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ABSTRACT

Bipolar depression is characterised by periods of depression interspersed 

with episodes of mania. O f all the affective disorders it shows the strongest 

hereditary tendency. No consistent biochemical defect has yet been  associated 

with bipolar depression. The aim of this study was to characterise the beta- 

adrenergic recep tor (J3-AR) on virally transform ed hum an lymphoblasts from 

bipolar depressed and control subjects. Transform ation of lymphocytes using the 

Epstein-B arr virus allowed cells to be grown in culture for long tim e periods under 

controlled conditions.

The /3-AR was characterised initially in controls in term s of receptor 

binding, using [125I]-iodocyanopindolol ([125I]-CYP), and stimulation of the 

associated enzyme, adenylyl cyclase. Scatchard analysis indicated a single binding 

site which displacem ent studies showed to  be a jS2 type adrenoceptor. 

Com parison to lymphocyte [125I]-CYP binding showed no differences in binding 

affinity but significantly lower binding capacity. Adenylyl cyclase stimulation was 

concentration and tim e dependent. /3-AR regulation was investigated by 

coincubation with isoprenaline (10'10-10'5M ) for 4 hours, 24 hours or 7 days. 

Down-regulation of lymphoblast j8-ARs in response to isoprenaline was 

concentration and tim e dependent and accom panied by decreased receptor 

function as defined by adenylyl cyclase activity.

Cell lines from  12 subjects with bipolar depression and 12 sex and age 

m atched controls w ere established and basal binding characteristics and adenylyl 

cyclase activity com pared. There w ere no significant differences in binding 

capacity or in /3-AR-coupled cAMP accumulation. Down-regulation in response 

to 24 hour coincubation with InM  isoprenaline was also examined. Down- 

regulation was significantly less in bipolar cell lines.
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7 day coincubation with lithium chloride had a differential effect on /3-AR 

regulation in bipolar and control cell lines. Down-regulation was increased in 

bipolar cell lines and slightly decreased in controls. 7 and 14 day coincubation 

with desipram ine had a similar differential effect on /3-AR regulation.

It is proposed that bipolar depression is accom panied by a dysfunction in 

/3-AR regulation that is norm alized by lithium and desipramine.
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1.1 The /3-Adrenergic Receptor

1.1.1 Structure and function

A drenergic receptors have been delineated by pharm acological approaches 

into two distinct classes, a- and /3-adrenergic receptors, based on the relative 

potencies of agonists and antagonists (Alquist, 1948). The /3-adrenergic receptor 

(/3-AR) has been  further subdivided into two subclasses term ed /3j and /32 (Lands 

et a l, 1967).

/3-ARs are coupled to  the m em brane-bound enzyme complex adenylyl 

cyclase, which catalyzes the form ation of the second m essenger 3’,5’-cyclic 

adenosine m onophosphate (cAM P) from  the substrate adenosine triphosphate 

(ATP) (Sutherland et a l , 1968). The /3-AR is functionally linked to adenylyl 

cyclase by a distinct guanine nucleotide regulatory protein, Gs (Gilman, 1984). 

Both the and the /32-AR stimulate adenylyl cyclase.

W hen successful direct radioligand-binding techniques for studying the 

/3-AR w ere established in 1974, the subclassification of these receptors into /3X and 

/32 subtypes was confirmed (see below). The /31-AR appears to  predom inate in 

m am m alian heart and adipose tissue, whereas the /32-AR predom inates in the 

lung, liver and smooth muscle. In the ra t brain, the jSj-AR is a t its highest 

concentration in the pineal gland, the cerebral cortex and the striatum , while the 

/32-A R is present a t low concentrations in several areas (Lefkowitz et a l , 1983; 

Frielle et a l , 1988a). In the hum an brain, 80-90 % of the /3-ARs are the jSj-type 

in the caudate and putam en, 60-80 % are /3X in the frontal, occipital and tem poral 

cortical areas, whilst the amygdala, thalam us and hippocam pus have an equal 

proportion of both  /31- and /32-ARs (D e Paerm entier et a l, 1989 & 1990).

Purification of receptor-binding macromolecules and photoaffinity labelling 

of these receptor structures have contributed m uch to  our knowledge of the 

/3-ARs’ structure and m olecular properties, the elucidation of which is im portant 

in order to understand the biochem ical mechanisms of horm one and drug action. 

Using photoaffinity labelling, /3-AR-binding peptides were labelled in erythrocytes 

from  frogs, turkeys, ducks and rats (Lavin et a l, 1982; Rashidbaigi & Ruoho,
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1982), in m em branes from  several mammalian tissues and species (Lavin et a l , 

1982; Benovic et a l, 1983) and in S49 lymphoma cells (Rashidbaigi et a l, 1982). 

/3-ARs from  several sources have been  purified to apparen t hom ogeneity by 

coupling repeated  affinity chrom atography cycles with ion exchange 

chrom atography and several high perform ance liquid chrom atography steps 

(H PLC) (Shorr et a l, 1981; 1982a,b). These purified receptors w ere shown to 

bind to radioligands with /3-adrenergic specificity, stereoselectivity and affinity and 

the results from  photoaffinity labelling in the purified m em branes w ere in accord 

with those from crude m em branes (Shorr et a l, 1981; 1982b). A  further 

technique, that of radiation inactivation, estim ates the functional target size of a 

protein  under denaturing conditions. These techniques led to  the conclusion that 

in m am m alian systems, and in the frog, both  /3r  and /32-AR binding sites reside 

on peptides of Mr 58-62 000, whilst the avian erythrocyte /3r like-AR binding site 

resides on a peptide with a  maximum M r of 40-50 000 (Shorr et a l, 1982b; 

Lefkowitz et a l, 1983). The hum an placenta, which contains both  /3r  and /32-ARs, 

was used as a source of /3-ARs for purification by Bahouth and M albon (1987). 

The purified receptors w ere shown to have a m olecular weight o f 67 000 and 

agonist and antagonist com petition profiles dem onstrated the presence of both 

jSj- and /32-A R s. The authors suggested that the pharmacologically distinct /3r  and 

/32-A R s are  structurally similar peptides.

The techniques of m olecular biology have greatly added to  our knowledge 

o f adrenergic receptor structure. G ene cloning and sequencing have provided 

data  showing that a high degree of structural homology exists betw een a num ber 

o f neurotransm itter receptors and opsins. Each of the receptors cloned to date 

appears to  be  a  m em ber of one of a limited num ber of super-families which have 

sequence and presum ably structural homologies (Birdsall, 1989). T here  are three 

m ain super-families: neurotransm itter-gated ion channels (Stevens, 1987); ligand 

activated tyrosine kinase receptors; and receptors capable of activating guanine 

nucleotide regulatory proteins (G-proteins) and so modulating adenylyl cyclase 

activity, phosphatidylinositol biphosphate hydrolysis or the activity of certain brain 

channels (H ulm e & Birdsall, 1986). Secondary-structure similarities have been 

found by analysis of the protein  sequences deduced from recep tor gene sequences 

and by hydropathy calculations which predict potential m em brane-spanning
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regions. By com parison o f the secondary structural features, relationships 

betw een different receptors becom es m ore apparent. The prim ary structures of 

several m em bers of the G-protein-coupled family of receptors have been 

determ ined in recent years. These include all the adrenergic recep tor subtypes 

(av a2, f t  and f t ) ,  several serotinergic, dopaminergic and m uscarinic cholinergic 

receptors, and rhodopsin. These receptors all share a conserved structure and 

presum ed m em brane topography (O ’Dowd et a l , 1989).

Between 1981 and 1984, the avian erythrocyte ft-like , the  am phibian 

erythrocyte f t  and the m am m alian lung f t  receptors were purified to  homogeneity 

and shown to retain  binding activity in detergent-solubilized form  (Shorr et al, 

1981 & 1982b; Homey et a l, 1983; Benovic et a l, 1984). Using the purified 

ham ster lung ft-A R , the gene and cDNA w ere cloned for the m am m alian f t-A R  

by Dixon’s group in 1986. The primary amino acid sequence of portions of the 

recep to r protein was determ ined by fragmenting the purified recep tor with 

cyanogen bromide, resolving the resulting peptides by reverse phase H PLC  and 

then  subjecting several of these peptides to  gas phase sequencing. Based on 

sequences of several such peptides, synthetic oligonucleotides w ere constructed 

and  used to screen genomic libraries. A ppropriate  restriction fragm ents from 

genom ic clones w ere then  used to screen cD NA  libraries. The entire amino acid 

sequence of the f t-A R  was then  elucidated based on the sequences of the cDNA 

and genomic clones.

H ydropathy profiles o f the amino acid sequence predicted for the f t-A R  

indicated that the /3-AR sequence would encode a largely hydrophobic 

polypeptide, with the N -term inal region of the receptor being predom inantly 

hydrophobic and the C-term inal end being hydrophillic. It was observed that 

there  was significant amino acid homology with bovine rhodopsin and that the 

hydropathy profile was very similar to  tha t of the rhodopsins in general. 

B acteriorhodopsin was already known to contain seven m em brane-spanning 

helices, and they proposed tha t the f tA R  also has multiple m em brane-spanning 

regions. It was also noted tha t the sequence homology betw een /3-AR and 

rhodopsin parallels similarities in their function as both polypeptides are involved 

in signal transduction mechanisms involving the guanine nucleotide regulatory
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proteins, Gs and transducin, respectively (Gilman, 1984). Furtherm ore, rhodopsin 

kinase multiply phosphorylates rhodopsin a t its C-terminus, which contains seven 

serine and threonine residues, and the C-terminus of the postulated sequence for 

/3-AR also contained several serine and threonine residues tha t could serve as 

phosphorylation sites (Dixon et a l, 1986). This led to the proposal that /3-AR 

agonists and antagonists interact with the /3-AR in a similar m anner to that by 

which retinal interacts with opsin; tha t is, they intercalate among the 

transm em brane helices and so determ ine w hether the receptor is in its active or 

inactive conform ation (Dixon et a l , 1986). The similarity betw een the /3-AR and 

rhodopsin was extended further when it was shown that /3-AR kinase (/SARK), 

which phosphorylates only the agonist-occupied /3-AR (Benovic et a l , 1986a), was 

capable of phosphorylating rhodopsin in a  light-dependent m anner similar to that 

in which rhodopsin kinase phosphorylates rhodopsin (Benovic et a l , 1986b). A  

proposed structure of the /3-AR was therefore suggested (Fig. 1.1), based on the 

similarities in the sequence, function and regulation of the /3-AR and rhodopsin 

(Benovic et a l, 1986b). The seven m em brane-spanning regions are connected by 

a series of extracellular and cytoplasmic loops. There are two sites of N-linked 

glycosylation near the amino terminus and two cA M P-dependent kinase 

phosphorylation sites in the presum ed cytoplasmic domains in addition to the 

serine- and threonine-rich C-terminus (Lefkowitz et al, 1986).

The cloning and determ ination of the com plete nucleotide sequence of the 

turkey /3-AR (Y arden et a l, 1986) and the hum an /32-AR rapidly followed that of 

the  ham ster /32-AR (Kobilka et a l, 1987). As for the ham ster receptor, the 

deduced amino acid sequence of the hum an /32-AR is that of a p ro tein  containing 

seven clusters of hydrophobic amino acids. This protein is 87% identical overall 

with the ham ster /32-AR, with the most highly conserved regions being the putative 

m em brane-spanning regions (95% homology) and the cytoplasmic loops (93% 

homology). This suggested tha t these regions of the molecule contain im portant 

functional domains. The most divergent regions are the N- and C-termini. The 

two sites of N-linked glycosylation, the two sites of cA M P-dependent 

phosphorylation and the serine- and threonine-rich C-terminus present in the 

ham ster /32-AR, are all conserved. This group also localized the  gene for the 

/32-A R to q31-q32 on chromosome 5.
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Fig. 1.1 The proposed structure of the /3-AR, showing the  glycosylation and 

phosphorylation sites (after Benovic et a l , 1986b)

C y t o p l a s m i c
s u r f a c e
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Dixon et a l (1987) have shown that most of the hydrophillic residues are 

no t directly involved in the binding of agonists and antagonists and  suggested that 

ligands interact with a site located close to  the m em brane or within the 

hydrophobic core of the protein  in a similar m anner to which retinal binds to a 

site within the hydrophobic core of rhodopsin. This suggestion was supported and 

extended by the w ork of W ong et al (1988) who determ ined the  locations at 

which two similar photoaffinity ligands covalently attached to  the turkey 

erythrocyte /3-AR. Their results indicated tha t /3-AR ligands bind within a bundle 

of m em brane spanning domains and that the seventh m em brane span borders the 

binding site as it does in rhodopsin. They proposed that a catecholam ine agonist 

would prom ote activation o f the /3-AR by distorting its structure in the same 

m anner as trans-retinal distorts the structure of rhodopsin resulting in increased 

affinity for Gs.

W hen the hum an /32-A R cDNA was used to  probe hum an genomic DNA, 

the  G-21 clone was isolated due to its cross-hybridization with /32-A R  (Kobilka et 

a l, 1987). This was determ ined to encode a protein with striking sequence and 

structural similarities with the G  protein-coupled family of receptors, which was 

la ter identified as the 5-H T1A receptor (Fargin et a l, 1988). The G-21 D N A  was 

used to  screen a hum an placenta cDNA library and a cDNA clone encoding the 

hum an )S1-AR was isolated (Frielle et a l, 1987). This clone is very similar to the 

turkey /3-AR, which suggests that the avian receptor is closely re la ted  to  the 

hum an j81-AR despite differences in pharmacology. Com parison of the deduced 

structures of the two /3-AR subtypes showed that there is the greatest similarity 

in the  m em brane-spanning regions. As the hydrophobic core is thought to  contain 

the ligand binding site, differences in sequence in these regions may explain the 

differences in the pharm acology of the two subtypes.

