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ABSTRACT

This study investigated the role of monoamines in the phenotypic differentiation of 

CNS neurones in the Xenopus laevis embryo. Treatment of neurulating embryos with a- 

adrenergic receptor antagonists inhibited subsequent neuronal differentiation. Results were 

assessed quantitatively, using a tissue culture method, and qualitatively, by histological 

methods. Antagonists of other types of neurotransmitter receptor did not inhibit neuronal 

differentiation. a-Adrenergic receptor blockade was effective throughout neurulation but 

ineffective after neural tube closure. Inhibition of neuronal differentiation by a-adrenergic 

receptor blockers was prevented by a-adrenergic receptor agonists and monoamines. The 

use of inhibitors of catecholamine biosynthetic enzymes established that noradrenaline 

prevented the inhibition of neuronal differentiation.

The effects of blocking the sodium pump during mid-neural fold stages on neuronal 

differentiation were also overcome by monoamines. Again, the inclusion of enzyme inhibitors 

showed that noradrenaline was responsible for reversing the effects of strophanthidin.

The effect on normal development of inhibiting catecholamine biosynthesis was 

examined. Preventing the conversion of dopamine to noradrenaline during neurulation 

significantly inhibited the subsequent differentiation of neurones and confirmed that 

noradrenaline played a r&le in the control of neuronal differentiation.

Preliminary investigations were conducted into the mechanisms by which 

noradrenaline could affect neuronal differentiation, including the r6 le of second messengers 

produced as a consequence of receptor activation. The effect of manipulating the ionic 

environment during a-adrenergic receptor blockade was tested and provided further 

evidence that a-adrenergic receptor activation and switching on of the sodium pump exerted 

their effects on neuronal differentiation by different pathways.

It was concluded that the activation of an atypical a-adrenergic receptor by an 

endogenous monoamine at neural plate stages is necessary for the subsequent 

differentiation of neurones. It is unlikely that a monoamine switches on the sodium pump 

directly. The results described here suggest that the two mechanisms could act 

synergistically.
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CHAPTER ONE

INTRODUCTION

1.1 DEVELOPMENT

The amphibian Xenopus laevis has been widely used in developmental studies. As 

an experimental animal, it has many advantages over other vertebrates.

The adults can be artificially induced to mate and lay eggs by injection of HCG thus 

ensuring a year-round supply of material for experiments. The eggs themselves are large (1 

mm in diameter), facilitating observation and manipulation under the dissecting microscope. 

They are generally laid in large numbers (several hundreds or even thousands) and develop 

rapidly at room temperature. Finally, as early embryos contain their nutrients in the form of yolk 

platelets, experiments can be performed in a simple defined medium such as frog Ringer.

Before discussing the developmental mechanisms involved in embryogenesis, ie 

cytoplasmic localization (the differential distribution of regulatory molecules in the egg) and 

inductive interactions, a brief description of normal development is necessary.

In the unfertilized egg, the future antero-posterior polarity of the animal is already 

defined by the animal-vegetal axis (see Figure 1). Yolk is concentrated in the unpigmented 

vegetal pole of the cell while the pigmented animal hemisphere corresponds to the future 

anterior of the tadpole. After fertilization, in which a single sperm enters the egg in the animal 

hemisphere, the egg rotates inside its vitelline membrane so the less dense animal pole is 

uppermost. The site of sperm entry marks the future ventral side, setting up the second, 

dorso-ventral axis. A sickle-shaped, lightly pigmented area on the border between the animal 

and vegetal halves, the "gray crescent”, appears as a consequence of, and opposite, the site 

of sperm entry and is bisected by the first cleavage, which divides the embryo into right and 

left halves. The second cleavage separates dorsal from ventral halves and the third cleavage 

separates animal from vegetal halves.

Successive cell divisions and fluid transport out of cells result in the formation of a 

cavity, the blastocoel, in the animal hemisphere, and the embryo is now referred to as a 

blastula. Blastula formation corresponds to stages 8 and 9 in the Normal Tables of Nieuwkoop 

and Faber.

At stage 10, a blastopore appears in the dorsal part of the vegetal hemisphere. The 

blastopore, which initially resembles a small dark slit, eventually extends to form a slightly 

indented circle. The dorsal lip of the blastopore serves as a site for cell migration into the 

interior of the embryo. Cells invaginate around the blastopore lip, displacing the blastocoel 

and forming a new cavity, the archenteron. By the time this process of gastrulation is 

completed, the embryo contains three different cell types. The ectoderm (the former animal 

cap epithelium) has spread over the entire surface of the embryo, the yolk plug surrounded
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Figure 1

animal pole
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EARLY CLEAVAGE STAGES DETERMINE THE ANTERIOR-POSTERIOR AND DORSO-VENTRAL AXES 
OF THE EMBRYO adapted Irom Fig. 3.1, J.M.W. Slack (1984) From Egg to Embryo, Cambridge 
University Press
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by the circular blastopore having decreased in size to a small hole. The large, yolk-filled cells 

of the vegetal hemisphere have formed endoderm in the ventral part of the embryo. In the 

dorsal part of the embryo, mesoderm cells overlie the archenteron roof and will later induce 

the formation of neural tissue from the dorsal ectoderm. These three cell types comprise the 

three germ layers of the embryo which will contribute to the basic body plan of the adult.

At the end of gastrulation, the roughly spherical embryo is entirely covered with 

pigmented ectoderm. However, at stage 14, changes begin to be obvious in the dorsal 

ectoderm. The ectoderm starts to thicken, forming the neural plate, the lateral edges of which 

fold up and gradually fuse together to form the neural tube. The process of neurulation is 

complete by stage 20 .

By this stage of development, which has been reached in less than a day, the basic 

vertebrate body plan has been established. After a few days, the tadpole starts to feed; 

metamorphosis into a frog commences after 41 days and is complete by 58 days. During this 

relatively short period, the organs of the body have formed from the three germ layers. The 

endoderm has developed into the gut; the mesoderm into muscle, kidney, heart and blood; 

and the brain, spinal cord and autonomic nervous system have evolved from ectoderm- 

derived neural plate.

How does a complex multicellular organism develop from a single fertilized egg? Two 

mechanisms are involved. Early development is governed by the cytoplasmic localization of 

information in the egg. As a consequence of sperm entry, a cytoplasmic asymmetry is set up 

in the fertilized egg so that different prelocalized information - regulatory molecules, mRNAs - 

is inherited by each daughter cell after the first cleavage. After the third cleavage, each of the 

eight cells differs from the others and contains its own precise developmental information. 

Yamana and Kageura (1987) showed that, when 8-cell embryos were divided into a) dorsal 

and ventral halves b) animal and vegetal halves and c) lateral, ie left and right, halves, only the 

lateral halves developed normally. They concluded that four different cell types are necessary 

for the development of complete embryos - an animal dorsal, an animal ventral, a vegetal 

dorsal and a vegetal ventral cell, each of these types being present in the left and right halves 

of the embryo.

The second mechanism involved in development and differentiation is that of 

induction. In the early embryo, vegetal pole cells induce the formation of mesoderm from 

animal pole cells; the mesoderm later induces neural structures from dorsal ectoderm. These 

important events in the development of the embryo are described in more detail in the 

following section. The characterization of the inductive signal(s) and the mechanism of 

induction constitute fundamental problems of developmental biology.
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1.2 INDUCTIVE INTERACTIONS DURING EMBRYONIC DEVELOPMENT

1.2.1 MESODERM INDUCTION

The first inductive interaction in the Xenopus embryo is mesodermal induction. 

Nieuwkoop (1969) and later Sudarwati and Nieuwkoop (1971) found that, in both the axolotl 

and the frog, the mesoderm was derived from the animal cap (pigmented, prospective 

ectoderm) as a result of an influence from the vegetal (unpigmented, prospective endoderm) 

half of the embryo during the blastula stage.

More recently, Dale and Slack (1987) showed that isolated dorsal marginal zone 

mesoderm formed notochord, muscle and some neural tissue while isolated ventral marginal 

zone tissue formed blood, mesenchyme and mesothelium. When combined however, 

muscle cells formed from the ventral marginal zone. They therefore proposed the existence 

of three different inducing factors, or morphogens. The first two are derived from the dorsal 

and ventral sides of the vegetal hemisphere and induce, respectively, dorsal mesoderm 

(notochord and possibly a small amount of muscle) and ventral mesoderm (blood, 

mesenchyme and mesothelium). The newly-induced dorsal mesoderm then produces a third 

signal, which "dorsalizes" the adjacent ventral mesoderm so that tissue which would originally 

have formed blood forms muscle instead. More ventrally, pronephros forms and only the 

most ventral mesoderm continues to form blood.

Several candidates have been proposed for the signal(s) involved in mesodermal 

induction, including Tiedemann and Tiedemann's chick-derived "vegetalizing factor" (1956) 

and a variety of growth factors, acting, in these circumstances, as morphogens rather than 

mitogens (reviewed in Whitman & Melton, 1989a). Smith's XTC-MIF (1987), a mesoderm- 

inducing factor purified from a Xenopus cell line, is a member of the transforming growth 

factor (5 (TGF-p) family and is a homologue of mammalian activin A (Smith et al, 1990; van den 

Eijnden-Van Raaij, 1990). Evidence has also been found (Slack et al, 1987; Kimelman et al 

1988; Grunz et al, 1988; Godsave and Slack, 1989) that the heparin binding factors, acidic 

and basic fibroblast growth factor (aFGF and bFGF), can induce mesoderm formation. The 

presence of bFGF has been demonstrated in Xenopus embryos by Slack and Isaacs (1989).

Smith (1989) suggests that the two different classes of MIFs are both necessary for 

mesoderm induction and that the TGF-p types correspond to Slack's dorsovegetal signal and 

the FGFs correspond to the ventrovegetal signal.

The presence of all the described MIFs in the Xenopus embryo has not yet been 

proved, nor has their location been defined. However, the gene Vg1, which is related to TGF- 

(3, is expressed in the vegetal region of the oocyte (Weeks & Melton, 1987) and its product 

may be implicated in mesoderm induction.
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1.2.2 THE ORGANIZER

Spemann and Mangold's (1924) pioneering experiment, in which a small secondary 

embryo was induced after transplantation of a blastopore lip into a host embryo, has recently 

been confirmed by Smith and Slack (1983). Spemann concluded that the secondary neural 

tube had been induced by the underlying tissue (chordamesoderm) derived from the 

transplanted dorsal blastopore lip, which he supposed to be the "organizer" for the 

development of the embryo. Smith and Slack distinguished between the inductive effects 

mediated by the organizer, dorsalization and neural induction. Dorsalization of mesoderm has 

been described previously (the third signal of Slack's "three signal model”) and occurs when 

the organizer (the prospective notochord) consists of a small group of mesoderm cells in the 

late blastula. Neural induction occurs when the organizer has elongated to form the entire 

roof of the archenteron; different regions induce specific areas of the nervous system from 

the overlying ectoderm.

1.2.3 NEURAL INDUCTION

The mechanisms involved in neural induction have not yet been elucidated. Three 

possibilities are suggested by Toivonen et al (1975). Induction could be mediated by the 

transmission of a soluble substance or substances from the mesoderm to the responding 

neuroectoderm; direct contact between the cells of two tissues might be required; or a 

chemical interchange could occur between the extracellular matrices.

Barth and Barth (1959; 1962; 1963; 1964; 1968; 1969; 1974), who were responsible 

for much of the early work on neural induction, investigated the effect of manipulating salt 

concentrations on neuralization in gastrular explants from Rana pipiens. This species, unlike 

some other amphibians which have been used experimentally, does not have a tendency to 

autoneuralize. Their results suggested that embryonic induction was dependent on the 

intracellular release of ions within the embryo during late gastrulation, particularly calcium and 

sodium. This release was thought to be a consequence of an alteration in membrane 

properties caused by the inducing compound, whether natural or unnatural. This does not 

indicate however whether induction is due to direct cell contact or to diffusion of a soluble 

inducer.

Toivonen et al (1979) demonstrated however, by forming "sandwiches" of tissue 

separated by 0.05 pm Nucleopore filters, that cell contact was not necessary in order for 

neuralization to occur.

Evidence that neural induction is mediated by a soluble substance(s) was provided by 

Tiedemann and Tiedemann and their colleagues, who, in addition to their work on mesoderm 

inducing factors, also extracted neuralizing factors from the newt Triturus alpestris (John et al, 

1983) and from Xenopus laevis (Janeczek et al, 1984; John et al, 1984). These factors were 

later shown to act on the cell surface of competent ectoderm cells (Born et al, 1986).
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Takata et al (1981), who showed that lectins such as concanavalin A (Con A) had a 

strong neural inducing effect in the newt, Cynops pyrrhogaster, also suggested that binding 

to cell surface receptors could cause cellular changes which were able to influence cell 

differentiation.

The effect of lectins on neural induction was also examined by Gualandris et al (1985). 

They concluded that neural induction was not mediated solely by the binding of Con A to cell- 

surface receptors; ion fluxes induced by the lectin could also be involved, as suggested by 

Barth and Barth.

Neural differentiation could be induced in early gastrula ectoderm of Triturus alpestris 

by Hepes buffer, especially in the protonated form, (Tiedemann, 1986). Tiedemann 

suggested that, either by binding to constituents of the plasma membrane or by activating the 

Na+/H+ antiport system, the buffer could cause conformational changes in the cell membrane 

which could generate signals leading to neural differentiation. The Na+/H+ antiporter is also 

known to be activated by the phorbol ester phorbol 12-myristate 13-acetate (PMA) and it was 

found that treatment of ectoderm from early gastrulae of Xenopus laevis with PMA itself was 

able to cause neural induction (Davids et al, 1987).

In later experiments, Davids (1988) showed that a rise in the activity of the enzyme 

protein kinase C (PKC) occurred when explants from gastrulae were induced by a neural 

inducing protein. PKC is involved in signal transduction cascades resulting from the binding 

of growth factors, hormones, etc. to cell receptors and can be activated by PMA. Otte et al 

(1988) assayed PKC activity in uninduced ectoderm and in induced neuroectoderm of 

Xenopus and found that membrane-bound PKC activity increased in the neuroectoderm 

while cytosolic PKC decreased. PMA, which induces PKC translocation to the membrane, 

was found to cause neural induction in uninduced explants as in the experiments of Davids. 

Otte's results suggest that PKC translocation and activation resulting from the activation of cell 

receptors are involved in neural induction.

Cyclic AMP, another second messenger activated when hormones, growth factors, 

etc. act on the cell membrane, has also been reported to cause neural induction in Xenopus 

laevis (Wahn et al, 1975).

An early marker for neural induction, neural cell adhesion molecule (N-CAM), is 

detectable by immunohistochemistry as early as stage 14 (Jacobson & Rutishauser, 1986) 

and its mRNA by in situ hybridization (Kintner & Melton, 1987) even earlier, long before 

neurones can be detected histologically or in culture. N-CAM is only found in induced tissue 

and is confined to the nervous system. It is not detectable in uninduced explants and it was 

concluded that its expression is an early response to neural induction. Another neural marker 

is a neurofilament gene which has been detected in Xenopus embryos by Sharpe (1988). 

The XIF6 gene is transcribed at the late neural tube stage and is expressed only as a 

response to induction of the ectoderm by the mesoderm.
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There are three major consequences of neural induction: the morphogenetic 

movements required for the formation of the neural tube from the ectoderm; the patterning of 

the future nervous system; and the phenotypic differentiation of neural plate cells. That 

these three can all be perturbed experimentally £y different means provides evidence that 

separate developmental pathways culminate in the formation of the nervous system 

(reviewed in Warner, 1988). Morphogenesis and pattern formation can both be disrupted by 

treatment of early Xenopus embryos with lithium (Kao et al, 1986; Breckenridge et al, 1987). 

Lithium treatment enhances the formation of dorso-anterior structures and potentiates 

neuronal differentiation. Gap junctional communication is a pre-requisite for patterning. The 

injection of antibodies raised against gap junction proteins into blastomeres of Xenopus laevis 

(Warner et al, 1984) caused the embryos to develop with patterning defects but did not affect 

neurulation movements. On the other hand, neuronal differentiation is reduced as a result of 

inhibiting the sodium pump during neurulation (Messenger & Warner, 1979; Breckenridge & 

Warner, 1982; to be discussed in detail later) but morphogenetic movements and patterning 

are unaffected.

The phenotypic differentiation of neurones is the main subject of the work described 

here but morphogenesis and patterning will be mentioned briefly.

1.3 MORPHOGENESIS AND PATTERNING OF THE NERVOUS SYSTEM

Morphologically, the first indication that neural induction has occurred is the 

thickening of the ectoderm to form the neural plate at stage 13-14 (according to Nieuwkoop 

and Faber). By stage 20, the neural plate has lifted, folded and fused to form a hollow neural 

tube overlaid by the neural crest. CNS neurones, glial cells and the spinal cord develop from 

the neural tube; peripheral neurones, and other cell types, from the neural crest. Neurite 

outgrowth occurs shortly after neural tube closure.

The patterning of the future nervous system is laid down and the developmental fate 

of neural plate cells irreversibly determined by the mid-neural fold stage, shown by Jacobson 

(1964) who performed grafting experiments in the axolotl embryo. Prior to this stage, grafts 

which had been rotated through 180° differentiated according to their new position and had 

not become committed to a particular fate.

The patterning of the nervous system is laid down by the mesoderm. Yamada (1990) 

has proposed that neural induction consists of two separate events, ectodermal dorsalization 

and caudalization. Ectodermal dorsalization is almost synonymous with neuralization and is 

the primary response of the ectoderm to inducing signals, ie the formation of archencephalic 

(forebrain) structures. Caudalization refers to the differentiation of more posterior structures 

and functions as a gradient. In Toivonen's experiments (1979) with 0.05 pm Nucleopore 

filters, forebrain was induced in most cases and often its derivatives, ie eyes and nasal pits. 

However, for more caudal structures to develop, a pore size of 0.6 pm was necessary. These
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observations suggest that caudalization, the differentiation of posterior structures, can be 

blocked by the smaller pore size, and could be mediated by cytoplasmic processes traversing 

the pores to form direct contacts rather than by a soluble factor(s).

Caudalization could be mediated by the transcript of a homoeobox gene, Xhox3, 

expressed in Xenopus mesoderm (Ruiz y Altaba, 1990). Xhox3 RNA is present in the dorsal 

mesoderm as a gradient and its transcript induces, in an antero-posterior direction, 

deuterencephalic (hindbrain), trunk and tail structures. Expression of Xhox3 is induced by 

MIFs (Ruiz y Altaba, 1989), low levels by XTC-MIF and higher levels by bFGF.

Sharpe and Gurdon (1990) showed that the XIF3 gene, an anterior neural tube 

marker (Sharpe, 1988), and the XIHbox6 gene, a posterior neural tube marker (Sharpe et al, 

1987), are expressed in response to, respectively, inducing signals from the anterior and 

posterior mesoderm. They concluded that regional differences in the mesoderm were 

responsible for differential expression in the neural tube and confirmed that the inducing 

signal passed directly from the mesoderm to the overlying ectoderm.

Other homoeobox genes may also be involved in patterning. Antibodies to the 

"long" product of the XIHbox 1 gene caused the transformation of the anterior spinal cord into 

a hindbrain-like structure when injected into early Xenopus embryos (Wright et al, 1989).

The gene /nf-1 , first detected in Xenopus at early neurula stages, causes duplication 

of axial structures when injected into fertilized eggs. A broad neural plate develops, overlying 

twin notochords, which split anteriorly to form bifurcated embryos (McMahon & Moon, 1989). 

This suggests that //7f-1 plays a role in patterning in normal development.

1.4 THE PHENOTYPIC DIFFERENTIATION OF NEURONES

The cells of the neural plate are undifferentiated and dividing. By the time the 

embryos hatch at stage 35-36, the CNS is made up of glia and "primary" neurones, and 

"secondary" neurones (Hartenstein, 1989). In the neural plate, separate precursors exist for 

primary neurones and secondary neurones. Glial cells arise out of both populations. Most 

neural plate cells undergo one division during neurulation, after which a number of cells 

differentiate into the primary neurones and glia of the larval form; others are quiescent until 

stage 20 and then divide again, eventually to form most of the cells of the adult CNS.

N-CAM antibodies can detect neural tissue as early as stage 14 (Jacobson & 

Rutishauser, 1986), indicating that neural induction has occurred, but do not distinguish 

between neuronal cell precursors and other cell types. Messenger and Warner (1989) have 

specifically identified neurones at stage 21, using an antibody to the 70K neurofilament 

protein. Neurones have also been detected in culture using monoclonal antibodies raised 

against Xenopus neural tissue (Mitani & Okamoto, 1988); however, these antibodies were 

unable to detect neurones before stage 29/30 in vivo.

18



A culture method was developed in this laboratory (Jackson et al, 1974; Messenger & 

Warner, 1979) for the study of neuronal differentiation in vitro. Neural plate tissue and 

underlying mesoderm are removed from the embryo and cultured in frog Ringer containing 

foetal calf serum and antibiotics. Cells differentiate as a monolayer and neurones, muscle 

cells and pigment cells are recognisable. Neurones can be identified by the following criteria: 

a phase-bright cell body, long branching outgrowths (neurites), often containing varicosities, 

and conical growth cones. Vulliamy and Messenger (1981) confirmed that these cells were 

neurones by showing that they could bind tetanus toxin. The culture technique provides a 

basis for further experiments investigating the differentiation of neurones.

1.5 THE SODIUM PUMP

In this laboratory, the development of the amphibian embryonic nervous system has 

been studied using electrophysiological techniques, as well as by the tissue culture method 

and immunohistochemistry described previously. Warner (1973) and Blackshaw and Warner 

(1976) measured membrane potentials in the neural plate of the axolotl and reported that, 
during mid-neural fold stages (15-16), the resting Em of neural plate cells began to increase,

continuing until neural tube closure at stage 20. It was found that raising the extracellular 

potassium concentration to 20 mM before this spontaneous increase occurred also resulted 

in a rise in membrane potential (Blackshaw & Warner, 1976). This suggested that a change in 

the membrane properties of these cells occurred during development and it was thought that 

it could possibly be due to an alteration in the activity of the sodium pump. To test this, the 

cardiac glycoside strophanthidin, a reversible inhibitor of the pump, was added to the bathing 

medium of the embryos. It was found that strophanthidin blocked both the spontaneous 

increase in resting potential and that caused by increasing the extracellular potassium 

concentration at early neural fold stages. These results suggested that a) sodium pumps 

were present in the cell membrane at early neural fold stages; and b) could be activated by 

artificial means earlier than would be the case in normal development. Activation of the pumps 

at mid-neural fold stages and the subsequent rise in membrane potential of neural plate cells 

were thought to be an early consequence of neural induction.

What is the sodium pump; why should its activation occur during neurulation; and 

what are the possible developmental consequences?

The pump, or Na+/K+-ATPase, is an enzyme located in the cell membrane and 

involved in the active transport of sodium and potassium ions. It is composed of two subunits 

and a small hydrophobic protein (Sweadner, 1989). The a, catalytic, subunit contains the 

binding sites for ATP and cardiac glycosides and the glycoprotein (3 subunit is necessary for 

enzyme function although its precise role is not known. The a subunit has an internal site 

with a greater affinity for sodium than for potassium and an external site with a greater affinity 

for potassium than for sodium. Energy released from the hydrolysis of ATP is used to
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transport cations across the cell membrane (Skou, 1965). The electrogenicity of the pump is 

due to the fact that more sodium is exported from the cell than potassium is taken in (Thomas, 

1972). Thus, for every three monovalent cations lost from the cell, only two are replaced, 
resulting in a lower [Na]-, and higher [K]j than the external environment.

The subunits of the sodium pump are synthesized separately, probably in two distinct 

pools of polysomes (Rossier, 1984). The newly synthesized subunits are inserted into the 

rough endoplasmic reticulum where they assemble rapidly into stoichiometric complexes. 

Within 10 minutes, they are able to bind ouabain, and arrive at the cell surface 30-90 minutes 

after synthesis. Ouabain binding studies, carried out by Schmalzing et al (1989), suggested 

that Xenopus oocytes contained a large intracellular pool of functional pumps.

The sodium pump can be inhibited by cardiac glycosides. The beneficial action of 

digitalis in certain heart conditions has long been known but its mechanism has only recently 

been elucidated. Inhibition of the sodium pump leads to an increase in intracellular sodium 

which stimulates calcium influx via a Ca2+/Na+ exchange system. Myocardial contractions are 

evoked by a transient calcium influx (Akera & Brody, 1978). The cardiac glycoside, ouabain, 

has a specific binding site on the a subunit of the dimeric enzyme molecule. Ouabain binds 

preferentially to the phosphorylated form of the enzyme, a condition favoured by the 

presence of ATP, sodium and magnesium. Potassium, which dephosphorylates the enzyme, 

reduces ouabain binding (Lee & Klaus, 1971).

The experiments of Warner (1973) and Blackshaw and Warner (1976), which showed 

that sodium pumps in the membranes of neural plate cells were activated during mid-neural 

fold stages of development, were taken a stage further by Messenger and Warner (1979), 

who went on to investigate the effects of inhibiting the sodium pump, thus preventing the rise 

in membrane potential, on development. They treated neurulating embryos of Xenopus 

laevis with the cardiac glycoside strophanthidin, a reversible pump inhibitor, and assessed the 

effects on development both histologically and by using the tissue culture method 

developed earlier in this laboratory. The number of neurones which subsequently 

differentiated in culture was considerably reduced after strophanthidin treatment, while other 

cell types were unaffected. A population of neurones (about 35%) was unaffected, but 

further experiments using an antibody to Nerve Growth Factor suggested that these were 

neural crest-derived peripheral neurones, rather than neural plate-derived CNS neurones. 

Strophanthidin-treated embryos which, after strophanthidin was washed out at stage 20, were 

allowed to reach tadpole stage and then examined histologically had developed with 

abnormal nervous systems, in particular with reduced white matter and lack of organization in 

the eye and brain. These results showed that a functional sodium pump is essential for the 

normal development of neurones.

Breckenridge and Warner (1982) demonstrated that inhibiting the sodium pump by 

depleting extracellular potassium also reduced neuronal differentiation. Raising extracellular
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calcium protected developing neurones from the effect of strophanthidin, as did replacement 

of extracellular sodium with lithium or choline. They concluded that a reduction in intracellular 

sodium by activation of sodium pumps during mid-neural fold stages is a consequence of 

neural induction and a necessary step in the development of neurones. Inhibiting the sodium 

pump during mid-neural fold stages prevents the fall in intracellular sodium.

1.6 THE MONOAMINES AND THEIR ROLE IN EMBRYONIC DEVELOPMENT

The necessity of sodium pump activation during mid-neural fold stages for the 

subsequent differentiation of CNS neurones (Messenger & Warner, 1979; Breckenridge & 

Warner, 1982) has been discussed. Sodium pumps are present in the cell membrane prior to 

stage 15 and can be activated by increasing extracellular potassium during early neural fold 

stages (Blackshaw & Warner, 1976). What is the endogenous signal for the pump to switch 

on? A possible candidate could be a monoamine. L-DOPA is present in the egg and both L- 

DOPA and dopamine are found in early Xenopus embryos prior to stage 14 (Messenger, N.J. 

& Warner, unpublished results). However, monoamines function primarily as 

neurotransmitters and differentiated neurones have not been identified before stage 21 

(Messenger, N.J. & Warner, 1989). Monoamines could therefore function earlier, possibly as 

endogenous activators of the sodium pump.

The monoamines are synthesized from the aromatic amino acids, tyrosine and 

tryptophan. Adrenaline is derived from tyrosine via the catechol pathway, intermediates being 

L-DOPA, dopamine and noradrenaline, the catecholamines. The amino acid L-tryptophan is 

the precursor for the indole amine, serotonin (5-hydroxytryptamine, 5-HT).

