NaHCO3 pH8.2 for 8 days.

Viability was determined by MTT assay (see below). 

Immunocytochemistry

Prior to immunocytochemistry, cultures were fixed in 4% PFA for 15 minutes at RT followed by

0.1% Triton X100 in PBS for 15 minutes at RT to permeabilise cell membranes. Both the avidin-

biotin peroxidase method, using 3,3'-diaminobenzidine (DAB) as the chromagen, and the avidin-

biotin fluorescence method, using Alexa fluorochromes, were applied. 

Astrocytes

To establish the number of astrocytes within neuron-enriched cultures as compared to mixed

neuron/glia cultures, untreated cells were fixed at 7DIV. Following washing in PBS and a 5%

NHS/5mg/ml BSA/PBS block for 1h at RT, cultures were incubated with 4μg/ml anti-GFAP
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(Chemicon) at 4°C overnight. Cells were washed in PBS and incubated with 7.5μg/ml

biotinylated horse anti mouse IgG (Molecular Probes) in 5mg/ml BSA/PBS for 1h at RT. The

cells were again washed, labelled with 5μg/ml Streptavidin/Alexa Fluor 488 (Molecular Probes)

for 1h at 37°C and counterstained with 8μg/ml Hoechst 33342 (Sigma) at 37°C for 30 minutes.

Cultures were stored in Vectashield (Vector Laboratories). The extent of GFAP staining was

determined using the Discovery-1 automated microscope (see below). 

The growth hormone receptor 

To determine GH-R immunoreactivity within primary cultures, double immunocytochemistry for

GH-R and Tubulin β III (neurons) was carried out on mixed neuron/glia and neuron-enriched

cultures at 7DIV. Cultures were washed in PBS and blocked in 5% NGS/5% NHS/5mg/ml BSA/

PBS for 1h at RT. Cultures were subsequently incubated with a mixture of 4μg/ml mouse anti

Tubulin β III antibody (Chemicon, USA) and a 1:4000 dilution of highly specific anti rat GH-R

antibody (a kind gift of Dr Thordarson, UC, Santa Cruz, USA) in 5mg/ml BSA/PBS at  4ºC

overnight. This GH-R antibody is directed against amino acids 642-655 of the (intracellular) GH-

R C terminus and was previously shown to be extremely specific as shown by negative control

immunohistochemistry of the rat pituitary gland (L. Christophidis, private communication) and

distinct from growth hormone receptor binding protein (GHBP) staining as determined in the

mouse mammary gland (Ilkbahar et al., 1999). Cells were then washed in PBS and incubated in

biotinylated goat anti rabbit IgG (Molecular Probes) was used at 3μg/ml in 5mg/ml BSA/PBS for

1h at RT and labelled with 5μg/ml streptavidin/Alexa Fluor 488 (Molecular Probes) at 37ºC for

1h. Cells were washed in PBS and further incubated with 7.5μg/ml biotinylated horse anti mouse

IgG (Vector Laboratories) in 5mg/ml BSA/PBS for 1h at RT and labelled with 5μg/ml

Streptavidin/Alexa Fluor 568 (Molecular Probes, USA) at 37ºC for 1h. The cells were then

washed, immersed in Vectashield and stored at 4ºC until assessment. In addition, 7DIV neuron-

enriched cultures were immunostained for GH-R only.

BrdU

For visualisation of BrdU incorporation following BrdU assays (see below), cultures were

washed in PBS and incubated in 2 mol/L HCl for 30 minutes at 37ºC followed by neutralisation

with 2% Borax. Following washing in PBS cells and blocking in 2% NHS/3mg/ml BSA/0.1%

Triton X100/PBS, cells were incubated in 13μg/ml anti BrdU antibody (Chemicon) in 2%

NHS/3mg/ml BSA/0.1% Triton X100/PBS at 4ºC overnight. Cells were washed in PBS and

biotinylated horse anti mouse IgG (Molecular Probes) was used at 7.5μg/ml for 2h at RT.
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Following washing in PBS, cells were incubated with Vectastain ABC reagent complex (Vector

Laboratories) for 30 minutes at RT and immunostaining was visualised using DAB (Sigma) as

the chromagen. Cells were washed and counterstained with thionin to show all cells within the

culture. Stained cultures were stored in PBS. The extent of BrdU staining was determined using

the Discovery-1 automated microscope and software (see below). 

Assays

MTT

The MTT cell death assay, first described by (Mosmann 1983), is a standard colorimetric assay

to measure mitochondrial viability and is widely used to determine cellular viability. Following

addition of MTT (Sigma), dehydrogenase enzymes in viable mitochondria oxidise yellow MTT

into blue formazan crystals. Formazan salt is largely impermeable to cell membranes, thus

resulting in its accumulation within healthy cells. The cells are subsequently solubilised by a

detergent and the optical density (OD) is measured by a multiwell scanning spectrophotometer at

595nm. Conversion into formazan salt is directly proportional to the number of viable cells and

measured relative to the production in untreated, control cells.