As the j8x- and /32-ARs are structurally, functionally and biochemically 

similar, the question arose w hether the two receptor subtypes are the products of 

different genes or w hether they represent post-translationally m odified products 

of a  com m on gene. However, examination of the /3-ARs’ nucleotide sequences 

ruled out post-translational modification as they contain no introns and Frielle et 

al (1988a) have proposed tha t they are, in fact, products of distinct genes.
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Like the /32-AR, the j81-AR appears to couple to Gs, and it was suggested 

tha t the cytoplasmic receptor domains are involved with this coupling. There is 

significant similarity betw een the first and second cytoplasmic loops of the two 

hum an receptors and the avian /3-AR, but the third loop and the  C-terminus are 

quite divergent in all th ree proteins (Frielle et al, 1987). Dixon et al (1987) 

dem onstrated that a  m utant of the ham ster /32-AR, that had am ino acids 239-372 

deleted, had high agonist affinity, but did not couple to adenylyl cyclase. This 

group later showed that deletion of either amino acids 222-229 or 258-270 

produced m utant receptors tha t did not couple to adenylyl cyclase, and whose 

interactions with Gs w ere also altered (S trader et a l , 1987). These two regions 

o f the receptor protein  span the entire third cytoplasmic loop, with amino acids 

222-229 being at the N -term inal portion of the loop and am ino acids 258-270 at 

the  C-term inal end, with both  peptide segments forming the junctions with the 

adjacent hydrophobic domains (S trader et a l, 1987).

a2- and j8-ARs have different ligand binding properties and opposite effects 

on the adenylyl cyclase system (a 2-ARs are inhibitory and /3-ARs stimulatory). 

The construction and expression of chimeric ajS-AR genes and then the 

investigation of the ligand binding and adenylyl cyclase activating properties of the 

resulting chimeric receptors, allows the structural domains determ ining the 

specificity of ligand binding and effector coupling to be deduced. Kobilka et al 

(1988) used chimeric hum an a ^ - A R s  to deduce that the specificity for coupling 

to  Gs lies within a region extending from  the N-terminus of the fifth hydrophobic 

dom ain to the C-terminus of the sixth, a region that includes the third cytoplasmic 

loop.

The im portance of the C-terminal portion of the third cytoplasmic loop for 

productive receptor-G s coupling was confirmed by O ’Dowd et al (1988). This 

group examined the ability both  of hum an /32-AR m utants, with site-directed 

m utations and deletions, and of chimeric hum an a ^ - A R s  to m ediate isoprenaline 

stim ulation of adenylyl cyclase via Gs. They showed that the N-term inal segment 

o f the cytoplasmic tail was also involved in productive coupling to  Gs. In addition, 

they implicated the second cytoplasmic loop and a conserved cysteine residue in 

the  cytoplasmic tail for supportive roles in maintaining the p roper orientation of
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the Gs binding site. Kobilka et al (1988) also deduced tha t the m ajor 

determ inants of a2- and j82-AR agonist and antagonist ligand binding specificity 

are  within the seventh m em brane spanning domain, and tha t several of the first 

five m em brane spanning domains may contribute to agonist binding specificity.

Chimeric hum an j81/32-ARs have been  used to  elucidate the  structural basis 

for the pharm acological distinctions betw een these two recep tor subtypes (Frielle 

et a l, 1988). Agonist and antagonist binding studies and adenylyl cyclase assays 

with these chimeric fafa-ARs indicated tha t the fourth m em brane-spanning region 

is largely responsible for determ ining fa  as opposed to fa  agonist binding 

properties, whilst the sixth and seventh m em brane-spanning regions have an 

im portant role in determ ining fa  as opposed to fa  antagonist binding properties. 

A  num ber of o ther m em brane-spanning regions were also shown to  contribute, to 

a  lesser extent, to agonist and antagonist binding specificity. Thus subtype 

specificity is determ ined by m ost of the transm em brane regions o f the receptors, 

lending support to  the hypothesis that the binding of ligands to  /3-ARs occurs in 

a  pocket form ed by the clustering of these m em brane-spanning a-helices. 

However, antagonists interact with structural determ inants distinct from  those with 

which agonists interact (Frielle et a l, 1988).

1.1.2 R ecep tor occupation and response

The hypothesis that tissue response is dependent on the proportion of 

receptors occupied by the stimulating agent - the "occupation theory" of drug 

action - was first proposed by Clark (1926; 1933). Several modifications to this 

theory have since been  m ade. Ariens (1954) proposed a proportionality constant 

V '  (intrinsic activity) betw een response and receptor occupation. Stephenson 

(1956) differentiated betw een the response of the tissue and the  stimulus caused 

by the agonist compound, proposing tha t the la tter was directly related  to the 

degree of receptor occupation. H e term ed the proportionality constant betw een 

recep tor occupation and the stimulus, efficacy.
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The simplest m odel of a  ligand-receptor interaction assumes tha t each 

m olecule of ligand (D) binds independently and reversibly to a single receptor 

m olecule (R ) according to the law of mass action, forming a complex (D R). This 

gives the following equation:

w here R t =  to tal receptor population

Kd =  dissociation equilibrium constant.

H ence the  concentration of bound ligand-receptor complex increases in a 

hyperbolic m anner with increasing free ligand concentration towards a  maximum 

value R t. F rom  (1) it can be seen that when the concentration of D R  is equal to 

V6Rt, then the concentration of D  is equivalent to the Kd value. Thus the free 

ligand concentration at which half the total num ber o f receptors are bound is 

equivalent to  the dissociation equilibrium constant. This value is characteristic of 

the interaction betw een ligand and receptor and describes the  affinity of the 

recep tor for tha t ligand. The theoretical binding curve is shown in Fig. 1.2A. If 

a t equilibrium the am ount of ligand bound is negligible com pared to the total 

ligand concentration, then the concentration of ligand can be  m easured as the 

to tal ligand present ra ther than  the am ount free in solution. This is holds true in 

the  case o f [125I]-iodocyanopindolol ([125I]-CYP) binding to  /3-ARs on the 

lymphoblast as the receptor density is quite low.

Scatchard (1949) produced a linearized version of the  binding equation 

with B replacing [DR] to describe the concentration of bound ligand and F  in the 

place of [D] for the concentration of free ligand:

[DR] [D] [Rt] (1)

[D] +  Kd

B R t - B (2)

F Kd
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Fig. 1.2 A. Theoretical binding curve 

B. Scatchard plot
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A  com parison of B/F against B results in a straight line in the case of 

independent m onom eric binding with a slope of -1/Kd and intercepts of R t and 

R t/K d (Fig. 1.2B). This Scatchard plot is most applicable to the curvilinear region 

of the hyperbolic binding curve at free ligand concentrations betw een 0.1-10 x Kd.

N on-linear Scatchard plots result when the binding of the ligand occurs to 

m ore than  one binding site or when cooperativity of binding is present. The 

Scatchard plot resulting from  binding to  multiple sites is a composite of individual 

curves, so tha t binding at two sites produces a  hyperbola whose asymptotes are 

the com ponent binding curves. Cooperative binding of ligand to receptor 

complexes results in a sigmoidal or a flattened hyperbolic curve for positive and 

negative cooperativity, respectively.

The Hill plot is used to  investigate cooperativity and is a linear plot of 

log [DR]/[Rt]-[DR] against log [D], where the slope of the line is the Hill 

coefficient. In cases of positive cooperativity this value is greater than  1 and 

conversely, in cases of negative cooperativity, it is less than 1. Values o f the Hill 

coefficient greater than unity also result when binding of m ore than one ligand to 

each recep tor is occurring. A  Hill coefficient of 1 usually indicates the absence 

of cooperativity and a simple 1:1 relationship betw een the ligand and the receptor.

The binding of agonists has been  shown to be sensitive to  the presence of 

certain cations and purine nucleotides which do not affect the binding of 

antagonists (Lefkowitz et al., 1976; Peroutka et ah, 1979). In general these 

recep tor m odulators reduce agonist binding affinity. This indicates tha t the 

m echanism  of receptor binding and activation is probably m ore complex than  the 

"occupation theory" would suggest. It would also seem  that antagonist binding will 

give a  m ore accurate and consistent m easure of binding affinities.

R odbell (1980) suggested a cyclic agonist-receptor interaction, with the 

extent of the final response being dependent on the ra te  o f turnover of the 

activated ligand-receptor complex. According to  the m echanism shown in Fig. 1.3, 

the binding of antagonist would occur by a simple reversible process as described 

by equation (1). Agonist binding, however, would be followed by activation and

23



form ation of the excited complex DRGs*. Endogenous G TP would then  bind to 

this complex, forming D R G s\G T P  which would in turn activate an intracellular 

com ponent by phosphorylation and hence initiate the response. G TP is then 

dephosphorylated to GDP, causing the dissociation of the rem aining D R G .G D P 

complex to  its com ponents D, R, Gs, and GDP.

Fig. 1.3 M echanism of agonist-receptor interaction and the  role of Gs.

Gs
D + R DR

r^Gs
GTP

r^GDP

DRG.GDP
Pi
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1.1.3 Ligand-binding studies

The developm ent of direct radioligand binding techniques has been  very 

im portant bo th  for progress in the molecular biology of /3-ARs and for the  study 

of /3-AR density and regulation in m em brane preparations. Early attem pts to 

identify /3-ARs by direct binding m ethods with [3H]catecholam ines w ere associated 

with discrepancies betw een binding data and data from  physiological response 

m easurem ents. Cuatrecasas et al (1974) showed tha t binding of 

[3H ]-noradrenaline (NA) to intact cells and microsomes was no t in fact a m easure 

of adrenergic receptors, but of a m em brane catecholam ine binding protein  related  

to catechol-O-methyl transferase. Therefore criteria for /3-AR identification which 

w ere m ore refined and m ore stringent than those previously used w ere proposed 

(Cuatrecasas et a l, 1974; Lefkowitz, 1974). These criteria are:

a) /3-AR binding should be  rapid and reversible;

b) R ecep tor binding should be  saturable indicating a finite num ber of binding 

sites;

c) /3-AR agonists and antagonists should com pete for binding sites in a 

m anner tha t closely parallels the known specificity of physiological /3-AR 

m ediated  responses; structurally related compounds which are devoid of 

physiological /3-AR m ediated effects should not com pete for the binding 

sites;

d) (-)Stereoisom ers of adrenergic agonists and antagonists should be 

considerably m ore po ten t than  the (+ )stereoisom ers in com peting for the 

binding sites, thus reflecting the stereospecificity observed in physiological 

/3-AR responses.

Lymphocytes w ere shown to  contain a /3-AR coupled adenylyl cyclase 

system by B ourne & M elm on (1971). Having identified binding sites in frog 

erythrocytes and canine myocardium which satisfied all o f the above criteria, in 

1976 Williams et al identified the /3-AR in the lymphocyte using 

(± )[3H]-dihydroalprenolol ([3H]-D H A ), the first tim e the /3-AR had been  

identified in a hum an tissue using direct binding techniques. Binding studies on 

hum an lymphocytes have been  perform ed using [3H ]-D H A  and an iodinated
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ligand (-)[125I]-iodohydroxybenzylpindolol ([125I]-HYP) (A arons et a l, 1980), but 

B rodde et a l (1981) suggested tha t neither of these ligands w ere ideal for /3-AR 

binding studies. [3H ]-D H A  has an affinity to /3-ARs in the nanom olar range and 

has a  low specific activity of 20-60 Ci/mmole, both  of which facts necessitate the 

use of large am ount of tissue. A nother drawback of [3H ]-D H A  is tha t it has been 

shown to label a second binding site. Binding to this site can be displaced by 

5-HT1A receptor-selective com pounds (Riva & Creese, 1989). [125I]-HYP is a 

racem ate with a  higher affinity, in the 0.1-0.01 nM  range, and a higher specific 

activity of 2175 Ci/mmole. However, this radioligand has high nonspecific binding 

which can only be partially suppressed by high concentrations of phentolam ine or 

5-HT.

A  highly specific /3-AR radioligand, (± ) [125I]-iodocyanopindolol 

([125I]-CYP), which binds with high affinity and specificity to /3-ARs, was used to 

identify and  characterize lymphocyte /3-ARs by B rodde et a l in 1981. The 

[125I]-CYP binding in the lymphocyte was rapid, saturable and of high affinity (Kd 

value in the  0.01 nM  range). The binding was stereospecific and had  relatively 

low nonspecific binding. Binding was not affected by phentolam ine o r 5-HT. 

L inear H ofstee plots were obtained indicating the presence of a homogenous 

population of /3-ARs, which w ere identified to be  of the /32 subtype. This suggests 

tha t [125I]-CYP is the ligand of choice for characterization of the lymphocyte 

/3-AR, a view that is supported by W erstiuk et al (1990) in a review of studies of 

the lymphocyte /3-AR in depression.

/3-AR agonists bind to two distinct states of the /3-AR, a high affinity state, 

which is sensitive to guanyl nucleotides, and a low affinity state, which is 

insensitive to  guanyl nucleotides (Kent et a l, 1980). The lymphocyte /32-A R is no 

exception to  this rule. In the absence of GTP, the displacem ent curve for 

selective /32-A R agonists is shallow, resulting in a  nonlinear H ofstee plot, indicating 

the presence of two affinity states of the receptor. The addition of G TP to  the 

assay shifts the inhibition-concentration curve to  the right and steepens it, so the 

H ofstee p lot becom es linear, and all the receptors are in the low affinity state 

(Brodde et a l, 1981). The ratio  of the affinity of a ligand to the receptors in the 

low affinity state to that of those in the high affinity state, the Kl/K h ratio, is a
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m easure o f the agonist affinity state of the /3-ARs, with a higher ratio  indicating 

higher (3-AR sensitivity to NA.

1.1.4 /3-Adrenoceptor-coupled activation of adenylyl cyclase

Adenylyl cyclase is activated by /3-ARs through the stimulatory G  protein, 

Gs (Gilm an, 1987). Gs is required  for adenylyl cyclase activation by receptors 

under physiological conditions (Ross et a l , 1978). Horm one-sensitive adenylyl 

cyclase activity has been  reconstituted in phospholipid vesicles from  th ree  purified 

proteins - the  /3-AR, Gs, and adenylyl cyclase itself (May et a l, 1985). Thus, these 

three proteins suffice to  constitute a primary pathway for horm onal stimulation 

of cAM P synthesis.

Gs is m ade up of th ree subunits a, (3, and tf, that are associated with the 

cell m em brane. The (3 and "6 subunits form a single functional unit and are 

functionally interchangeable with (3$ subunits from  other G  proteins, including Gi 

which inhibits adenylyl cyclase (Levitzki, 1988).