Serotonin and the catecholamines, dopamine, noradrenaline and adrenaline, are 

neurotransmitters. However, they are known to occur in organisms or at early stages of 

development where there is no requirement for neural function. It is therefore possible that 

they evolved before the nervous system and that their original r&le was regulatory (Lauder & 

Krebs, 1984).

McMahon (1974) proposed that embryonic development is regulated by simple 

derivatives of metabolites, such as neurotransmitters and cyclic nucleotides. Induction is due 

to the binding of inducers to receptors on the cell membrane. The inducers themselves are 

molecules which are able to regulate cyclic nucleotide and ion concentrations. They include 

neurotransmitters, lectinlike proteins, hormones and prostaglandins.

The neurotransmitters adrenaline, noradrenaline, dopamine, serotonin and 

acetylcholine have all been found in early sea urchin embryos. The early synthesis of these 

molecules suggests that they play a role in development. Buznikov et al (1964) found that 

serotonin was present in early embryos of both the sea urchin and the loach, and its 

concentration rose and fell markedly during the blastula and gastrula stages. Gustafson and 

Toneby (1970) showed that antiserotonin and cholinolytic agents inhibited gastrulation in the
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sea urchin, thus implying a role for serotonin and acetylcholine. The inhibitory effects of 

these antagonists could be overcome by the addition of an excess of serotonin. Agents 

which inhibited serotonin biosynthesis also inhibited gastrulation. a-Adrenergic receptor 

blockers weakly inhibited gastrulation but this could have been due to the fact that they have 

antiserotonin side effects.

Serotonin has been implicated in the development of other species. Baker (1965) 

investigated serotonin levels in Xenopus embryos and found that levels rose and fell at 

hatching and swimming stages (35 and 42, respectively, according to the Life Tables). Low 

levels only were present throughout gastrulation and neurulation but no data were presented 

for earlier stages. Administration of the drug p-chlorophenylalanine (which depletes 

serotonin) to pregnant rats resulted in delayed onset of neuronal differentiation in the 

offspring (Lauder & Krebs, 1978).

L-DOPA and the catecholamines noradrenaline and adrenaline were shown to induce 

metamorphosis in the larvae of the Pacific oyster (Coon & Bonar, 1985). L-DOPA also 

induced settlement of the larvae, normally a response to an environmental stimulus - possibly 

similar molecules produced by a bacterial film. However, as adrenaline and noradrenaline only 

induced metamorphosis, it was considered more likely that these substances, or very similar 

molecules, arose endogenously.

The presence of L-DOPA has been demonstrated in the Xenopus embryo, using 

HPLC (Messenger, N.J. & Warner, unpublished results). Endogenous levels are high 

throughout early stages, until the end of neurulation. Low levels of dopamine can also be 

detected and noradrenaline has occasionally been found. Formaldehyde fluorescence on 

sections of whole embryos showed that the distribution of monoamines changed when 

neurulation commenced, with the monoamines becoming restricted to the dorsal mesoderm 

and neural plate . Immunohistochemical studies demonstrated that neurones containing 

serotonin were not apparent until stage 26, and dopamine-containing neurones were not 

seen until stage 35-6 (Messenger,N.J. & Warner, 1989).

These results suggest that the monoamines could play an important role in embryonic 

development prior to their function as neurotransmitters. If they do not activate the sodium 

pump directly, they could be involved in receptor-mediated interactions of importance in 

development or they may have some other, as yet unknown, function.

1.6.1 THE INFLUENCE OF MONOAMINES ON THE SODIUM PUMP

The effects of catecholamines on the sodium pump have been reviewed by Phillis 

and Wu (1981). Catecholamines (dopamine and noradrenaline) and serotonin are reported to 

activate the enzyme; catecholamines to enhance activity of the pump by reversing the action 

of a soluble inhibitor (subsequent experiments showed this to be ascorbic acid); and to 

stimulate the pump by chelating inhibitory metal ions, eg endogenous vanadium. Wu and
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Phillis (1978; 1979; 1980) showed that the pump is stimulated by noradrenaline, adrenaline, 

isoprenaline and methoxamine but not by phenylephrine, implying that a catechol ring is 

necessary for stimulation. They proposed two mechanisms by which catecholamines could 

affect the sodium pump; non-receptor-mediated, such as chelation of inhibitory metal ions, 

antilipoperoxidation action and antagonism of endogenous inhibitor effects; and receptor- 

mediated, with evidence for the involvement of both a - and p-adrenergic receptors. Berthon 

et al (1983) also reported that noradrenaline stimulated the sodium pump in rat liver cells and 

suggested that this was due to the release of calcium bound to plasma membranes, thus 

removing its inhibitory effect.

The second messenger cyclic AMP has been proposed as a component of p- 

adrenergic receptor-mediated stimulation of the sodium pump (Phillis & Wu, 1981) but its 

involvement has not been confirmed. Calcium, the inhibitory action of which is well- 

established, could also be involved as a second messenger in the receptor-mediated 

regulation of the pump.

1 .6.2 RECEPTORS FOR MONOAMINES

There is evidence that monoamines are involved in both development and in the 

activation/stimulation of the sodium pump and this could account for their presence in early 

Xenopus embryos. Both inductive interactions and regulation of the sodium pump are likely, 

at least in part, to be mediated by cell surface receptors.

Receptors are proteins on the cell membrane to which molecules of a specific 

structure (growth factors, hormones, neurotransmitters) can bind, initiating a series of events 

which ultimately lead to a particular response in the target cell.

Adrenergic receptors are targets for adrenaline and related catecholamines. When a 

neurotransmitter is released from a presynaptic nerve terminal, it crosses the synaptic cleft 

and binds to a receptor in the postsynaptic tissue, thus initiating a response.

There are two main types of adrenergic receptor, a and p. They have been 

characterised on the basis of their sensitivity to catecholamines. <x-Adrenergic receptors are 

most sensitive to noradrenaline and phenylephrine, least sensitive to isoprenaline. p- 

Adrenergic receptors are most sensitive to isoprenaline, least sensitive to noradrenaline and 

phenylephrine, a-1 adrenergic receptors are located postsynaptically whereas a-2  

adrenergic receptors can be pre- or postsynaptic. p-1 adrenergic receptors are found in the 

heart and other tissues such as renin-secreting cells, lung parenchyma; p-2  adrenergic 

receptors can be located anywhere else in the body except the CNS.

Stimulation of a-1 adrenergic receptors leads to the hydrolysis of phosphatidylinositof 
phosphate (PIP2), producing the intracellular second messengers inositol trisphosphate (IP3) 

and diacylglycerol (DAG). IP3 is thought to mobilise bound calcium leading to a rise in 

cytosolic free ions which can then bind to calmodulin. Calmodulin interacts with calmodulin-
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dependent protein kinases and other proteins to exert a variety of intracellular effects. DAG 

can activate membrane-bound protein kinase C (PKC) which phosphorylates intracellular 

proteins. Phosphorylase b kinase and myosin light chain kinase are also implicated in many of 

the responses to a -1 adrenergic receptor agonists.

Activation of (3-1 and (3-2 adrenergic receptors stimulates the enzyme adenylate 

(adenylyl) cyclase which hydrolyses adenosine triphosphate (ATP) to form the second 

messenger cyclic adenosine 3'5'-monophosphate (cAMP). Activation of a-2 adrenergic 

receptors inhibits adenylate cyclase, leading to a decrease in intracellular cAMP. (3-Adrenergic 

receptors and a- 2  adrenergic receptors are coupled to adenylate cyclase via guanosine 

binding proteins (G proteins). The two classes of G proteins, Gs and Gi, respectively stimulate 

and inhibit cAMP production. The effects of cAMP are probably due to the activation of cAMP 

dependent protein kinase (Exton, 1985; Connick & Stone, 1989).

Dopamine acts as a neurotransmitter in the CNS and this is where its receptors are 

mainly found. An adenylate cyclase-linked receptor, the D1 receptor, is widely-distributed in 

neural tissue. A possible subtype exists which stimulates phospholipase C rather than 

adenylate cyclase. Another class of dopamine receptor, D2, is not linked to adenylate 

cyclase. Recently, molecular biological techniques have demonstrated the existence of a D3 

receptor, which is pharmacologically distinct from the other two types (reviewed in Creese, 

1982; Strange, 1990).

The a and (3 classes of adrenergic receptor are well characterized in mammals. Using 

DNA probes from human and hamster receptors, Palacios et al (1989) found sequences 

homologous to a-2 and p-2 adrenergic receptors in the genome of Xenopus laevis, but the (3- 

1 adrenergic receptor probe only hybridized weakly and no homology was seen with the a-1 

probe. It is possible that receptors of these types do exist in the frog but that their sequences 

have diverged sufficiently from those of the higher vertebrates to make them undetectable 

with the probes used here.

1.7 SECOND MESSENGERS IN DEVELOPMENT

Stimulation of adrenergic receptors results in second messenger production; inositol 
1,4,5-trisphosphate (IP3) and diacylglycerol (a-1 adrenergic receptors) and cyclic AMP ((3-

adrenergic receptors). DAG can activate protein kinase C (PKC) and cyclic AMP activates 

protein kinase A (PKA); these two enzymes phosphorylate a range of cellular proteins. 

Evidence exists for interactions between the PKC signal transduction pathway and the cyclic 

AMP pathway (reviewed in Shearman et al, 1989). Both PKC and cyclic AMP could play a role 

in embryonic development (Wahn, 1975; Davids, 1988; Otte etal, 1988, 1989).

PKC is a Ca?+- and phospholipid-dependent enzyme. DAG increases its affinity for 

calcium, thereby activating it. It is thought that inactive cytosolic PKC is translocated to the cell 

membrane on activation - once inserted into the membrane, its activity is independent of
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calcium or phospholipids (Bazzi & Nelsestuen, 1988). PKC is also activated by phorbol 

esters, which have a similar structure to DAG, and is thought to be the phorbol ester receptor 

(Nishizuka, 1986). It is now known that several subspecies of PKC exist (Nishizuka, 1988) 

and the family is divided into two major groups, conventional PKCs and novel PKCs (Osada et 

al, 1990). The conventional PKCs (a,pi, (3II and y) are characterized by the presence of three 

conserved domains, C1 (a putative phospholipid-, diacylglycerol- and phorbol ester-binding 

domain), C2 (a putative Ca2+-binding domain) and C3 (a kinase domain). Unlike the 

conventional isoforms, the nPKCs (8 ,e, C and rj) lack the C2 domain and are therefore 

independent of calcium for activation.

Tumour-promoting phorbol esters are known to activate gene transcription and it has 

been shown that PKC is involved through a tumour promoter-responsive element (Hata et al, 

1989). It is known that mitogens, growth factors and oncogenes induce the synthesis of 

transcription factors and it is possible that transcriptional activation could be a consequence of 

receptor-mediated induction (Knochel & Tiedemann, 1989; Whitman & Melton, 1989b). 

PKC could be an important link in the sequence of events beginning with an inducer-receptor 

interaction and culminating in gene activation.

It has been suggested that PKC could be a modulator of the sodium pump also. 

Evidence that catecholamine-mediated adrenergic receptor activation enhances pump 

activity has been discussed previously - Lynch et al (1986) reported that the sodium pump in 

rat hepatocytes was stimulated by agents which raise the cellular concentration of DAG, 

including noradrenaline, therefore indicating that PKC may be involved. The tumour 

promoters PMA and mezerein, which activate PKC, also stimulated pump activity. However, 

Smart & Deth (1988) found that PMA decreased pump activity in rat hepatocytes and 

concluded that, while this result reinforced the evidence for a role for PKC in modulating 

pump activity, the inhibition supervened after an initial stimulation of the sodium pump. 

Activation of the Na+/H+ antiport system is mediated by phorbol esters via PKC stimulation 

(Grinstein et al, 1985). This leads to sodium influx and activation of the sodium pump. Protein 

kinase A also could modulate the activity of the sodium pump. Lingham and Sen (1982) 

reported that cyclic AMP inhibited the sodium pump in rat brain via activation of PKA, possibly 

due to phosphorylation of a substrate protein.

Diacylglycerol analogues and phorbol esters are important tools with which to 

investigate a possible role for PKC in the control of neuronal differentiation. Cell-permeable 

analogues of cyclic AMP are also available, in addition to inhibitors of both protein kinases.

1.8 THE AIMS OF THIS STUDY

The object of this thesis is to investigate the r6 le of monoamines in the development 

of the amphibian embryonic nervous system, with particular reference to the phenotypic 

differentiation of CNS neurones.
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Chapter Two details the materials and methods involved. In Chapter Three, the 

effects on neuronal differentiation of pharmacological agents which affect monoamine 

function are examined. Effects are assessed in two ways; in vivo, using the culture method 

referred to earlier and described in detail in Chapter Two, and in vitro, by histological 

examination. Experiments are performed to determine by what mechanism the inhibitory 

agents are effective and at which stage of development. Catecholamines or a-adrenergic 

receptor agonists are used to block or reverse the inhibition where appropriate.

Chapter Four re-examines the well-established inhibition of neuronal differentiation 

by the cardiac glycoside strophanthidin in the light of experimental evidence showing that a 

link with the effects of catecholamines could exist.

In Chapter Five, the effects of inhibitors of monoamine biosynthetic enzymes are 

tested, both on neuronal differentiation and on neurones in culture.

Chapter Six describes some preliminary work designed to elucidate the mechanisms 

by which monoamines affect neuronal differentiation. The downstream consequences of 

activating a-adrenergic receptors are examined and the effect of manipulating the ionic 

environment during desipramine treatment tested.

The results obtained are discussed in Chapter Seven and suggestions for future 

experiments proposed.
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CHAPTER TWO

MATERIALS AND METHODS

2.1 EMBRYOS

Adult Xenopus laevis var. daudin were obtained from Xenopus Ltd, maintained in tap 

water at a temperature of 10 - 25°C and fed thrice weekly on liver. Frogs were induced to 

mate and lay eggs by injection of HCG (Chorulon: Intervet Laboratories Ltd) into the dorsal 

lymph sac. Females received 600 iu and males received 400 iu. On some occasions a 

"priming dose" (300 iu for females, 200 iu for males) was given 8 hours prior to the final 

injection. Frogs were generally kept at 16°C overnight to slow development of the eggs. 

Eggs were removed the following morning to avoid damage or ingestion by the adults and 

allowed to develop in Scott's rearing solution (see Section 2.3) at 16°C or at room 

temperature.

2.2 CHEMICALS

The salts used in the tissue culture solutions were Analar grade, obtained from BDH. 

Most of the drugs used in treatment of the embryos were purchased from Sigma with 

the exceptions of benserazide (kind gift of Roche Products Ltd), carbidopa (kind gift of Merck, 

Sharp & Dohme), H7 (kind gift of Dr David Sugden, Kings College), nomifensine (kind gift of 

Hoechst UK Ltd), phenoxybenzamine (kind gift of SKF Laboratories Ltd), phentolamine (kind 

gift of Ciba Laboratories Ltd), PI-OH (kind gift of Dr Shigeru Kobayashi, University of 

Tokushima) and prazosin (kind gift of Pfizer Central Research). Rauwolscine was obtained 

from Carl Roth. Phorbol esters and protein kinase C inhibitors were supplied by BIOMOL 

Research Laboratories, Inc.

2.3 STOCK SOLUTIONS

Scott’s Rearing Solution

NaCI 11.90 mM

KCI 0.14 mM

CaCl2 0.14 mM

Ca(N03)2 0.02 mM

MgS0 4 0.065 mM

Tris 0.23 mM
NaHC03 0.36 mM

The solution was titrated to pH 7.4 with 1 M HCI.
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* 25 mM if eggs are poor - embryos with a low internal potassium concentration have a 

low chance of survival (Gillespie, 1983).

R inger

NaCI 120.00 mM

KCI 2.50 mM

CaCl2 2.00 mM

Tris 2.00 mM

The solution was titrated to pH 7.4 with 1 M HCI and autoclaved.

Culture Ringer

NaCI 100.00 mM

KCI 2.50 mM
CaCl2 2.00 mM

MgCl2 2.00 mM

NaHC03 5.00 mM

To 100 ml culture Ringer were added FCS to give a final concentration of 10%, 
penicillin/streptomycin to give a final concentration of 100 iu ml'1 and 0.5 ml 1 M NaHC03 to

give a final concentration of 5 mM and a pH of 7.4.

Messenger (1979) tested a number of different sera and other organic supplements 

but found foetal calf serum to be the most effective. Different batches of FCS vary 

considerably in their ability to promote cell attachment and differentiation of neurones; 

obviously, the original batch used is no longer available but great care was taken to obtain 

FCS with similar properties and sample batches were stringently tested before being used 

routinely.

EGTA

NaCI 120.00 mM

KCI 2.50 mM

Tris 2.00 mM

EGTA 1.00 mM

The solution was titrated to pH 8.0 with 1 M HCI and autoclaved.

2.4 TREATMENT OF EMBRYOS (see Figure 2)

When embryos were to be treated with drugs during neurulation, the following 

procedure was employed, based on the method developed by Jackson (1974), Messenger & 

Warner (1979) and Messenger (1979).
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Figure 2

THE CULTURE METHOD
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Using a dissecting microscope (Carl Zeiss Ltd) stage 13 embryos were selected (with 

reference to the Normal Tables of Nieuwkoop & Faber) and the outer jelly removed with 

watchmakers' forceps. The embryos were soaked in three changes of sterile Ringer in bijoux 

(Sterilin), the final one containing 100 iu ml*1 penicillin (Gibco), for a total of 30 - 40 minutes. 

The "clean" embryos were transferred to Petri dishes (Sterilin) containing the drug at a 

suitable concentration in 10 ml Ringer. Appropriate controls were included. The vitelline 

membranes were removed using watchmakers' forceps, taking care not to damage the 

embryo. A hole was pierced in the ventral part of each embryo to allow the drug to enter. In 

many cases, treatment was allowed to continue until stage 20, at which point the neural folds 

have fused. Other experiments may require treatment for part of the neurulation period only, 

or addition or removal of a drug at various stages. When treatment ended before stage 20, 

the embryos were transferred to Ringer, the holes re-opened to wash out the drug and the 

embryos allowed to develop to stage 20 before culture.

2.5 TISSUE CULTURE (see Figure 2)

Cultures were prepared as follows. Embryos were selected which had survived the 

drug treatment and healed after piercing. The dorsal parts of the embryos (comprising the 

neural tube, notochord and somites) were cut away using glass needles and transferred by 

Pasteur pipette to the dissociating solution, 1 mM EGTA in calcium- and magnesium-free 

Ringer. The dorsal pieces were cut into 2 or 3 portions to facilitate dissociation of the cells. 

After 3 to 5 minutes at room temperature the cells were observed to have "rounded up". 

Dissociation into a single-cell suspension was completed mechanically using a fine-bore glass 

capillary tube attached to a mouth pipette. The cell suspension was aspirated and delivered 

into plastic tissue culture dishes (Gibco, Nunclon) containing culture Ringer, 10% foetal calf 

serum (Northumbria Biologicals) and 100 iu ml*1 penicillin. Material from three embryos was 

sufficient for one culture dish and the cultures were prepared in triplicate. It was advisable to 

deposit the cells in the centre of the dish rather than disperse them as cell contact appeared 

to be necessary for attachment and differentiation. The cultures were left overnight at 22°C 

in an incubator (Leec Ltd).

All manipulations were performed aseptically in a laminar-flow cabinet (Bassaire) at 

room temperature.

Cultures were examined after 18-24 hours using a Wilovert inverted microscope set 

up for phase contrast microscopy. A x10 Wilovert phase objective lens and x15 Wild 

eyepieces were used.

Fields containing between 50 and 250 cells were chosen at random. The number of 

neurones per field was counted and expressed as a percentage of the total cell number in the 

field. As a control against effects on another electrically excitable cell type, muscle cell 

numbers were also counted and expressed as a percentage of total cell numbers.
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Comparison of total cell numbers controlled for possible non-specific cytotoxic effects. For 

each specific treatment (experimental or control) at least 21 fields were counted. The 

frequency distributions were compared statistically using the Mann-Whitney U-test (Sokal & 

Rohlf, 1969; Rohlf and Sokal, 1969). This is a nonparametric test in which all the test and 

control values are pooled and ranked in ascending order. The sum of the ranks, C, is 
calculated. The Mann-Whitney statistic, Us, is the greater of the two quantities C and (n-j r\2 - 

C), where n-j is the size of the larger sample and n2 the size of the smaller. This statistic is 

compared with a critical value for U (given in Rohlf and Sokal’s Statistical Tables) if n-j is less 

than 20. If n-j is greater than 20, this value may be calculated using an equation given in Sokal 

and Rohlfs Biometry. A p value of less than 0.05 indicates that the two sets of results differ 

significantly.

In order to allow results obtained on a number of different occasions to be compared, 

the median value for each frequency distribution was found and the median test 

distribution/median control distribution (T/C) calculated. A ratio of 1.0 indicates that there is 

no reduction in neurone numbers after treatment; a ratio of 0 that neuronal differentiation has 

been completely inhibited.

Identical cultures from untreated sibling embryos show some inherent variation, of 

about +/- 20%. Expressed in terms of the T/C ratio, the limits lie between 0.76 and 1.28 

(percent nerve median for culture A/percent nerve median for culture B). In general, a T/C 

ratio of <0.80 corresponds to a p value of <0.05 according to the Mann-Whitney U-test, 

indicating that the test and control frequency distributions differ significantly.

In previous experiments using the sodium pump inhibitor strophanthidin (Messenger 

& Warner, 1979; Breckenridge & Warner, 1982), it was found that a population of neurones, 

consisting of about 35% of the total, was unaffected by strophanthidin treatment. In such an 

experiment, the T/C ratio would be 0.35. Later experiments using an antibody to Nerve 

Growth Factor showed that the unaffected neurones were probably neural crest-derived 

peripheral neurones. A T/C ratio of 0.60 therefore indicates greater than 50% inhibition of the 

neural plate-derived population.

The following chapters include data only from experiments in which at least 20 

microscope fields were counted for cultures from test and control embryos, and in which the 

median value for the percentage of neurones in the control cultures was greater than 2.0%.

The results are derived from experiments which were repeated several times, 

sometimes over an extended interval. Occasionally, a set of experiments using a drug which 

had repeatedly been shown to inhibit neuronal differentiation included a single experiment 

where the drug had no effect. The ability of the embryos to heal after a hole has been pierced 

in the belly varies considerably from batch to batch, and, when healing is particularly rapid, the 

drug may not be able to penetrate and reach an effective intercellular concentration. 

Additionally, some of the drugs used in the experiments lose their efficacy with prolonged
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storage. When this occurred, the drug was replaced with a fresh supply. These "odd" results 

have been included for the sake of completeness, with an explanation in the text where 

appropriate.

2.6 HISTOLOGY

In some cases, treated embryos (siblings of those used for cultures) were processed 

for histological examination. After opening the belly wall and washing in fresh Ringer, the 

embryos were left in the solution for up to 1 hour to allow them to heal. They were transferred 

to half-strength culture Ringer for at least an hour and finally to one-tenth strength culture 

Ringer or Scott's Rearing Solution in which to develop to stage 38.

At stage 38, embryos were killed by immersing in a 0.1% solution of the anaesthetic 

MS222 (Tricaine; 3-aminobenzoic acid, ethyl ester, Sigma Ltd) in Ringer, pH 7.4. They were 

fixed for 3 hours in 4% paraformaldehyde (Sigma Ltd) in Ringer, pH 7.4. A hole was pierced in 

the belly of each embryo to allow penetration of the fixative. Following dehydration in a range 

of ascending-strength alcohols, the embryos were embedded in methacrylate. 7 pm serial 

sections were cut on a Sorvall JB-4A microtome, picked up on glass slides (BDH), dried 

overnight in a 60°C oven and stained with haematoxylin and eosin (Sigma).

ADDITIONAL NOTE

In order to control for observer bias in assessing the consequences of drug treatment 

for neuronal differentiation, a number of experiments were counted "blind". This was 

achieved by re-coding of the cultures by an independent person before they were counted. 

Additionally, cultures from some of the experiments were re-counted by another observer. 

The results from these experiments were no different from the rest.
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CHAPTER THREE

THE R6LE OF MONOAMINES IN NEURONAL DIFFERENTIATION

3.1 INTRODUCTION

The aim of the experiments described in this chapter was to determine whether 

monoamines are involved in controlling the phenotypic differentiation of CNS neurones in the 

Xenopus laevis embryo.

The monoamines are derived from the aromatic amino acids, tyrosine and tryptophan. 

Tyrosine is the precursor of the catecholamines, so-called because they contain a catechol 

nucleus, ie two adjacent hydroxyl groups on a benzene ring. L-tyrosine is converted to L- 

DOPA by the enzyme tyrosine hydroxylase, the rate-limiting step in noradrenaline synthesis. 

L-DOPA is decarboxylated to dopamine by the enzyme L-aromatic acid decarboxylase (DOPA 

decarboxylase) and dopamine is hydroxylated to noradrenaline by dopamine (3-hydroxylase. 

In some CNS neurones, noradrenaline is further converted into adrenaline. The indoleamine 

serotonin is made from the amino acid L-tryptophan which is hydroxylated to 5- 

hydroxytryptophan (5-HTP) by tryptophan hydroxylase. L-aromatic acid decarboxylase then 

converts 5-HTP to 5-hydroxytryptamine (5-HT, serotonin). Serotonin and the catecholamines 

dopamine, noradrenaline and adrenaline are all neurotransmitters.

There is ample evidence from the experiments of Messenger and Warner (1979) and 

Breckenridge and Warner (1982) to show that the activation of sodium pumps in the 

membranes of neural plate cells during mid-neural fold stages is necessary for the 

subsequent differentiation of CNS neurones. The switching-on of the pumps results in an 

increase in the resting potential of neural plate cells. Inhibiting the pumps with the cardiac 

glycoside strophanthidin during neurulation abolishes the increase in resting potential, 

reduces the number of neurones which subsequently differentiate in culture and affects the 

nervous system in the intact tadpole, causing disorganization of the retina and a reduction in 

CNS white matter. Experiments using an antibody to Nerve Growth Factor showed that those 

neurones unaffected by strophanthidin treatment were neural crest-derived peripheral 

neurones, thus establishing that sodium pump inhibition only affects neural plate-derived 

CNS neurones.

Blackshaw and Warner (1976) showed that sodium pumps are present in the cell 

membrane and are normally switched on at mid-neural fold stages. They can be activated 

early by increasing extracellular potassium. In normal development therefore, pumps must be 

switched on by an endogenous activator. The nature of this molecule is not known. 

However, several lines of evidence suggest that it could be a monoamine. Using HPLC and 

formaldehyde fluorescence, L-DOPA has been found in the early Xenopus embryo 

(Messenger, N.J. & Warner, unpublished results), together with dopamine, and occasionally,
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just before the early neural fold stages, noradrenaline. As dopamine and noradrenaline are 

neurotransmitters, and differentiated neurones are not seen until stage 21 (Messenger NJ & 

Warner, 1989), it is possible that these monoamines have a different function at earlier stages 

of development.

There is evidence in the literature (discussed in Chapter One) that monoamines are 

involved in development and in the regulation of the sodium pump and that these effects 

could be receptor-mediated. Specific receptors could therefore be present in the embryo.

Specific receptors for neurotransmitters are found in the nervous system. When a 

neurotransmitter is released (by exocytosis) from a nerve terminal into the synaptic cleft, it 

mediates its effects by combining with receptors located in the cell membranes of 

postsynaptic tissue. Presynaptic receptors also exist - they are stimulated by high 

concentrations of released neurotransmitter, leading to a decrease in its release.

Receptors for monoamines are discussed in detail in Chapter One. Briefly, 

noradrenaline acts at adrenergic receptors and dopamine at dopamine receptors. Adrenergic 

receptors are classified as a or p, depending on the ability of various agonists to initiate 

responses. a-Adrenergic receptors are further subdivided into a-1 and a-2 receptors. (3- 

Adrenergic receptors are also classed as (3-1 or (3-2, depending on their location in the body. 