Four hours prior to termination of treatment of primary cultures, MTT dissolved in milliQ water

was added to the culture media to give an end concentration of 0.5mg/ml. Following a 4h

incubation at 10% CO2 /37°C, an excess 10% sodium dodecyl sulphate (SDS)/0.01mol/L HCl

was added. Following solubilisation of the cells OD was measured by spectrophotometry at

595nm. 

Trypan blue cell death assay 

Effects of rGH and bGH on cell death were assayed using Trypan Blue (Sigma) cell death assays.

Following treatment, cells were exposed to 0.2% Trypan blue in PBS. Without delay, images

were acquired at 20x objective which were analysed by an observer blinded to the treatment

groups (T. Möderscheim) and total dead cells (blue) was calculated and averaged per treatment. 

Automated high through-put analysis

In order to quantify MTT-positive cells and cells immunostained for GFAP or BrdU, positive

cells were counted as a function of total cells by automated high through-put analysis using the

Discovery-1 automated microscope and software (Molecular Devices, USA). Images were 
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acquired automatically at 10x objective and were analysed for the percentage of cells using the

associated Metamorph Image Analysis program v.6.2.6 (Molecular Devices, USA) and the Cell

Scoring application. For GFAP and BrdU analysis cells were counter stained with 8μg/ml

Hoechst 33342 (Sigma) and thionin respectively. MTT-stained cultures were not counter stained.

Total cell number was quantified and the percentage of positive cells was then calculated. Plate

acquisition and high through-put image analysis were performed in the High Content Screening

Laboratory, Department of Pharmacology, University of Auckland, New Zealand

(http://www.health.auckland.ac.nz/pharmacology/discovery-1/).

BrdU cell proliferation assay

Proliferative effects of rGH, bGH and rPRL on normal and deprived neuron-enriched and mixed

neuron/glia cultures were investigated using BrdU incorporation and BrdU

immunocytochemistry. At 7DIV, 50ng/ml rGH, 50ng/ml bGH or 100ng/ml rPRL in 1:1

NBB27ps/ACM or NBB27ps only was supplemented with 1μmol/L BrdU (Invitrogen) for 36h.

Cells were then fixed and immunostained as described above. Images were acquired and

analysed using the Discovery-1 equipment. 

Statistical procedures
Experimental design

For the ICV treatment studies a paired block design was applied to minimise the risk of bias and

allow for inter-experiment comparisons. Prior to HI injury/ICV treatments, with single

experiments consisting of simultaneous treatments of 6 rats from a single litter, rats were paired

by sex and weight and randomly assigned to a treatment group. Multiple litters were used to

correct for litter-variability. In case of sickness, death or other complications during the

experiment, the affected animal as well as its corresponding pair were eliminated from

subsequent analysis. 

Semi-quantification of neuronal loss and PRL/PRL-R immunostaining following injury and/or

ICV treatment included: 1) brains taken at 4 time points following injury as well as age-matched

control brains, 2) sections at 2-3 rostro-caudal levels per brain, 3) either 1 (cortex) or 3 analysed

brain regions (cortex, caudate/putamen, hippocampal CA1/2 field) per section, and 4) n>5 rats

per group. Further, the relation between the immunoreactivity for the PRL axis and DCX was

assessed using a categorical approach. Immunoreactivity was scored in: 1) brains taken at 4 time

points following injury as well control brains, 2) sections at 1 rostro-caudal level (mid-striatum)

per brain, 3) 1 region (SVZ and immediately adjacent striatal region) per section, and 4) n>5 rats
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per group. 

Block designs were applied for the in vitro studies. Except for the 24 well plates, cultures were

grown in the 60 inner-most wells of each 96-well plate to avoid edge effects. The outer wells

were filled with PBS. All treatments within a single experiment were performed within the same

multiwell plate, with ≥5 wells per treatment (4 wells within a 24-well plate). This was repeated

in at least 2 other plates thereby obtaining data from ≥3 different litters to correct for litter

variability. Combined treatments (rGH/bGH or rGH/rPRL) were done within the same plate

whereas other plates were treated with rGH, bGH or rPRL only. To ensure quality of the cultures,

only cultures appearing viable and normal and showing extensive processes at 7DIV were

included for treatment and analysis. 

Statistical analysis

When two experimental groups were compared, Student's t-tests were performed when data

proved normally distributed. If the data were not normal, non-parametric Wilcoxon-signed rank

tests were performed. Statistical tests comparing >2 groups included analysis of variance

(ANOVA) with Tukey's Multiple Comparison tests or Dunnett's Multiple Comparison tests used

as appropriate. Pearson correlation tests were performed if data were normal, whilst Spearman

correlation tests were performed for non-parametric testing. Categorical testing were tested using

Fisher's exact test. Statistical tests were performed using GraphPad Prism version 3.02 for

Windows, GraphPad Software (San Diego California). Data were expressed as mean ± standard

error of the mean (SEM) and significance was set at p<0.05.
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