The dem onstration of /3-AR-dependent G TPase activity in the turkey 

erythrocyte provided conclusive evidence for the role o f GTP in the regulation of 

horm one-dependent adenylyl cyclase (Cassel & Selinger, 1976). H orm one- 

stim ulated G TPase has since been  dem onstrated for many other stimulatory and 

inhibitory adenylyl cyclase systems (Levitzki, 1986; Gilman, 1987). The agonist- 

bound /3-AR interacts with Gs and it has been  suggested tha t this induces a 

conform ational change in Gs to an "open" state which facilitates G D P to GTP 

exchange (Cassel & Selinger, 1976; Braun et a l, 1982). The process o f G D P/G TP 

exchange is much slower than  the hydrolysis of G TP to G D P a t the Gsa-subunit 

(A rad & Levitzki, 1979). Thus the ra te  limiting step in the on-off cycle is the 

G D P to G TP exchange reaction. The interaction of the agonist-bound receptor 

with Gs facilitates the exchange of GDP for G TP and this stim ulates G TPase 

activity and increases the flux of GTP through the system.
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The horm onal signal is amplified in two ways. Firstly, each agonist-bound 

/3-AR activates several Gs molecules (Tolkovsky & Levitzki, 1978; H ekm an e ta l,

1984). Secondly, further signal amplification occurs because the ra te  constant for 

G TP hydrolysis ( ~  13 m in'1 a t 37°C) is 100-times smaller than  the  turnover 

num ber of adenylyl cyclase ( ~  1100 m in'1), so several hundred molecules of cAMP 

can be synthesised during the lifetime of a single Gs.GTP complex (Gilman, 1987). 

The com bined amplification a t the receptor-G s interaction is therefore in the 

order of 1000 (Levitzki, 1988). This m echanism where one recep to r molecule 

catalyses the activation o f num erous G  proteins is known as "collision coupling" 

since the  agonist-bound recep tor interacts transiently with the  cyclase system 

(Tolkovsky & Levitzki, 1978; Levitzki, 1986).

Gilman (1984) suggested that the subunit dissociates from  Gs upon its 

activation by GTP binding. The active G sa.G TP subunit then seeks the catalytic 

unit o f adenylyl cyclase (C) to generate the active complex Gsa.GTP.C. 

According to this model, /3& and the catalyst C  com pete for G sa.G TP. Since 

/3tffrom Gs and Gi are functionally interchangeable and probably identical 

(Gilm an, 1987), the elevation of their concentration can result from  the activation 

of Gi by inhibitory receptors, thus causing inhibition of the cyclase. As the 

form ation of a Gi.C complex has yet to be dem onstrated, this m odel provides a 

m echanism  of cyclase inhibition via Gi.

Gs, or a t least G sa, may in fact be perm anently associated with C, an idea 

which is supported by kinetic findings and biochemical data (Gilman, 1987), 

although this hypothesis implies that the amplification step described above could 

not occur. If G sa is perm anently associated with C, then it is still possible tha t (p f  

dissociates from  Gs.C to  yield the active species G sa.GTP.C, and to  play an 

attenuating role when associated (Gilman, 1987). However, recen t results from  

Levitzki’s group (M arbach et al., 1990) have dem onstrated that the (3 subunit co­

purifies with activated adenylyl cyclase, suggesting that subunit dissociation does 

not occur during Gs.C activation. It may be that the 06 subunits do not provide 

a regulatory role, bu t simply serve to anchor the a  subunit to  the m em brane 

bilayer (Sternweis, 1986).
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1.1.5 /3-Adrenoceptor regulation

A  very general mechanism of cellular adaptation is an  attenuation of 

responsiveness to  stimuli with time, variously term ed tachyphylaxis, desensitization, 

refractoriness or tolerance. Agonist-prom oted desensitization appears to be a 

ubiquitous hom eostatic mechanism by which target cells can m odulate 

responsiveness to agents acting at cell-surface receptors. T here  are many clinical 

exam ples o f desensitization to  catecholamines, such as the rapid  loss o f the 

bronchodilating effects of /3-AR agonists adm inistered to patients with asthm a and 

the a ttenuated  inotropic response of fi-AR  agonists adm inistered to  patients with 

congestive heart failure (Lefkowitz et a l , 1984). /3-AR stimulation by agonists, 

such as isoprenaline, causes a rapid increase in cAMP levels, which then  decrease, 

often to  near basal levels, with continued presence of the agonist (Shear et a l,

1975).

H orm one-induced desensitization has been  categorized into two types 

(Perkins et a l, 1978; Sibley & Lefkowitz, 1985): homologous, or agonist-specific, 

desensitization; and heterologous, or agonist-nonspecific, desensitization. 

Desensitization is term ed homologous when the subsequent response to  the 

desensitizing horm one only is attenuated  whilst responsiveness to  o ther types of 

agonists is unim paired. Conversely, in heterologous desensitization, incubation 

with one agonist results in an attenuated  response to  different agonists operating 

through distinct receptors. R esponse to stimulants that act at points distal to the 

receptor, such as guanine nucleotides and the fluoride ion, may also be decreased 

(Sibley & Lefkowitz, 1985).

It is likely tha t both  types of desensitization occur simultaneously in many 

situations although different mechanisms are involved (Lefkowitz et a l, 1990). It 

has been  proposed tha t rapid  heterologous desensitization is m ediated by 

phosphorylation of receptors by the cA M P-dependent protein  kinase, protein 

kinase A  (PKA), whereas rapid  homologous desensitization is m ediated  primarily 

by recep tor phosphorylation by a cA M P-independent protein  kinase, 

/3-adrenoceptor kinase (jSARK) (Lefkowitz et a l, 1990). /3ARK is found in most 

m am m alian tissues and has the ability to  phosphorylate the j8-AR and several
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other closely related  receptors only w hen they are occupied by agonists (Benovic 

et a l , 1986a; Sibley et a l , 1987). /3ARK appears to be analogous to  rhodopsin 

kinase, a retinal enzyme that phosphorylates and inactivates only the light- 

bleached form  of rhodopsin (Benovic et a l, 1989).

A lm ost 20 years of work by many laboratories has indicated tha t a num ber 

o f different mechanisms, operating at the levels of the receptor, G  proteins, 

adenylyl cyclase and beyond, contribute to /3-AR desensitization (Lefkowitz et a l , 

1990). Events associated with the loss of adenylyl cyclase response are the 

uncoupling of the G -proteins from  the receptors; internalization of the /3-ARs 

from  the cell surface (sequestration); /3-AR phosphorylation; and the loss of 

/3-ARs from  the cell (down-regulation) (Fishm an & Perkins, 1988). The order and 

interdependency of these events and their relative im portance in the  process of 

desensitization of adenylyl cyclase response have been  the subject of much 

research. R eceptor uncoupling is an im paired ability of the recep tor to interact 

with Gs. This may be due to  intrinsic changes in the receptors tha t diminish the 

effectiveness with which they are able to  activate G  proteins (biochemical 

uncoupling) or to the sequestration of the receptors from the plasm a m em brane, 

away from  Gs (physical uncoupling) (Fishm an & Perkins, 1988). Phosphorylation 

o f the receptors by protein  kinases reduces the efficiency of recep tor coupling to 

G  proteins (biochemical uncoupling) and appears to occur rapidly (seconds to 

m inutes) (Lefkowitz et ah, 1990). Agonist-induced sequestration of /3-ARs occurs 

over a  similar tim e-fram e to the biochemical uncoupling, bu t /3-AR 

phosphorylation does not apparently act as a  trigger for sequestration (H ausdorff 

et a l , 1989; Lohse et a l , 1990). In contrast to  uncoupling and sequestration, 

recep tor down-regulation seems to require exposure to agonist for a t least one 

hour (Lefkowitz et a l, 1990).

The role of sequestration in desensitization and down-regulation has yet to 

be  determ ined. R eceptor sequestration can be completely prevented using 

concanalvin A  or phenylarsine oxide without affecting the rapid  desensitization 

process (Toews et a l, 1984; H erte l et a l, 1985), which would appear to indicate 

tha t sequestration does not precede desensitization. However, if receptor 

phosphorylation is prevented by m utagenesis of the receptor (H ausdorff et a l,
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1989) or by specific kinase inhibitors (Lohse et a l, 1990), a small am ount of rapid 

desensitization still occurs, which can be blocked by concanalvin A. This suggests 

tha t under certain experim ental conditions at least, /3-AR sequestration may 

provide an additional mechanism for desensitization. In the case of receptor 

down-regulation, /3-AR internalization may be a necessary step, bu t is not in itself 

sufficient to  account for agonist-induced down-regulation. This was dem onstrated 

by M ahan et al. (1985) who investigated down-regulation in hum an S49 lymphoma 

cells. 15 min coincubation of S49 cells with 1/nM isoprenaline caused a 60% loss 

in surface /3-ARs (internalization) without any loss in to tal recep tor num ber 

(down-regulation).

The use of S49 clonal variants has helped to elucidate the part that the 

com ponents of the /3-AR-G-protein-adenylyl cyclase complex play in the processes 

o f recep tor internalization, down-regulation and desensitization. U N C  cells have 

a defective interaction betw een Gs and the /3-AR; eye cells lack the a-subunit of 

Gs; H 21a cells have a defective interaction betw een Gs and adenylyl cyclase; and 

kin cells have no cA M P-dependent protein kinase activity. R eceptor 

sequestration in all the above S49 variants was equivalent to tha t in the wild-type 

cells, indicating that the a-subunit of Gs, activation o f adenylyl cyclase, cAMP 

itself, and cA M P-dependent protein phosphorylation are not required  for /3-AR 

internalization in S49 cells (M ahan et a l, 1985). R eceptor down-regulation and 

desensitization in response to  6 hour coincubation with isoprenaline in kin cells 

w ere similar to that in wild-type cells (Shear et a l, 1976), however there  was 

a ttenuation of down-regulation in eye' cells in response to  2.5 hour isoprenaline 

coincubation (Shear et al. 1976). Similar results w ere obtained in the study of Su 

et al. (1980) who observed tha t whilst there was no /3-AR down-regulation in 

response to isoprenaline in eye' cells, in U N C cells down-regulation did occur 

though it was significantly less than in the wild-type cells and only occurred after 

24 hour isoprenaline coincubation. M ahan et al. (1985) dem onstrated that 

recep tor down-regulation in response to isoprenaline coincubation of up to  12 

hours was altered in all the S49 variants except for kin cells, with eye' and to  a 

lesser extent U N C variants having a blunted isoprenaline-m ediated loss in /3-ARs, 

and H 21a cells showing a greater ra te  of down-regulation than  wild-type cells. 

These results indicate that cA M P-dependent protein phosphorylation is not
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required  for either receptor down-regulation o r desensitization o f the adenylyl 

cyclase response, whereas an intact Gs is required for both  processes. Agonist- 

occupancy alone is not sufficient to  cause receptor down-regulation in these cells.

F urther evidence of the separation of the rapid processes of agonist- 

prom oted phosphorylation, sequestration and desensitization from  uncoupling of 

Gs and the m ore slowly evolving process of down-regulation, has been  provided 

by H ausdorff et a l (1991). j8-AR m utants w ere constructed in which a cluster of 

four serine and threonine residues located in the proximal end of the carboxyl tail 

was replaced by alanine and glycine residues. These residues are potential sites 

o f phosphorylation by jSARK. These m utant receptors w ere transfected into 

Chinese ham ster fibroblasts and ovary cells. All rapid regulatory processes of the 

recep tor w ere abolished, whilst functional coupling to Gs and down-regulation 

w ere unaffected. Com plem entary to these results are the findings of the same 

group (Cam pbell et a l, 1991) tha t m utant /3-ARs with im pairm ents in coupling to 

Gs showed blunted agonist-induced receptor down-regulation bu t norm al 

sequestration. These results and the variable expression in the  developm ent of 

down-regulation in S49 variants imply that receptor-G s interaction regulates the 

fate  of receptors linked to  the stimulation of adenylyl cyclase.

As receptor phosphorylation can either be m ediated by PK A  (cAMP- 

dependent) or by /3ARK (cAM P-independent), studies have been  carried out to 

determ ine w hether the two mechanisms occur simultaneously or depend upon the 

conditions of agonist exposure (H ausdorff et a t, 1989; Lohse et a l, 1989 & 1990). 

/3-AR m utants w ere constructed tha t lacked the potential sites of PKA 

phosphorylation (m utant A), the proposed region of phosphorylation by /3ARK 

(m utant B) or all these phosphorylation sites (m utant AB) (H ausdorff et al, 

1989). These m utant receptors w ere transfected into Chinese ham ster fibroblasts 

and w ere shown both  to bind ligands normally and to activate adenylyl cyclase in 

a  m anner identical to wild-type receptors. Desensitization was induced by a 5 min 

coincubation with either a  high (2/iM ) or low (lOnM) concentration of 

isoprenaline. A t the high concentration m utants A  and B each showed 

approxim ately 50% reduction in agonist-induced phosphorylation and a m arked 

reduction in desensitization com pared to wild-type receptors. M utant AB showed
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an alm ost 90% reduction of phosphorylation and a m ore dram atic attenuation of 

desensitization. A t the lower isoprenaline concentration phosphorylation and 

desensitization w ere only diminished in m utants A  and AB, bu t not in m utant B 

(H ausdorff et a l, 1989). These findings suggest that PKA is the m ajor m ediator 

of desensitization and jS-AR phosphorylation at low agonist concentrations 

w hereas both  PKA and jSARK play a role a t higher agonist concentrations.

The above results w ere supported by experiments investigating the effects 

o f specific PK A  inhibitors and relatively selective jSARK inhibitors on 

desensitization in response to  high and low concentrations of isoprenaline (Lohse 

et a l, 1989; 1990). A431 epiderm oid carcinoma cells were used for these studies, 

the cells being first perm eabilized with digitonin in order to introduce the 

inhibitors into the cells. Perm eabilization itself did not alter either the adenylyl 

cyclase response to agonist or the desensitization process. A t high isoprenaline 

concentrations inhibitors of either kinase attenuated isoprenaline-induced 

desensitization, but a t low concentrations only the inhibitor of PK A  was effective.

Lefkowitz et al. (1990) have speculated that PKA is active and can 

phosphorylate and desensitize jS-ARs at relatively low levels of fractional receptor 

occupancy by agonists. In contrast, ft A R K  may act primarily under circumstances 

w here m uch higher levels of fractional occupancy are achieved. This would 

suggest tha t PK A  might m ediate desensitization in vivo at nanom olar agonist 

concentrations, as is the case for circulating catecholam ine concentrations or 

during drug administration, whereas jSARK might be expected to  be  involved in 

desensitization at noradrenergic synapses w here nerve stim ulation results in the 

rapid  increase of catecholam ine levels to 10'5M  or higher. PK A  would also be 

active a t these high concentrations. Confirm ation of this hypothesis awaits 

inform ation on the relative kinetics of the two kinases and their distribution, 

however, northern  blot analysis of m R N A  from  tissues probed with jSARK cDNA 

showed the highest levels of expression in brain, spleen and heart, with very little, 

if any expression in liver or muscle (Benovic et a l, 1989). Those tissues with the 

greatest levels of noradrenergic innervation had the highest expression of jSARK 

m RNA. This finding is com patible with the hypothesis that jSARK is selectively 

expressed at synapses.
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1.2 Bipolar Depression

1.2.1 D escription

The affective disorders are those in which there is a disturbance of mood, 

accom panied by a full or partial manic or depressive syndrome, tha t is not due to 

any o ther physical or m ental disorder (Am erican Psychiatric Association, 1980). 