Different subtypes of dopamine receptor also exist. The binding of the appropriate 

neurotransmitter to adrenergic or dopamine receptors initiates cascades which lead to the 

activation or inhibition of second messengers such as adenylate cyclase, ultimately producing 

physiological changes. Using DNA hybridization techniques, Palacios et al (1989) showed 

that sequences homologous to mammalian a-2 and (3-2 adrenergic receptors are present in 

the genome of Xenopus. However, it is not known whether the receptors are expressed in 

the embryo.

After being released into the synaptic cleft, a neurotransmitter can be taken up into 

storage vesicles in the nerve terminal by an energy-dependent process requiring ATP. For 

adrenergic transmitters, this neuronal uptake is known as uptake 1 and terminates the action 

of the neurotransmitter. Excess neurotransmitter in the blood can be taken up into non

neuronal tissue where it is broken down intracellularly by enzymes. This process is known as 

uptake 2. The catecholamines are metabolised to biologically inactive compounds by 

monoamine oxidase (MAO) and catechol-O-methyl transferase (COMT).

The experiments described in this chapter were designed to determine whether 

monoamines could be involved in the differentiation of CNS neurones - by switching on the 

sodium pump, by means of receptor-mediated interactions or in some other way. Neurulating 

embryos (from stage 14 to stage 20) were treated with drugs which affect monoamine 

function, ie neuronal uptake inhibitors, receptor agonists/antagonists and inhibitors of 

biosynthetic enzymes. The effects of these drugs are assessed a) quantitatively by culturing 

neural tube tissue and comparing the number of neurones which subsequently differentiate
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in culture with neurones from untreated sibling embryos and b) qualitatively by allowing 

treated embryos to grow to the swimming tadpole stage and examining them histologically.
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3.2 MATERIALS AND METHODS

General materials and methods are described fully in Chapter Two.

In most of the experiments described in this chapter, embryos were treated from 

stage 14 to stage 20, ie during neurulation. The embryos developed through these stages in 

about 4 to 5 hours at room temperature. At stage 20, cultures were prepared from control 

and treated embryos and the dissociated cells plated out in drug-free Ringer solution, 

terminating the action of the substance under test. Some of the experiments involved 

treatment for only part of this time; in these cases, embryos were "sham-treated" for the 

remainder of the time, ie incubated in Ringer with vitelline membranes removed and the belly 

opened.

Some of the drugs used in the following experiments are insoluble in Ringer so stock 

solutions were prepared in a suitable solvent and an appropriate volume of solvent alone 

added to the control. These include;

Stock solutions of the monoamines, L-DOPA, dopamine and noradrenaline, were 

made up just before use in 1 mM glutathione in Ringer to prevent oxidation.

Standard electrophysiological techniques were used to determine the membrane 

potential of cells in the neural plate of axolotl embryos. High resistance micro-electrodes (75- 

100 megohm when filled with 0.8 M potassium citrate) with low tip potentials were used. 

Embryos were selected at stage 14 1/2-15, when the sodium pump is first activated during 

normal development. The capsule and vitelline membrane were removed and a hole made in 

the belly wall to short-circuit any potential between the intercellular fluid and the external 

environment and ensure drug penetration. In each embryo 20 - 30 resting potentials were 

recorded initially. The a-adrenergic receptor blocker was then added and further groups of 

membrane potentials recorded at intervals while the embryos continued to neurulate. 

Activation of the sodium pump was indicated by the appearance of some cells with high 

resting potentials and as neurulation proceeds the proportion of high potentials recorded 

gradually increased (see Blackshaw & Warner, 1976). Because insertion of the micro

electrode always causes some damage, the maximum membrane potential recorded in each 

group was used to indicate the time when the pump first switched on. Increasing activation
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was reflected by an increase in the average membrane potential 

carried out by Anne Warner.

These measurements were
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3.3 RESULTS

3.3.1 The effect of uptake inh ib itors on neuronal differentiation

Monoamines are present in the early Xenopus embryo and could be involved in 

neural development in one or more ways. For example, they may activate the sodium pump, a 

necessary step in the differentiation of CNS neurones, either by reversing the effects of 

endogenous inhibitors or through receptor-mediated actions. Alternatively, they could be 

taken up into cells and act intracellularly. There is no a priori reason to assume that membrane- 

bound receptors for neurotransmitters exist at an early stage of embryonic development, and 

all possible modes of action must be considered. Monoamines can be taken up from the 

plasma into non-neuronal tissue. As a first step, a role for an intracellular action of 

monoamines by uptake into cells in the control of neuronal differentiation was tested.

The tricyclic antidepressants imipramine and desipramine (des-methylimipramine) 

block the amine pump which is responsible for the uptake of noradrenaline, thus potentiating 

the action of noradrenaline at its receptors. Imipramine is more potent (Guroff, 1980) but also 

blocks the uptake of serotonin. Desipramine is more specific for noradrenaline.

Treatment of neurulating embryos with either of these drugs significantly inhibited 

subsequent neuronal differentiation. Figure 3 shows frequency histograms of neurones 

differentiating in cultures from control and (sibling) treated embryos from an experiment in 

which neurulating (stage 14 to 20) embryos were treated with 10"^M desipramine. In this 

experiment, the frequency distribution of neurones from the control embryos ranged from 0 

to 7%, with a median value of 4.6%. Treatment throughout neurulation with desipramine 

caused a significant shift in the frequency distribution for differentiated neurones and the 

median value came down to 1.6%. The ratio (median test distribution/median control 

distribution) for this experiment was 0.35, showing that there had been a considerable 

reduction in neuronal differentiation. The p value determined from the Mann-Whitney U-test 

was 0.0006, showing that the frequency distributions differed significantly.

Data from this and 28 similar experiments are summarized in Table 1. Results were 

only included when at least 20 fields were counted for test and control embryos and where 

the median value for the percentage of neurones in the control cultures was at least 2.0%. In 

the majority of experiments, the p value showed that the test and control distributions differed 

significantly. In 7 cases, there was no significant difference between the control and test 

distributions and the median ratio was greater than 0.8. This probably arises from healing of 

the embryos after the belly was pierced. This varied widely between batches, ranging from 

embryos which did not heal completely during the period of treatment to those which healed
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THE NORADRENALINE UPTAKE INHIBITOR DESIPRAMINE INHIBITED NEURONAL 
DIFFERENTIATION
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Table 1

THE NORADRENALINE UPTAKE INHIBITOR DESIPRAMINE INHIBITED NEURONAL 
DIFFERENTIATION WHEN USED TO TREAT NEURULATING EMBRYOS (A) BUT NOT 
WHEN ADDED TO THE CULTURE MEDIUM (B)

a) used to treat neurulating embryos (stage 14 to 20)

% nerve median
T/C P

10*8M des control

0.0 3.6 0.00 <0.0001
1.1 3.4 0.32 0.0002
0.9 3.1 0.29 <0.0001
2.4 2.6 0.92 0.7819
3.6 8.3 0.43 <0.0001
1.3 3.9 0.33 <0.0001
2.0 4.1 0.49 <0.0001
2.4 4.8 0.50 <0.0001
1.0 3.0 0.33 0.0005
2.0 2.1 0.95 0.2267
1.6 3.3 0.49 0.0007
0.8 2.2 0.36 0.0009
1.6 4.6 0.35 0.0006
2.2 2.2 1.00 0.8699
2.8 3.3 0.85 0.2572
2.7 2.7 1.00 0.8601
3.6 5.0 0.72 0.0024
1.8 2.9 0.62 <0.0001
1.7 4.7 0.36 <0.0001
0.9 3.4 0.27 <0.0001
2.2 2.3 0.96 0.3256
0.9 3.7 0.24 <0.0001
2.2 4.1 0.54 0.0002
2.7 4.2 0.64 0.0025
1.4 3.4 0.41 0.0001
2.4 2.9 0.83 0.1475
3.1 5.1 0.61 0.0009
1.9 5.5 0.35 <0.0001
1.7 4.3 0.40 <0.0001

n 29 
mean 0.54 
SD 0.27 
SEM 0.05

b) added to culture medium

% nerve median
T/C P

10'6M des control

1.6 2.9 0.55 0.0005
1.9 2.1 0.91 0.3576
2.1 2.1 1.00 0.8500
2.2 2.7 0.82 0.0041
2.2 1.7 1.29 0.0432

n 5
mean 0.91 
SD 0.27
SEM 0.12
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within 30 minutes. Drug diffusion within the intercellular spaces of the embryo is likely to be 

relatively slow and it may be that in these cases there was insufficient time for the drug to 

penetrate.

The mean test/control ratio for the 29 experiments summarized in this table was 0.54, 

showing that the number of neurones which differentiated in culture after desipramine 

treatment was almost halved. The effect of desipramine was variable, even when applied at 

the same concentration. In one experiment, neuronal differentiation was almost completely 

abolished (median = 0) and T/C ratios lower than 0.35 were observed on a number of 

occasions, suggesting that desipramine could be as effective as strophanthidin in abolishing 

neuronal differentiation.

Total and muscle cell numbers were unaffected by desipramine treatment. 

Frequency histograms from a typical experiment using 10'®M desipramine are shown in 

Figure 4. The total numbers of cells per field in cultures from treated embryos ranged from 

65 to 113 with a median value of 96. For cultures from sibling control embryos, the range was 

74 to 124 with a median of 104. The frequency distributions did not differ significantly (p = 

0.0718). The percentage of muscle cells per field in cultures from treated embryos ranged 

from 10 to 43 with a median of 29; for control embryos the median was 32 and the frequency 

distributions were not significantly different. This suggested that only neurones were 

sensitive to desipramine treatment and that desipramine had no nonspecific cytotoxic effects.

To confirm that the effect of desipramine was confined to the stages of neurulation 

and that none of the drug was carried over into the culture medium, lO'^M desipramine was 

added to the culture medium at the time of culture preparation of previously untreated 

embryos. Figure 5 shows the number of neurones in frequency histograms for cultures 

prepared with and without desipramine. The distribution was similar for both test and control 

cultures and the median values were identical. Table 1 collates the results of 5 experiments. 

It is evident that desipramine had no effect on neurones differentiating in culture.

Figure 6 shows a dose-response curve for desipramine, compiled from a number of 

experiments. The mean percent nerve median for treated embryos over the mean percent 

nerve median for control embryos (the T/C ratio) was plotted against desipramine 

concentration. For concentrations of 10"®M and above, where desipramine was clearly highly 

effective (see Table 1), experiments showing no effect have been omitted on the 

assumption that these represented instances where desipramine did not penetrate. A T/C 

ratio of 1 means that there was no effect on neuronal differentiation; a T/C ratio of 0 implies 

that neuronal differentiation was completely abolished. The relationship was roughly sigmoid, 

with a significant reduction in neurone numbers occurring at IO’ ^ m , the mid-point at lO’ ^M 

and a maximal effect at 10'7M. Neuronal differentiation was never prevented completely even 

at high concentrations of desipramine and approximately the same proportion of neurones 

were resistant to desipramine as were to strophanthidin (about 35% - see Messenger &
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THE EFFECT OF DESIPRAMINE ON TOTAL AND MUSCLE CELL NUMBERS 

total cell numbers; T/C = 0.92, p = 0.0718 

muscle cell numbers; T/C = 0.91, p = 0.1183
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DESIPRAMINE: A DOSE-RESPONSE CURVE

A dose-response curve for desipramine compiled from a number of experiments 

(given in parentheses). Ordinate; the ratio (median treated population / median control 

population). Abscissa; concentration of desipramine used. The points give the mean and the 

error bars give + / -1  s.e. of mean when n = or > 4, the range when n = or < 3.
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Warner, 1979). Messenger and Warner (1979) and Breckenridge and Warner (1982) found 

that 35% of neurones which differentiate in culture are neural crest-derived. The size of the 

neural crest-derived population in the experiments reported here could not be determined as 

the original anti-NGF antibody (raised in the horse) was no longer available. Subsequent 

batches raised in the mouse had no effect in Xenopus. This, combined with the fact that the 

effect of desipramine showed considerable variability from experiment to experiment, could 

mean that desipramine, like strophanthidin, was capable of abolishing all neural plate-derived 

neurones.

Another reason for the variability of desipramine became apparent in later 

experiments and will be referred to in the appropriate section.

The long-term effect of desipramine treatment during neurulation on neuronal 

differentiation was confirmed by allowing some embryos from a batch which had been treated 

during neurulation with 10'^m desipramine to develop to stage 38 after washing out the drug 

at stage 20. They were then processed for histology (see Methods, Chapter 2). Plate 1 

shows examples of 7 pm sagittal sections which show the eye region of methacrylate- 

embedded control and treated tadpoles, stained with haematoxylin and eosin. The ordered 

layers of the neural retina were disrupted by the early desipramine treatment and the pigment 

layer was slightly disorganized although the lens appeared relatively normal. The in vivo 

effects of desipramine treatment during neurulation were very similar to those of 

strophanthidin, with disordered cells and reduced white matter in the brain and eye. The 

variability between individual tadpoles was considerable. This variability is smoothed out in 

the in vitro assay, where neuronal differentiation is assessed in each experiment on the basis 

of cultures from nine embryos.

The monoamine uptake inhibitor imipramine also proved effective in reducing 

neuronal differentiation. Figure 7 shows frequency histograms from an experiment in which 

neurulating embryos were treated with 10'®M imipramine. The median value for the 

percentage of neurones which differentiated in control cultures was 3.8%. After treatment 

with imipramine, the median value was down to 1.0% and the two distributions were 

significantly different (p = <0.0001), showing a marked reduction in neurone numbers.

The results obtained with imipramine are summarized in Table 2. In five out of the six 

experiments imipramine significantly reduced the number of differentiated neurones after 

treatment, with a mean T/C value of 0.58.

Both desipramine and imipramine have a-adrenergic receptor blocking activity (AMA 

Drug Evaluations, 1980) in addition to their effects on noradrenaline uptake. In order to 

determine which property was responsible for their effects on neuronal differentiation, other 

uptake inhibitors were tested.
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Plate 1

THE IN VIVO EFFECT OF cc-ADRENERGIC RECEPTOR BLOCKERS (1) 

DESIPRAMINE AND PRAZOSIN

Embryos were treated with either 10_8M desipramine or 10"6M prazosin from stage 

14 to 20. After washing out the drugs, the embryos were allowed to develop to stage 38 

before sectioning. Each photograph shows a section through the eye. Bar = 50 pm.

a) control

b) desipramine

c) control

d) prazosin

The effects on the neural retina were paralleled in the brain (not shown). Note that 

the section of the desipramine-treated tadpole was damaged but the disruption of the 

ordered layers of the neural retina was as severe as that caused by strophanthidin.
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Table 2

IMIPRAMINE INHIBITED NEURONAL DIFFERENTIATION

% nerve median
T/C P

10"6M imi control

2.2 2.3 0.96 0.2766
1.0 3.8 0.26 <0.0001
2.3 3.8 0.59 0.0254
1.6 2.0 0.80 0.0273
1.4 2.2 0.64 0.0353

n 6
mean 0.58
SD 0.24
SEM 0.10

Table 3

THE UPTAKE INHIBITOR COCAINE HAD NO EFFECT ON 
NEURONAL DIFFERENTIATION

% nerve median
T/C P

10'6M cocaine control

3.5 2.6 1.35 0.1099
2.9 2.9 1.00 0.6503
3.4 2.9 1.17 0.0285
5.4 4.7 1.15 0.2904
3.5 2.9 1.21 0.2625
4.9 5.6 0.88 0.4279
5.1 4.4 1.16 0.0893
3.5 2.8 1.25 0.0439
5.0 5.1 0.98 0.7915
1.7 2.2 0.77 0.1945

10
1.09
0.18
0.06
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Cocaine inhibits the uptake of dopamine and serotonin in addition to noradrenaline, 

but has no a-adrenergic receptor blocking activity (Lakoski & Cunningham, 1988). According 

to de la Lande et al (1987), it inhibits both neuronal and extraneuronal uptake in the rabbit. 

Figure 8 shows frequency histograms for neurones differentiating from control and cocaine- 

treated embryos. The median value for the treated embryos was slightly higher than the 

median value for control embryos, suggesting that 10*®M cocaine did not reduce neuronal 

differentiation. This was confirmed in 9 other experiments (see Table 3). Treatment with 

cocaine could even have potentiated neuronal differentiation in two of the experiments (T/C = 

1.17, p = 0.0285; T/C = 1.25, p = 0.0439).

If the inhibition of monoamine uptake is responsible for the effects of desipramine 

and imipramine on neuronal differentiation, treatment with cocaine should have had similar 

effects. Cocaine was clearly ineffective which suggested that desipramine and imipramine 

were acting primarily as a-adrenergic receptor blockers. Support for this possibility comes 

from the work of Mosaddeghi et al (1989), who used both cocaine and desipramine to 

potentiate the action of noradrenaline (by means of uptake inhibition) in stimulating the a - 

adrenergic receptor-mediated metabolism of inositol phospholipids in rat cortical tissue slices. 

They found that cocaine was an effective potentiator but desipramine was not, due to its a - 

blocking activity.

Although cocaine has no a-adrenergic receptor blocking activity, it can reduce the 

resting potassium permeability. PI-OH (4-hydroxy-2-methyl-4-phenyl-1,2,3,4- 

tetrahydroisoquinoline), a compound developed by Kihara et al (1987), is a more potent 

uptake inhibitor than cocaine and has no side effects such as a-adrenergic receptor 

antagonism or potassium channel blockade (Ishida etal, 1988). A small amount of PI-OH was 

obtained from the Japanese group and used to confirm the results with cocaine. In a single 

experiment using 10'®M PI-OH, the median value of the percentage of neurones in cultures 

from treated embryos was 4.7% compared to 4.3% for control embryos. The two frequency 

distributions did not differ significantly (p = 0.1696). This confirmed that uptake inhibition had 

no effect on neuronal differentiation.

To test whether desipramine acted more efficiently when uptake was blocked, 

embryos were treated with 10'®M desipramine from stage 14 to stage 20 in the presence of 

10'6M cocaine. The T/C ratio was reduced from 0.83 for desipramine alone to 0.48 when 

cocaine was present suggesting that, when uptake was blocked, desipramine acted more 

efficiently to inhibit neuronal differentiation, presumably as an a-adrenergic receptor blocker. 

The frequency distribution of neurones which differentiated from desipramine-treated 

embryos was significantly different from that of neurones differentiating from embryos treated 

with desipramine and cocaine (p = 0.03).

This could be an additional explanation for the variability of the effect of desipramine 

on neuronal differentiation (see Table 1). A dose-response curve for desipramine should
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ideally be constructed in the presence of an uptake blocker such as cocaine, allowing 

desipramine to act at maximal efficiency as an a-adrenergic receptor blocker.

These experiments established that neuronal differentiation was not affected by 

noradrenaline uptake inhibition. Although the noradrenaline uptake inhibitors desipramine 

and imipramine reduced the number of neurones which subsequently differentiated in 

culture, cocaine and PI-OH did not, suggesting that the tricyclics were acting primarily as a- 

adrenergic receptor blockers.

The effects of dopamine uptake inhibitors were examined also. The 

tetrahydroisoquinoline antidepressant nomifensine, of which PI-OH is an analogue, is a 

potent inhibitor of dopamine uptake (which is not affected by the tricyclics) and an effective 

inhibitor of noradrenaline uptake (Hunt et al, 1974). Another dopamine uptake inhibitor is 

orphenadrine (Kruk & Pycock, 1983). Six experiments were carried out for each drug (see 

Table 4). A significant reduction in neuronal differentiation was seen on two occasions but, 

overall, there was no striking inhibition of neuronal differentiation as there was with 

desipramine and imipramine.

As a final test for an influence of drugs that act by interfering with uptake mechanisms, 

the neurotoxin 6-hydroxydopamine was used to treat neurulating embryos. This molecule 

can be taken up by both the noradrenaline and the dopamine uptake systems (Webster, 

1989) into catecholaminergic neurones where it causes their degeneration. However, at a 

concentration of 10'^M, it did not affect neuronal differentiation. The mean T/C ratio for these 

experiments was 0.97 (n = 4).

The conclusions from these experiments is that drugs which interfere with uptake 

mechanisms had no effect on neuronal differentiation. It is not clear whether uptake 

mechanisms exist at the stages of development examined. The inhibition of neuronal 

differentiation caused by the tricyclic antidepressants desipramine and imipramine is likely to 

be due to their a-adrenergic receptor antagonism and the experiments described in the 

following section were designed to test this possibility.

3.3.2 The effect of a-adrenergic receptor blockers on neuronal

d iffe re n tia tio n

Prazosin is a competitive a-adrenergic receptor blocker, selective for a-1 adrenergic 

receptors (Cavero & Roach, 1980). It proved to be an effective inhibitor of neuronal 

differentiation at low concentrations. One representative experiment with 10'®f4 prazosin is 

shown in Figure 9; the frequency distributions for cultures from control and treated embryos 

differed significantly (p = <0.0001). The other experiments, together with 6 experiments in 

which 10‘6m prazosin was used, are summarized in Table 5; the mean T/C values for these 

were respectively 0.60 and 0.62. Prazosin was tested at several different concentrations and 

was found to be effective at concentrations as low as 10’ 12m  (see Table 5).
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Table 4

DOPAMINE REUPTAKE INHIBITORS DID NOT INHIBIT NEURONAL DIFFERENTIATION

Orphenadrlne

% nerve median
T/C P

10'6M orph control

3.9 3.8 1.03 0.8110
1.7 4.1 0.42 <0.0001
2.6 2.8 0.93 0.3515
3.5 4.2 0.83 0.4731
1.6 2.2 0.73 0.3322
3.2 5.6 0.57 0.0002

n 6
mean 0.75
SD 0.23
SEM 0.09

Nomifensine

% nerve median
T/C P

10'6M nom control

4.0 3.8 1.05 0.9699
2.2 4.1 0.54 0.0003
2.1 2.8 0.75 0.0109
2.6 2.2 1.18 0.1621
1.6 2.2 0.73 0.2412
3.5 2.8 1.25 0.3990

n 6
mean 0.92
SD 0.28
SEM 0.12
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Table 5

THE a-1 ADRENERGIC RECEPTOR BLOCKER PRAZOSIN INHIBITED NEURONAL
DIFFERENTIATION

% nerve median
T/C P

10'8M prazo control

4.0 5.6 0.71 0.0468
4.5 5.4 0.83 0.2619
3.2 6.2 0.51 0.0110
2.9 4.4 0.66 <0.0043
1.5 2.8 0.55 0.0018
1.0 2.1 0.48 0.0111
1.6 2.2 0.73 <0.0892
1.4 3.3 0.42 <0.0001
2.3 4.2 0.52 0.0053

n 9
mean 0.60
SD 0.14
SEM 0.05

% nerve median
T/C P

10*6M prazo control

2.2 3.9 0.56 0.0004
2.6 5.7 0.46 <0.0001
3.8 4.6 0.83 0.1375
2.4 2.9 0.83 0.0941
1.6 3.0 0.53 <0.0001
2.3 3.8 0.61 0.0005
2.4 4.9 0.49 0.0019

n 7
mean 0.62
SD 0.15
SEM 0.06

concentration n mean SD SEM

10*6M 7 0.62 015 0.06
5 x 1 0‘7M 4 0.60 0.09 0.04
10‘7M 3 0.69 - -

10’8M 9 0.60 0.14 0.05
10*9M 2 0.79 . _

10‘10M 1 0.57 . .

10'12M 3 0.44 - -
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Although it proved reliably to be effective in vitro, the subsequent consequences of 

10‘®M prazosin during neurulation were less marked in vivo than for desipramine (see Plate 

1). Nevertheless, disorganization of the ordered layers of the retina and brain was 

discernible. The in vivo effects of all drugs varied considerably from tadpole to tadpole.

The Rauwolfia alkaloid yohimbine and its isomer, rauwolscine (a-yohimbine), are a-2 

adrenergic receptor antagonists, rauwolscine being the more selective (Goldberg & 

Robertson, 1983). Both significantly inhibited neuronal differentiation when used, at a 

concentration of 10'®M, to treat neurulating embryos . Rauwolscine was also effective at 10' 

®M (see Figure 10 and Table 6). Plate 2 shows methacrylate sections of the eye area of 

10'6M rauwolscine- and yohimbine-treated tadpoles plus a control, untreated tadpole. In the 

tadpoles examined, the in vivo consequences of a-adrenergic receptor blockade was more 

severe in the yohimbine-treated embryos although the in vitro effects of these two a- 

adrenergic receptor blockers were similar. The differences between yohimbine and 

rauwolscine in vivo again could reflect tadpole to tadpole variability.

Phenoxybenzamine is an irreversible a-adrenergic receptor blocker, effective both 

pre- and postsynaptically (Kruk & Pycock, 1983). Phentolamine is also nonselective but is a 

competitive blocker. However, when they were used to treat embryos from stage 14 to stage 

20, at a concentration of 10'®M, the effects of both these a-adrenergic receptor blockers 

were less marked than those of the tricyclics. Phenoxybenzamine inhibited neuronal 

differentiation significantly in only three out of seven experiments (see Table 7). 

Phentolamine had a significant effect in only two out of five experiments (see Table 7).

These results do not appear to support the hypothesis that a-adrenergic receptor 

antagonism at neural plate stages inhibits subsequent neuronal differentiation. However, 

phenoxybenzamine is a potent inhibitor of both uptake 1 and uptake 2 (Iversen, 1971) and 

also blocks dopamine receptors (Lehmann & Langer, 1981). Although it has been reported 

that phentolamine has no uptake blocking activity (Hertting et al, 1961) it was decided to test 

the effects of both drugs on neuronal differentiation in the presence of the uptake blocker 

cocaine. Cocaine, by blocking amine uptake, should allow any a-adrenergic receptor 

blocking activity to predominate. One experiment was carried out for each of the two a- 

adrenergic receptor blockers. In both cases the small, but not significant, reduction in 

neurone numbers was potentiated in the presence of cocaine, and neuronal differentiation 

inhibited significantly (cf desipramine). Treatment with 10"®M phenoxybenzamine alone 

resulted in a T/C ratio of 0.76, p = 0.0823; in the presence of 10'®M cocaine, the T/C ratio was 

0.55, p = 0.0014. Similarly, using 10'®M phentolamine alone, the T/C ratio was 0.91, p = 

0.8404; when cocaine was present, the T/C ratio was 0.66, p = 0.0052.