In this context m ood refers to  a prolonged em otion that colours the whole psychic 

life.

The term  manic-depressive psychosis was coined by K raepelin and included 

all periodic and cyclical psychoses, all manias and most depressions, together with 

affective personality disorders and some cases of delirious states (Kraepelin, 

1922). H e  based this synthesis on similarities in symptoms, on the  good prognosis 

for the individual episode o f illness, and on family history. Later, manic- 

depressive psychoses w ere divided into bipolar and unipolar disorders. This was 

based on L eonhard’s classification of endogenous psychoses (1959) and the term s 

"monopolar" and "bipolar" w ere first suggested by Leonhard in 1962. This concept 

was also developed independently by Angst (1966) in Switzerland and by Perris 

(1966) in Sweden. Perris introduced the term  "unipolar" in the interests of 

etymological purity. In this context "bipolar" referred  to patients who had attacks 

of bo th  m ania and depressive psychosis, whilst "unipolar" referred  to those 

patients who had recurrent attacks of m ania alone or depressive psychosis alone. 

However, following family studies in Am erica (W inokur et a l , 1969), the term  

"bipolar" cam e to  apply to patients who have had an attack of m ania, w hether or 

no t they have ever been  depressed, and the term  "unipolar" was restricted to 

patients with episodes of prim ary depressive illness alone. In this case "bipolar" 

is synonymous with W inokur’s term  "manic-depressive disease", and "unipolar" 

with "depressive disease".

M ost individuals who have a disorder characterized by one or m ore manic 

episodes will eventually have a m ajor depressive episode. In the general 

population unipolar disorder (U P) is m ore common with a m orbid risk of around 

3%  com pared with 0.2-1.0 % for bipolar disorder (BP) (Reich et a l, 1982).
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M ania is characterized by elevation of mood, pressure of talk, over-activity, 

and expansiveness or grandiosity. Insomnia is a cardinal symptom of mania, with 

decreased duration of sleep often being the first symptom noted  by the  patient of 

an im pending m anic episode. M ost patients are also irritable, with frustration 

leading to  anger, hostility and even aggression (Gibbons, 1982). Patients have 

delusions of special abilities, grandiose identity, wealth, or of being on a special 

mission (Leff et ah, 1976). Delusions o f persecution also occur. Som e patients 

also repo rt having auditory or visual hallucinations. A  com bination of pressure 

of activity, expansiveness, grandiosity and disinhibition often leads to  extravagant 

behaviour, of which overspending is typical. During a m anic episode all the 

savings of patien t and family may be spent and large debts accum ulated in a 

m atter of weeks (Gibbons, 1982). In the community, the  m anic patients 

extravagance can lead to  ruin. M anic episodes typically begin suddenly, with a 

rapid  escalation of symptoms over a few days.

D epression is among the most ubiquitous of psychiatric symptoms. It has 

been  estim ated, on the basis o f a study in an  inner-London suburb, tha t seven out 

o f ten  wom en and m ore than four out o f ten  m en will have had  at least one 

clinically significant depressive episode by the age of 65 (Bebbington et ah, 1989). 

According to  the Diagnostic and Statistical M anual of M ental D isorders, Third 

Edition (DSM -III) (A m erican Psychiatric Association, 1980), the essential feature 

is either a dysphoric mood, usually depression, or loss of in terest or pleasure in 

all, or alm ost all, usual activities and pastimes. O ther symptoms of the depressive 

syndrome include appetite  disturbance, change in weight, sleep disturbance, 

psychom otor agitation or retardation, decreased energy, feelings of worthlessness 

and guilt, difficulty concentrating or thinking, and thoughts of death  or suicide or 

suicide attem pts. The onset of a  m ajor depressive episode is variable, with the 

symptoms usually developing over a  period of days to weeks, though it may be 

sudden and precipitated by severe stress.

In BP disorder the initial episode is often manic. The first manic episode 

of BP disorder typically occurs before the age of 30. M ajor depression may begin 

a t any age, with the age of onset being fairly evenly distributed throughout adult 

life. Both the manic and depressive episodes are m ore frequent and shorter than
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the depressive episodes in U P disorder. Frequently a manic or depressed episode 

is immediately followed by a short episode of the o ther kind. Some individuals 

have episodes separated  by many years of norm al functioning, whilst others have 

clusters of episodes. Frequency of episodes may increase with age.

1.2.2 Genetics

BP disorder can clearly be seen to aggregate in families. K raepelin (1922) 

noted tha t hereditary factors w ere evident in 80% of his patients, and most 

subsequent authors have also acknowledged the im portance o f genetic factors. 

It has been  estim ated that genes account for m ore than 80% of the variance in 

liability to  BP disorder (M cGuffin & Katz, 1986).

Problem s are posed for genetic analysis of affective disorders by the all-or- 

none quality of psychiatric diagnosis, the low frequencies of disorder in relatives 

of ill probands, and the multiple forms of affective disorders found in families 

(G ershon et a t, 1976). In order to deal with these problems, several strategies 

have been  used. A ppropriate genetic models have been  form ulated and are 

applied to  the family study data on the affective disorder. The majority of these 

models are  "liability-threshold" models in which it is assum ed that a  variable 

term ed "liability to  develop the disorder" is continuously distributed within the 

population bu t that only those individuals whose liabilities exceed a certain 

threshold will manifest the disorder (McGuffin & Katz, 1986). The relatives of 

affected individuals will then on average have a higher liability than  the general 

population m ean and so m ore will lie beyond the threshold for exhibiting the 

disorder.

M ultiple threshold-liability models are also possible in which a num ber of 

conditions are  said to occupy the same continuum of liability with quantitative 

ra ther than  qualitative differences such that those individuals whose liability 

exceeds a  certain threshold, manifest the common, "broad" form  of the illness, 

while those whose liability exceeds a second m ore extrem e threshold exhibit a less
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common, m ore severe, "narrow" form  of the disorder. Further, m ore extrem e 

thresholds can be  added.

The two m ain models concerning the genetic com ponent of liability are 

single m ajor locus (SML) and polygenic-multifactorial (M F) models. U nder the 

SM L m odel it is postulated tha t the liability is due to a single gene locus a t which 

there  are two alleles (or alternative genes). U nder the M F m odel it is assum ed 

tha t the liability is contributed by the predom inantly additive effects of genes at 

multiple loci which together with environm ental effects will result in a normally 

distributed liability within the population. A  third "mixed" m odel is also possible 

in which liability is contributed by a m ajor locus against a  background of 

multifactorial/polygenic influences.

A nother strategy is to define a  sub-group from  the affective disorders that 

is hom ogenous and which could then  result in pedigrees or segregation ratios that 

fit classical M endelian models. The subgroup may be defined in term s of clinical 

or biological characteristics, or on the basis of a distinctive m ode of transmission, 

such as linkage to  a known chrom osom al m arker.

The division of the affective disorders into U P and BP has been  supported 

by studies into the family histories o f these disorders. The first significant 

investigation along these lines was undertaken by Leonhard et al. (1962) who 

studied 104 fem ale patients with affective psychoses and their families. They 

found that the parents, siblings (sibs) and sibs of parents of BP patients all showed 

higher incidences of affective psychoses than the corresponding relatives of U P 

patients. The incidence of affective disorders in the relatives of both  BP and U P 

patients was greater than that of the general population. Angst (1966) reported  

on a family investigation into 331 psychotic-depressives observed from 1959 to 

1963 and found essentially similar results. Perris (1966) conducted a family 

investigation into 294 patients with affective disorders. H e also subclassified the 

relatives of the probands into U P and BP. H e found tha t U P and BP w ere 

genetically distinct and tended to run  true in the families in tha t there w ere very 

few U P relatives of BP probands (0.5% risk) and very few BP relatives of U P 

probands (0.3% risk). Subsequent studies have consistently found tha t BP

37



patients have m ore BP relatives than  do U P patients (Perris, 1968; Reich et al, 

1969; W inokur etal., 1969; Trzebiatowska-Trzeciak, 1977), although there  was also 

considerable prevalence of U P illness in families of BP patients.

G ershon et al (1976) reviewed and analysed six papers which presented the 

polarity of the probands and the secondary cases. These data  satisfied the 

preconditions of transmissibility for a two-threshold m odel of liability for m ajor 

affective disorder in that the relatives of BP probands had m ore BP illness than 

the relatives of U P probands, and tha t the risk of m ajor affective disorder was 

greater among the relatives of BP probands than U P probands. A lthough this 

would suggest tha t a common genetic diathesis may account for both  BP and U P 

illness, the opposite hypothesis of separate inheritance of the two disorders is also 

possible, particularly in the light of Perris’ results. Some association betw een the 

two disorders may be the consequence of assortative mating. The m orbid risk for 

affective disorders in the spouses of affectively ill patients has been  shown to  be 

much greater than  the population prevalence suggesting tha t a great deal of 

assortative m ating occurs (Reich et a l, 1982). It is not known, however, w hether 

such assortative mating, even for many generations, is sufficient to explain the 

association of U P  and BP disorders.

A  preponderance females over males appears to be present in both  U P 

and BP disorders (G ershon et a l, 1976). However, in BP disorder this sex 

distribution does not extend to the relatives of affected probands. Angst’s study 

(1966) showed an equal sex distribution for relatives of BP probands, bu t a  much 

higher incidence (16.4%) of affective psychoses in female relatives of U P patients.

Twin research has been  very useful in evaluating the genetic contribution 

to  affective disorders and any genetic distinction betw een U P and BP. Studies of 

monozygotic (M Z) and dizygotic (D Z ) twins have provided evidence that strongly 

suggests tha t genetic factors have a significant influence in the aetiology of 

affective disorders. Price (1968) surveyed case reports in the literature of 12 M Z 

twin pairs who w ere reared  apart and found a concordance ra te  of 67% for 

affective illness. G ershon et al (1976) analysed six studies of M Z-D Z 

concordance rates for severely ill patients with affective disorders (1930-1974).
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The overall concordance ra te  for M Z twin pairs was 69% and for D Z  pairs it was 

13%. Assuming that intrapair differences in environm ent are the sam e for M Z 

and D Z  twins, then the considerably higher concordance ra te  for affective illness 

in M Z  twin pairs than in D Z  twins indicates a heritable disorder. The 

concordance ra te  for M Z twin pairs is com parable to that found by Price for twins 

reared  apart. G ershon suggested tha t the presence of discordant M Z twin pairs 

(30.8%) indicated that non-genetic factors may influence the vulnerability to 

affective disorders.

Bertelson et al. (1977) conducted a twin study using the D anish twin 

register, which included all the same-sex twins bom  in D enm ark betw een 1870 and 

1920. By com paring the twin and psychiatric registers, it was possible to  ascertain 

a t least 110 pairs of twins w here at least one m em ber of the pair had an affective 

disorder. The concordance ra te  for affective disorders in M Z twins was 67% and 

in D Z  twins it was 20%. W hen these data w ere categorized as to the polarity of 

the affective disorder, concordance for BP disorder in M Z twins was 79% and in 

D Z  twins was 19%. F or U P disorder the concordance rates w ere 54% and 24% 

respectively. These results are in keeping with the previous findings, and also 

suggest tha t genetic factors may play a greater role in BP than  in U P disorders. 

Two further studies are consistent in showing significantly higher concordance 

rates in M Z twin pairs than D Z  twin pairs (Torgersen et al., 1986; M cGuffin & 

Katz, 1989).

The concordance of polarity (U P or BP) in M Z twins has also been 

investigated. Zerbin-Rudin (1969) examined the clinical inform ation published 

both  in systematic twin series and in single case reports given in o ther systematic 

investigations, from 1941 to 1966. In 83 M Z pairs reviewed, 21 w ere concordant 

for BP illness, 22 for U P illness, and 7 pairs had one m em ber U P and one BP. 

Similarly, in Bertelson’s study (1977), out of 46 concordant M Z  pairs, 21 w ere 

concordant for BP illness, 15 for U P illness and 10 pairs had one m em ber U P and 

one m em ber BP. Since the genotypes of M Z twins are identical, these data 

indicate tha t both  genetic and non-genetic factors play a role in determ ining 

polarity, and are  ambiguous as regards determ ining w hether or not there  is a 

genetical difference betw een U P and BP syndromes.
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A doption studies have also provided useful data as regards the genetic 

contribution to  affective disorders. Mendlewicz & R ainer (1977) studied the 

families of adult BP probands who had been  adopted early in life. The incidence 

of BP and U P affective disorders in the biological parents was m uch higher than 

in the adoptive parents. This study lends support to  the view that BP and U P 

disorders can be transm itted by a common genetic mechanism. C adoret (1978) 

conducted a similar study whose results also supported the hypothesis of a genetic 

factor, primarily in U P disorder.

G ershon et al (1976) concluded from  their critical analysis of the literature 

tha t autosom al SM L inheritance could account for both  the U P and BP forms of 

affective disorder in some bu t not all family studies, using the multiple threshold 

m odel of liability. However, M F inheritance of a shared diathesis could also 

account for the data. Reich et al (1982) concluded from their review of family, 

twin and adoption studies, tha t the data supported the view that U P and BP 

affective disorders are at least two independently transmissible genetic illnesses, 

bu t tha t the psychopathological m echanism for producing a  BP illness may 

sometimes produce a U P one.

As the data on polarity and inheritance satisfy the rules for multiple 

threshold m odels of inheritance, results have been examined for evidence of sex- 

related  liability thresholds and for evidence of sex-linked dom inant transmission. 

The hypothesis of sex-related liability thresholds is that an autosomally transm itted 

genetic predisposition is associated with a lower threshold for the disorder in the 

sex with higher prevalence (i.e. female). To manifest the disorder a m ale would 

have to  have passed a higher threshold of liability and would therefore have a 

higher liability than  an ill female. This would predict tha t the total num ber of 

secondary cases for the sex with higher threshold probands (i.e. males) would be 

significantly higher than that for the opposite sex. In o ther words, fem ale 

secondary cases of male probands should outnum ber fem ale secondary cases of 

fem ale probands, and male secondary cases of m ale probands should outnum ber 

the male secondary cases of fem ale probands. G ershon et a l (1976) analysed 

eight studies tha t gave details of the sex and polarity of both  the probands and the 

secondary cases and found that the above conditions w ere not satisfied by either
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the U P  or BP family data, o r by both groups taken together. Therefore, the 

hypothesis of sex-related liability thresholds was not supported by the literature.

The hypothesis of X-linked dom inant transmission implies that a male 

proband will not in general have an ill father or son but may have an ill m other 

or daughter. From  G ershon’s study of the literature it was clear tha t in BP 

disorder there  was an overall excess of ill m others and daughters of m ale 

probands, which is compatible with X-linkage. However, as there  was still an 

appreciable num ber of m ale probands with ill fathers and sons, the observed 

excess may have been due to  the aforem entioned preponderance of fem ale 

affected patients over male. Goetzl et al. (1974) similarly found four occurrences 

of fa ther to  son transmission out of 39 probands. G ershon’s group therefore 

com pared the num ber of ill fathers and sons to the num ber of ill brothers of male 

BP probands, since the hypothesis of X-linkage implies tha t m ore brothers will be 

ill than  fathers or sons and this com parison avoids any effects of the sex ratio. 

They found that there was no significant difference betw een the two groups so the 

X-linked dom inant transmission of BP disorder was not supported by this study.

A  central goal of genetic studies of affective disorders is to  identify distinct 

entities tha t are genetically transm itted. Biological and pharmacological

characteristics of these disorders are a  m eans of identifying such entities. Studies
out

have been  carried^to discover genetic m arkers that could be applied to each 

individual in a pedigree to predict who is a t risk and who is not. A n ideal 

situation would be the identification of a  biological variant, such as an altered 

protein, that could be assigned a specific locus on a particular chromosome. 

According to N um berger & G ershon (1982) a characteristic can be investigated 

as a  possible genetic m arker of vulnerability to  an illness if it m eets a num ber of 

qualifications: the characteristic must be associated with an increased likelihood 

of the illness; it m ust be heritable; it must not be a secondary effect of the illness; 

and it m ust be observable or evocable in the well state, so tha t it is possible to 

determ ine its presence independently of the illness and to evaluate well relatives. 

To determ ine tha t a biological characteristic is a necessary or contributing genetic 

factor in an illness it must be dem onstrated tha t the transmission of the illness and 

the transmission of the characteristic must be related within pedigrees, tha t is,
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there  m ust be non-independent assortm ent with the illness within pedigrees. 

However, since twin and family data strongly suggest that some persons with the 

genetic tendency to  m ood disorder will be phenotypically well, and since there  

may be biological heterogeneity in the BP disorder, then  this non-dependent 

assortm ent may not necessarily be absolute.

The m ost straightforward form  of genetic m arker study is tha t of 

association, w here the frequency of a m arker in a  particular patien t group is 

com pared to  tha t of healthy controls. In 1979, Comings reported  the 

identification of a m utant protein, Pc 1 D uarte, with an increased frequency in 

b rain  specimens taken at autopsy from  individuals with affective disorder and/or 

alcoholism. This protein was most common in the caudate, putam en, thalamus, 

pons and brainstem . Controls showed a frequency of 32% carrying the abnorm al 

protein, while depressed and alcoholic individuals showed a frequency of 62%. 

T here  w ere 11 individuals with BP disorder, in whom the frequency of the D uarte  

protein  was 73%. No increased frequency of the D uarte  protein  was found in 

individuals with schizophrenia. However, there  was an association with multiple 

sclerosis (53% frequency). Whilst euphoria and depression are not uncom m on 

symptoms in m ultiple sclerosis and psychiatric disorders of clinical significance are 

m ore common in multiple sclerosis than  in the general population, there  is no 

evidence tha t patients with affective disorders are m ore likely to  have multiple 

sclerosis (N um berger & Gershon, 1982). It may be that o ther vulnerability factors 

in addition to  the D uarte  protein  are required for expression of these disorders.

H um an leukocyte antigen (HLA) associations with BP disorder have been 

repo rted  (B ennahaum  et al., 1975; Shapiro etal., 1976 & 1977a; S tem ber & Fieve, 

1977) bu t without statistical significance. O ther reports have not supported the 

presence of any association (Beckman et al., 1978; Smeraldi et al. , 1978; Targum  

et al., 1979; Tem ple et al., 1979). The possibility of genetic heterogeneity 

accounting for these differences was ruled out by Targum  et al. (1979) who carried 

out a  pedigree study of linkage of H LA  antigens to BP disorder.

Associations with the ABO blood group system have also been  investigated. 

T here  has been  some agreem ent that blood group O is increased in BP patients
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com pared with controls (M asters, 1967; Mendlewicz et a l , 1974) and in BP 

patients com pared with U P patients (Shapiro et a l, 1977b). However, in one 

study, group O was found to  be associated with involutional melancholia, a 

diagnostic subtype which seem ed to contain only U P patients (Irvine & Miyashita, 

1965), while in another study group A  was increased in bo th  BP patients and the 

to tal sample of patients with affective disorders (Flem enbaum  & Larson, 1976) 

w hereas in Shapiro’s study (1977b) group A  was decreased in BP patients 

com pared to  U P patients and to controls. These discrepancies suggest tha t no 

im portant association is present.

Linkage studies aim to determ ine w hether a particular genetic m arker 

assorts with the illness within families. Linkage occurs when two genetic loci on 

the sam e chrom osom e are sufficiently close to one another for alleles at those loci 

not to  be inherited independently. Recom bination is the exchange of genetic 

m aterial betw een pairs of homologous chromosomes during meiosis by 

rearrangem ent of alleles due to cross-overs. The distance betw een loci can be 

inferred from  the num ber of recom binations as the closer the loci, the less likely 

is recom bination to  occur. Thus, if the recom bination fraction, which is a m easure 

o f the am ount of recom bination, is close to zero, linkage is likely. If the two loci 

are  far apart o r on different chromosomes, the recom bination fraction is 0.5. The 

criteria for linkage are that there be greater than random  association of the two 

traits within pedigrees and that the odds favouring this maximum be statistically 

significant. Statistical significance is m easured using the odds ratio  which is the 

ratio  betw een the probability of there  being linkage at a  given recom bination 

fraction from  0 to  0.5 and tha t of there being no m easurable linkage. This ratio 

is expressed as a logarithm  and is known as the lod score. F o r example, a lod 

score of 3 represents odds of 1000:1 tha t the observations are the  result of linkage 

a t the specified recom bination frequency rather than independent segregation.

Certain traits, such as p ro tan  colour blindness, deutan  colour blindness, 

glucose-6-phosphate dehydrogenase (G 6PD ) deficiency and Xg blood group, are 

known X  chrom osom e m arkers. Linkage of these m arkers to  BP disorder has 

been  reported  by Angst (1966), Reich et al (1969), W inokur & Tanna (1969), 

Mendlewicz et a l (1972, 1979 & 1980), Fieve et al (1973), M endlewicz & Fleiss
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(1974), Baron (1977), D el Zom po et a l (1984) and Baron et al (1987). However, 

as it is now known that the Xg and colour blindness loci are far apart on the X  

chromosome, it is unlikely that these m arkers can both be linked to BP disorder 

(M cGuffin & Katz, 1986) and in fact, close linkage to  the Xg locus was ruled out 

in two studies (Leckm an et a l , 1979; Risch & Baron, 1982). W hen the data from  

those of the above studies w ritten before 1974 w ere combined, linkage criteria 

w ere not satisfied (G ershon et a l, 1976), although in some of the reported  families 

linkage did seem  to be  present. G ershon’s group concluded tha t femaleness was 

a random  ra ther than  a familial com ponent of liability to affective illness, although 

X-linkage may be present in an indeterm inate proportion of cases in some 

populations studied.

Baron et al (1987) investigated linkage of BP disorder to  the m arkers for 

colour blindness and G6PD deficiency, excluding families with male-to-m ale 

transmission. They found good evidence for linkage to colour blindness in four 

pedigrees (lod score of 4.75 at a recom bination fraction of 0.04) and for linkage 

to G6PD deficiency in one pedigree (lod score of 2.94 at a recom bination fraction 

of 0.00). They concluded that the m ost probable location of the disease locus is 

close to and possibly betw een the two m arker loci and they estim ated tha t in 

general about one third of the BP population could carry this X-linked gene. The 

study of Mendlewicz et al (1987) provided further support for the hypothesis of 

an X-linked gene. This group dem onstrated linkage to  coagulation factor IX  

situated at q27 on the X-chromosome in ten pedigrees out of twenty-four 

investigated (lod score 3.10; recom bination fraction 0.11). There was no m ale-to- 

m ale transmission of BP disorder in these ten pedigrees. However, the findings 

of three o ther studies w ere not consistent with X-linkage (G ershon et a l, 1979; 

Kidd et a l, 1984; B errettini et a l, 1990) even though the studies of both G ershon 

& Berrettini investigated pedigrees in which there was no m ale-to-m ale 

transmission. It would seem, therefore, that although BP disorder is linked to X- 

chrom osom e loci in some pedigrees, only a small proportion of the BP population 

carry this X-linked gene.

A n investigation (Egeland et a l, 1987) into the genetically isolated Old 

O rder Amish population identified a m ultigenerational pedigree of 81 m em bers,
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19 of which had m ajor affective disorders. O f these 19 subjects, 14 had some 

form  of BP affective illness. Linkage analysis provided evidence of linkage to two 

m arkers, the cellular oncogene Ha-ras-1 (HRAS1) and insulin (INS) both localized 

close to the distal end of the short arm  of chromosome 11. These results w ere 

potentially very interesting as the structural gene encoding tyrosine hydroxylase, 

one of the principal enzymes in the synthesis of catecholamines, has been  m apped 

to the sam e segm ent of chromosome 11 as HRAS1 and INS (Craig et a l , 1985). 

However, two studies published in the sam e issue of Nature, found no evidence 

of linkage to these m arkers in either three Icelandic pedigrees or three N orth 

A m erican pedigrees (Hodgkinson et a l, 1987; D etera-W adleigh et a l, 1987). 

Furtherm ore, when Egeland’s original study was extended and reanalysed to 

include 39 additional m em bers of the pedigree and changes in diagnoses for two 

previously unaffected individuals, there was no longer evidence of linkage to  either 

HRAS1 or INS (Kelsoe et a l, 1989).

In summary, the evidence for a  genetic contribution to  BP disorder is 

consistent and compelling, although no candidate gene responsible for or 

associated with BP disorder has yet been  identified. It provides one of the firmest 

foundations for the conviction tha t there  is a biological basis for depression.
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13 Biochemical Investigations of Affective Disorders

It has long been  accepted that biochem ical changes are  im portant in the 

aetiology of affective disorders (Coppen, 1967). A  biochemical aetiology implies 

tha t there  are certain biochemical changes in the brain tha t need  to  be restored 

to  norm al before the patien t’s clinical condition will improve. These biochemical 

differences could either be inherent or precipitated and m aintained by 

psychological and environm ental events. As described above, for BP disorder at 

least, it would seem  that inherent or genetic factors have a m ajor contribution, 

accounting for m ore than  80 % of the variance in liability to  BP disorder 

(M cGuffin & Katz, 1986).

The m ost cogent argum ent in favour of a  biochemical basis to affective 

disorders is the success of physical m ethods of treatm ent of these illnesses, such 

as antidepressants and electroconvulsive therapy (ECT). Two m ajor approaches 

have been  used to  investigate the biochem ical changes th a t might occur in 

depression and mania. The first involves the examination of tissues obtained from  

patients with U P and BP disorder. Those normally taken  are  blood (plasma, 

platelets and lymphocytes), cerebrospinal fluid (CSF), and urine. These tissues 

can be examined either w hen patients are euthymic or when they are suffering an 

episode of m ania o r depression, and the biochemical effects o f treatm ent can be 

assessed. Post-mortem brain tissue, usually from suicide victims, has also been  

used in some studies. The second approach is to study the ways tha t 

antidepressants, lithium and EC T alter the biochemical functioning of the brain 

in experim ental animals.

1.3.1 Biochemical differences in patients with affective disorders

The first indication tha t m onoam ines may be involved in depression came 

in the 1950’s w hen it was noticed tha t reserpine caused depression in a  small 

proportion of patients prescribed the drug as an antihypertensive (Achor et al., 

1955; M uller et al., 1955; H arris et a l, 1957). Furtherm ore, it was observed tha t 

the effects of reserpine when adm inistered to  rats (sedation, reduced  locomotion,
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ptosis and hypotherm ia) could be prevented by prior treatm ent with iproniazid, 

im ipram ine and desipram ine which were then  novel antidepressants (Chessin et 

a l, 1957; Sulser et a l, 1964). Reserpine prevents the intraneuronal storage of 

m onoam ines (NA, 5-hydroxytryptamine (5-HT) and dopam ine (D A )) allowing 

them  to  be m etabolized by m onoam ine oxidase (M AO). This results in a  gradual 

depletion of m onoam ines from  the brain. Iproniazid, an M A O  inhibitor, causes 

the  leakage of m onoam ines from neurones resulting in excitation. Imipramine, 

a  tricyclic antidepressant, inhibits the neuronal uptake of N A  and 5-HT, thereby 

potentiating the effects of any NA  or 5-HT released (H ertting et a l, 1961; Axelrod 

& Inscoe, 1963). These observations led to  the form ulation o f the  monam ine 

theories of affective disorder which state tha t depression in m an is associated with 

a  decrease in noradrenergic and/or serotonergic function and  that, conversely, 

m ania may be associated with an excess of these amines (Schildkraut, 1965; 

C oppen, 1967; Lapin & Oxenkrug, 1969).

As a consequence o f the proposal of the m onoam ine hypothesis, 

researchers have attem pted  to identify deficits in the activity of m onoam ine 

transm itters in depressed patients by the m easurem ent of the concentration of 

these transm itters and their m etabolites in plasm a, CSF or urine, and in the brain.

N A  and D A  are  synthesised from tyrosine with D A  being a precursor of 

NA. N A  is m etabolized by M AO and/or catechol-O-m ethyltransferase (COM T) 

to 3-methoxy,4-hydroxy-phenyl-ethylglycol (M HPG), 3,4-dihydroxyphenylethylglycol 

(D H PG ), norm etanephrine, and vanillylmandelic acid (VM A). M H P G  is thought 

to  be  the m ajor product from  within the CNS, though recent anim al studies have 

suggested that perhaps D H P G  or norm etanephrine may be  m ore reliable 

indicators of central N A  activity. V M A is thought to be m ajor product in the 

periphery. D A  is m etabolized by M AO to 3,4-dihydroxyphenyl-acetic acid 

(D O PA C ) and by M A O  and CO M T to homovanillic acid (H V A ).