These experiments show that drugs with a-adrenergic receptor blocking activity, if 

present during neurulation, had significant effects on the subsequent differentiation of 

neurones. Table 8 summarizes these results. Both specific a-1 and a-2 adrenergic
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Table 6

a-2 ADRENERGIC RECEPTOR ANTAGONISTS INHIBITED NEURONAL DIFFERENTIATION

a) rauwolscine

% nerve median
T/C P

rauw control

2.6 3.3 0.79 0.3991 n 4
2.2 3.6 0.61 0.1070 mean 0.68
1.5 2.8 0.55 0.0020 SD 0.12
3.8 4.9 0.78 0.0304 SEM 0.06

% nerve median
T/C P

10'6M rauw control

1.9 3.8 0.50 0.0001
3.0 3.6 0.83 0.6962
2.2 5.7 0.39 <0.0001
2.2 3.9 0.56 <0.0001
5.0 5.3 0.94 0.5128 n 8
1.7 2.4 0.71 0.2571 mean 0.63
1.7 3.0 0.57 <0.0001 SD 0.18
2.1 3.8 0.55 0.0006 SEM 0.06

b) yohimbine

% nerve median
T/C P

10‘6M yoh control

3.4 4.1 0.83 0.1948
2.8 4.1 0.68 0.0068 n 5
1.7 3.9 0.44 <0.0001 mean 0.70
2.6 2.7 0.96 0.9598 SD 0.20
2.8 4.8 0.58 <0.0001 SEM 0.09
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Plate 2

THE IN VIVO EFFECT OF a-ADRENERGIC BLOCKERS (2)

RAUWOLSCINE AND YOHIMBINE

Embryos were treated with either 10'®M rauwolscine or 10"®M yohimbine from stage 

14 to 20. After washing out the drugs, the embryos were allowed to develop to stage 38 

before sectioning. Each photograph shows a section through the eye. Bar = 50 pm.

a) control

b) rauwolscine

c) yohimbine

Note that, in the embryos shown here, the effect of yohimbine was more marked than 

that of rauwolscine
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Table 7

THE EFFECTS OF THE CLASSICALLY USED a-ADRENERGIC RECEPTOR BLOCKERS 
ON NEURONAL DIFFERENTIATION WERE MORE VARIABLE

a) phenoxybenzamine

% nerve median
T/C P

10‘6M phenox control

1.2 3.3 0.36 0.0051
4.8 4.2 1.14 0.1740
4.4 4.1 1.07 0.6325
3.3 4.1 0.81 0.1906 n 7
1.6 3.9 0.41 <0.0001 mean 0.76
3.8 4.8 0.79 0.0157 SD 0.30
2.2 2.9 0.76 0.0823 SEM 0.11

b) phentolamine

% nerve median
T/C P

10'6M phent control

3.3 4.1 0.81 0.0146
3.0 4.1 0.73 0.0235 n 5
2.8 3.9 0.72 0.1309 mean 0.83
4.7 4.8 0.98 0.7151 SD 0.11
4.0 4.4 0.91 0.8404 SEM 0.05
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Table 8

THE EFFECTS OF a-ADRENERGIC RECEPTOR BLOCKERS ON NEURONAL DIFFERENTIATION

INHIBITOR CONCN n T/C RECEPTOR

desipramine 10'6M 6 0.69+/- 0.08 1 and 2?
10‘8M 29 0.54 +/- 0.05

imipramine 10‘6M 6 0.58 +/- 0.10 1 and 2?

prazosin 10'6M 7 0.62 +/- 0.06 1
10‘8M 9 0.60 +/- 0.05

rauwolscine 10'6M 8 0.63 +/- 0.06 2
io -8m 4 0.68 +/- 0.06

yohimbine 10-6M 5 0.70 +/-0.09 2 (and 1?)

phenoxy 10'6M 7 0.76 +/- 0.11 1 and 2?
benzamine

phentolamine 10‘6M 5 0.83 +/- 0.05 1 and 2?
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receptor antagonists were effective as well as nonselective a-adrenergic receptor blockers. 

There is no reason to suppose that early embryos, prior to the appearance of differentiated 

neurones, contain receptors which can be classified in the same way as for neurones, and the 

putative embryonic receptor apparently involved in neuronal differentiation may be atypical 

according to these criteria. Alternatively, more than one type of adrenergic receptor could be 

present.

To investigate this possibility, neurulating embryos were treated with both prazosin 

(an a-1 adrenergic receptor antagonist) and rauwolscine (an a-2 adrenergic receptor 

antagonist) at concentrations of 10'8M, 5 x 10'7M and 10'8M. The results are summarized in 

Table 9. Both drugs had a significant inhibitory effect on their own (except in the final 

experiment shown) but in 2 experiments the effect was potentiated when they were used 

together. This was particularly noticeable in the final experiment, where neither drug was 

effective alone but the combination caused a significant inhibition. It is therefore possible, 

although more data is necessary to confirm this hypothesis, that the reduction in neuronal 

differentiation is mediated by two different classes of a-adrenergic receptor and that the 

effects are additive

3.3.3 The effects of other types of receptor blocker on neuronal

d iffe re n tia tio n

The following experiments tested whether the ability to influence neuronal 

differentiation was restricted to a-adrenergic receptor blockers or whether antagonists at 

other types of receptor were similarly effective.

The members of the other major class of adrenergic receptor, the (3-adrenergic 

receptors, differ from a-adrenergic receptors in that they are most sensitive to the agonist 

isoprenaline and least sensitive to noradrenaline and the a-adrenergic receptor agonist 

phenylephrine (Kruk & Pycock, 1983). A number of (3-adrenergic receptor blockers are 

available, which bind to pre- and postsynaptic |3-adrenergic receptors but do not affect a- 

adrenergic receptors. Propranolol, in the (-)- or (l)-form,is a widely-used (3-adrenergic receptor 

blocker.

Dopamine receptors are widely distributed in the CNS and peripheral tissues. More 

than one type of receptor exists and a number of antagonists are available; haloperidol and 

sulpiride were chosen as test reagents.

The neurotransmitter acetylcholine has two major classes of receptor; the muscarinic 

and the nicotinic cholinoceptors. The belladonna alkaloid atropine (an antimuscarinic) and 

tubocurarine (curare), an antagonist at nicotinic receptors (Kruk & Pycock, 1983), were used to 

test for an action of acetylcholine receptor blockers.

All these receptor blockers were ineffective when used to treat neurulating embryos 

at a concentration of 10"8M. The results are summarized in Table 10 and representative
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Table 10

THE EFFECTS OF OTHER TYPES OF RECEPTOR BLOCKER ON NEURONAL 
DIFFERENTIATION

INHIBITOR CONCN n T/C RECEPTOR

atropine 10'6M 4 1.11 +/- 0.16 cholinergic

curare 10'6M 6 0.89 +/- 0.10 cholinergic

haloperidol 10*6M 4 0.88+/- 0.17 dopaminergic

propranolol 10'6M 5 0.84 +/- 0.10 P-adrenergic

sulpiride 10*6M 4 0.98 +/- 0.06 dopaminergic
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histograms are shown in Figures 11, 12 and 13. The mean T/C ratio for propranolol was 

relatively low, at 0.84, but only one out of five experiments showed a significant difference 

between control and test frequency distributions.

Drugs which block other types of receptor therefore had no effects on neuronal 

differentiation. Thus specifically blocking a-adrenergic receptors throughout neurulation, ie 

from stage 14 to stage 20, significantly reduced the number of neurones which subsequently 

differentiated in culture.

3.3.4 The time of effectiveness of a-adrenergic receptor blockade

Experiments with strophanthidin revealed that neurulating embryos are only 

susceptible to sodium pump blockade at the mid-neural fold stages, ie from stage 14 to stage 

17 (Messenger & Warner, 1979; Breckenridge & Warner, 1982). Prior to stage 14 (early 

neural fold stage) and after stage 17 (late neural fold stage), inhibiting the sodium pump had 

no consequences for differentiating neurones. One way of testing for a possible link 

between a-adrenergic receptor activation and switching on of the sodium pump is to explore 

the developmental window over which embryos are sensitive to a-adrenergic receptor 

blockade, for comparison with strophanthidin. The time at which a-adrenergic receptor 

blockers were effective was tested as follows (see Figure 14). A batch of embryos was 

divided into four sets. Set 1 (the control) was incubated in Ringer for four hours. Set 2 was 

incubated in a solution of desipramine in Ringer for two hours (stage 14 to 17) followed by 

Ringer alone for two hours. Set 3 was incubated in Ringer for one hour, the drug solution for 

two hours (stage 15 to 18) and then Ringer for the final hour. Set 4 was incubated in Ringer 

for two hours and then desipramine for two hours (stage 17 to 20). All the embryos had a hole 

pierced in the belly to allow the drug either to enter or to be washed out, as appropriate.

10'®M desipramine was effective throughout neurulation (see Table 11). In 2 

experiments, desipramine became more effective as neurulation progressed. This contrasts 

with strophanthidin, which was clearly ineffective after stage 17.

A limited number of similar experiments with other a-adrenergic receptor blockers 

suggested that they too were effective throughout neurulation. Table 12 shows the results 

of single experiments with 4 a-adrenergic receptor blockers. Treatment from stage 14 to 19 

was equivalent to four hours in a drug solution; treatment from stage 15 to 19 was equivalent 

to one hour in Ringer and three in the drug solution; treatment from stage 16 to 19 was 

equivalent to two hours in Ringer and two in the drug solution; and treatment from stage 18 to 

19 was equivalent to three hours in Ringer and one in the drug solution. The a-1 adrenergic 

receptor blocker prazosin, the a-2 adrenergic receptor blockers rauwolscine and yohimbine, 

and the nonspecific a-adrenergic receptor blocker phenoxybenzamine were tested at a 

concentration of 10'®M. All were able to inhibit neuronal differentiation at any time during 

neurulation, even when present for as little as one hour at the end of neurulation. Taken
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Figure 11

NEITHER THE P-ADRENERGIC RECEPTOR BLOCKER PROPRANOLOL NOR THE 
DOPAMINE RECEPTOR ANTAGONIST SULPIRIDE INHIBITED NEURONAL 
DIFFERENTIATION
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NEITHER THE CHOLINERGIC RECEPTOR BLOCKER ATROPINE NOR THE DOPAMINE 
RECEPTOR ANTAGONIST HALOPERIDOL INHIBITED NEURONAL DIFFERENTIATION
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Figure 13

THE CHOLINERGIC RECEPTOR BLOCKER CURARE DID NOT INHIBIT NEURONAL 
DIFFERENTIATION
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together, these results suggest that a-adrenergic receptor blockers have a different mode of 

action from strophanthidin, which is effective only from stage 14 to stage 17 and is ineffective 

both earlier and later.

A single experiment with 10'®M desipramine suggested that it could inhibit neuronal 

differentiation if present during the final stages of gastrulation and very early neurulation, ie 

from stage 11 to stage 13. The T/C ratio for this experiment was 0.64 (p = 0.0180).

The experiments described in this section showed that blocking a-adrenergic 

receptors during neurulation significantly inhibited subsequent neuronal differentiation, a- 

Adrenergic receptor antagonists were effective at any time during neurulation. Once the 

neural tube had closed, they were no longer able to influence neuronal differentiation, a- 

Adrenergic receptors are normally activated by a-adrenergic receptor agonists, of which the 

monoamine noradrenaline is an example, so the results indicated that a monoamine could be 

involved in controlling the phenotypic differentiation of CNS neurones via a receptor- 

mediated effect. The experiments described in the following section attempted to confirm 

the involvement of a monoamine.

3.3.5 The effect of monoamines when a-adrenergic receptors are

b locked

Can exogenous monoamines compete with a-adrenergic receptor blockers and over

ride their inhibitory effects on neuronal differentiation?

Neurulating embryos were treated with the tricyclic antidepressant desipramine, 

which acts predominantly as an a-adrenergic receptor antagonist (see above) to inhibit 

neuronal differentiation. Sibling embryos were treated with one of the monoamines reported 

to have been found in the Xenopus embryo-L-DOPA, dopamine or noradrenaline - in addition 

to desipramine.

Figure 15 shows frequency histograms from an experiment in which 10"®M L- 

DOPA was included with 10‘®M desipramine. The frequency distribution of neurones from 

desipramine-treated embryos was shifted significantly to the left and the median value was 

considerably lower than that of the control. However, the inclusion of L-DOPA restored the 

distribution to normal and the median value to control levels. This, with similar experiments, is 

summarized in Table 13. The desipramine effect was completely over-ridden by the 

presence of L-DOPA. Comparison of the frequency distributions of neurones differentiating 

in culture after desipramine treatment and after treatment with desipramine plus L-DOPA 

showed that, in 5 out of 7 experiments, the increase in neuronal differentiation due to the 

presence of L-DOPA was significant.

10‘6m dopamine (Figure 16 and Table 13) and 10"®M noradrenaline (Figure 17 

and Table 13) were equivalently effective in overcoming the inhibitory effect of desipramine. 

The frequency distributions of neurones differentiating from desipramine-treated embryos
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Table 13

MONOAMINES PREVENTED THE INHIBITION OF NEURONAL DIFFERENTIATION BY 
DESIPRAMINE

L-DOPA

dopamine

noradrenaline

** p = <0.0001
* p = <0.05

L-DOPA n 7 7 7
mean 0.69 1.05 0.66
SD 0.28 0.18 0.23
SEM 0.11 0.07 0.09

dopamine n 9 9 9
mean 0.55 0.94 0.61
SD 0.22 0.26 0.22
SEM 0.07 0.09 0.08

noradrenaline n 6 6 6
mean 0.71 1.22 0.67
SD 0.18 0.65 0.31
SEM 0.08 0.26 0.13

% nerve median

T1/C T2/C T1/T2
10’ 8M
des

T1

des + 
10’6M 

MA 
T2

control

C

2.0 3.1 2.6 0.77 1.19 0.65*
1.3 2.7 2.8 0.46* 0.96 0.48*
0.9 2.6 2.8 0.32* 0.93 0.35**
2.5 2.8 3.5 0.71* 0.80 0.89
2.2 3.7 2.8 0.79 1.32* 0.60*
3.0 2.9 2.5 1.20 1.16 1.03
1.4 2.3 2.4 0.58* 0.96 0.61*

1.3 4.5 3.9 0.33“ 1.15 0.29*
2.0 3.7 4.1 0.49** 0.90 0.54*
2.4 4.6 4.8 0.50** 0.96 0.52*
1.0 1.1 3.0 0.33* 0.37* 0.91
2.0 2.2 2.1 0.95 1.05 0.91
2.5 3.0 2.9 0.86* 1.04 0.83*
1.6 3.2 3.1 0.52* 1.03 0.50**
1.4 3.5 2.8 0.50* 1.25 0.40**
1.4 2.3 3.2 0.44** 0.72* 0.61**

2.9 5.1 4.1 0.71 1.24 0.57*
2.0 1.6 2.1 0.95 0.76* 1.25
2.3 3.0 3.3 0.70* 0.91 0.77*
2.5 4.8 4.2 0.60* 1.14 0.52*
2.0 5.7 2.3 0.87 2.48* 0.35“
1.5 2.7 3.4 0.44** 0.79 0.56*
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differed significantly from the frequency distributions for neurones from embryos treated with 

desipramine plus dopamine or noradrenaline.

10‘®M noradrenaline also prevented the inhibitory effects of the a-1 adrenergic 

receptor blocker prazosin at a concentration of 10'^M (Figure 18 and Table 14) and the a- 

2 adrenergic receptor blocker rauwolscine at a concentration of 10’ ®M (Figure 19 and 

Table 14).

It is evident that monoamines were able to restore neurone numbers to control levels 

in a-adrenergic receptor blocker-inhibited embryos. It is not clear from these experiments 

whether they acted in competition with the a-adrenergic receptor antagonists (it must be 

borne in mind that, of the monoamines tested, only noradrenaline is an a-adrenergic receptor 

agonist) or whether they nullified the effects of a-adrenergic receptor blockade by means of 

some other mechanism.

In order to determine whether the monoamines per se or their interaction with a- 

adrenergic receptors prevented the effects of a-adrenergic receptor blockers on neuronal 

differentiation, similar experiments were performed with known a-adrenergic receptor 

agonists.

Phenylephrine was able to prevent the inhibitory effect of 10"®M desipramine on 

neuronal differentiation. Figure 20 shows frequency histograms from an experiment in 

which 10‘ 6m phenylephrine was included with 10‘®M desipramine during treatment of 

embryos from stage 14 to stage 20. Desipramine alone inhibited neuronal differentiation. 

Inclusion of phenylephrine restored the frequency distribution of neurones to normal and the 

median value to control levels. This group of experiments is summarized in Table 15. The 

median values for neurones differentiating from desipramine-treated embryos were compared 

to the median values for neurones differentiating from desipramine plus phenylephrine- 

treated embryos and the mean T1/T2 ratio was 0.64; for each experiment, the frequency 

distributions differed significantly. The a-adrenergic receptor agonist methoxamine, which is 

less potent than phenylephrine (Starke et al, 1975), was unable, at a concentration of 10'6M, 

to prevent the desipramine effect. However, at 10‘4M it was as effective as 10"®M 

phenylephrine (see Table 15).

The (3-adrenergic receptor agonist isoprenaline, at a concentration of 10"®M, was 

unable to over-ride the inhibitory effect of 10‘®M desipramine on neuronal differentiation in 

two experiments (i. desipramine T/C = 0.85, p = >0.05; desipramine plus isoprenaline T/C = 

0.61, p = <0.05. ii. desipramine T/C = 0.81, p = >0.05; desipramine plus isoprenaline T/C = 

0.71, p = >0.05). In a third, isoprenaline restored neurone numbers almost to control levels 

(desipramine T/C = 0.70, p = >0.05; desipramine plus isoprenaline T/C = 0.93, p = >0.05). 

More experiments would be necessary to confirm that isoprenaline does not prevent the 

inhibitory effect of desipramine on neuronal differentiation, as the effect of desipramine was 

not maximal in any of those described here.
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Table 14

NORADRENALINE PREVENTED THE INHIBITION OF NEURONAL DIFFERENTIATION BY a- 
ADRENERGIC RECEPTOR BLOCKERS

a) prazosin

% nerve median

T1/C T2/C T1/T2
10“6M
prazo

T1

prazo + 
10‘6M 

NA 
T2

control

C

1.6 3.1 3.0 0.53** 1.03 0.52*
2.3 4.4 3.8 0.61* 1.16 0.52*
2.4 4.4 4.9 0.49* 0.90 0.55*

** p = <0.0001 
* p = <0.05

n
mean

b) rauwolscine

% nerve median

T1/C T2/C T1/T2
10'6M
rauw

T1

rauw + 
10'6M 

NA 
T2

control

C

5.0 6.2 5.3 0.94 1.17 0.81
1.7 2.5 2.4 0.71 1.04 0.68
1.7 3.2 3.0 0.57“ 1.07 0.53**
2.1 5.1 3.8 0.55* 1.34* 0.41**

** p = <0.0001 
* p = <0.05

n 4 4 4
mean 0.69 1.16 0.61
SD 0.18 0.14 0.17
SEM 0.09 0.07 0.09

3 3 3
0.54 1.03 0.53
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Table 15

a-ADRENERGIC RECEPTOR AGONISTS PREVENTED THE INHIBITION OF NEURONAL
DIFFERENTIATION BY DESIPRAMINE

a) phenylephrine

% nerve median

T1/C T2/C T1/T2
10‘8M
des

T1

des + 
10'6M 
phen 

T2

control

C

2.9
2.3
2.0
1.5

3.7
3.3
3.4 
3.0

3.7
3.2
3.4
2.9

0.78*
0.72
0.59*
0.52*

1.00
1.03 
1.00
1.04

0.78*
0.70*
0.59*
0.50*

“  p = <0.0001
* p = <0.05

n 4 4 4
mean 0.65 1.02 0.64
SD 0.12 0.02 0.12
SEM 0.06 0.01 0.06

b) methoxamine

% nerve median

T1/C T2/C T1/T2
10'8M
des

T1

des + 
10'4M 
meth 

T2

control

C

2.9 3.2 3.7 0.78* 0.87 0.91
2.3 3.8 3.2 0.72 1.19 0.61
2.0 2.5 3.4 0.59* 0.74* 0.80
1.5 3.6 2.9 0.52* 1.24 0.42**

** p = <0.0001
* p = <0.05

n 4 4 4
mean 0.65 1.01 0.69
SD 0.12 0.24 0.22
SEM 0.06 0.12 0.11
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Thus a-adrenergic receptor agonists but not P-adrenergic receptor agonists were 

effective in preventing the inhibition of neuronal differentiation by desipramine, suggesting 

that interaction with a-adrenergic receptors was responsible. This raises an interesting 

question; are L-DOPA and dopamine able to activate a-adrenergic receptors in the amphibian 

embryo? Normally, only noradrenaline acts as an a-adrenergic receptor agonist. Dopamine is 

a dopamine receptor agonist and L-DOPA is an indirect agonist at dopamine receptors (Kruk 

& Pycock, 1983). However, L-DOPA and dopamine are precursors of noradrenaline and it is 

possible that these monoamines, when exogenously applied, are rapidly converted to 

noradrenaline in the embryo.

In the biosynthetic pathway of the catecholamines, L-DOPA is converted to 

dopamine by the enzyme DOPA decarboxylase; the hydroxylation of dopamine to 

noradrenaline is then catalyzed by dopamine (3-hydroxylase. A number of inhibitors of these 

two enzymes are available.

Carbidopa and benserazide are peripherally-acting inhibitors of DOPA decarboxylase 

(Kruk & Pycock, 1983), while 3-hydroxybenzylhydrazine is able to cross the blood-brain 

barrier and act centrally (Carlsson, 1964; Modigh, 1973). Inclusion of a DOPA decarboxylase 

inhibitor with L-DOPA should prevent its conversion to dopamine and ensure that any effects 

on neuronal differentiation are due specifically to L-DOPA.

Embryos were treated from stage 14 to stage 20 with 10"®M desipramine plus 10'®M 

L-DOPA, alone or in the presence of 10"®M 3-hydroxybenzylhydrazine, a DOPA 

decarboxylase inhibitor. Figure 21 shows frequency histograms from an experiment of this 

type. A good desipramine effect was seen - the median value was 1.3% compared to a 

control value of 2.8% and the frequency distribution of neurones was shifted significantly to 

the left (p = 0.0005). This reduction in neuronal differentiation was prevented by the 

inclusion of L-DOPA - the frequency distribution was restored to control levels. However, in 

the presence of 3-hydroxybenzylhydrazine, L-DOPA was unable to overcome the 

desipramine effect. Results of these experiments are summarized in Table 16.

Dopamine p-hydroxylase is a copper-containing enzyme and is inhibited by chelators, 

such as diethyldithiocarbamate and neocuproine (Green, 1964). Concurrent treatment with 

dopamine plus a dopamine p-hydroxylase inhibitor should ensure that only the effects of 

dopamine are seen in cultures. The dopamine p-hydroxylase inhibitor neocuproine was 

included with dopamine and desipramine. Figure 22 shows that 10‘ ®M desipramine 

inhibited neuronal differentiation; the frequency distribution of neurones from treated 

embryos was shifted significantly to the left (p = 0.0001) and the median value was down to 

1.6%. 10‘6m dopamine alone was able to over-ride this inhibition completely but the 

inclusion of 5 x 10‘®M neocuproine prevented its "rescue" effect. Table 16 contains a 

summary of these results.
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Table 16

L-DOPA AND DOPAMINE COULD NO LONGER OVERCOME THE EFFECT OF DESIPRAMINE ON 
NEURONAL DIFFERENTIATION WHEN A) THE CONVERSION OF L-DOPA TO DOPAMINE WAS 
INHIBITED AND B) THE CONVERSION OF DOPAMINE TO NORADRENALINE WAS INHIBITED

a) L-DOPA plus 3-hydroxybenzylhydrazine

% nerve median

T1/C T2/C T3/C T1/T2 T1/T3
10%
des

T1

des+
10%

L-DOPA

T2

des+
L-DOPA
+10%
3-HBH

T3

oont

C

2.0
1.3 
0.9 
2.5 
2.2 
3.0
1.4

3.1
2.7 
2.6
2.8 
3.7 
2.9 
2.3

0.8
1.2
1.0
1.4 
3.1
1.5 
2.0

2.6
2.8
2.8
3.5 
2.8
2.5 
2.4

0.77
0.46*
0.32*
0.71*
0.79
1.20
0.58*

1.19
0.95
0.93
0.80
1.32*
1.16
0.96

0.31*
0.43*
0.36**
0.40**
1.11
0.60*
0.83

0.65*
0.48*
0.35**
0.89
0.60*
1.03
0.61*

2.50
1.08
0.90
1.79*
0.71
2.00*
0.70

n 7 7 7 7 7
mean 0.69 1.05 0.56 0.66 1.38
SD 0.28 0.18 0.29 0.23 0.71
SEM 0.11 0.07 0.11 0.09 0.27

b) dopamine plus neocuproine

% nerve median

T1/C T2/C T3/C T1/T2 T1/T3
10%
des

T1

des+
10%

DA

T2

des+
DA+

5x10%
neo
T3

cont

C

2.5
1.6
1.4
1.4

3.0
3.2 
3.5
2.3

2.1
1.4
1.5 
0.8

2.9
3.1 
2.8
3.2

0.86*
0.52*
0.50*
0.44**

1.04
1.03
1.25
0.72*

0.72*
0.45**
0.54*
0.25**

0.83*
0.50**
0.40**
0.61**

1.19
1.14
0.93
1.75

n 4 4 4 4 4
mean 0.58 1.01 0.49 0.59 1.25
SD 0.19 0.22 0.20 0.19 0.35
SEM 0.10 0.10 0.10 0.09 0.18

** p = <0.0001
* p = <0.05
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This set of experiments suggests that noradrenaline, rather than dopamine or L- 

DOPA, is the effective monoamine in overcoming the consequences of a-adrenergic 

receptor blockade for neuronal differentiation. When prevented from being converted to 

noradrenaline, exogenously-applied L-DOPA and dopamine were unable to "rescue" the 

embryos from the effects of desipramine. The results predict that neocuproine should not 

alter the "rescuing" effect of noradrenaline. Neurulating embryos were treated with 

desipramine and noradrenaline in the presence of neocuproine. Figure 23 shows that 

noradrenaline remained able to overcome the inhibitory effect of desipramine in the presence 

of neocuproine. Results of similar experiments are summarized in Table 17.

3.3.6 Does a-adrenergic receptor blockade prevent sodium pump

activation?

In normal development, activation of the sodium pump is reflected by an increase in 

the membrane potential of neural plate cells during the mid-neural fold stages. If a 

monoamine is the endogenous activator of the sodium pump, blocking a-adrenergic 

receptors should prevent the sodium pumps from switching on.

Anne Warner carried out electrophysiological experiments to test this possibility. The 

membrane potential of neural plate cells from four embryos was monitored at successive 

developmental stages during neurulation (see Figure 24). The first set of measurements 

was made at the beginning of the mid-neural fold stage, stage 15. This is when the sodium 

pump first switches on. The open symbols give the mean of 20 to 30 resting potential 

measurements in each embryo. In all cases, this was about -30 mV. The solid symbol gives 

the maximum membrane potential recorded in each group, indicating whether the sodium 

pump is activated. In three embryos, the maximum potential was already close to -60 mV 

when the first measurements were made, which suggests that the sodium pump had just 

begun to switch on. In the fourth embryo, the maximum potential was less than -40 mV, 

indicating that in this embryo sodium pump activation had not yet occurred.

Either 10'7M prazosin or 10‘ 8M desipramine was then added to the bath and 

remained while further measurements were taken. In the embryo where pump activation had 

not yet occurred, the sodium pump switched on normally, shown by a 20 mV increase in 

maximum membrane potential, despite the presence of a-adrenergic receptor blockers. In 

the other three embryos, where the pump had just switched on when the control 

measurements were made, the average potential showed the usual increase with time as 

pump activation increases, and the maximum potential recorded either remained high or 

increased.

So blocking a-adrenergic receptors did not seem to stop the sodium pump switching 

on, or have any effect once the pump was activated.
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NORADRENALINE COULD OVERCOME THE EFFECT OF DESIPRAMINE ON NEURONAL 
DIFFERENTIATION WHEN DOPAMINE P-HYDROXYLASE WAS INHIBITED BY 
NEOCUPROINE
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Table 17

NORADRENALINE COULD OVERCOME THE EFFECT OF DESIPRAMINE ON NEURONAL 
DIFFERENTIATION WHEN DOPAMINE (3-HYDROXYLASE WAS INHIBITED BY 
NEOCUPROINE

% nerve median

T1/C T2C T3C T1/T2 T1/T3
10%l
des

T1

des+
10^M

NA

T2

des+ 
NA+ 

5x1 O^M 
neo 
T3

oont

C

2.3 3.0 3.3 3.3 0.70* 0.91 1.00 0.77* 0.70*
2.5 4.8 4.7 4.2 0.60* 1.14 1.12 0.52* 0.53*
2.0 5.7 3.8 2.3 0.87 2.48* 1.65* 0.35** 0.53**
1.5 2.7 3.1 3.4 0.44** 0.79 0.91 0.56* 0.48*

** p = <0.0001 
* p = <0.05

n 4 4 4 4 4
mean 0.65 1.33 1.17 0.55 0.56
SD 0.18 0.78 0.33 0.17 0.10
SEM 0.09 0.39 0.17 0.09 0.05
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Figure 24

BLOCKING a-RECEPTORS DID NOT PREVENT SODIUM PUMP ACTIVATION

Membrane potential measurements made in neural plate cells of four axolotl embryos, 

indicated by the following symbols; <>• , o» ,44 a n d o *. For each time point, the open symbols 

give the mean of 20 to 30 resting potential measurements per embryo and the solid symbols 

the maximum membrane potential measured in each group, this being closest to the true 

value. The ordinate gives the membrane potential (Em) and the abscissa the stages of 

development, or time, at which measurements were made.