M easurem ent of CSF catecholam ines and m etabolites have produced 

conflicting results, with som e groups reporting decreases in M H P G  (G ordon & 

Oliver, 1971; Post et al., 1973; Jim erson et a l, 1975), VM A (Jim erson et a l, 1975) 

and H V A  (Bowers et a l, 1969; Papeschi & M cClure, 1971; van Praag & Korf,
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1971; M endels et al, 1972; Wilk et a l, 1972; Ashcroft et a l , 1973). The decrease 

failed to reach significance in some of the H V A  studies. O ther groups found no 

changes in M H PG  in depressed patients (Wilk et al, 1972; Shaw et a l, 1973; 

Shopsin et a l, 1975) although Wilk’s study did show significantly higher levels of 

M H P G  in patients with m ania which w ere reduced after lithium therapy. M endels 

et a l (1972) reported  that H V A  increased on recovery in th ree  out of four 

patients, whereas Ashcroft et al (1973) found no increase in H V A  on m ood 

im provem ent. The decrease in CSF H V A  observed by A shcroft’s group was only 

seen in U P patients, with BP patients, bo th  manic and depressed, having H V A  

values similar to  controls.

There is considerable debate as to  the origin of N A  m etabolites within 

lum bar CSF as there  are active N A  neurones within the spinal cord. The 

concentration of N A  m etabolites in lum bar CSF is probably a m ore accurate 

reflection of noradrenergic activity in the spinal cord than in the brain. This 

m eans that decreases in N A  m etabolites are likely to be a result of the reduced 

m otor activity often associated with depression. W ith regard to  H VA, there seems 

to  be fair agreem ent tha t the concentration of this m etabolite in lum ber CSF 

reflects brain D A  m etabolism  as there are few D A  neurons in the spinal cord 

(G reen  & Costain, 1979). Brain post-mortem levels of both  N A  and D A  are 

generally agreed to  be unchanged in depressed patients (Beskow et a l, 1977; 

E lliott & Stephenson, 1989).

A lthough it is difficult to assess w hat proportion of urinary M H PG  arises 

from  central N A  m etabolism  (M aas et a l, 1972a), m easurem ent of urinary M H PG  

has produced some reports of decreased levels in depressed patients and in 

patients with a brief episode of depression due to  am phetam ine-withdrawal (M aas 

et a l, 1968; Schildkraut et a l, 1971a & 1972; W atson et a l, 1972). In o ther 

studies either not all the patients excreted less M H PG  (M aas et a l, 1972b) or no 

decrease in urinary M H PG  was observed (Bunney et a l, 1972; Shopsin et a l, 

1973). In Shopsin’s study, four out of eleven patients with m ania had elevated 

M H PG  levels which fell within the control range when the patients recovered or 

w ere depressed. W hen patients w ere subdivided into U P  and BP type 

(Schildkraut, 1978), it becam e apparen t tha t low levels of M H P G  w ere observed
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in those patients with BP disorder during episodes of depression and w ere 

increased during episodes of mania. These changes in N A  activity could be 

re la ted  to the level of activity associated with a particular m ood.

A nother approach in investigating noradrenergic deficits is to  test 

peripheral noradrenergic function in patients with depressive disorders. The 

rational behind this type of study is tha t since similarities exist betw een central 

and peripheral neural noradrenergic mechanisms, the m ore readily accessible 

peripheral nervous system may provide insights into the CNS (Esler et a l, 1982). 

Also some patients with depressive illness have clinical symptoms suggesting 

autonom ic nervous system dysfunction (M atussek et al, 1981). Results from  such 

studies do not support the hypothesis of catecholam ine deficits in depression, and 

in fact several have provided evidence of increased noradrenergic functioning. 

Plasm a N A  levels have been  shown to be  elevated in some depressed patients 

(W yatt et a l, 1971; Esler et a l, 1982; Lake et a l, 1982; Roy et a l, 1985). In 

L ake’s study, high plasm a N A  levels w ere seen in both U P and BP patients and 

w ere associated with tachycardia, bu t not hypertension, in both  groups. Roy et al 

(1985) found elevated plasm a N A  levels only in U P patients who had either a 

current diagnosis or a past history of melancholia. BP patients had tendency 

towards lower plasm a N A  levels than controls. There was evidence of peripheral 

noradrenergic dysregulation or instability in BP patients as there  was a  greater 

percentage change in plasm a N A  levels from  lying down to standing up in these 

patients. Esler’s group (1982) studied plasm a N A  kinetics, m easuring the rates 

of N A  release to and removal from the plasma. The N A  spillover rate, tha t is the 

ra te  a t which endogenous NA, released from  sympathetic neurons, spills over into 

plasm a, was found to  be elevated in five out of eleven patients with depressive 

illness com pared to  controls. The half-time of the rapid com ponent of N A  

disappearance from  plasm a was shortened in depressed patients. This half-time 

is determ ined mainly by neuronal uptake of NA. The half-time of the slow 

com ponent o f removal, which may represent extraneuronal uptake and 

metabolism , was lengthened. The overall steady state clearance of N A  from 

plasm a was norm al in depressed patients. These results suggest that uptake of 

N A  by sympathetic neurons is increased in depressed patients.
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Although there  is therefore some evidence for a decrease in noradrenergic 

transmission in depression from  studies of N A  m etabolites in CSF and urine, this 

evidence is far from  consistent or conclusive. In addition, there  is little indication 

tha t noradrenergic transmission is increased in mania, and in fact some studies 

suggest tha t any change in noradrenergic function is in the sam e direction in both  

m ania and depression. Furtherm ore, the results of several studies of peripheral 

noradrenergic function suggest that this is increased in depression.

5-HT is m etabolized by M AO to  5-hydroxyindole acetic acid (5-HIAA). 

M easures of plasm a and urine 5-HT and 5-HIAA predom inantly reflect peripheral 

m etabolism  and are therefore inappropriate as indicators o f central 5-HT. 

Although some studies of CSF samples suggested that the concentrations of 5-HT 

and 5-H IA A  w ere lower in depressed patients than in euthymic o r control subjects 

(Ashcroft et a l , 1966; D encker et a l , 1966; C oppen et a l , 1972) o ther 

investigations have been  unable to confirm this as a consistent finding (Bowers et 

al, 1969; van Praag et a l, 1970; Wilk et a l, 1972). Ashcroft et al (1973) 

examined 5-H IA A  concentrations in the CSF of U P and BP patients, both  

depressed and manic. They found that only the U P patients had lower 5-HIAA 

concentrations than  controls. In contrast, C oppen et al (1972) found diminished 

5-H IA A  levels in both  depressed and manic patients.

O ne in terpretation of these inconsistencies was suggested by A sberg et al 

(1976) who observed that CSF 5-HIAA concentrations in depressed patients 

followed a bim odal distribution, one group having norm al values, the o ther low 

concentrations and this la tter group had a significant association with suicidal 

tendencies, particularly with suicide by violent means. This finding has since been 

replicated (Asberg et a l, 1986; Roy et a l, 1989) although the effect has also been 

associated with m ore generalized impulsive aggressive behaviour (Brown et a l, 

1979). However, as in the m easurem ent of N A  m etabolites in CSF, m easurem ent 

of 5-HT and its m etabolites in CSF does not necessarily m easure central 5-HT 

activity as there are 5-HT neurons in the spinal cord. There is also evidence of 

wide diurnal variation in the content of 5-HIAA in lum ber CSF. Again, reduced 

concentrations of indoleam ine in lum bar CSF from  depressed patients may simply 

reflect reduced m otor activity.
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Post-mortem brain studies have also produced conflicting results. Shaw et 

al (1967) found significantly lower 5-HT concentrations in the hind brain tissue 

of depressed suicides than in controls and Pare et al (1969) found lowered 5-HT 

but norm al 5-HIAA, although the significance of P are’s findings w ere offset by a 

positive correlation betw een 5-HT concentration and age. Lloyd et al (1974) also 

noted  a significant decrease in the lower brainstem  5-HT content in suicides, 

particularly in the raphe nucleus dorsalis where the serotonergic cell bodies are 

located. Brainstem  5-HIAA concentrations w ere norm al in this study. In contrast, 

Bourne et al (1968) found norm al 5-HT but low 5-HIAA concentrations in 

depressive suicides. A  subsequent study did not find any deficits in either 5-HT 

or 5-H IA A  (Beskow et a l , 1976).

Post-mortem studies can be difficult to in terpret (C ooper et a l , 198$). as 

often little is known of the psychiatric history or previous drug treatm ent of the 

patien t before death, particularly in suicide victims. Indeed, suicide victims may 

not necessarily have been  depressed. A  study of psychiatric diagnoses of suicides 

docum ented a variety of diagnoses, such as schizophrenia, drug abuse and 

alcoholism (Rich et a l , 1986). Careful matching of the test group to  the control 

group is im portant, particularly in term s of the agonal state a t the  time of death. 

M inimal post-mortem delay is also essential to ensure tha t changes in 

neurotransm itter levels do not occur.

It would seem  therefore tha t as in the case of noradrenergic functioning, 

the evidence for decreased 5-HT functioning in depression is unconvincing as 

m uch of the data are contradictory, particularly from  the post-mortem studies.

In addition to m easurem ent of monoam ines and their m etabolites, studies 

of the  m etabolic enzymes themselves have also been  carried out. The approach 

in these studies was to investigate peripheral enzyme activity as routine assay of 

brain  enzymes was not possible, and the assumption was tha t peripheral enzyme 

activity reflects the activity of the centrally located enzyme. No significant 

differences betw een depressed patients and controls have been  observed in the 

activity of CO M T located in erythrocytes or CSF, or plasm a dopam ine beta- 

hydroxylase. Some studies suggested that p latelet M AO may have increased
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activity in depressed patients (Sandler et a l, 1981), bu t further study refuted  this 

finding and many studies have found that p latelet M AO activity is decreased in 

BP patients com pared to U P  patients or controls (Sandler et a l, 1981; Fowler et 

a l, 1982; W irz-Justice, 1988). It has also been  suggested tha t platelet M AO 

activity is a predictor of response to  lithium, with BP patients with norm al M AO 

activity being responsive to lithium and those with low M AO  activity being 

lithium -refractory (Sullivan et a l, 1977). M AO activity was found to  have a close 

familial association which was independent of any affective disorder (W irz-Justice, 

1988). D ifferences in platelet M AO activity may also be re la ted  to  particular 

syndromes such as suicidal behaviour (low activity) and anxiety (high activity) and 

to  variables such as age, sex and stage of m enstrual cycle (W irz-Justice, 1988).

To summarize the above studies, clinical findings so far lend little support 

to  the hypothesis of deficits in neuronal monoam ines as the prim ary biochemical 

basis of depression. There are  o ther contradictions of this hypothesis, such as the 

fact tha t the antidepressants iprindole and m ianserin do not inhibit m onoam ine 

uptake into neurones, whilst cocaine and am phetam ine which are m onoam ine 

uptake inhibitors have no antidepressant activity. Furtherm ore, tricyclic 

antidepressants cause blockade of m onoam ine uptake within hours of a single 

dose, w hereas the onset of the therapeutic response can take two to th ree weeks 

(Oswald et a l, 1972). W ith this la tter point in mind, recent research has been 

concerned with the long-term  changes in m onoam ine systems due to daily 

adm inistration of antidepressants or ECT, with the hope that the elucidation of 

the mechanism(s) of action of antidepressant treatm ent will lead to  the discovery 

of the biochem ical basis (bases) of depression.

1.3.2 Biochemical effects of chronic adm inistration of antidepressants to  animals

Chronic adm inistration of tricyclic antidepressants to rats results in a 

decrease in the level of N A  in the brain (Schildkraut et a l, 1971b; Roffler-Tarlov 

et a l, 1973) which does not occur after a single dose (Sulser et a l, 1964). Segal 

et a l (1974) reported  adaptive changes in the activity of tyrosine hydroxylase that 

w ere inversely correlated with changes in the availability of catecholam ines. Thus,
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adm inistration of the tricyclic antidepressant desipram ine (D M I) for eight days 

produced a  significant decrease in the activity of the enzyme in the locus coeruleus 

and hippocam pus-cortex area, while reserpine caused a m arked increase in 

enzyme activity. This is a  possible explanation of the decrease in the level of NA 

seen by Schildkraut and Roffler-Tarlov’s groups, although a decrease in brain D A  

levels would also have been  expected and this did not occur.

Prolonged adm inistration of M AO  inhibitors to rats resulted in a 35-55% 

reduction in NA-stim ulated cAMP accumulation in the limbic forebrain (Vetulani 

et a l , 1975). Vetulani and Sulser (1975) went on to investigate the effect of 4-6 

w eek adm inistration of DM I, iprindole or 8 days of ECT. They found that 

NA-stim ulated cAMP accumulation in the ra t limbic forebrain was reduced by 

70% with D M I and iprindole and by 30-50% by ECT. These studies suggested 

tha t antidepressant treatm ents cause a  decrease in noradrenergic receptor 

function which is central to  their mechanism of antidepressant action and that this 

is a com m on m ode of action at postsynaptic noradrenergic receptor sites 

regardless of their action a t presynaptic sites (Sulser et a l, 1978). Furtherm ore, 

this suggests that supersensitive /3-ARs may be an aetiological factor in some 

forms of depressive illness (Sulser et a l, 1978). A  decrease in NA-stim ulated 

cAM P accum ulation of about 40% was observed in the ra t cerebral cortex by 

Schultz (1976) after six days adm inistration of imipramine and by F razer et al 

(1978) after seven or ten  days adm inistration of D M I lending further support for 

the above hypothesis. In both  studies, no reduction was seen after one or three 

days adm inistration of the antidepressant.

B anerjee and Kung (1977) dem onstrated that six w eek adm inistration of 

DM I, iprindole or doxepin to  rats resulted in a 66%, 42% and 31% decrease 

respectively in /3-AR binding in a  microsomal brain suspension. They suggested 

tha t the decrease in cAMP accumulation found by V etulani’s group was due to 

a  decrease in the num ber o f /3-ARs. /3-AR down-regulation after chronic D M I 

possibly resulted from  desensitization following an increase in the level of 

catecholam ines a t postsynaptic sites as a result of uptake inhibition. /3-AR 

occupancy by agonists results in desensitization due to phosphorylation of the 

recep tor by PK A  and/or /3ARK and its uncoupling from  Gs. If receptor
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occupancy is prolonged, phosphorylation and uncoupling will lead to /3-AR down- 

regulation (see pages 30-34). However, this does not explain the  /3-AR loss 

observed with iprindole, which has a minimal effect at presynaptic sites. /3-AR 

down-regulation was also observed by Sarai (1978) in hom ogenates of ra t cerebral 

cortex after repeated  injections of DM I; by D ibner and M olinoff (1979) in ra t 

cortical tissue slices after 10 days D M I administration; and by Pandey e ta l  (1979) 

in ra t cerebral cortical hom ogenates after twelve days ECT. W olfe et a l (1978) 

conducted a  simultaneous investigation of the effect of five to  twenty-one days 

D M I trea tm en t on both /3-AR-coupled cAMP accumulation and  /3-AR density in 

ra t cerebral cortex. A  35-45 % decrease in cAMP accum ulation was observed, 

which was accom panied by a 35-40 % decrease in /3-AR num ber. D ecreases in 

isoprenaline-stim ulated cAMP accumulation and /3-AR density w ere tem porally 

related, with maximal increases being observed by five to seven days o f treatm ent. 

They found similar results with pargyline, an M AO  inhibitor, and iprindole was 

shown to decrease /3-AR binding after eleven days administration.

The weight of evidence of /3-AR down-regulation and desensitization in 

response to  chronic antidepressant treatm ent in the ra t supports Sulser’s 

hypothesis tha t this is the mechanism of antidepressant action and tha t /3-ARs are 

supersensitive in depression, bu t does not prove it, partly because these studies 

w ere all carried out in "normal" rats. This hypothesis would seem  to be  in 

contradiction o f the catecholam ine hypothesis tha t noradrenergic functioning is 

decreased in depression.

Studies been  carried out to elucidate the mechanism of antidepressant- 

induced /3-AR down-regulation and desensitization. F razer et a l (1978) noted that 

there  was no reduction of the response to catecholam ines after chronic D M I 

adm inistration in the ra t diaphragm  which is devoid of adrenergic innervation. 

W olfe et a l (1978) and Schweitzer et al (1979) investigated the role of adrenergic 

innervation in the developm ent of /3-AR subsensitivity in response to 

antidepressants using 6-hydroxydopamine (6-OHDA) adm inistered to newborn 

rats to destroy adrenergic terminals. Chronic treatm ent with D M I had no effect 

on isoprenaline-stim ulated cAM P accumulation and /3-AR density in these rats 

lending support to  the concept that blockade of the neuronal uptake system with
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a concom itant increase in the effective am ount of N A  in the synapse causes the 

decrease in /3-AR subsensitivity. However, in vitro coincubation with D M I of ra t 

glioma C6 cells, a system lacking presynaptic neurons, has been  shown to result 

in /3-AR down-regulation, which suggests that D M I has a direct action on the 

/3-AR-adenylyl cyclase complex (Fishman & Finberg, 1987; M anji et a l, 1991). 

Furtherm ore, in the study of W olfe et a l, 6-O H D A  treatm ent also abolished the 

down-regulation previously observed with iprindole, which is neither an uptake 

blocker nor an M AO inhibitor. These results of W olfe et al are  open to  criticism 

as 6-O H D A  treatm ent alone caused m arked /3-AR sensitization.

Maggi et al (1980) extended the above findings to  include exam ination of 

the effect of chronic treatm ent with various antidepressants on 5-H T1? cholinergic 

muscarinic and a-adrenergic receptor binding in the ra t brain. Chronic 

adm inistration of im ipram ine led to a decrease in /3-AR binding in the 

hippocam pus and frontal cortex and a decrease in [3H]-5-HT binding in the 

corpus striatum , hippocam pus and frontal cortex. D M I trea tm ent caused 

significant /3-AR loss in the frontal cortex and cerebellum  and also significant 

5-H T1 recep tor loss in the frontal cortex. Nisoxetine and fluoxetine, which are 

m ore specific inhibitors of N A  and 5-HT uptake respectively than  the tricyclic 

antidepressants, had no effect on /3-AR binding in any of the brain  areas studied, 

either alone or in combination. Nisoxetine had been  previously shown not to 

cause /3-AR down-regulation in ra t cortex, even when higher multiple daily doses, 

tha t induced subsensitivity of the NA-stimulated adenylyl cyclase, w ere used 

(M ishra et a l, 1979). Nisoxetine and fluoxetine also had no effect on [3H]-5-HT 

binding in any brain area when adm inistered separately. However, when 

adm inistered in combination, these drugs caused a significant reduction in 

[3H]-5-H T binding sites in the  frontal cortex, but not in the hippocam pus, 

suggesting tha t 5-HT! receptor losses may be related  to a  com bined inhibition of 

bo th  5-HT and N A  uptake. Cholinergic muscarinic receptor binding was not 

significantly altered  by any of the treatm ents.

The potencies of a  wide range of antidepressants on a-adrenergic binding 

was also assessed in this study. Blockade of presynaptic a 2-autoreceptors would 

be  expected to  increase the release of NA into the synapse by inhibition of the
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negative feedback effects of NA, which would presum ably lead to /3-AR down- 

regulation in a m anner com parable to the blockade of N A  uptake. All the 

com pounds studied displayed some activity in inhibiting [3H]-clonidine binding to 

both  high and low affinity a 2-ARs. However, with the exception of mianserin, all 

o f the antidepressants examined had weak affinity for both a:2-AR subtypes, with 

Kj values in the 1-10 [iM range, com parable to tha t of prazosin, which is 

pharmacologically inactive a t the  a 2-AR. It therefore would seem  unlikely that 

antidepressants in general cause down-regulation via selective blockade of a 2-ARs. 

The classical antidepressants, such as imipramine, D M I and amitriptyline, were 

all shown to have high affinity for the a^-AR and to be 20-100 times m ore potent 

a t the c^-A R than the a 2-A R  (U ’Prichard et a l, 1978; Maggi et a l, 1980). 

Blockade o f a^-ARs has been  suggested as the m echanism of the sedative effects 

associated with these drugs, which are particularly effective in patients with 

psychom otor agitation (U ’Prichard et a l, 1978). Nisoxetine, fluoxetine and 

iprindole w ere at least 10-fold w eaker inhibitors of a 1-AR binding than  all the 

o ther antidepressants examined in the aforem entioned study. M ianserin, a 

tetracyclic antidepressant which does not cause /3-AR down-regulation (M ishra et 

a l , 1980; Sellinger-Bam ette, 1980), was shown to have high affinity for both  the 

ax- and a 2-ARs.

Estim ations of the effects of chronic antidepressant adm inistration on 

a 2-AR populations have produced conflicting results, probably due in the m ain to 

m ethodological differences, particularly in term s of w hether agonist or antagonist 

radioligand binding was m easured (Elliott & Stephenson, 1989). Sugrue (1983) 

found th a t pargyline reduced [3H]-clonidine binding in the rat, w hereas several 

o ther antidepressants, including DM I, imipramine, amitriptyline, m ianserin and 

ECT, w ere w ithout effect. In  contrast, decreased [3H]-clonidine binding was 

reported  in the ra t cortex after im ipramine (Cam pbell & M cK em an, 1982), in the 

ra t limbic system after amitriptyline (Smith et a l, 1981) and in several brain 

regions following EC T (Stanford & Nutt, 1982).

A  variety of antidepressant drugs, including M AO inhibitors and iprindole, 

have been  shown to reduce the density of 5-HT2 receptors with prolonged 

adm inistration (Peroutka & Snyder, 1980; Kellar et a l, 1981). This effect seems
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to be specific to antidepressants as it is not seen with structurally related 

com pounds tha t are devoid o f antidepressant activity (Peroutka & Snyder, 1980). 

However, am phetam ine also has this effect (Nielsen et a l , 1980) and 10 days EC T 

was shown to produce an increase in 5-HT2 recep tor binding (Kellar et a l , 1981), 

so the relevance of 5-HT2 recep tor density decrem ents to antidepressant activity 

is questionable. It has also been  questioned w hether [3H]-spiroperidol, the ligand 

used in all the above studies, binds to a receptor specific to 5-HT (Middlemiss et 

a l , 1980).

Iprindole, which does not seem to increase the availability of NA, 

nevertheless reduces both  the  sensitivity to  N A  and the density of /3-ARs 

(V etulani and Sulser, 1975; B aneijee and Kung, 1977; W olfe et a l , 1978). 

Furtherm ore, zimeldine, which is a selective 5-H T uptake inhibitor, produces a 

diminished cAMP response to NA in brain slices (M ishra et a l , 1980). 

Conversely, cocaine, an uptake blocker, increases the am ount of N A  in the 

synapse, bu t does not change the density of /3-ARs (Sethy & H arris, 1981). In 

order to  try to  account for these paradoxical findings, and since the term inal fields 

o f 5-H T projections in the cortex overlap those of N A  projections, the role of 

5-HT neurons in the regulation of /3-ARs and the /3-AR-coupled adenylyl cyclase 

system has been  investigated.

Janowsky et al (1982) examined the consequences of selective lesioning of 

serotonergic neurones on the effects of D M I in the ra t cortex. They found that 

chronic D M I adm inistration failed to decrease the density of /3-ARs in the absence 

of serotonergic input, while still reducing the sensitivity of the cAM P-generating 

system to N A  and isoprenaline, leading to the suggestion that 5-HT is required  for 

/3-AR down-regulation in response to antidepressants. However, such lesions of 

5-H T axons^themselves been  shown to cause an increase the density o f /3-ARs in 

the cerebral cortex and hippocam pus (Janowsky et a l , 1982; Stockm eier et al,

1985), with or without a concom itant increase in isoprenaline-stim ulated cAMP 

production (Stockm eier et a l, 1985; Gillespie et a l, 1988).

5-H T in vitro reversed the increased density of /3-ARs induced by 

serotonergic lesions (Gillespie et al, 1988). G illespie’s study also showed that it
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was the  density of /3-ARs in the low affinity conform ation tha t was increased by 

5-HT lesions and subsequently returned  to control values by in vitro 5-HT. This 

would explain the lack of change in j3-AR-coupled cAMP production seen by this 

group, inasm uch as the ability of an agonist to  activate adenylyl cyclase correlates 

closely with the am ount of the high affinity state o f the receptor form ed in the 

presence of the agonist (K ent et a t , 1980). As chronic D M I or E C T  have been 

shown to  decrease the num ber of [3H ]-D H A  binding sites tha t have high affinity 

for isoprenaline, and this decrease is unaffected by serotonergic lesions (M anier 

et a t , 1987; Stockmeier & Kellar, 1988), then  it is likely tha t the  serotonin lesion- 

induced increase in [3H ]-D H A  binding sites with low affinity for isoprenaline offset 

the D M I- and ECT-induced decrease in the high affinity sites. This would 

suggest tha t 5-HT axons do not play a  critical role in the down-regulation of 

/3-ARs by antidepressant treatm ents. However, elevated 5-HT levels have been  

shown to  accelerate the ra te  of /3-AR down-regulation in ra t cerebral cortex in 

response to  D M I (Baron et a t , 1988). Synaptic 5-HT levels w ere increased by 

adm inistration of fluoxetine, which in itself did not alter /3-AR num ber. W hen 

fluoxetine was adm inistered in combination with DM I, a significant decrease in 

/3-AR density was seen after only four days, at which tim e D M I trea tm en t alone 

had  no  effect, and after fourteen days the extent of down-regulation was greater 

than  was seen with D M I alone. This synergistic effect of fluoxetine and D M I was 

dependent on serotonergic transmission as it was abolished by 5-H T depletion

with p-chlorophenylalanine. So it would seem  tha t whilst 5-HT has a  limited role
o\

in the  mechanism/^antidepressant-induced /3-AR down-regulation, it can act 

synergistically with D M I to  accelerate the ra te  and increase the  extent of down- 

regulation.

1.3.3 Biochemical effects of administration of antidepressants to  depressed 

patients

All the above studies on the effects of antidepressant treatm ents on central 

adrenergic and serotonergic receptors have been  carried out in the  rat. The 

relevance of such studies to  the effects of antidepressants in the  hum an brain, 

particularly as regards patients with affective disorders, must always be  questioned.
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Certainly, the extrapolation of such results to  hypotheses o f the aetiology of 

affective disorders involves many assumptions, not least of which are  that 

antidepressant treatm ents have the sam e biochemical effects in rats as they do in 

hum ans and tha t these effects are related  to their antidepressant action. Species 

differences are to  be expected, and an example of such a difference is tha t chronic 

adm inistration of DM I, phenelzine and EC T did not cause /3-AR down-regulation 

in the cerebral cortex of guinea pigs (H u et a l, 1980). Confirm ation of the 

proposed hypersensitivity of /3-ARs in depressed patients is lim ited by lack of 

endocrine or behavioural models of central /3-AR function.

T here  are several ways to investigate central recep tor density and/or 

function and the effects of antidepressants in patients with affective disorders. 

O ne m ethod, which will be  discussed in the next section, is to  use peripheral 

models of CNS receptor systems, such as the p latelet a -A R  and the lymphocyte 

/3-AR. O ther ways include examining receptors in post-mortem brains of suicides, 

and m easuring the secretion of m elatonin as a m arker of /3-AR function.

Post-mortem receptor-binding m easures in brain tissue are  less susceptible 

than m onoam ine levels to the effects of both  post-mortem delay and acute 

fluctuations in neuronal activity and provide a direct approach to the study of 

CNS recep to r differences in depression. M ann et al (1986) investigated 5-H Tx 

and 5-HT2 receptor binding in the frontal cortex of suicide victims dying mainly 

of violent, non-pharm acological m eans com pared to  control subjects m atched for 

age, gender, post-mortem delay and the degree of violence associated with death. 

They found a significantly higher density of 5-HT2 receptors (28% ) in brains of 

suicide victims but no difference in 5-HTi receptor binding. These results, 

however, are  concerned with suicide by violent means, which as previously 

m entioned is specifically associated with low 5-HIAA concentrations in the CSF. 

No assessm ent was m ade as to  w hether the suicide victims w ere depressed and 

w hether either suicides or controls had been drug-treated, which is particularly 

relevant to  the suicides who might have been taking antidepressants. 5-HT2 and 

5-HTj binding sites w ere exam ined in the brains of suicides for whom a firm 

diagnosis of depression in the absence of symptoms of o ther psychiatric and 

neurological disorders could be  m ade (Cheetham  et al., 1988; 1989). B oth drug-
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free and antidepressant-treated subjects w ere studied. No significant differences 

in the num ber or affinity of 5-HT binding sites were found in the frontal or 

tem poral cortex betw een drug-free or antidepressant-treated suicides and controls. 

However, there was a significantly lower num ber of 5-HT2 (C heetham  et a l , 1988) 

and 5-HT1 (C heetham  et a l , 1989) binding sites in the hippocam pus, bu t not the 

amygdala, of drug-free suicides. No differences in 5-HTj sites w ere found when 

antidepressant-treated  suicides w ere com pared to  m atched controls, bu t when 

com pared to  drug-free suicides the num ber of 5-HT1 binding sites was significantly 

higher (40% ) and the binding affinity was lower (31%). The change in binding 

affinity was probably due to  residual drug effects. These results suggest tha t 

5-HT1 and 5-HT2 receptors in the hippocam pus are lower in subjects with 

depression than in controls, bu t are increased to control values by antidepressant 

treatm ent.