The first set of measurements was made at the beginning of the mid-neural fold 

stage, stage 15, when sodium pumps first start to switch on. In one embryo (a» ), the 

maximum potential was less than -40mV at this time, indicating that sodium pump activation 

had not yet occurred. In the other three, the maximum potentials were around -60 mV, 

suggesting that sodium pumps had switched on.

Prazosin or desipramine was added after the first set of measurements, indicated by 

the arrow, and remained while further measurements were taken. In embryo (□■ ), the 

maximum membrane potential increased to -60 mV by stage 17, indicating that the sodium 

pump had switched on normally, despite the presence of the a-adrenergic receptor blocker. 

In the other three embryos, where the pump had just switched on when the control 

measurements were made, both average and maximum potentials increased or remained 

high.
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BLOCKING a-RECEPTORS DID NOT PREVENT SODIUM PUMP ACTIVATION
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The results presented so far in this chapter support the hypothesis that the 

monoamine noradrenaline is required for neuronal differentiation to occur and that it exerts its 

effects by acting at a-adrenergic receptors that are probably atypical and not by switching on 

the sodium pump directly. However, there could still be links between the two mechanisms 

and this issue is addressed in the next Chapter.
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CHAPTER FOUR

THE MONOAMINES AND THE SODIUM PUMP

4.1 INTRODUCTION

Cells contain a high concentration of potassium ions compared to the extracellular 
fluid, but low concentrations of sodium and chloride ions. In frog nerve and muscle cells, [K+]j 

is about 140 mmoles I'1, while [Na+lj is 15 mmole I*1 and [Cr]j is 3 mmole I'1 (Winton & Bayliss, 

1968). The extracellular concentrations of sodium and chloride ions are high. Because the 

intracellular concentration of potassium is much greater than the extracellular concentration, it 

tends to leak out of the cell, the membrane being permeable to K+. As K+ leaks out of the 

cell, it leaves a net negative charge. Therefore, the movement of ions down a concentration 

gradient sets up a voltage gradient across the membrane. Eventually, the negative charge 

inside the cell attracts potassium ions, thus preventing their loss. This state of equilibrium, in 

which the tendency of K+ to leak out of the cell down its concentration gradient is balanced by 

the intracellular negative charge attracting K+ into the cell, is defined as the resting membrane 

potential. Any influx or efflux of ions will alter the electrical charge on either side of the 

membrane and set up a membrane potential, ie a voltage difference across the cell 

membrane. A large electrochemical gradient exists for Na+ because there is a constant 

passive diffusion of Na+ into the cell which is counterbalanced by its active extrusion by the 

sodium pump, rendering the membrane effectively poorly permeable to Na+. The sodium 

pump, or Na+,K+-ATPase, is a membrane-bound enzyme (Skou, 1965) which uses the 

energy from ATP hydrolysis to transport sodium out of, and potassium into, the cell. As more 

sodium is extruded than potassium absorbed, the pump is electrogenic and contributes 

directly to the membrane potential by generating a current across the membrane resistance 

(reviewed by Thomas, 1972).

Blackshaw and Warner (1976) measured the membrane potentials of neural plate and 

ectodermal cells (which have different developmental fates) in the axolotl. During neurulation, 

the membrane potential of neural plate cells gradually increased while that of lateral and 

ventral ectoderm cells remained low. The increase occurred predominantly during mid-neural 

plate stages. Testing the possibility that it was due to sodium pump activity, Blackshaw and 

Warner found that the reversible sodium pump inhibitor, strophanthidin (a cardiac glycoside) 

completely prevented the rise in resting potential. Messenger and Warner (1979) later 

showed that treatment of neurulating Xenopus laevis embryos with strophanthidin reduced 

the number of CNS neurones that subsequently differentiated in culture and also caused 

abnormalities in the nervous system of tadpoles. Breckenridge and Warner (1982) concluded 

that the fall in intracellular sodium which normally occurs when sodium pumps are activated at 

stage 14-15 is an important factor in the control of neuronal differentiation. By inhibiting
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sodium pump activation, strophanthidin prevented the fall in intracellular sodium, thus 

affecting the development of the nervous system.

Blackshaw and Warner (1976) found that neural plate cells of embryos at the early 

neural fold stage (13-14), before the sodium pump had switched on, could be induced to 

hyperpolarize by increasing extracellular potassium, suggesting that sodium pumps had 

already been inserted into the cell membranes and could be artificially induced to switch on 

shortly before the normal time of activation. This implies that during normal development a 

natural trigger is needed to switch on or activate the sodium pump in neural plate cells. The 

nature of the endogenous activator is one of the questions addressed in this thesis. There 

are several lines of evidence (previously discussed in Chapter One) to suggest that it could 

be a monoamine. However, the experiments presented in the preceding chapter do not 

provide strong support for this possibility. They showed that blocking a-adrenergic receptors 

(thus preventing the action of noradrenaline) was effective at any time during neurulation, ie 

between stages 14 and 20, whereas the experiments of Messenger and Warner (1979) and 

Breckenridge and Warner (1982) demonstrated that inhibition of the sodium pump is only 

effective during mid-neural fold stages (14-17) and not later. Blocking a-adrenergic receptors 

after stage 17, when sodium pumps would be fully active, should not affect neuronal 

differentiation if a monoamine is responsible for switching on the pump. However, a- 

adrenergic receptor blockers do inhibit neuronal differentiation after stage 17. This makes it 

more likely that two different mechanisms are involved. Whether or not they are linked 

remains to be answered.

This chapter describes experiments to confirm that strophanthidin inhibits neuronal 

differentiation and that it is only effective during mid-neural fold stages. The ability of 

monoamines to rescue embryos from the consequences of strophanthidin treatment is 

examined and inhibitors of monoamine biosynthetic enzymes are used to confirm that 

noradrenaline is responsible for these effects.
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4.2 MATERIALS AND METHODS

General materials and methods are described fully in Chapter Two.

Strophanthidin is insoluble in water so a 10'2M stock solution was made up in 

ethanol, to be diluted to the final concentration in Ringer. An equivalent volume of ethanol 

was added to the control. Different batches of strophanthidin vary in their ability to inhibit the 

sodium pump and consequently in their effects on neuronal differentiation. Messenger and 

Warner (1979) plotted median ratio (T/C) against concentration and constructed dose- 

response curves for different batches of strophanthidin. They selected one with a mid-point 

at 5 x 10'7M and used it routinely at a concentration of 10‘®M. At high concentrations (greater 

than 10"4M), strophanthidin has a detergent effect. All experiments described here used 

batch number 84F-0782 (Sigma Ltd), which was less potent than the batch used by 

Messenger and Warner (although similar to Boehringer batch number 24681, illustrated in 

Figure 4 of their paper) and was therefore used at a final concentration of 5 x 10"®M unless 

otherwise stated. This would be expected to produce, on average, a 50-60% reduction in the 

total number of neurones.

Strophanthidin can deteriorate after the bottle is opened. This was indicated by a 

gradual reduction in effect in a series of consecutive experiments. Table 18 illustrates this 

loss of efficacy in a series of experiments performed sequentially over a two-month period. 

The first result shown is from the last experiment in which this batch was maximally effective. 

By the third experiment, neuronal differentiation was reduced, but no longer significantly. 

The strophanthidin remained ineffective until a new bottle was started; in the final two 

experiments, using the fresh supply, neuronal differentiation was once more significantly 

reduced. In the results that follow, experiments where strophanthidin had lost its efficacy 

have been omitted. >

Stock solutions of the monoamines were made up in 1 mM glutathione in Ringer to 

prevent oxidation. An equivalent volume of glutathione was added to the control.
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Table 18

STROPHANTHIDIN LOSES ITS EFFECTIVENESS WITH STORAGE

no
% nerve median

T/C P
T C

1 0.9 3.8 0.24 <0.0001
2 3.5 4.4 0.80 0.0173
3 1.9 2.5 0.76 0.1441
4 2.9 2.8 1.04 0.6687
5 2.9 3.9 0.74 0.1127
6 3.3 2.9 1.14 0.2734
7 2.2 2.9 0.76 0.1622
8 3.7 3.4 1.09 0.7819

9 2.5 4.6 0.61 0.0013
10 1.7 3.3 0.52 0.0004

new stock
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4.3 RESULTS

4.3.1 S trophanthidin inh ib its  neuronal d ifferentiation

It is well-established that treatment of neurulating embryos, ie from stage 14 to stage 

20, with strophanthidin inhibits subsequent neuronal differentiation.

Results from experiments where strophanthidin was used in conjunction with other 

drugs were collated for comparison with the observations of Messenger and Warner (1979) 

and Breckenridge and Warner (1982). The mean T/C ratio for 33 experiments was 0.57 and 

the medians were highly significantly different (control vs strophanthidin; p = <0.0001, paired 

t-test) showing that 5 x 10-®M strophanthidin caused a highly significant reduction in the 

number of neurones which subsequently differentiated in culture. The average T/C ratio is 

closely similar to that obtained by Messenger and Warner (1979) with the batch they routinely 

used at lO'^M.

In 37 experiments, 5 x lO'^M strophanthidin was used to treat embryos during mid- 

neural fold stages only, from 14 to 17. The mean T/C value was 0.57, equivalent to that seen 

after strophanthidin treatment for the whole of neurulation. Comparison of the median ratios 

for exposure throughout neurulation and during the mid-neural fold stages showed no 

significant difference (p = >0.7, unpaired t-test). This confirms that treatment during the mid- 

neural fold stages only was as effective as treatment throughout neurulation.

In order to determine whether shorter treatment times also could affect neuronal 

differentiation, two experiments were carried out in which embryos were treated with 5 x 1 0 '  

6M strophanthidin, commencing at stage 14, for as little as 30 or 45 minutes. In both cases, a 

significant reduction in the number of neurones which subsequently differentiated in culture 

occurred (30 minutes; T/C = 0.62, p =0.0294: 45 minutes; T/C = 0.63, p = 0.0014).

These experiments therefore confirmed that, at the normally used micromolar 

concentrations, strophanthidin treatment, both throughout neurulation and during mid-neural 

fold stages only, effectively inhibited neuronal differentiation.

4.3.2 Catecholamines can overcome the inhib itory effects of

blocking the sodium pump

Strophanthidin needs only to be present from stage 14 to stage 17 to inhibit neuronal 

differentiation maximally. Strophanthidin is a rapidly reversible inhibitor of the sodium pump 

and, when it is washed out at stage 17, the sodium pumps should no longer be inhibited, but 

neuronal differentiation is permanently impaired. Can exogenous monoamines restore 

neuronal differentiation? In the following experiments, strophanthidin was washed out at 

stage 17 and replaced with a monoamine until stage 20.

Table 19 shows the results of 8 such experiments, using the monoamine 

noradrenaline. 5 x 10'®M strophanthidin significantly inhibited neuronal differentiation in 7
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Table 19

MONOAMINES (STAGE 17 TO 20) COULD OVERCOME THE EFFECT OF SODIUM PUMP BLOCKADE 
DURING MID-NEURAL FOLD STAGES ON NEURONAL DIFFERENTIATION

noradrenaline

dopamine

L-DOPA

** p = <0.0001
* p = <0.05

noradrenaline n 8 8 8
mean 0.56 0.81 0.72
SD 0.17 0.27 0.21
SEM 0.06 0.10 0.08

dopamine n 6 6 6
mean 0.39 0.78 0.56
SD 0.08 0.27 0.20
SEM 0.03 0.11 0.08

L-DOPA n 2 2 2
mean 0.55 0.82 0.76

%  nerve median

T1/C T2/C T1/T2
stroph

5 x 10‘ 6 M

T1

stroph/
MA

10'6M
T2

control

C

1.1 1.7 3.3 0.33“ 0.52* 0.65
1.3 1.9 2.9 0.45* 0.66* 0.68*
1.4 2.7 3.6 0.39** 0.75 0.52*
2.3 1.9 4.3 0.54* 0.44** 1.21
3.2 4.2 3.8 0.84 1.11 0.76*
2.6 3.7 4.1 0.63* 0.90 0.70
2.0 3.3 3.7 0.54* 0.89 0.61*
2.8 4.6 3.8 0.74* 1.21 0.61*

1.1 1.6 3.3 0.33** 0.49* 0.69
1.3 1.7 2.9 0.45* 0.59 0.77
1.4 2.9 3.6 0.39“ 0.81 0.48*
1.3 3.2 2.8 0.47“ 1.16 0.41“
2.2 3.0 4.9 0.45* 0.61* 0.73*
1.2 4.7 4.6 0.26** 1.02 0.26**

1.5 1.6 3.6 0.42* 0.44* 0.94
2.1 3.7 3.1 0.68* 1.19 0.57*

98



out of the 8 experiments. Replacement of strophanthidin with 10'®M noradrenaline 

increased the number of neurones which differentiated in culture above that after 

strophanthidin treatment alone, although differentiation was fully restored to control levels 

only twice. Nevertheless, the noradrenaline-treated population was not significantly different 

from the control (p = >0.1, paired t-test) and significantly higher than the strophanthidin- 

treated population (p = <0.006, paired t-test). Comparison of frequency histograms for 

neurones differentiating from strophanthidin-treated embryos with those for neurones from 

embryos treated with strophanthidin plus noradrenaline in individual experiments showed 

that, in the majority of cases, the rescue was significant. An example is shown in Figure 25.

10_6M dopamine was similarly able to restore neuronal differentiation (see Table 19 

and Figure 26). Dopamine always overcame the strophanthidin-induced inhibition, 

although again the frequency distribution and median value were restored completely to 

control levels only twice. The frequency histograms for neurones from strophanthidin- and 

strophanthidin/dopamine-treated embryos differed significantly in 4 of the 6 experiments.

Two experiments tested the efficacy of 10‘®M L-DOPA. In one case, L-DOPA 

prevented the inhibition of neuronal differentiation caused by strophanthidin; in the other, it 

had no effect (see Table 19).

These results suggest that, after sodium pump blockade, subsequent neuronal 

differentiation could be restored, in large part, by treatment with dopamine or noradrenaline. 

Exogenously-applied monoamines seem to overcome the consequences of sodium pump 

inhibition.

Do monoamines prevent the effects of sodium pump blockade also if they are applied 

simultaneously with strophanthidin? Table 20 shows the results of 9 experiments in which 

embryos were treated from stage 14 to stage 20 with 5 x 10’®M strophanthidin and 10'®M 

noradrenaline. In the presence of noradrenaline, strophanthidin was no longer effective. In 

the majority of the experiments, the level of neuronal differentiation in cultures from embryos 

treated with strophanthidin and noradrenaline simultaneously was higher than in control 

cultures. Figure 27 illustrates one such experiment.

When 10"6M dopamine was used instead of noradrenaline, the "rescue" effect was 

equally marked (see Table 20 and Figure 28). In 9 out of 13 experiments, the median 

value for the strophanthidin/dopamine-treated embryos was higher than that of the control. 

Plate 3 shows methacrylate sections of strophanthidin-, strophanthidin/dopamine-treated 

and untreated tadpoles. The effect of 5 x 10'®M strophanthidin was extremely severe, 

comparable to in vivo effects demonstrated by Messenger and Warner (1979) and 

Breckenridge and Warner (1982). In the section from the strophanthidin/dopamine-treated 

embryo, the organization of the retina was normal, as was the brain, confirming that dopamine 

protected differentiating neurones from the effects of sodium pump blockade, both in vitro 

and in vivo.
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NORADRENALINE (STAGE 17 TO 20) COULD OVERCOME THE EFFECT OF SODIUM 
PUMP BLOCKADE DURING MID-NEURAL FOLD STAGES ON NEURONAL 
DIFFERENTIATION
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Table 20

MONOAMINES COULD COMPETE WITH THE EFFECT ON NEURONAL DIFFERENTIATION 
OF SODIUM PUMP BLOCKADE DURING NEURULATION

% nerve median

T1/C T2/C T1/T2
stroph

5x10'6M

T1

stroph + 
MA 

10‘6M 
T2

control

C

2.2 3.7 4.6 0.48** 0.80 0.60*
1.6 1.8 2.6 0.63 0.71 0.89
1.2 3.1 3.0 0.40* 1.03 0.39*
1.5 3.0 2.3 0.65* 1.30 0.50*
3.6 4.6 4.0 0.90 1.15 0.78
3.8 5.8 5.2 0.73* 1.12 0.66*
2.0 4.4 4.1 0.49* 1.07 0.46*
2.5 4.6 2.9 0.86 1.59* 0.54*
2.7 4.5 3.6 0.75 1.25* 0.60*

2.2 4.4 4.6 0.48** 0.96 0.50**
1.6 3.8 2.6 0.63 1.49 0.42*
1.2 4.0 3.0 0.40* 1.33* 0.30*
2.7 3.0 3.3 0.82* 0.91 0.90
1.1 2.8 2.1 0.52* 1.33 0.39*
1.0 2.2 2.2 0.46* 1.00 0.46*
1.8 3.2 3.2 0.56* 1.00 0.56*
2.2 2.2 3.7 0.60* 0.60* 1.00
3.3 2.2 4.3 0.77 0.51* 1.50*
1.6 3.3 3.0 0.53* 1.10 0.49*
2.1 4.8 3.2 0.66 1.50* 0.44*
1.4 2.8 2.4 0.58* 1.17 0.50*
3.3 6.5 3.8 0.87 1.71* 0.51*

2.3 2.8 3.4 0.68* 0.82* 0.82
4.1 2.5 4.8 0.85* 0.52** 1.64*
2.2 3.2 4.3 0.51* 0.74 0.69*
1.7 1.5 2.4 0.71* 0.63* 1.13
1.9 1.9 2.5 0.76 0.76 1.00
2.9 3.5 3.9 0.74 0.90 0.83*
2.2 3.1 2.9 0.76 1.07 0.71
2.5 4.1 4.6 0.61* 0.89 0.61*
1.7 2.7 3.3 0.52* 0.82 0.63*
1.6 3.5 2.5 0.64* 1.40* 0.46**

noradrenaline

dopamine

L-DOPA

** p = <0.0001 
* p = <0.05

noradrenaline

dopamine

L-DOPA

n 9 9 9
mean 0.65+/-0.06 1.11+/-0.09 0.60+/-0.05

n 13 13 13
mean 0.61+/-0.04 1.12+/-0.10 0.61+/-0.09

n 10 10 10
mean 0.68+/-0.04 0.86+/-0.08 0.85+/-0.11

102



control

8 -

6 -

>*oc
CD
3
crw j
CD 4 -

2 -

median = 3.0%

a
0 1 2 3 4 5 6 7 8 9 1 0 1  1 

% nerve

10

8 -

6 -

A<D 4 -

2 -

5x10-6M strophanthidin/10-6M 
noradrenaline

median = 3.1%

10 n

5x10-6M strophanthidin

median = 1.2%

>«oi—
CD3
cr
CD

0 1 2 3 4  5 6 7  8 9 1 0 1  1
% nerve

0 1 2 3 4 5 6 7 8 9 1 0 1 1  
% nerve

Figure 27

NORADRENALINE COULD COMPETE WITH THE EFFECT ON NEURONAL 
DIFFERENTIATION OF SODIUM PUMP BLOCKADE DURING NEURULATION
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SODIUM PUMP BLOCKADE DURING NEURULATION

104



Plate 3

THE EFFECT OF STROPHANTHIDIN ON THE NEURAL RETINA 

IN THE PRESENCE OF DOPAMINE

Embryos were treated with 5 x 10"®M strophanthidin plus/minus 10‘6M dopamine 

during neurulation. After washing, the embryos were allowed to develop to stage 38 before 

sectioning. Each photograph shows a section through the eye. Bar = 50 jam.

a) control

b) strophanthidin

c) strophanthidin together with dopamine

Note that the control embryo is less advanced than the treated embryos. The 

strophanthidin-treated embryo is severely affected but ordering of the layers of the neural 

retina is completely restored by the inclusion of dopamine.
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However, 10'®M L-DOPA was less effective than noradrenaline or dopamine and 

usually failed to restore neuronal differentiation to control levels. In 4 out of 10 experiments, 

there was a significant partial "rescue" (see Table 20 and Figure 29).

The a-adrenergic receptor agonist methoxamine, at a concentration of 10'®M, also 

could overcome the strophanthidin effect (strophanthidin; T/C = 0.48, p = 0.0001: 

strophanthidin plus 10’®M methoxamine; T/C = 0.75, p = 0.1278). Methoxamine is a weak a- 

adrenergic receptor agonist - possibly if it had been used at a concentration of 10‘4M as in the 

a-adrenergic receptor blocker experiments, the prevention of the strophanthidin effect would 

have been more complete.

The next step was to add monoamines to stage 17 embryos without removing 

strophanthidin. Table 21 summarizes the results of experiments in which a) 10‘®M 

noradrenaline b) 10'®M dopamine and c) 10"®M L-DOPA were added at stage 17 to 

strophanthidin-treated embryos (see also Figures 30, 31 and 32). However, in contrast to 

the previous experiments, none of the monoamines tested (L-DOPA, dopamine and 

noradrenaline) regularly overcame the effects of strophanthidin, although there were sporadic 

instances of partial rescue. If we assume that noradrenaline was the effective agent in all 

cases (see next section), comparison of the median values for strophanthidin alone with 

those for strophanthidin plus the monoamine showed no difference between the two 

populations (p = >0.25, n = 14; paired t-test).

The outcome of these experiments can be summarized as follows. If strophanthidin 

was present from stage 14 to 17 and was then replaced by noradrenaline or dopamine from 

stage 17 to 20 , the effect of strophanthidin on neuronal differentiation was always partially, 

and sometimes completely, overcome. If noradrenaline or dopamine were present together 

with strophanthidin from stage 14 to 20, the strophanthidin effect was always completely 

prevented. However, if strophanthidin was present from stage 14 to 20, with noradrenaline, 

dopamine or L-DOPA added at stage 17, the strophanthidin effect remained unaltered. It 

appears that, unless strophanthidin is added first and not washed out, the monoamines can 

compete with, and overcome, the effects of blocking the sodium pump.

In an attempt to clarify these results, two experiments were carried out in which a) 5 x 

10‘®M strophanthidin was used to treat embryos at stage 14 and 10'®M dopamine added 15 

minutes later and b) dopamine was used first and strophanthidin added after 30 minutes. In 

each case, sequential addition was compared with simultaneous addition of dopamine and 

strophanthidin.

In the first experiment, strophanthidin alone significantly inhibited neuronal 

differentiation (T/C = 0.56, p = 0.0073); simultaneous addition of dopamine completely 

overcame the inhibition (T/C = 1.00, p = 0.92; strophanthidin/dopamine vs control). When 

dopamine was added 15 minutes after strophanthidin, it no longer "rescued" differentiating
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Table 21

NORADRENALINE AND DOPAMINE WERE UNABLE TO OVERCOME THE EFFECT ON 
NEURONAL DIFFERENTIATION OF SODIUM PUMP BLOCKADE THROUGHOUT 
NEURULATION WHEN ADDED AT STAGE 17; L-DOPA COULD PARTLY OVERCOME THE 
EFFECT

% nerve median

T1/C T2/C T1/T2
stroph

5x10"6M

T1

stroph/
MA

10‘ 6M
T2

control

C

3.5 2.5 4.7 0.75* 0.53* 1.40
1.4 1.7 3.1 0.45** 0.55* 0.82
0.9 1.9 2.7 0.33** 0.70* 0.47*
1.7 1.7 2.9 0.59* 0.59* 1 .00

3.5 3.3 4.7 0.75* 0.70* 1.06
1.4 1.1 3.1 0.45** 0.36* 1.27
0.9 1.8 2.7 0.33** 0.67* 0.50*
1.6 1.7 2.9 0.55* 0.59* 0.94
1.7 2 .2 2.9 0.59* 0.76 0.77

2 .2 2.4 4.3 0.51* 0.56* 0.92
1.7 2.3 2.4 0.71* 0.96 0.74
0.9 4.2 3.8 0.24** 1.11 0 .21 **
3.5 3.6 4.4 0.80* 0.82 0.97
1.9 1.7 2.5 0.76 0 .6 8 1 .12

noradrenaline

dopamine

L-DOPA

** p = <0.0001 
* p = <0.05

noradrenaline n 4 4 4
mean 0.53 0.59 0.92
SD 0.18 0.08 0.39
SEM 0.09 0.04 0.19

dopamine n 5 5 5
mean 0.53 0.62 0.91
SD 0.16 0.16 0.29
SEM 0.07 0.07 0.13

L-DOPA n 5 5 5
mean 0.60 0.83 0.79
SD 0.23 0 .2 2 0.35
SEM 0 .10 0 .1 0 0.16
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NORADRENALINE WAS UNABLE TO OVERCOME THE EFFECT ON NEURONAL 
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Figure 31

DOPAMINE WAS UNABLE TO OVERCOME THE EFFECT ON NEURONAL 
DIFFERENTIATION OF SODIUM PUMP BLOCKADE THROUGHOUT NEURULATION WHEN 
ADDED AT STAGE 17
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Figure 32

L-DOPA COULD OVERCOME THE EFFECT ON NEURONAL DIFFERENTIATION OF 
SODIUM PUMP BLOCKADE THROUGHOUT NEURUUVTION WHEN ADDED AT STAGE 17
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neurones from the effects of strophanthidin (T/C = 0.53, p = 0.0085; strophanthidin plus 

dopamine vs control).

In the second, strophanthidin alone was effective in reducing neuronal differentiation 

(T/C = 0.52, p = 0.0115); dopamine prevented this effect when present simultaneously (T/C = 

1.33, p = 0.0720; strophanthidin/dopamine vs control). When strophanthidin was added 30 

minutes after dopamine, it did not inhibit neuronal differentiation (T/C = 1.24, p = 0.3596; 

dopamine plus strophanthidin vs control); the effect of dopamine predominated.

Although these experiments were preliminary, they indicated that the outcome for 

subsequent neuronal differentiation depended on whether strophanthidin or dopamine 

came into contact with the embryos first.

4 .3 .3  The inclusion of inhib itors of catecholamine biosynthetic enzymes 

shows that noradrenaline is responsible for over-riding the 

strophanth id in  effect

In the previous chapter, the monoamines L-DOPA, dopamine and noradrenaline 

were all shown to be capable of overriding the effects of desipramine on neuronal 

differentiation. Experiments using inhibitors of the enzyme which catalyses the conversion of 

L-DOPA to dopamine (DOPA decarboxylase) and the enzyme which catalyses the conversion 

of dopamine to noradrenaline (dopamine (3-hydroxylase) showed that it was noradrenaline 

which was responsible for this effect and suggested that exogenously applied L-DOPA and 

dopamine were converted to noradrenaline in the embryo. These three monoamines have all 

been shown to overcome the effects of strophanthidin on neuronal differentiation. Inhibitors 

of catecholamine biosynthesis were used therefore to determine whether, in these 

experiments, noradrenaline was again responsible.

Embryos were treated from stage 14 to stage 20 with 5 x 10'®M strophanthidin (which 

should inhibit neuronal differentiation) plus 10’ ®M L-DOPA (which should prevent this 

inhibition) plus 10"®M 3-hydroxybenzylhydrazine, a DOPA decarboxylase inhibitor. Table 

22 shows a summary of the results and Figure 33 frequency histograms from a 

representative experiment. Overall, strophanthidin inhibited neuronal differentiation and L- 

DOPA restored neurone numbers to control levels, in 2 cases to levels significantly higher 

than the control. The presence of 3-hydroxybenzylhydrazine prevented the restoration of 

neuronal differentiation. This suggests that exogenous L-DOPA must be metabolised to 

dopamine or noradrenaline in order to overcome the strophanthidin effect.

Similar experiments were carried out using strophanthidin plus 10'®M dopamine and 

5 x 10'®M neocuproine, the dopamine (3-hydroxylase inhibitor. Strophanthidin inhibited 

neuronal differentiation and, in 4 out of 5 experiments, dopamine effected a rescue (Table 

23). However, in the presence of neocuproine, dopamine was unable to prevent the 

inhibitory effect of strophanthidin. Representative frequency histograms from one of these
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Figure 33

L-DOPA COULD NO LONGER OVERCOME THE EFFECT OF STROPHANTHIDIN ON 
NEURONAL DIFFERENTIATION WHEN DOPA DECARBOXYLASE WAS INHIBITED BY 3- 
HYDROXYBENZYLHYDRAZINE
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experiments are shown in Figure 34. In order to overcome the effects of sodium pump 

blockade on neuronal differentiation, exogenous dopamine must be converted to 

noradrenaline. In keeping with this result, 10'®M noradrenaline, when added together with 

strophanthidin, restored neuronal differentiation to levels exceeding those for control 

cultures whether or not dopamine (3-hydroxylase was inhibited (see Table 24 and Figure 

35).

When embryos were treated from stage 14 to 17 with 5 x 10'®M strophanthidin which 

was then replaced with 10'®M noradrenaline with or without 5 x 1 0"®M neocuproine (see 

Table 25 and Figure 36), the rescue by noradrenaline was again unaffected.

Noradrenaline, therefore, was responsible for protecting differentiating neurones 

from the effects of strophanthidin. When the conversion of dopamine to noradrenaline was 

blocked, neither L-DOPA nor dopamine was able to override the strophanthidin effect. The 

question therefore arises: Is endogenous noradrenaline the natural activator of neural plate oc- 

adrenergic receptors?
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Figure 34

DOPAMINE COULD NO LONGER OVERCOME THE EFFECT OF STROPHANTHIDIN ON 
NEURONAL DIFFERENTIATION WHEN DOPAMINE (3-HYDROXYLASE WAS INHIBITED BY 
NEOCUPROINE
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Figure 35

NORADRENALINE COULD OVERCOME THE EFFECT OF STROPHANTHIDIN ON 
NEURONAL DIFFERENTIATION WHEN DOPAMINE (3-HYDROXYLASE WAS INHIBITED BY 
NEOCUPROINE
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Figure 36

NORADRENALINE (STAGE 17 TO 20) COULD OVERCOME THE EFFECT OF 
STROPHANTHIDIN (STAGE 14 TO 17) ON NEURONAL DIFFERENTIATION WHEN 
DOPAMINE (3-HYDROXYLASE WAS INHIBITED BY NEOCUPROINE
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CHAPTER FIVE

THE EFFECTS OF INHIBITORS OF MONOAMINE SYNTHESIS ON

NEURONAL DIFFERENTIATION

5.1 INTRODUCTION

The results described in the two preceding chapters have shown that blocking a- 

adrenergic receptors during neurulation inhibits neuronal differentiation. The monoamine 

noradrenaline and other a-adrenergic receptor agonists are able to over-ride the effects of 

both a-adrenergic receptor blockade and sodium pump inhibition on neuronal differentiation, 

as are L-DOPA and dopamine, which are not a-adrenergic receptor agonists. Experiments 

using inhibitors of DOPA decarboxylase, which catalyzes the conversion of L-DOPA to 

dopamine, and dopamine (3-hydroxylase, which catalyzes the conversion of dopamine to 

noradrenaline, suggested that conversion of exogenous monoamines to noradrenaline is 

necessary to overcome the inhibition of neuronal differentiation caused by a-adrenergic 

receptor blockade or sodium pump inhibition. This implies that, in normal development, 

stimulation of a-adrenergic receptors by noradrenaline is an essential step in the control of 

neuronal differentiation.

L-DOPA and dopamine are present in the neurula and presumably are available for 

conversion into noradrenaline. As inhibitors of enzyme biosynthesis were apparently 

effective in preventing the conversion of exogenous L-DOPA to dopamine, and dopamine to 

noradrenaline, it seemed logical to examine the effects of these drugs on normal 

differentiation.

Inhibitors of noradrenaline biosynthetic enzymes were used to treat neurulating 

embryos, to test whether inhibiting the conversion of endogenous L-DOPA or dopamine to 

noradrenaline during neural plate stages of development could affect neuronal 

differentiation. Materials and methods used were as described previously.
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5.2 RESULTS

5.2.1 The effect of dopamine 0-hydroxylase inh ib itors

The dopamine p-hydroxylase inhibitor neocuproine prevents the conversion of 

dopamine to noradrenaline. Embryos treated with this or a second dopamine 0-hydroxylase 

inhibitor, diethyldithiocarbamate, during neurulation, ie from stage 14 to stage 20 , showed a 

significant reduction in the number of neurones that subsequently differentiated. 

Neocuproine was used at 5 x 10"®M and diethyldithiocarbamate at 2 x 10'®M as these 

concentrations were reported to cause 100% inhibition of the conversion of dopamine to 

noradrenaline (Green, 1963). Figure 37 illustrates two of these experiments and they are 

summarized in Table 26. In all cases the frequency distributions were significantly different 

from the control when the enzyme inhibitors were present during neurulation.

Neocuproine and diethyldithiocarbamate were added to the culture medium to check 

that their effects were limited to the period of neurulation (see Figure 38). The results are 

summarized in Table 26 and show that dopamine 0-hydroxylase inhibitors had no effect 

once the neural tube had closed.

The effects of the dopamine 0-hydroxylase inhibitors on neuronal differentiation were 

confirmed in vivo (see Plate 4). Tadpoles treated with 2 x 10'®M diethyldithiocarbamate or 5 

x 10"®M neocuproine were allowed to grow to stage 36 after the drugs were washed out at 

stage 20, and methacrylate embedded. Sagittal sections showed that both drugs disrupted 

the organization of the brain and neural retina, apparently not as severely as strophanthidin or 

some of the a-adrenergic receptor blockers, but nevertheless unmistakably compared to 

untreated embryos.

5.2.2 The effect of DOPA decarboxylase inh ib itors

The enzyme which catalyzes the conversion of L-DOPA to dopamine is DOPA 

decarboxylase. Benserazide and carbidopa are peripheral DOPA decarboxylase inhibitors 

which do not cross the blood-brain barrier; 3-hydroxybenzylhydrazine is a CNS-acting DOPA 

decarboxylase inhibitor. Figure 39 shows frequency histograms from an experiment in 

which these inhibitors were used to treat embryos from stage 14 to stage 20. In all three 

cases, using a concentration of 10'®M, the percentage of neurones ranged from 1% to 7% 

and the median values were all similar. Neither benserazide nor carbidopa had any effect on 

neuronal differentiation. 10'6M 3-hydroxybenzylhydrazine also was unable to reduce 

neuronal differentiation; in fact, it clearly increased the number of neurones which 

differentiated in culture. This was also the case when it was used at higher concentrations 

(10'4M and 10‘ 5M) to treat embryos from stage 12 1/2 to 20. These results are all 

summarized in Table 26.
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Figure 37

PREVENTING THE CONVERSION OF DOPAMINE TO NORADRENALINE INHIBITED 
NEURONAL DIFFERENTIATION
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Figure 38

ADDITION OF DOPAMINE (3-HYDROXYLASE INHIBITORS TO THE CULTURE MEDIUM HAD 
NO EFFECT ON NEURONAL DIFFERENTIATION
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Plate 4

THE IN VIVO EFFECT OF DOPAMINE 0-HYDROXYLASE INHIBITORS

Embryos were treated with either 2 x 10'®M diethyldithiocarbamate or 5 x 10‘®M 

neocuproine from stage 14 to 20. After washing out the drugs, the embryos were allowed to 

develop to stage 38 before sectioning. Each photograph shows a section through the eye. 

Bar = 50 pm.

a) control

b) diethyldithiocarbamate

c) neocuproine

Note that parts of the brain are visible in these sections. In the embryos shown here, 

the effects of diethyldithiocarbamate are more severe than those of neocuproine. In the 

diethyldithiocarbamate-treated embryo, there is a considerable reduction in white matter and a 

complete lack of order in the layers of the neural retina. In the neocuproine-treated embryo, 

the lateral tracts are absent and the neural retina is less disrupted.
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Figure 39

PREVENTING THE CONVERSION OF L-DOPA TO DOPAMINE HAD NO EFFECT ON 
NEURONAL DIFFERENTIATION
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Combinations of peripheral and CNS DOPA decarboxylase inhibitors were tested but 

insufficient experiments were done to draw any definite conclusions (see Table 26).

These experiments suggest that a sufficiently high concentration of endogenous 

dopamine is present in the neurula so that inhibiting the conversion of L-DOPA to dopamine 

does not affect neuronal differentiation. In contrast, preventing the conversion of 

endogenous dopamine to noradrenaline inhibited neuronal differentiation. This suggests 

that a) noradrenaline is not present in significant quantities at the onset of neurulation (and 

this is in agreement with the unpublished observations of Messenger, NJ and Warner) and 

that b) it is the conversion of dopamine to noradrenaline and the subsequent stimulation of a- 

adrenergic receptors which, in normal development, is necessary for neuronal differentiation 

to occur. The fact that noradrenaline can also overcome the effects of sodium pump blockade 

suggests that there could be links between the downstream consequences of both a- 

adrenergic receptor and sodium pump activation and this possibility is investigated in the 

following Chapter.
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CHAPTER SIX

THE MECHANISMS INVOLVED IN THE CONTROL OF NEURONAL

DIFFERENTIATION

6.1 INTRODUCTION

The results presented in the preceding chapters suggest that the monoamine 

noradrenaline is involved in the control of neuronal differentiation, probably by activating an a- 

adrenergic receptor. It can overcome the effects of sodium pump inhibition, although it is 

unlikely to switch on the sodium pump per se. However, the results suggest that a link exists 

between the actions of noradrenaline and the consequences of sodium pump activation. It is 

possible that both pathways are involved in the control of neuronal differentiation and could 

interact with each other. Alternatively, some components of the pathways could be common 

to both. The results presented in this chapter examine this possibility by conducting a 

preliminary investigation into the events which might occur following both a-adrenergic 

receptor activation and sodium pump inhibition.

Activation of most a-1 adrenergic receptors leads, probably via a guanine nucleotide 

regulatory protein (G protein), to the activation of phospholipase C (Minnemann, 1988). This 
enzyme stimulates the hydrolysis of phosphatidylinositol-4,5-bisphosphate (P IP 2 ) in the 

plasma membrane (Hardie, 1991). The products are inositol-1,4,5-trisphosphate (IP 3) and 

diacylglycerol (DAG), second messengers which initiate two different cascades. IP3  triggers 

the release of calcium ions from stores in the endoplasmic reticulum. The IP3  receptor, 

located on the membranes of the ER, is apparently a ligand-gated ion channel. IP 3  is

deactivated by phosphatases, which hydrolyse the phosphate groups to release inositol, or 
by phosphorylation to inositol-1,3,4,5-tetrakisphosphate (IP4) by a specific kinase which is 

stimulated by Ca2+. IP4 may promote Ca2+ entry into the cell and could be responsible for 

replacing internal stores.

The rise in cytosolic Ca2+ initiates a number of events. By binding to calmodulin, 

which has a widespread distribution, it exerts a variety of intracellular effects via the activation 

of several enzymes. These include a plasma membrane calcium pump (an ATPase), adenylate 

cyclase (which converts ATP to cyclic AMP), phosphodiesterases (which metabolize cAMP) 

and protein kinases. This latter group includes myosin light chain kinase (involved in muscle 

contraction), phosphorylase kinase (involved in the regulation of glycogenolysis), elongation 

factor-2 kinase (involved in protein synthesis) and calmodulin-dependent protein kinase, 

whose substrates include tyrosine and tryptophan hydroxylases, which catalyse the 

regulatory steps in the biosynthesis of the catecholamines and serotonin. In conjunction with 
DAG, the other second messenger produced by PIP2 hydrolysis, Ca2+ reversibly activates

the Ca2+- and phospholipid-dependent protein kinase, protein kinase C (PKC).
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Protein kinase C can be activated simply by phospholipids and Ca2+ but, in the 

presence of DAG, much lower, physiological concentrations of Ca2+ are effective. Seven 

isoforms of PKC have so far been identified, not all of which are Ca2+-dependent (see 

Chapter One). Substrates for PKC appear to be membrane-associated, as cytosolic PKC is 

translocated to the cell membrane on activation, and include receptor proteins such as the 

receptor for epidermal growth factor, EGF. PKC has been implicated in gene transcription, via 

a tumour promoter-responsive element (Hata et al, 1989), modulation of the sodium pump 

(Lynch etal, 1986) and activation of the Na+/H+ antiporter (Grinstein et al, 1985).

It has been suggested that not all a-1 adrenergic receptor responses are mediated by 
PIP2 breakdown and the existence of two a -1 adrenergic receptor subtypes was proposed

(Minneman, 1988) on the basis of different antagonist affinities. Alternative transduction 

mechanisms include arachidonic acid release, Ca2+ influx and the accumulation of cyclic AMP 

and GMP. It is possible that PKC activation could be responsible for some of these 

observations since there is evidence for crosstalk between signal transduction pathways and 

it is known that PKC can enhance adenylate cyclase activity (Sugden et al, 1985; Yoshimasa 

etal, 1987).

a-2 Adrenergic receptors are coupled to adenylate cyclase via an G protein, Gi, which 

inhibits this enzyme. Adenylate cyclase catalyzes the conversion of ATP to cyclic AMP, so 

activation of a-2 receptors leads to a decrease in the intracellular concentration of this cyclic 

nucleotide (Exton, 1985). cAMP is the second messenger for a large number of hormones 

and neurotransmitters, including noradrenaline (Hardie, 1991), and is produced in response 

to the activation of p-adrenergic receptors, which are positively coupled to adenylate cyclase 

via the G protein, Gs. The effects of cAMP are mediated by cyclic AMP-dependent protein 

kinase (PKA) which phosphorylates a range of proteins involved in, for example, glycogen 

metabolism, amino acid breakdown, catecholamine biosynthesis (in which it activates tyrosine 

hydroxlyase at a different site from calmodulin-dependent multiprotein kinase), cardiac muscle 

contraction and regulation of gene expression. Responses to a-2 adrenergic receptor 

activation include the inhibition of noradrenaline and hormone release.

The activation of the sodium pump at stage 14-15 causes an increase in membrane 

potential in neural plate cells (Blackshaw & Warner, 1976). The major immediate consequence 

of sodium pump activation is the decrease in intracellular sodium, which is necessary for 

subsequent neuronal differentiation to occur (Breckenridge & Warner, 1982). A secondary 

consequence is the extrusion of calcium ions.

Breckenridge and Warner (1982) examined the mechanism by which sodium pump 

inhibition by strophanthidin affected neuronal differentiation. They found that increasing the 

extracellular calcium concentration to 10 mM, or replacing extracellular sodium with choline, 

protected differentiating neurones from the effects of strophanthidin. This was evident both 

in vitro and in vivo, treated tadpoles developing normally. Both these treatments resulted in a
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decrease in intracellular sodium, probably accompanied by a concomitant increase in 

intracellular calcium. Although the sodium pump was inhibited, the fall in the intracellular 

concentration of sodium, which was probably due to Ca2+/Na+ exchange, allowed neuronal 

differentiation to proceed normally. When strophanthidin is used alone, intracellular sodium 

rises, as does intracellular calcium. Consequently, Breckenridge and Warner (1982) 

concluded that the level of intracellular sodium was probably the controlling factor in neuronal 

differentiation.

The downstream effects of sodium pump and a-receptor activation could interact. A 

start on the problem of unravelling the mechanisms involved in the control of neuronal 

differentiation can be made by using molecules known to be involved in second messenger 

cascades; for example, analogues of DAG, cell-permeable analogues of cyclic AMP and 

protein kinase inhibitors. This could provide clues as to which downstream mechanisms are 

likely to be important. Phorbol esters such as phorbol myristate acetate (PMA, TPA) can mimic 

the action of DAG and are useful experimental tools. PKC has been identified as the phorbol 

ester receptor (Parker et al, 1984). Manipulating ion concentrations can protect differentiating 

neurones from the effects of sodium pump inhibition - can they also protect against the 

effects of a-adrenergic receptor blockers?

In this chapter, experiments are described that begin to address some of these 

questions. The effects of PKC activators and cAMP analogues on strophanthidin-treated 

embryos are investigated, and inhibitors of PKC and PKA tested for their effects on neuronal 

differentiation. The effects of desipramine and strophanthidin treatment on neuronal 

differentiation are examined when extracellular calcium is raised or extracellular sodium 

replaced by choline. The results are compared to those obtained using strophanthidin. 

Attempts to assay PKC in neurulating embryos are described.
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6.2 MATERIALS AND METHODS

6.2.1 GENERAL

General materials and methods are described fully in Chapter Two.

In the experiments where the extracellular calcium concentration is raised, Ringer was 
made up as usual but 10mM CaCl2 was included instead of 2mM CaCl2 (see Chapter 2.3).

Similarly, for the experiments in which extracellular sodium was omitted, 120mM 

choline chloride replaced 120mM NaCI in the Ringer solution.

Unless otherwise stated, strophanthidin was used at a final concentration of 5 x 10* 

®M, diluted in Ringer from a stock solution of 10'^M strophanthidin in 100% ethanol. Sigma 

batch number 84F-0782 was used as for all other experiments.

The following were made up as 1mM stock solutions in ethanol, stored at -20°C and 

diluted in Ringer as required:

phorbol 12-myristate 13-acetate (PMA)

4a-phorbol-12,13-didecanoate (4a-PDD)

1-0-hexadecyl-2-0-acetylglycerol (AAG 16:0; alkyl AG)
1 -O-octadecyl-2-O-methyl-sn-glycerophosphorylcholine (ALP; ET-18-OCH3)

protein kinase A inhibitor

6.2.2 PROTEIN KINASE C ASSAYS

These were carried out in collaboration with Dr David Sugden (Kings College 

London).

6 .2 .2.1 CHEMICALS

Unless otherwise stated, all chemicals were obtained from Sigma. Leupeptin was 

supplied by Peptide Institute Inc and sodium pyrophosphate and TCA (trichloroacetic acid) by 

Aldrich.

6.2.2.2 STOCK SOLUTIONS 

Lysis Buffer

Buffer A:

Tris 20.0 mM

EDTA 2.0 mM

EGTA 0.5 mM

p-mercaptoethanol 0.1% pH to 7.5

135



To 50ml buffer A were added;

Triton X-100 10 jul to give a final concentration of 0.02%

PMSF* 100 jul to Qive a final concentration of 1 mM

leupeptin* 250 pi to give a final concentration of 50 pg ml-1

* protease inhibitors (PMSF: phenylmethylsulphonyl fluoride)

Working Solution for Assay

per tube;

histone 10 pi

Ca2+ 5 pi

Mg2+ 5 pi

phospholipid/

HEPES buffer 10 pi

histone: 5 mg ml' 1 in 20 mM HEPES, pH 7.4, containing 2

mM EGTA

Ca2+: 12 mM calcium chloride

Mg2+: 100 mM magnesium acetate

phospholipid stock solution: phosphatidylserine 19.2 pi

diolein 6.4 pi

chloroform 4.4 pi

HEPES, 20 mM 470.0 pi

The solution was sonicated on ice for 5 minutes.

Stop Solution

10% TCA plus 10 mM sodium pyrophosphate 

plus 1% ATP stop solution (100 mM)

6 .2.2.3 EXTRACTION OF PKC 

Embryos were selected at the appropriate stage (generally stage 13 or 14) and taken 

through a series of steps designed to remove yolk platelets and pigment granules, leaving a 

membrane fraction and a cytosol supernatant (all manipulations were carried out at 4°C):
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1) embryos were roughly homogenized in lysis buffer by passing through a fine- 

bore needle

2) the homogenate was centrifuged at 3 OOOg for 1 minute to pellet the yolk 

platelets

3) the supernatant was centrifuged at 8 OOOg for 2 minutes to pellet the pigment 

granules

4) the supernatant, containing almost pure membranes, was used as a starting point

The supernatant, in 1 ml lysis buffer, was then spun at 27 OOOg for 30 minutes at 4°C 

to separate the membranes from the cytosol, so both fractions could be assayed for PKC.

The membrane pellet was resuspended in 1 ml lysis buffer containing 1% NP40, 

sonicated and mixed gently for 30 minutes at 4°C to release membrane-bound PKC. The 

mixture was then centrifuged at 27 OOOg for 20 minutes and the pellet discarded.

6 .2.2.4 PARTIAL PURIFICATION OF PKC

The cytosol and membrane PKC fractions were passed through polypropylene 

columns (Econocolumns; Bio-Rad) containing 0.2 ml DE52 (DEAE cellulose anion 

exchanger; Whatman) equilibrated in Tris buffer. The columns were first washed with 1 ml 

lysis buffer. The cytosol and membrane PKC fractions were loaded onto the columns and 

allowed to run through, after which each column was washed with 3 ml lysis buffer. The 

columns were eluted with 0.3 ml 120 mM NaCI, which was kept for assay. All manipulations 

were carried out at 4°C.

6 .2.2.5 ASSAY OF PKC

The PKC in the two fractions (cytosol and membrane) was assayed in a working 

solution containing a substrate (histone) and calcium and phospholipid, on which the enzyme 

is dependent. A negative control was included, in which phospholipid was omitted. The 

activity of calcium- and phospholipid-dependent protein kinase (PKC) was calculated from the 

difference in ^2 P-ATP incorporated into the substrate in the presence and absence of 

phospholipid.

To each tube containing 30 pi working solution containing phospholipid or buffer was 

added then 10 pi enzyme sample. The reaction was started by the addition of 5 pi ATP (5 

nmol, containing 1 pCi 32 P-ATP; Amersham). All assays were done in duplicate. The 

reaction tubes were mixed, transferred to a 30°C waterbath and incubated for a) 5 minutes 

and b) 15 minutes, in order to test whether PKC activity increased linearly with time. The 

reaction was stopped by the addition of 1 ml stop solution (TCA/sodium pyrophosphate/ATP) 

plus 50 pi 10 mg ml-1 BSA (bovine serum albumin) and the tubes returned to ice.
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Precipitated, labelled proteins were then collected using a vacuum filtration manifold. 

Each tube was washed with 1 ml of stop solution which was also filtered. Each filter was 

washed 4 times with 5% TCA plus sodium pyrophosphate, transferred to glass tubes 

containing 3 ml liquid scintillant (Optiphase Safe) and counted on a liquid scintillation counter. 

5  j j I  ATP was also counted.

In some experiments, a peptide substrate (GS-peptide, St Vincent's Institute of 

Medical Research, Victoria, Australia) was used which is specific for PKC. This 10 amino acid 

residue peptide is too small to be precipitated by TCA so the reaction was stopped by 

spotting the reaction mixture onto an anion exchange paper (P81 anion exchange paper; 

Whatman) and washing with phosphoric acid to remove radiolabelled ATP prior to counting.

6 .2.2.6 DETERMINATION OF PROTEIN CONTENT 

Protein standards were prepared by adding an appropriate volume of protein (200 pg 

ml"1) to 200 pi Coomassie Blue (Bio-Rad) and making up to 1 ml with water:

0 pi standard 

5 pi standard 

10 pi standard 

20 pi standard 

40 pi standard

0 pg protein

1 pg protein

2 pg protein 

4 pg protein 

8  pg protein

An appropriate volume of sample was added to 200 pi Coomassie Blue and the total 

volume made up to 1 ml with water.

The absorbances of the standard and sample solutions were read on a 

spectrophotometer at a wavelength of 595 nm, a standard curve was prepared and the total 

protein content of each sample calculated.

6.2.2.7 CALCULATION OF PKC ACTIVITY 

The activity of the enzyme could be calculated in pmol min-1 mg-1 protein from the 

cpm of the sample, measured by the liquid scintillation counter, and the quantity of protein in 

the sample, measured by spectrophotometry.
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6.3 RESULTS

6.3.1 Are second messengers produced as a result of a-1 adrenergic

receptor activation involved in the control of neuronal differentiation?

Previous results have suggested that noradrenaline could be involved in the control 

of neuronal differentiation, possibly acting via an a-adrenergic receptor. One of the 
consequences of a -1 adrenergic receptor stimulation is the production, as a result of PIP2

hydrolysis, of the second messenger DAG, which activates protein kinase C, a phospholipid- 

and Ca2+-dependent kinase. Analogues of DAG or phospholipid, and activators/inhibitors of 

PKC could be used therefore to investigate whether this pathway is involved in the control of 

neuronal differentiation.

The synthetic alkylglyceride, 1-0-hexadecyl-2-0-acetylglycerol (AAG 16:0; alkyl AG) 

is an analogue of DAG which has been reported to inhibit PKC activity by about 60% in vitro 

(Daniel et al, 1988) although it has also been shown to induce macrophage differentiation of 

HL-60 cells similar to that induced by PMA (McNamara et al, 1984), suggesting that in these 

circumstances it could activate PKC. However, Daniel et al (1988) suggested that a more 

complicated sequence of PKC activation and inhibition could be required to promote 
differentiation. 1-0-octadecyl-2-0-methyl-sr?-glycerophosphorylcholine (ALP; ET-18-OCH3),

a synthetic analogue of 2-lysophosphatidylcholine, is reported to inhibit PKC in leukaemic 

cells (Helfman et al, 1983). Both were used to treat neurulating embryos, from stage 14 to 20, 

at concentrations of 10'®M, 10"®M and 10‘ 12M. The results of these experiments are 

summarized in Table 27. Treatment with 10"®M AAG 16:0 or 10"®M ALP always increased 

neuronal differentiation above control levels. In 2 out of 4 experiments using ALP, the 

number of neurones which differentiated in cultures prepared from treated embryos was 

significantly greater than in cultures from sibling control embryos. Some increase in neurone 

number also occurred after treatment with 10‘^M ALP.

Although treatment with AAG 16:0 failed to reduce neuronal differentiation in vitro, (in 

fact neurone numbers were significantly increased) a pronounced disruption in the 

organization of the retina could be seen in tadpoles which had been treated during 

neurulation and allowed to develop to stage 38 before embedding and sectioning (see Plate

5). It is not known how over-production of neurones might affect differentiation in vivo and 

this could reflect stimulation rather than inhibition. The defect is not the same as that seen 

with agents which reduce neuronal differentiation.

PKC can be activated directly by the phorbol ester, PMA. PKC is a receptor for 

phorbol esters, which have a structure similar to DAG, its endogenous activator. Embryos 

were therefore treated with 5 x 10'®M strophanthidin from stage 14 to 17. It was washed out 

and replaced with PMA, at concentrations of 10'7M, 10‘^M and 10’ 12M. This successfully 

restored the number of differentiating neurones to control levels (see Table 28 and Figure
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Table 27

THE EFFECTS OF PHOSPHOLIPID/DIACYLGLYCEROL ANALOGUES ON NEURONAL
DIFFERENTIATION

a) 1 -o-Octadecyl-2-o-methyl-sn-glycerophosphorylcholine (ALP)

% nerve median

T1/C T2/C T3/CALP 
10^M 
T 1

ALP
10-9M
T2

ALP
10-12M

T3

control

C

5.4
3.4 
5.3 
3.2

3.3
3.6
4.4
3.6

1.5
3.4
3.8
3.0

3.4
2.7
4.6
2 .6

1.35*
1.26
1.15
1.23*

0.73*
1.33*
0.96
1.39*

0.44**
1.26
0.83
1.15

** p = <0.0001
* p = <0.05

n 4 4 4
mean 1.25 1 .10 0.92
SD 0.08 0.31 0.37
SEM 0.04 0.16 0.18

b) 1-o-Hexadecyl-2-o-acetylglycerol (AAG 16:0)

% nerve median

T1/C 1210 T3/CAAG16:0 
10^M 
T 1

AAG16X)
10^M
T2

AAG160
10-% l

T3

control

C

3.4 3.6 3.3 3.4 1 .00 1.06 0.97
3.9 3.2 3.6 3.5 1.11 0.91 1.03
2.9 2.3 2.5 2.3 1.26 1 .00 1.09
5.5 3.0 4.2 1.31 0.71*

** p = <0.0001
* p = <0.05

n 4 4 3
mean 1.17 0.92 1.03
SD 0.14 0.15
SEM 0.07 0.08
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Plate 5

THE IN VIVO EFFECT OF PROTEIN KINASE INHIBITORS

Embryos were treated with either 10'®M AAG 16:0 (reported to inhibit protein kinase 

C) or 4.5 x 10'7M protein kinase A inhibitor from stage 14 to 20. After washing out the drugs, 

the embryos were allowed to develop to stage 38 before sectioning. Each photograph 

shows a section through the eye. Bar = 50 jam.

a) control

b) AAG 16:0

c) control

d) protein kinase A inhibitor

Note that the severe disruption of the eye in the AAG 16:0-treated embryo is unlike 

the effects of strophanthidin, a-adrenergic receptor antagonists or dopamine p-hydroxylase 

inhibitors. It appears that multiple retinas could be in the process of development. The PKA 

inhibitor-treated embryo is completely normal in appearance.
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Table 28

THE PHORBOL ESTER PMA COULD OVERCOME THE EFFECT ON NEURONAL 
DIFFERENTIATION OF SODIUM PUMP BLOCKADE DURING MID-NEURAL FOLD STAGES

10'7M PMA

% nerve median

T1/C T2/C T1/T2stroph
5x10'6M

T1

stroph/
PMA
T2

control

C

1.1
1.4 
1.6
1.5

2.3
2.3 
2 .8  
2.9

2.4
2.3
2 .8
2.1

0.46**
0.61*
0.57*
0.71

0.96
1 .00
1 .00
1.38

0.48*
0.61*
0.57*
0.52

** p = <0.0001
* p = <0.05

n 4 4 4
mean 0.59 1 .10 0.55
SD 0 .10 0.19 0.06
SEM 0.05 0 .10 0.03

10’9M and 10’12M PMA

% nerve median

T1/C T2/C T3/C T1/T2 T1/T3stroph
5x10‘6M

T1

str/PMA
10’9M

T2

str/PMA
10‘12M

T3

control

C

2 .6 3.8 6 .0 3.4 0.77 1 .22 1.77* 0 .6 8 * 0.43*
3.9 6 .0 5.8 4.5 0.87 1.33 1.29 0.65* 0.67
2 .8 5.1 3.4 5.2 0.54 0.98 0.65 0.55 0.82
2 .8 4.2 4.1 5.0 0.56 0.84 0.82 0.67 0 .6 8

** p = <0.0001 
* p = <0.05

n 4 4 4 4 4
mean 0.69 1.09 1.13 0.64 0.65
SD 0.16 0 .2 2 0.50 0.06 0.16
SEM 0.08 0.11 0.25 0.03 0.08
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Figure 40

THE PHORBOL ESTER PMA COULD OVERCOME THE EFFECT ON NEURONAL 
DIFFERENTIATION OF SODIUM PUMP BLOCKADE DURING MID-NEURAL FOLD STAGES
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40), suggesting that PKC activation could over-ride the effects of blocking the sodium pump 

during mid-neural fold stages.

These results were confirmed in vivo. 10’ 12M PMA was able to restore completely 

the organized structure of the eye and brain in tadpoles which had been treated with 5x10" 

strophanthidin during mid-neural fold stages (see Plate 6).

In several of the in vitro experiments, the number of neurones differentiating from 

strophanthidin/PMA-treated embryos was higher than that differentiating from the controls (cf 

experiments in which monoamines or a-adrenergic receptor agonists were used to treat 

neurulating embryos in conjunction with a-adrenergic receptor blockers or strophanthidin; 

described in Chapters 3 and 4). PMA was tested alone on only one occasion. In this 

experiment, 10"7M PMA was used to treat embryos from stage 14 to stage 20. The T/C ratio 

was 1.04, p = 0.6143, so it did not increase significantly the numbers of differentiating 

neurones.

To confirm that PKC activation was responsible for reversing the effects of sodium 

pump blockade, a phorbol ester that is reportedly unable to activate PKC (Kikkawa etal, 1983) 

was tested in the same way. Embryos were treated from stage 14 to 17 with 5 x 10'®M 

strophanthidin. It was washed out and replaced with 10'^M 4a-12,13-phorbol didecanoate 

(4a-PDD). This is an analogue of 12,13-phorbol didecanoate; a 4a analogue of PMA is also 

available but this has not yet been tested in this laboratory. The results of 3 preliminary 

experiments are summarized in Table 29. The reduction in the number of neurones which 

differentiated in culture after strophanthidin treatment was overcome in 2 out of the 3 

experiments by 4a-PDD.

The PKC inhibitor 1-(5-isoquinolinyl-sulphonyl-2-methyl)piperazine (H7) was tested 

also. H7 inhibits PKC by binding directly to the ATP-binding site of the catalytic fragment 

(Hagiwara et al, 1988). H7 was used to treat neurulating embryos, from stage 14 to stage 20, 

at concentrations of 10'5M, 10"6M and 10'7M. The results of these experiments are 

summarized in Table 30 and representative frequency histograms from one experiment are 

shown in Figure 41. All the concentrations of H7 tested significantly inhibited neuronal 

differentiation.

The results described in this section were difficult to interpret. To summarize, the 

analogues of DAG and phospholipid which were reported to inhibit PKC not only failed to 

abolish neuronal differentiation but generated pronounced stimulation. The relatively non

specific PKC inhibitor H7 reliably inhibited the differentiation of neurones. When sodium 

pumps were blocked by strophanthidin treatment from stage 14 to stage 17, neuronal 

differentiation was restored to control levels by PMA, an activator of PKC. 4a-PDD, a phorbol 

ester reported to be unable to activate PKC, also could overcome the effects of 

strophanthidin on neuronal differentiation.
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Plate 6

THE EFFECT OF STROPHANTHIDIN ON THE NEURAL RETINA 

IN THE PRESENCE OF THE PHORBOL ESTER PMA

Embryos were treated with 5 x 10'6M strophanthidin plus/minus 10*12M PMA during 

neurulation. After washing, the embryos were allowed to develop to stage 38 before 

sectioning. Each photograph shows a section through the eye. Bar = 50 urn.

a) control

b) strophanthidin

c) strophanthidin together with PMA

Note that the control embryo is less advanced than the treated embryos. The 

strophanthidin-treated embryo is severely affected but ordering of the layers of the neural 

retina is completely restored by the inclusion of PMA.
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Table 29

THE PHORBOL ESTER 4-cc PHORBOL DIDECANOATE COULD ALSO OVERCOME 
THE EFFECT ON NEURONAL DIFFERENTIATION OF SODIUM PUMP BLOCKADE 
DURING MID-NEURAL FOLD STAGES

% nerve median

T1/C T2/C T1/T2stroph
5x10'6M

T1

str/4a-PDD
10’9M

T2

control

C

2.1 2 .8 2 .8 0.75* 1 .00 0.75
2 .2 1.4 2.7 0.82* 0.64* 1.57
2.4 3.5 3.4 0.71 1.03 0.69

* p = <0.05

n 3 3 3
mean 0.76 0.89 1.00
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Table 30

PROTEIN KINASE INHIBITORS INHIBITED NEURONAL DIFFERENTIATION 

a) H7 (a protein kinase C inhibitor)

% nerve median

T1/C T2/C T3/CH7
10'5M

T1

H7
10%

T2

H7
10 ' 7M

T3

control

C

1.4 0.9 2.9 0.48* 0.31**
1.0 0.9 2.7 0.37** 0.33**

2.3 2 .0 2.7 3.1 0.74 0.65* 0.87
2.7 1.9 2.1 3.6 0.75* 0.53* 0.58*

p = <0.0001
p = <0.05

n
mean
SD
SEM

3
0.66

4
0.47
0.15
0.08

3
0.59

b) protein kinase A inhibitor

% nerve median

T1/C P 72/C PPKAI 
4.5x10'7M 

T1

PKAI
4.5x10%

T2

control

C

1.5
2.3
1.1
1.9

1.6
2 .2
1.4
2.4

2.4
3.2
2 .2  
3.0

0.63
0.72
0.50
0.63

0.0197
0.0114
0 .00 22
0.0013

0.67
0.69
0.64
0.80

0.0661
0.0044
0.0009
0.0643

n 4 4
mean 0.62 0.70
SD 0.09 0.07
SEM 0.05 0.04
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H7 INHIBITED NEURONAL DIFFERENTIATION
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The preliminary data presented in this section do not, at this stage, either confirm or 

rule out the possibility that PKC could mediate a-1 adrenergic receptor-mediated rescue of 

neuronal differentiation after sodium pump blockade or be involved in the control of neuronal 

differentiation.

6.3.2 Is the second messenger cyclic AMP involved in the control of

neuronal d iffe rentia tion?

Cyclic AMP is a second messenger generated by activation of a number of different 

receptors. Although it is not produced as a result of a-1 adrenergic receptor stimulation and 

its levels are decreased by a -2 adrenergic receptor activation, it may be involved in mediating 

some of the downstream effects of a-1 adrenergic receptors, possibly via PKC (Minneman, 

1988; see Introduction, this Chapter). In other systems, cyclic AMP levels are elevated as a 

result of {3-adrenergic receptor stimulation and this has been implicated in the modulation of 

sodium pump activity (Phillis & Wu, 1981; see Chapter One). The effects of cAMP are 

mediated by a cAMP-dependent kinase, protein kinase A, which, like PKC, phosphorylates 

intracellular proteins (Exton, 1985; Connick & Stone, 1989). PKA is a tetrameric enzyme 

consisting of two regulatory and two catalytic subunits (Taylor et al, 1990). cAMP binds to the 

regulatory subunit, releasing two active monomeric catalytic subunits and a regulatory dimer. 

The wide variety of substrates for this enzyme have in common a phosphorylation site 

consisting of a pair of basic amino acid residues on the N-terminal side.

An inhibitor of protein kinase A is commercially available. The inhibitor is a synthetic 

peptide, originally prepared by Cheng et al (1986), which works by mimicking the substrate. 

The peptide, which contains 20 amino acid residues, binds to the catalytic site of PKA via an 

arginine cluster.

Treatment of neurulating embryos, from stage 14 to 20, with this peptide resulted in a 

significant inhibition of neuronal differentiation. The concentrations used were 4.5 x 10'7M 

and 4.5 x 10'8M, which corresponded to 10 jag and 1 pg per 10 ml Ringer respectively. The 

activity of the peptide is such that 1 jug will inhibit 3200 phosphorylating units of PKA, the 

definition of a phosphorylating unit being "the amount required to transfer 1 picomole of 

phosphate from 6 82 P-ATP to hydrolyzed and partially dephosphorylated casein per 

minute at pH 6.5 at 30°C" (Sigma data sheet). The results of experiments with the PKA 

inhibitor are summarized in Table 30 and representative frequency histograms are shown in 

Figure 42. Although a significant reduction in neurone numbers occurred in each 

experiment, the peptide is so large (MW = 2222) that, unless it is taken up by endocytosis, 

adequate penetration into neural plate cells cannot definitely be assumed to have occurred 

and the effect may be due to some other property. Support for this possibility comes from the 

complete absence of an in vivo effect (see Plate 5).
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AN INHIBITOR OF CYCLIC AMP-DEPENDENT PROTEIN KINASE (PKA) INHIBITED 
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The effects of cAMP after sodium pump inhibition were then examined, using the 

membrane-permable analogues dibutyryl cAMP and 8-bromo cAMP. Experiments in which 

embryos were treated from stage 14 to stage 17 with 5 x 10'8M strophanthidin, which was 

then replaced with 1 mM dibutyryl cAMP from stage 17 to 20, are summarized in Table 31. 

As dibutyryl cAMP is broken down to cAMP and butyrate (which may lower the pH) inside the 

cell, 1 mM butyrate was added to half the strophanthidin-treated embryos to control for any 

effect that could be due to the butyrate per se rather than to cAMP. However, with the 

exception of the first experiment shown in the table, neither butyrate nor dibutyryl cAMP 

restored differentiating neurones to control levels after strophanthidin treatment had reduced 

their number. Representative frequency histograms are shown in Figure 43.

Treatment with 1 mM 8 -bromo cyclic AMP from stage 17 to 20 also failed to reverse 

the effects of strophanthidin treatment from stage 14 to 17 (see Table 31).

These experiments showed that analogues of cAMP were unable to "rescue" 

neuronal differentiation from the effects of strophanthidin treatment, thus implying that an 

increase in cAMP is not involved in its control.

6.3.3 The effects of manipulating the ionic environment during

desipram ine treatm ent

Breckenridge and Warner (1982) showed that raising extracellular Ca2+ or depleting 

extracellular Na+ protected differentiating neurones from the effects of blocking the sodium 

pump. For comparison with the effect on strophanthidin, extracellular Ca2+ was increased 

from 2 mM to 10 mM during treatment with 10'®M desipramine, once from stage 14 to 20 and, 

on 5 other occasions, during desipramine treatment from stage 17 to 20. The results are 

summarized in Table 32. Calcium clearly failed to protect against the consequences of<x- 

odrcnergic receptor blockade. In one experiment, no desipramine effect was seen. In three out 

of the remaining four, the effect was potentiated in the presence of 10 mM Ca2+. Frequency 

histograms from one of these experiments are shown in Figure 44.
Replacement of [Na]0 with 120 mM choline chloride also failed to protect

differentiating neurones from the effects of 10'8M desipramine (see Table 32).

However, in a single experiment in which neurulating embryos (stage 14 to 20) were 

treated with 5 x 10’8M strophanthidin in the absence of sodium, the strophanthidin effect was 

prevented (strophanthidin median/control median = 0.61; p = 0.0041: in choline chloride, T/C 

= 0.94; p = 0.8601).

These experiments show that ionic manipulations that protect neurulating embryos 

from the effects of strophanthidin potentiated the consequences of a-adrenergic receptor 

blockade.
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NEITHER BUTYRATE NOR DIBUTYRYL CYCLIC AMP COULD RESCUE DIFFERENTIATING 
NEURONES FROM THE EFFECT ON NEURONAL DIFFERENTIATION OF SODIUM PUMP 
BLOCKADE DURING MID-NEURAL FOLD STAGES
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Table 31

CELL-PERMEABLE ANALOGUES OF CYCLIC AMP WERE UNABLE TO OVERCOME THE 
EFFECTS OF SODIUM PUMP BLOCKADE DURING MID-NEURAL FOLD STAGES

a) dibutyryl cAMP

% nerve median

T1/C 12JC 73/C T1/T2 T1/T3
stroph 

5x1 O^M

T1

stroph/
butycte

1mM
T2

stroph/
dbcAMP

1mM
T3

oont

C

1.5 2.7 3.4 3.8 0.40* 0.71* 0.90 0.56 0.44*
2.3 2.3 2.3 3.0 0.77 0.77 0.77 1 .00 1 .00
2.4 2 .2 2 .6 5.2 0.46* 0.42“ 0.50* 1.09 0.92
2 .0 1.6 2.1 3.4 0.59* 0.47* 0.62* 1.25 0.95

** p = <0.0001 
* p = <0.05

n 4 4 4 4 4
mean 0.56 0.59 0.70 0.98 0.83
SD 0.16 0.17 0.17 0.30 0.26
SEM 0.08 0.09 0.09 0.15 0.13

b) 8-bromo cAMP

% nerve median

T1/C T2/C T1/T2stroph
5x10'6M

T1

stroph/ 
8b cAMP 

10'3M 
T2

control

C

4.4 4.6 5.8 0.76* 0.79* 0.96
1.5 0 .0 2.9 0.52* 0 .0 0 ** -

2 .2 2.1 2.5 0 .88 0.84 1.05

** p = <0.0001 
* p = <0.05

n 3 3 3
mean 0.72 0.54
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10 mM CALCIUM POTENTIATED THE EFFECT OF DESIPRAMINE ON NEURONAL 
DIFFERENTIATION
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Table 32

MANIPULATING THE IONIC ENVIRONMENT POTENTIATED THE EFFECT OF
DESIPRAMINE ON NEURONAL DIFFERENTIATION

a) 10 mM calcium

(the first experiment was from stage 14 to 20 ; the others from stage 17 to 20)

% nerve median

T1/C1 T2/C2
2 mM Ca 10 mM Ca

10‘8M des 
T1

control
C1

10'8M des 
T2

control
C2

1.7 4.7 1.9 4.4 0.36** 0.43*

1.4 2 .2 0 .8 2 .0 0.64 0.40*
2.1 3.0 0.9 3.7 0.70* 0.24*
5.0 3.8 4.5 7.4 1.32* 0.61*
2.9 3.4 3.1 2.1 0.85 1.48*
2 .6 2.9 1.9 3.6 0.90 0.53*

n 5 5
mean 0 .88 0.65
SD 0.27 0.48
SEM 0 .1 2 0 .22

b) sodium-free Ringer, stage 14 to 20

% nerve median

normal Ringer Na-free Ringer
T1/C1 T2/C2

10’8M des control lO^M des control
T1 C1 T2 C2

1.8 2.9 2 .0 4.3 0.62** 0.47**
2 .2 2.3 1 .0 3.2 0.96 0.31**

n 2 2
mean 0.79 0.39

** p = <0.0001 
* p = <0.05
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This provides additional evidence that strophanthidin and the a-adrenergic receptor 

blocker desipramine achieve their effects on neuronal differentiation by different 

mechanisms.

6 .3.4  PKC assays

PKC activity has been assayed in Xenopus laevis embryos (Davids, 1988; Otte et al, 

1988) and shown to increase as a result of neural induction. As the consequences of a-1 

adrenergic receptor activation for the control of neuronal differentiation were under 

investigation, preliminary assays were performed, with the ultimate intention of measuring 

PKC activity throughout neurulation. Otte et al (1988) showed that PKC activity was 

translocated from the cytosol to membranes after induction and initially attempts were made to 

assay enzyme activity from both these sources but various problems with the method were 

encountered.

The main problem was a failure to measure a linear increase in enzyme activity with 

time (see Tables 33 and 35). The amount of radiolabelled P incorporated into the substrate 

is measured so if the incubation time is doubled, twice as much label should result. There are 

two possible reasons for this. For the assay to work properly, ATP must be present in excess 

and the embryos could contain large quantities of ATP-ases which would mean that the 

exogenous ATP would be gradually depleted. Alternatively, phosphatases present in the 

embryos could be removing labelled ATP from the substrate.

A second problem was that protein kinase activity in the absence of phospholipid was 

high (see Tables 33 and 34), so that additional activity due to PKC was small. Presumably, 

an additional kinase or kinases eluted with PKC from the ion-exchange column. Two methods 

were employed to attempt to overcome this problem: 1) Ca2+ was omitted from, and EGTA 

included in, the "control" sample, although this could result in the measurement of Ca2+- 

dependent protein kinases, rather than PKC per se and 2) a specific substrate for PKC, GS- 

peptide, was used instead of histone.

Including EGTA and omitting Ca2+ did not lower the high "background" count (see 

Table 33) so this activity was not due to a Ca2+-dependent kinase. It could be due to a 

Ca2+-independent kinase, possibly one of the isoforms of PKC which do not require Ca2+ 

(Osada et al, 1990) or cyclic nucleotide-dependent kinase. The inclusion of a PKA inhibitor 

(that used in the treatment of neurulating embryos) showed that cyclic AMP-dependent 

protein kinase activity was not being measured, as the activity was the same with or without 

PKAI (see Table 35). Enzyme activity measured using the GS-peptide as substrate was 

approximately the same as that measured using histone (shown in Tables 34 and 35), 

suggesting that it was not due to other enzymes for which histone is a substrate. Table 34 

also shows that, when used to measure PKC activity from reliable sources, ie rat brain and 

pineal gland, the assay method worked well.
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Table 34

PKC WAS ASSAYED USING A SPECIFIC SUBSTRATE

To test the specificity of the GS-peptide, PKC was assayed from two reliable sources, rat brain 
and pineal gland. Protein was eluted using 120 mM NaCI and the reaction was started by 
adding 5 nmol ATP.

sample substrate control (-PL) 
mean cpm

E
mean cpm

E-C
cpm

activity* 
(pmol min' 1 

mg-1 protein)

brain GS-pep 34803 108215 73412 4673it histone 18690 55347 36657 2333

pineal GS-pep 7187 18875 11688 2575ii histone 4606 13902 9296 2046

Table 35

ASSAY OF WHOLE EMBRYOS FOR PKC USING A SPECIFIC SUBSTRATE

Both membrane and cytosolic fractions from 43 stage 13 embryos were assayed using both 
the GS-peptide and histone. A protein kinase A inhibitor was included. Protein was eluted 
with 120 mM NaCI and the reaction was started by adding 5 nmol ATP.

time
(min)

substrate control (-PL) 
mean cpm

E
mean cpm

E-C
cpm

activity* 
(pmol min*1 

mg*1 protein)

5 GS-pep 1440 1926 486 290
5 histone 2896 3363 467 280

5** GS-pep 1113 1576 463 280

10 GS-pep 1490 2202 712 220
10 histone 3061 5968 2907 880

* PKC activity is expressed as pmol 32P incorporated into the substrate per minute per mg 
protein in the enzyme preparation

** PKA inhibitor included
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Changing certain conditions to those used by Otte et al (1988) eg eluting the 

columns with 70 mM NaCI or adding 1 nmol of ATP (it appeared that Otte et al added 1.45 

nmols but this part of the method was not described in detail) to start the reaction, did not 

improve the results (illustrated in Table 33).

In initial assays, attempts were made to detect a difference between membrane- 

bound and cytosolic enzyme activity ( cf Otte et al, 1988). Due to the problems described, 

later assays were performed on whole embryo extracts to try to establish a reliable PKC assay.

The results can be summarized as follows. The activity measured was due to PKC but 

arose from a difference in cpm between tests and controls which was so small as to be of 

dubious significance. It was impossible to make any reliable observations regarding a 

difference between membrane-bound and cytosolic activity. No linear increase in activity with 

time was measured. PKC from rat brain and pineal glands, reliable sources of the enzyme, 

was assayed successfully (see Table 34) so the problems we encountered were not 

inherent in the assay method. At this stage we concluded that levels of PKC in neurulating 

frog embryos were too low to be reliably assayed and have not pursued this line of research at 

present.
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CHAPTER SEVEN

GENERAL DISCUSSION

Two main findings have emerged from this work.

1) Monoamines, particularly noradrenaline, are involved in the control of neuronal 

differentiation.

2) The sequence of events initiated by monoamines is probably separate from that 

involving activation of the sodium pump (Blackshaw & Warner, 1976; Messenger & Warner, 

1979; Breckenridge & Warner, 1982) although a link may exist between the downstream 

consequences of monoamine receptor activation and sodium pump activity.

The object of this work was to investigate a possible r6 le for monoamines in the 

phenotypic differentiation of CNS neurones in the developing Xenopus laevis embryo. 

Activation of sodium pumps in the membranes of neural plate cells during mid-neural fold 

stages is essential for the subsequent differentiation of CNS neurones (Messenger & 

Warner, 1979; Breckenridge & Warner, 1982) and the endogenous activator could be a 

monoamine.

Before discussing the evidence for these conclusions, the methods used and the 

validity of the observations made will be mentioned briefly.

The culture method; how reliable are the results obtained?

In the majority of the experiments described in this work, embryos were treated during 

neurulation stages and the results assessed in one of two ways:

1) in vitro, by washing out the drug used at, or prior to, stage 20 , culturing the dorsal 

tissue (neural tube, notochord and somites) at stage 20 and counting the number of 

neurones which subsequently differentiated as a proportion of the total number of 

differentiated cells.

2) in vivo, by washing out the drug used at stage 20 and allowing the embryos to 

grow to swimming tadpole stage. The brain and retina were examined histologically for 

morphological defects.

The culture method employed was developed in this laboratory by Jackson, 

Messenger and Warner (1975) and Messenger and Warner (1979) and is described in detail 

by Messenger (1979). The essentials of the technique, which was used successfully not only 

by Messenger and Warner (1979) but also by Breckenridge and Warner (1982), remain 

unaltered.

The main advantage of the method is that it allows the effect of a drug on neuronal 

differentiation to be quantified by a statistical comparison of neurone numbers in cultures from 

treated and untreated embryos. It also provides a means of "smoothing out" variability
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between embryos as several are treated and combined to produce cultures. One of its 

limitations is the accuracy with which nerve cells can be identified in live cultures. The criteria 

used for the identification of neurones were;

1) phase-bright cell bodies

2) long neurites, often branching and containing varicosities

3) conical growth cones at the tips of neurites.

Previous studies in the laboratory have shown that cells fulfilling these criteria express 

the neural marker, neurofilament protein (Breckenridge, 1985). The number of neurones in a 

culture could therefore be underestimated as any neurones that do not fulfil these criteria 

would be omitted. Despite this drawback, numbers in cultures from treated embryos were 

always compared with numbers in control cultures from untreated sibling embryos so 

significant differences which occurred between the two populations should always be 

obvious. Part of a typical microscope field was shown in Figure 2 (neurones arrowed).

Total cell numbers from control and test cultures were compared to check for possible 

non-specific cytotoxic effects of the drugs used; comparison of muscle cell numbers (another 

electrically-excitable cell type) confirmed that the effect was neurone-specific.

A number of precautions were taken to minimise or compensate for the inherent 

variability in cell numbers:

1) for each experiment, all embryos came from a single laying

2 ) for each treatment (test and control), dorsal tissue from three embryos was 

combined per culture

3) cultures were prepared in triplicate

4) experiments were repeated several times, using batches of eggs from different

layings.

Considerable variation occurred in the numbers of neurones and muscle cells in 

cultures from untreated sibling embryos (see Chapter Two). This variability limits the detection 

of significant differences between treatments. The detection limit could be reduced by 

counting a large number of microscope fields for each culture. However, it is not practical to 

spend too much time achieving only a slightly increased detection of differences and a 

balance has to be found between the number of fields which it is feasible to count in one day 

and the limits of detection these impose. Messenger (1979) noticed a similar variation, 

prompting her to suggest that at least 20 microscope fields should be counted for test and 

control cultures, which would allow a difference between neurone populations of more than 

20% to be recognized as significant. This conclusion was confirmed and the same procedure 

adopted here, experiments in which less than 20 microscope fields were countable per 

treatment (test and control embryos generally providing material for cultures to be prepared in 

triplicate) being omitted.
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One important consideration is whether in vitro assessment of the effects of drug 

treatment gives an accurate picture of the effects in vivo . For all treatments, after removal of 

the drug at stage 20, some of the treated embryos were allowed to develop to stage 37, to 

check that the decrease in neurone numbers recognized in culture assessment was mirrored 

by equivalent effects in the intact tadpole. The results showed that a reduction in the number 

of neurones in culture after treatment with a drug which inhibited neuronal differentiation was 

reflected in the intact tadpole by a reduction in the white matter of the brain and a disruption of 

the organized structure of the brain and retina. It is worth mentioning here that all the drugs 

which inhibited neuronal differentiation, with one exception, caused morphological defects 

very similar to those which resulted from sodium pump blockade but these will be discussed 

as appropriate. In the plates used to illustrate these defects, the eye area only was shown as 

the organization of the neural retina was particularly sensitive to treatment.

The parallel between effects detected by in vitro assay and in vivo examination was in 

agreement with the findings of Messenger and Warner (1979) who quantified the effects of 

sodium pump blockade in vivo and found that the reduction in axonal outgrowth after 

strophanthidin treatment was similar to the reduction in neurone numbers seen in culture. 

Messenger and Warner noted that morphological abnormalities varied considerably, ranging 

from slight to severe, and this was also the case with the drugs tested here. Consistent, 

however, were a disordering of the structural organization of the layers of the eye: a reduction 

in axon outgrowth, although the volume of grey matter was little affected, and an overall 

"stunting" of treated embryos, particularly in the cranial region.

It is reasonable therefore to assume that the in vivo effects of drug treatment are 

reflected accurately in culture.

To confirm that the effects of drugs used were confined to the neurulation period 

only and that no carry-over of the drug occurred after removal of embryos from the treatment 

solution, the effects of drugs which inhibited neuronal differentiation were checked by adding 

them to the culture medium of untreated embryos. Overall, neuronal differentiation was 

unaffected under these conditions, although occasionally a reduction in neurone numbers 

occurred. Treatment with a-adrenergic receptor antagonists for a short time during the final 

stages of neurulation inhibited neuronal differentiation. The occasional reduction in neurone 

numbers after treatment in culture could be due to slight differences in the rate of 

development of some embryos, resulting in their culture shortly before the period of 

sensitivity to a-adrenergic receptor blockade was over.

The monoamine noradrenaline is involved in the control of neuronal 

differentiation in the amphibian embryo

A direct investigation of the effects of monoamines on neuronal differentiation would 

be difficult. We therefore looked at their effects indirectly, by treating neurulating embryos
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with drugs which interfere with monoamine uptake, function and synthesis, and assessing the 

effects on neuronal differentiation.

The conclusion that noradrenaline is involved in the control of neuronal differentiation 

is supported by several lines of evidence.

1) Blockade of a-adrenergic receptors inhibited neuronal differentiation

a-Adrenergic receptor blockers inhibited the differentiation of neurones, assessed 

both in vitro and in vivo, after treatment throughout neurulation, ie from stage 14 to stage 20 . 

Low concentrations (10'6M to 10'8M), similar to pharmacological doses, were effective but it 

should be emphasized that the concentration of drug used in treatment does not necessarily 

reflect the concentration in the intracellular spaces close to the neural plate because of 

variable rates of healing and drug penetration. The omission of some results on the grounds 

that healing of embryos was too rapid to allow sufficient penetration has already been 

discussed in the results Chapters. The reduction in the numbers of neurones in culture and 

the disruption of the brain and neural retina in the tadpole following a-adrenergic receptor 

blockade could be as severe as the consequences of sodium pump inhibition.

In the adult, adrenergic receptors are present in postsynaptic tissue and bind 

released neurotransmitter, initiating a response. a-Adrenergic receptors are classified 

pharmacologically as those which are most sensitive to noradrenaline and phenylephrine, 

least sensitive to isoprenaline; |3-adrenergic receptors are most sensitive to isoprenaline, least 

sensitive to noradrenaline and phenylephrine. That a-adrenergic receptor blockers at 

pharmacologically effective concentrations inhibited neuronal differentiation strongly 

supports the hypothesis that noradrenaline is involved in its control.

a-Adrenergic receptors are further classified as a-1 and a-2. Antagonists at both a-1 

and a-2 adrenergic receptors were equally effective in inhibiting the differentiation of 

neurones, suggesting either that both types of receptor are present in the neurulating frog 

embryo or that the receptor is atypical. It is probably misleading to refer to oc-adrenergic 

receptors in the context of the experiments described here. We are really discussing a 

receptor which is activated by noradrenaline and can be blocked by drugs classed in 

differentiated cells as a-1 or a-2 adrenergic receptor antagonists. Both ligand and receptor 

are performing different functions from those in which they are involved at later stages of 

development. Further information about the receptor(s) might be obtained in the future by 

receptor-binding studies using radiolabelled ligands.

Another class of drugs caused a significant reduction in neurone numbers. These 

were noradrenaline uptake inhibitors, such as desipramine, capable also of blocking a- 

adrenergic receptors. Dopamine uptake inhibitors were ineffective. Inhibition of 

noradrenaline uptake usually potentiates its action at a-adrenergic receptors. The actions of 

noradrenaline uptake inhibitors and a-adrenergic receptor blockers are therefore opposite
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rather than additive. "Pure" noradrenaline uptake inhibitors, ie those with no a-adrenergic 

receptor blocking capacity, did not inhibit neuronal differentiation. When these were used to 

block noradrenaline uptake, the effects on neuronal differentiation of drugs such as 

desipramine were potentiated. An explanation for this could be that, when noradrenaline 

uptake sites were blocked, these drugs acted solely as a-adrenergic receptor blockers and 

inhibited neuronal differentiation more effectively. It could also contribute to the variability in 

their effect on neurone numbers, which could be due to the conflicting actions of a- 

adrenergic receptor blockade and the potentiation of the effect of noradrenaline at these 

receptors. This is not a simple theory to test - we know nothing about either the density of 

amine pumps or a-adrenergic receptors or the actual concentration of drug available to act at 

these sites - but it is consistent with the results.

The effects on neuronal differentiation of the a-adrenergic receptor blockers, 

phenoxybenzamine and phentolamine, also were potentiated when noradrenaline uptake 

was blocked. Phenoxybenzamine is known to inhibit noradrenaline uptake (Iversen, 1971) 

although phentolamine has been reported to have no uptake blocking capacity (Hertting et al, 

1961). It is interesting therefore that, in the frog embryo, the a-adrenergic receptor blocking 

effect of pharmacologically used noradrenaline uptake inhibitors apparently predominates. In 

contrast, the classically used a-adrenergic receptor antagonists, phenoxybenzamine and 

phentolamine, appeared to have effects on noradrenaline uptake.

Neuronal differentiation was inhibited equally effectively when a-adrenergic 

receptors were blocked during mid-neural fold stages only, rather than throughout 

neurulation (as was the case with sodium pump blockade; Messenger & Warner, 1979, 

Breckenridge & Warner, 1982). However, unlike sodium pump inhibition, a-adrenergic 

receptor blockade was also effective during the latter half of the neurulation period, a- 

Adrenergic receptor blockers were able to inhibit neuronal differentiation a) when applied for 

as short a time as one hour and b) at any stage during neurulation. This suggests that, for 

neuronal differentiation to proceed normally, the action of noradrenaline at a-adrenergic 

receptors is required throughout neurulation.

Antagonists at other types of neurotransmitter receptor (dopamine receptors and 

cholinergic receptors) had no effect on neuronal differentiation. Neither did (3-adrenergic 

receptor antagonists, noradrenaline being the catecholamine to which these receptors are 

least sensitive. This confirmed that a-adrenergic receptor activation was necessary for 

subsequent neuronal differentiation and provided strong evidence for a role for 

noradrenaline.
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2) Monoamines and a-adrenergic receptor agonists could compete with the effects of a- 

adrenergic receptor blockade on neuronal differentiation

Monoamines and other a-adrenergic receptor agonists could compete with the 

effects of a-adrenergic receptor blockade on the number of neurones which subsequently 

differentiated in culture. (3-Adrenergic receptor agonists were ineffective, confirming that a- 

adrenergic receptor activation is important in the control of neuronal differentiation.

All monoamines tested were equally effective in restoring neurone numbers to 

control levels. This suggests that either exogenous L-DOPA and dopamine could activate a- 

adrenergic receptors or that they must be converted to noradrenaline in order to exert their 

effects. This possibility was tested using inhibitors of noradrenaline synthesis. When these 

were included during treatment with a-adrenergic receptor antagonists, neither L-DOPA nor 

dopamine could rescue differentiating neurones, confirming that noradrenaline is the specific 

receptor activator.

3) Inhibitors of noradrenaline biosynthetic enzymes inhibited neuronal differentiation

If, as discussed in the previous section, exogenous L-DOPA or dopamine must be 

converted to noradrenaline in order to rescue differentiating neurones from the effects of a- 

adrenergic receptor blockade, this could reflect events which occur during normal 

development. Preventing the conversion of dopamine to noradrenaline during neurulation 

caused a significant inhibition of neuronal differentiation and resulted also in defects in the 

neural retina and brain, similar to those caused by sodium pump inhibition and a-adrenergic 

receptor blockade. This strongly supports the view that the presence of noradrenaline during 

neurulation is required in normal development.

Preventing the conversion of L-DOPA to dopamine was ineffective. This suggests 

that sufficient dopamine is present at the onset of neurulation for its conversion to 

noradrenaline to allow neuronal differentiation to proceed. The results imply also that, unlike 

L-DOPA or dopamine, noradrenaline is not stored in the neurula, ready for use, but is 

probably synthesized de novo. This is in agreement with the finding of L-DOPA and 

dopamine in embryos at all stages up to and beyond stage 14, but only occasional 

measurement of noradrenaline (Messenger, N.J. & Warner, unpublished results).

Does noradrenaline switch on the sodium pump via an a-adrenergic  

receptor?

So far, we have seen that blockade of a-adrenergic receptors inhibits neuronal 

differentiation in the frog embryo. Indeed, it can be as effective as blocking sodium pumps. 

Could noradrenaline be the endogenous activator of the sodium pump?

At present, we have no experimental evidence that noradrenaline activates the 

sodium pump directly. It could activate the pump indirectly, via its action at a-adrenergic
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receptors, which have previously been implicated in the stimulation of the pump (Berthon et 

al, 1985; Navran et al, 1988; Shah et al, 1988; Smart & Deth, 1988). However, on several 

counts, our evidence fails to support this hypothesis.

1) Blocking a-adrenergic receptors did not prevent sodium pump activation

Electrophysiological experiments showed that blockade of a-adrenergic receptors 

during mid-neural fold stages neither prevented the activation of sodium pumps nor affected 

the usual increase in the resting potential of neural plate cells with time as pump activation 

increased. If noradrenaline activated the pump via an a-adrenergic receptor, blocking these 

receptors should prevent pump activation and the consequences, ie an increase in resting 

potential of neural plate cells, would not occur. However, these results do not prove that 

noradrenaline does not switch on the pump by some means not involving a-adrenergic 

receptors; possibly by chelation of inhibitory metal ions or antilipoperoxidation (Phillis & Wu, 

1981).

2) a-Adrenergic receptor blockade is effective throughout neurulation

Blocking a-adrenergic receptors during early, mid- or late neurulation was equally 

effective in inhibiting neuronal differentiation. Indeed, treatment with an a-adrenergic blocker 

for as short a time as one hour at the end of neurulation reduced neurone numbers 

significantly. However, Messenger and Warner (1979) and Breckenridge and Warner (1982) 

showed that blocking the sodium pump during mid-neural fold stages (14 to 17) was as 

effective as blocking for the entire neurulation period, whereas treatment after stage 17, and 

prior to stage 14, proved ineffective.

In normal development therefore, a-adrenergic receptors must be in an activated 

state, or available for activation, throughout the neurulation stages, for subsequent neuronal 

differentiation to be successful. If a-adrenergic receptor activation were responsible for 

switching on sodium pumps, inhibiting pumps at any time between stages 14 and 20 should 

be equally effective in reducing neuronal differentiation.

3) Manipulating the ionic environment in wavs that protect embryos from sodium pump 

inhibition potentiated the effect of a-adrenergic receptor blockade

Increasing extracellular calcium or removing extracellular sodium potentiated the 

inhibitory effect of a-adrenergic receptor blockade on neuronal differentiation. In contrast, in 

the absence of extracellular sodium, differentiating neurones were protected from the effects 

of sodium pump blockade. This confirmed experiments by Breckenridge and Warner (1982) 

who showed that, under these conditions and also in the presence of raised extracellular 

calcium, neuronal differentiation was able to proceed normally despite pump inactivation.
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These results provide additional proof that a-adrenergic receptor blockade and sodium pump 

inhibition achieve their effects on neuronal differentiation by different mechanisms.

A link could exist between the effects of monoamines and the downstream 

consequences of sodium pump activation

Although the evidence suggested that noradrenaline does not activate sodium 

pumps via an a-adrenergic receptor, experiments showed that a link could exist between the 

effects of monoamines and the consequences of sodium pump activation.

Monoamines were able to rescue differentiating neurones from the effects of sodium 

pump inhibition, assessed both in vitro and in vivo. When pumps were blocked from stage 14 

to 17, the inhibitory effect on neuronal differentiation was overcome by the addition of 

monoamines at stage 17. Monoamines also could protect against the effects of sodium pump 

blockade when used to treat embryos from stage 14 to stage 20. However, if sodium pumps 

remained blocked while a monoamine was added at stage 17, the reduction in neurone 

numbers remained unaltered.

It was found also that the addition of a monoamine just prior to pump blockade at 

stage 14 protected differentiating neurones whereas its addition just after pump blockade 

failed to do so. These experiments, although preliminary, suggested that the outcome of 

neuronal differentiation was dependent on the order in which the pump inhibitor or the 

monoamine was added.

All the monoamines tested could block or overcome the effects of a-adrenergic 

receptor blockade or sodium pump inhibition, although L-DOPA was less effective than the 

others in some experiments. a-Adrenergic receptor agonists were effective also, suggesting 

that receptor activation was instrumental in the rescue. Experiments using inhibitors of 

noradrenaline synthesis confirmed that noradrenaline was the effective agent.

The conversion of dopamine to noradrenaline must therefore be extremely rapid. 

The conversion of L-DOPA to dopamine to noradrenaline, being a two-step process, would 

obviously be slower and indeed, L-DOPA could not always rescue neurones from the effect 

of receptor blockade or sodium pump inhibition.

Why should a-adrenergic receptor agonists be able to protect/rescue from the 

effects of sodium pump blockade? It is clear that a-adrenergic receptor activation does not 

switch on sodium pumps; rather, the results suggest that sodium pumps are activated prior to 

a-adrenergic receptors. The hypothesis set out in the next section, based on these and 

other experimental findings, attempts to explain the results presented here.
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A proposed sequence of events leading to the phenotypic differentiation of 

CNS neurones

The following diagram shows a possible sequence of the events between the end of 

neural induction and neuronal differentiation, based on experimental findings and deductions 

arising from them.

? NA
synthesized 

from DA 
? NA receptors 
inserted

13

? NA receptors sensitized

15 17

neural tube closes 
-►

20 22/3

A  Napump 
inserted

AR activation required

neural
induction
ends
(pump gene 
switched on)

a Na pump required 

Na pump activated t
pump blockade 
sensitivity ends

AR blockade no 
longer effective

first neurones and glia differentiate

 ^

L-DOPA and dopamine present in the embryo

NA: noradrenaline

DA: dopamine

AR: a-adrenergic receptor (receptor for noradrenaline)

The first known event is the appearance of additional mRNAs for the sodium pump at 

the end of neural induction (Davies, Messenger, Craig & Warner, unpublished results) and, by 

stage 13 1/2, new sodium pumps have been inserted into cell membranes. This was shown 

by Blackshaw and Warner (1976), who demonstrated that pumps could be activated earlier 

than in normal development by raising the extracellular concentration of potassium. Pump 

activation normally occurs at stage 14 1/2 to 15, again shown by Blackshaw and Warner 

(1976), who measured the concomitant rise in membrane potential.

170



Messenger and Warner (1979) reported that sodium pump blockade throughout mid- 

neural fold stages (stage 14 to 17) was effective in reducing the number of neurones which 

subsequently differentiated in culture. The experiments described here showed that 

blockade of a-adrenergic receptors throughout neurulation (stage 14 to 20) was similarly 

effective, even right at the end of this period, although not after neural tube closure. We can 

deduce therefore that a) both these pathways are required for successful neuronal 

differentiation to ensue and b) the sodium pump pathway is not dependent on the 

monoamine pathway. Blocking a-adrenergic receptors does not prevent the pump from 

switching on, proof that noradrenaline does not activate the pump via these receptors, a- 

Adrenergic receptor activation seems to be required throughout neurulation, much later than 

sodium pump activation is necessary, so it is probably a later step in the sequence of events 

leading to the differentiation of neurones.

The monoamines L-DOPA and dopamine are present in embryos from fertilization 

onwards (Messenger, NJ and Warner, unpublished results). Sodium pump- or a-adrenergic 

receptor-blocked embryos are responsive to exogenous monoamines from stage 14 onwards 

so receptors for monoamines must have been inserted before stage 14.

Finally, and possibly most importantly, blocking the sodium pump was effective alone 

but could be over-ridden by exogenous (excess?) noradrenaline. When the pump remained 

blocked, even exogenous noradrenaline could not reverse the inhibition of neuronal 

differentiation. The sodium pump may therefore potentiate the effectiveness of the 

noradrenaline pathway. Additionally, it can be concluded that receptors for noradrenaline 

must be present by the time sodium pumps are activated.

The crux of the hypothesis is that sodium pump activation either sensitizes receptors 

for noradrenaline in some way, thereby increasing their affinity for the monoamine, or 

facilitates the downstream consequences of receptor activation, just as DAG facilitates PKC 

activation by calcium. This requires that the noradrenaline receptors are already inserted by 

the time sodium pumps are activated, but that they are not "activatable" by endogenous 

noradrenaline, levels of which may be low. This is similar to the situation known to exist in the 

case of sodium pumps, which have been shown to be inserted into cell membranes at least an 

hour prior to activation (Blackshaw & Warner, 1976). Additionally, as noradrenaline must be 

synthesized from stores of dopamine known to be present in the embryo, it can be predicted 

that the genes for dopamine (3-hydroxylase and a-adrenergic receptors are activated at 

around the same time as those for sodium pumps.

Following sodium pump activation at mid-neural fold stages, the noradrenaline 

receptors, now sensitized, are able to respond to endogenous noradrenaline. If pump 

blockade is released at stage 17, exogenous noradrenaline is able to rescue differentiating 

neurones from the effects. However, endogenous levels of noradrenaline remain 

insufficient, as the receptors have not been sensitized due to sodium pump blockade.
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Sensitization of the receptors by pump activation is unnecessary if exogenous noradrenaline 

is applied at stage 14, just prior to the time sodium pumps are normally switched on. Higher 

levels of noradrenaline can therefore activate a-adrenergic receptors which have not been 

sensitized and over-ride the need for sodium pumps to be switched on. This suggests that, 

in normal development, activation of these receptors is downstream from sodium pump 

activation. However, if the pumps remain blocked throughout neurulation, a-adrenergic 

receptors cannot be activated even by exogenous noradrenaline, suggesting that failure of 

the sodium pumps to switch on at all results in the de-sensitization of noradrenaline receptors.

How might switching on sodium pumps sensitize receptors for noradrenaline or the 

noradrenaline pathway? As the fall in intracellular sodium resulting from pump activation has 

been shown to be the essential factor for neuronal differentiation, it is probably this event 

which is responsible for sensitization of the pathway activated by noradrenaline. In normal 

development, by stage 17 the intracellular sodium concentration must have fallen sufficiently 

for the noradrenaline pathway to be fully operational. This would explain why blocking sodium 
pumps after stage 17 is ineffective. How a fall in Naj influences the pathway mediated by

noradrenaline is not known.

The experiments described here show that the downstream consequences of the 

noradrenaline pathway must be necessary until the neural tube closes and neuronal cells are 

finally committed to their developmental fate. After stage 20, blockade of receptors no longer 

influences neuronal differentiation, and by stage 22/3, the first neurones and glial cells 

differentiate (Messenger & Warner, 1989).

This project set out to test whether a monoamine might be the endogenous activator 

of the sodium pump. The experimental evidence provided no proof of this. Sodium pumps 

probably are not activated by noradrenaline via a-adrenergic receptors so that the nature of 

the endogenous activator of the sodium pump is still unknown. We cannot yet rule out the 

possibility that it could be noradrenaline, acting via some means other than a-adrenergic 

receptor activation.

The downstream consequences of a-1 adrenergic receptor activation could 

play a role in the control of neuronal differentiation

In differentiated cells, the activation of a-1 adrenergic receptors initiates a cascade of 

events leading to signal transduction. The second messenger DAG is generated and this in 

turn activates PKC. Preliminary experiments explored the possibility that this enzyme could 

be involved in the control of neuronal differentiation.

Treatment with a tumour-promoting phorbol ester which is well-established as an 

activator of PKC, following sodium pump blockade during mid-neural fold stages, successfully 

overcame the inhibition of neuronal differentiation. However, 4a-PDD, which is reported to 

be incapable of activating PKC (Kikkawa et al, 1983) and is generally used as a negative
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control in experiments involving phorbol esters, was also successful in rescuing 

differentiating neurones from the effects of sodium pump blockade. This suggests that 

phorbol esters may affect neuronal differentiation by some means not involving PKC 

activation. Phorbol esters and DAG analogues are able to depress neuronal calcium currents 

independently of PKC activation (Hockberger et al, 1989). It could be this property of phorbol 

esters therefore which was responsible for reversing the effects of sodium pump blockade.

Using DAG or phospholipid analogues which have been reported to inhibit PKC (see 

Chapter 6) during neurulation not only failed to reduce neuronal differentiation but produced 

a marked stimulation. AAG 16:0 produced considerable effects in vivo also but these were 

not typical of the defects caused by sodium pump inhibition or a-adrenergic receptor 

blockade. ALP has been reported to inhibit the sodium pump (Oishi et al, 1988) but 

nevertheless failed to inhibit neuronal differentiation.

H7, a PKC inhibitor which works by competing with the ATP-binding site,was effective 

in inhibiting neuronal differentiation but could have inhibited the sodium pump by preventing 

ATP binding and is known also to inhibit PKA and cyclic GMP-dependent kinases (Hagiwara et 

al, 1988).

The results of these experiments are difficult to interpret and do not confirm a rdle for 

PKC in the control of neuronal differentiation. Attempts to assay PKC activity during 

neurulation stages were not successful and the problems encountered were discussed along 

with the results obtained. It was not possible to duplicate exactly the assay method used by 

Otte et al (1988) for Xenopus embryos, as it was not described in full; a paper by Snoek et al

(1986) was cited. Initially, a method used routinely, and successfully, by Dr Sugden was 

employed; later, conditions were altered to reproduce those believed to be used by Otte et 

al; fa  example, a lower concentration of NaCI was used to elute the protein and less ATP was 

added to start the reaction. Otte et al (1988) reported a total PKC activity of over 400 pmol 

min"1 mg"1 protein in whole embryos at stage 13. At most, an activity of just under 300 pmol 

min"1 mg"1 protein was reliably measured in the assays described in Chapter Six, but this 

arose from a small difference between "test" and background counts and may not be 

significant. The results of Otte et al were not reported in full so it was impossible to determine 

whether they also derived from a small difference in counts. Otte et al also claimed that the 

activity of the enzyme was linear up to 60 minutes; we failed to obtain any evidence that PKC 

activity increased with time. It was eventually concluded that the levels of PKC in neurulating 

embryos were too low to be assessed reliably.

Of the supposed PKC inhibitors tested, the only one which inhibited neuronal 

differentiation could have done so by inhibiting the sodium pump directly or by inhibiting PKA 

and other kinases. Treatment throughout neurulation with a synthetic peptide reported to 

inhibit PKA, the cAMP-dependent protein kinase, significantly reduced the number of 

neurones which subsequently differentiated in culture. The peptide mimics the protein
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substrate for PKA and binds to its catalytic site. However, it was doubtful whether the peptide 

was able to enter neural plate cells during treatment, due to a) its large size (it contains 20 

amino acid residues and has a molecular weight of 2222) and b) the fact that it was not 

sufficiently hydrophobic to dissolve in the cell membrane. It was entirely possible that it did 

not affect neuronal differentiation directly. It could have interfered with attachment to the 

culture dish for example, by binding to the surface of particular cells after the neural tube, 

notochord and somites were dissected out of the embryo at the end of treatment. Embryos 

treated with the inhibitor during neurulation, then allowed to reach swimming tadpole stage 

and examined histologically, had no defects in the brain or retina, suggesting that the results 

from cultures were misleading. The inhibitor was originally tested in vitro in a reaction mixture 

(Cheng et al, 1986) and no data have been found pertaining to its in vivo effects.

As additional confirmation that PKA is not involved in the control of neuronal 

differentiation, cell membrane-permeable analogues of cAMP failed to restore differentiating 

neurones to control levels after sodium pump blockade during mid-neural fold stages. This is 

consistent with results demonstrating that (3-adrenergic receptor blockade did not affect 

neuronal differentiation. It further suggests that cyclic AMP levels are not increased as a result 

of sodium pump activation.

These preliminary experiments to investigate the downstream mechanisms of a- 

adrenergic receptor activation have not yet provided clear indications as to the relevant 

second messenger pathway. But this line of research can be pursued in a number of ways. 

The PKC assays might be worth continuing if some of the problems could be overcome. 

Future experiments using more specific PKC inhibitors and activators (phorbol esters which 

activate specific isozymes are now available) could provide more information, and, if 

appropriate, the isozymes of PKC present in the frog embryo could be identified and localized 

using immunocytochemical techniques. Synthetic compounds such as H4 1004 which inhibit 

cyclic nucleotide-dependent kinases but not PKC could be useful tools in this research. The 

involvement of G proteins could be explored with toxins such as pertussis and cholera toxins, 

that are known to influence the various G proteins.

The potentiation of neuronal differentiation

It was noted that in a number of experiments using drugs which did not inhibit 

neuronal differentiation, greater numbers of neurones differentiated in cultures from treated 

embryos than in control cultures. Examples of such drugs were cocaine, 3- 

hydroxybenzylhydrazine, and PKC activators/inhibitors. A similar situation was remarked in 

experiments in which exogenous monoamines, or PMA, were used to counter, or compete 

with, the effects of sodium pump or a-adrenergic receptor blockade. The increase in 

neurone numbers was frequently significant.
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A possible explanation is that these instances reflect experiments where neuronal 

differentiation from control embryos was low because of an endogenous defect in 

developmental mechanisms. Blackshaw and Warner (1976) noted that, in embryos which did 

not complete neurulation, sodium pumps did not switch on. The increase in the numbers of 

neurones differentiating from treated embryos tended to be more marked when the control 

median value was particularly low. Results from batches with low numbers of differentiating 

control neurones were deliberately excluded - a lower limit for neurones in control cultures 

was set at 2% - so the possibility that some drugs could enhance neuronal differentiation in 

defective embryos has not yet been rigorously tested. It remains possible that the reason for 

low levels of control neuronal differentiation in these embryos could be a defect in particular 

elements of either the noradrenaline pathway or in the number or activation of sodium pumps.

Clinical implications

Many of the drugs shown in these experiments to have severe effects on neuronal 

differentiation are in clinical use. In particular, the noradrenaline uptake inhibitor imipramine is 

a commonly used antidepressant, and is not generally regarded as an a-adrenergic 

antagonist. Over the years, there has been a great deal of controversy about the prescribing 

of imipramine (Tofranil) to pregnant women, and although the majority of the evidence has 

pointed to its safety, instances of foetal abnormalities have occasionally been reported (see 

Barson, 1972) and the drug is now contra-indicated during pregnancy.

Severe morphological defects, equivalent to those described by Barson (1972) in the 

human foetus, were seen very occasionally, usually at high drug concentrations. But, in 

general, teratogenic effects were restricted to the differentiation and organization of cells 

within the nervous system and morphogenesis was not affected. Such consequences of a- 

adrenergic receptor blockade, sodium pump inhibition or interference with downstream 

mechanisms are unlikely to be recognized easily in a human foetus unless they produce 

stereotyped physiological defects. A further complication stems from the limited window 

during which these drugs were effective and the inherent variability of embryonic sensitivity to 

teratogens. This means that effects in human embryos are likely to be affected by 

uncontrollable factors such as precise dose regime and timing. The anterior neuropore 

closes at about the 25th day of pregnancy (3 1/2 weeks) at a time when the embryo is still 

receiving nutrients largely by diffusion. The efficiency with which drugs move through this 

diffusional pathway is largely unknown.

The drugs which have affected neuronal differentiation in the experiments described 

here should be regarded as potential teratogens.
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