The above group have examined a2- and /3-AR binding sites in drug-free 

and antidepressant-treated depressed suicides (D e Paerm entier et a l , 1990; 1991; 

H orton, 1991). The num ber of a 2-ARs was higher in drug-free suicides than 

controls, and significantly so in the tem poral cortex (D e Paerm entier, 1991) and 

the frontal cortex (H orton, 1991) of suicides who died by violent means. These 

results confirmed those of M eana & Garcia-Sevilla (1987), who found tha t frontal 

cortical a 2-AR density was significantly higher in five depressed, violent suicides 

than  in controls. The lowest a 2-AR densities among the suicides were found in 

the two am itriptyline-treated suicides. Conversely, there  was a small, but 

significant, decrease in a 2-ARs in the hippocam pus of non-violent drug-free 

suicides (H orton, 1991).

The num ber of /3-ARs in cortical areas were generally lower for depressed 

drug-free suicides than controls (D e Paerm entier, 1990). The differences w ere 

significant in the tem poral cortex and the occipital cortex (H orton, 1991). There 

was no difference in j8-AR binding in the hippocampus, amygdala and thalam us. 

These results are similar to those of Stockmeier & M eltzer (1991) which did not 

show any significant difference in /3-AR binding in the frontal cortex in suicides 

com pared to m atched controls. However, they are in contrast to two previous 

studies tha t showed that /3-ARs w ere markedly higher in the  frontal cortex of
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suicides than m atched controls (M ann et a l , 1986; Biegon and Israeli, 1988). As 

none of these th ree  studies presented any psychiatric assessment, it is impossible 

to  know for sure w hether or not their suicides w ere depressed. Subjects receiving 

antidepressant drugs w ere excluded in Biegon & Israeli’s study, but not from  that 

o f M ann’s or Stockm eier and M eltzer’s groups. Both M ann et a l and Biegon and 

Israeli examined suicides dying mainly from  violent means. In D e Paerm entier’s 

study, depressed suicides who died by violent m eans had significantly lower 

num bers of /3-ARs in the frontal cortex than controls, which is the  opposite of the 

results of M ann et al. and Biegon & Israeli, whereas Stockm eier and M eltzer 

found no difference in frontal cortex /3-AR binding betw een violent suicides and 

controls. Non-violent suicides had significantly lower /3-ARs in the  occipital cortex 

than  controls (D e Paerm entier et a l, 1990). A ntidepressant-treated suicides had 

decreased /3-AR binding in the tem poral cortex and the thalam us com pared to 

controls, though overall there  was no clear indication tha t antidepressants had 

caused /3-AR down-regulation in the brain of depressed suicides. These studies 

suggest tha t /3-AR density in some brain areas is reduced in depression, which 

supports the catecholam ine hypothesis of decreased noradrenergic function in 

depression, and contradicts Sulser’s hypothesis of /3-AR supersensitivity.

The secretion of m elatonin is controlled by noradrenergic innervation which 

term inates on post-synaptic jSj-ARs in the pineal: the blockade of these with 

propranolol or atenolol inhibits the nocturnal secretion of m elatonin in m an 

(H anssen et a l, 1977; Cowen et a l, 1983). If /3-AR supersensitivity is p resent in 

depression and norm alized by antidepressants, then it would be expected that 

m elatonin secretion would be increased in depressed patients and decreased by 

antidepressant treatm ents. In fact, several groups have reported  tha t nocturnal 

m elatonin secretion is reduced in depression (W etterberg et a l, 1979; Branchey 

et a l, 1982), although these studies did not control the effects of body weight, 

season of year and psychotropic drugs on m elatonin secretion. A  carefully 

controlled study com pared 24 hour m elatonin secretion in U P  patients to tha t in 

m atched control subjects and in U P or BP patients when depressed to tha t when 

euthymic (Thom pson et a l, 1988). In contrast to the previous studies, no 

significant difference was found betw een depressed patients and controls, and 

there  was in fact a tendency for the nocturnal m elatonin values of the depressed
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patients to  be  higher than controls. W hen the depressed condition was com pared 

against euthymia, there was shown to be a significantly g rea ter secretion of 

m elatonin during depression. Paradoxically, D M I treatm ent has been  reported  by 

the sam e group to increase the secretion of m elatonin in depressed patients but 

not in controls (Thom pson et a l , 1983 & 1985). These results perhaps suggest 

tha t m elatonin secretion is not a reliable m easure of /3-adrenergic function. No 

evidence of functionally significant pineal /3-AR down-regulation by 

antidepressants has yet been  found in humans.

1.4 Peripheral Models in Bipolar Depression

The difficulty of post mortem o r cerebrospinal fluid studies com pared with 

the  ease of blood sampling and its possibility of sequential observations, has led 

to  the use of different blood cells as possible peripheral representations of central 

processes. The aim of such studies in affective disorders is twofold: to provide a 

convenient and easily m anipulated model of a  particular central process 

im plicated in the disorder with which to investigate that process in patients and 

controls, with and without drug treatm ent; and to thus find a peripheral 

biochem ical m arker of the affective disorder.

A  biochem ical m arker is any altered biochemical system or function in a 

patien t which indicates either a diagnostic entity or a specific brain  process or the 

function o f a neuroreceptor (Checkley, 1985). A  peripheral m arker of affective 

disorder is an alteration in a  peripheral system in the disorder tha t may reflect 

similar changes in that system, or a related  system, located centrally. For 

example, p latelet M AO activity as a m odel of M AO activity in the brain has been  

investigated as a  putative peripheral m arker for U P and BP disorder (see page 

52) and receptors located on blood cells have been  used as peripheral models of 

neuroreceptors (see below).

Peripheral markers may be state or trait dependent. State dependent

markers are present only in the active state of the illness whereas trait dependent

markers are also present in euthymia and so indicate the trait of being
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predisposed towards the developm ent of the illness. State dependent m arkers are 

useful in the m onitoring of response to treatm ent whilst trait dependent m arkers 

are of value in genetic studies. A  peripheral m arker may not necessarily reflect 

similar changes in the brain but ra ther be a  result of o ther changes and so may 

be a secondary biochemical m arker.

As alterations in the adrenergic system have been im plicated in affective 

disorders, two peripheral models of this system have b een  investigated, the 

p latelet a 2-AR and the lymphocyte j82-AR.

1.4.1 The platelet a 2-adrenoceptor

Chronic adm inistration of some, bu t not all, antidepressants to  the  ra t 

reduces a 2-AR num ber in the brain with associated changes in behaviour (see 

page 56). In depressed patients neuroendocrine and cardiovascular responses to 

the a 2-AR agonist clonidine are m uted and may be  modified following chronic 

antidepressant treatm ent (K atona et ah, 1987).

The hum an platelet expresses a 2-ARs which are qualitatively similar in 

biochem ical term s to those found in hum an brain tissue (Sum m ers et ah, 1983). 

The platelet a 2-AR binding characteristics in depressed patients have been  

exam ined and com pared to  those in healthy controls in the hope tha t differences 

in the density and affinity of this receptor binding site in the  p latelet reflects 

similar differences in the a 2-AR in the brain.

Using the selective a 2-AR antagonists, [3H]-yohimbine o r [3H]-rauwolscine, 

m ost studies have shown that receptor num ber is not significantly different to 

controls in either U P or BP patients (Stahl et ah, 1983; K atona et al, 1989; Elliott, 

1991). This is in contrast to  the above results from post-mortem brain, where 

[3H]-rauwolscine binding sites tend to  be increased in depressed suicides. 

However, using the partial agonist [3H]-clonidine, several groups have reported  

increased binding capacity in the platelets of depressed patients than  in those of 

controls, which was in the main associated with the high affinity site (Garcia-
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Sevilla et al., 1981 & 1986; Doyle et al., 1985; Takeda et a t, 1989). In two of 

these studies (Garcia-Sevilla et al., 1981; 1986) increased binding was not 

associated with the severity of the illness, but Takeda et al. found a positive 

correlation betw een the binding capacity and depression rating score.

The effects of antidepressant treatm ent on platelet a 2-A R binding has also 

been  studied. Using [3H]-yohimbine or [3H]-rauwolscine m ost studies found no 

significant changes following 1-6 weeks treatm ent with antidepressants (Stahl et 

a t, 1983; Pim oule et a t, 1983; Wolfe et al., 1989; K atona et al., 1989) or EO T 

(C ooper et a t, 1985) even though clinical im provem ent was seen in the majority 

of patients. However, using [3H]-dihydroergocryptine ([3H ]-D H E), Healy et al. 

(1983) reported  a significant reduction in binding only in those patients who 

showed clinical im provem ent. In contrast, when W ood and C oppen (1983) 

com pared [3H ]-D H E binding in untreated  depressed patients, euthymic BP 

patients receiving lithium and controls, they found that there was no significant 

difference in binding betw een the two patient groups, bo th  of which had 

significantly lower binding than  controls. In the aforem entioned studies of Garcia- 

Sevilla, patients with initially high [3H]-clonidine binding w ere shown to have 

decreased binding after antidepressant treatm ent, although the  extent of receptor 

decrease did not correlate with the degree of clinical im provem ent. This would 

suggest that the change in binding was a direct biochem ical response to the 

presence of the drug ra ther than  a state-dependent change. Overall, these results 

do not correspond well with the a 2-AR down-regulation seen in rats treated  with 

antidepressants.

It is clear tha t there is little consistency in the p latelet a 2-AR studies in 

affective disorders. Experim ents tha t employed the radioligands [3H]-yohimbine 

and [3H]-rauwolscine, technically the m ost suitable ligands, indicated no difference 

in binding betw een depressed and norm al patients. These results would suggest 

tha t the platelet a 2-AR is of limited use as a m arker in depression and that 

reports of its use must be carefully assessed in term s of the radioligand employed.
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1.4.2 The lymphocyte and lymphoblast /3-adrenoceptor

The hum an lymphocyte is a small spherical cell (7-12 /xm diam eter) with 

scanty cytoplasm and a round, slightly indented and eccentrically located nucleus, 

containing coarse masses of chrom atin (Klein, 1988). The m ain and unique 

function of lymphocytes is to initiate an im m une response by reshuffling their 

genes in such a way tha t they can then  produce receptors for antigens. These 

receptors provide the basis for distinguishing two types of lymphocyte: T  

lymphocytes differentiating in the thymus; and B lymphocytes differentiating in the 

bone marrow. The receptor of the T  lymphocyte is able to recognize both  an 

antigen (non-self) and a molecule encoded in the genes of the m ajor 

histocompatibility complex (self) a t the sam e time. In contrast, the receptor of 

the B lymphocyte, the immunoglobulin molecule, recognizes only the foreign 

antigen (non-self). The main physiological function of hum an lymphocytes is to 

distinguish self from  non-self and m ount a specific attack on non-self via the 

developm ent of B cells into effector cells which secrete antibodies.

A nother characteristic of lymphocytes is their ability to pause in the middle 

of their differentiation and begin to cycle. Each cycle involves the transform ation 

of the small, resting lymphocyte into a large, active blast cell, followed by several 

rounds of cell division and then  a gradual re turn  to the resting phase. This burst 

of activity can be repeated  a  num ber of times.

As described earlier (page 26), the hum an lymphocyte expresses /32-ARs 

tha t can be easily characterized by radioligand binding techniques and which are 

positively coupled to adenylyl cyclase. /3-Adrenergic agents can alter various 

elem ents of the im m une response. Catecholamines can inhibit or augm ent 

antibody production and can inhibit m itogen-induced lymphocyte proliferation, 

T-cell m ediated cytolysis, release of lysosomal hydrolases from  neutrophils, and 

the release of m ediators from  m ast cells (Khan & M elmon, 1988). The majority 

of these actions are m ediated by activation of adenylyl cyclase and the subsequent 

accumulation of cAMP. It has been  hypothesized tha t cAM P has a general 

inhibitory action on the immunological and inflammatory functions of lymphocytes 

so regulating the character and intensity of immune and inflam m atory responses.
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This suggests that cAM P serves to protect the host from  the dangerous 

consequences of an unregulated immune response (Bourne et a l , 1974). cAMP 

also plays a  role in the hum an B cell cycle, with elevated cytoplasmic cAM P levels 

inhibiting the late phase of the cycle (M uraguchi et a l , 1984). The presence of 

/3-ARs on lymphocytes, neutrophils and m ast cells may indicate that the 

sym pathetic nervous system and the adrenal m edulla exert som e control over 

immunological responses. R esearchers in the field of neuroimmunology have even 

suggested that certain cells o f the immune system may serve as "free-floating nerve 

cells", with these cells collectively representing a "mobile brain" (Blalock & Smith, 

1985).

The lymphocyte /3-AR model has been  used extensively to  m onitor /3-AR 

properties in less accessible tissues, such as the heart and lung, and thus to 

investigate (patho)physiological and drug-induced alterations in the /3-adrenergic 

recep tor system, particularly in heart disease and asthm a (M otulsky & Insel, 

1982).

As alterations in lymphocyte /3-ARs are thought to reflect changes in 

central noradrenergic function this model has been  used to study the /3-AR in a 

num ber of diseases involving the brain (W erstiuk et a l , 1990). Several studies 

have used the lymphocyte /3-AR to investigate /3-AR binding and function in U P 

and BP patients, bo th  drug-free and antidepressant-treated.

Ten studies have com pared lymphocyte /3-AR density in depressed patients 

to  tha t in controls, with conflicting results. Two studies observed elevated binding 

capacity in depressed patients (Healy e ta l, 1983; 1985); three groups reported  no 

difference in binding betw een patients and controls (Zohar et a l , 1983; M ann et 

a l , 1985; Jeanningros et a l , 1991); and five studies dem onstrated reduced /3-AR 

density in depressed patients (Extein et a l, 1979; W ood et a l, 1986; Carstens et 

a l, 1987; Pandey et a l, 1987; Magliozzi et a l, 1989). T here was no correlation 

betw een the reduction in binding capacity and severity of depression as indicated 

by the H am ilton depression rating scale (M ann et al, 1985; Pandey et a l, 1987). 

O f these ten  studies, only tha t of Magliozzi et al reported  any change in binding
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affinity. They observed a trend, that was not statistically significant, for lower 

binding affinity to [125I]-CYP in U P patients com pared to controls.

These differing results cannot be accounted for by the radioligands used, 

as o f the  five studies tha t found lower binding in depressed patients, two used 

[3H ]-D H A  and three used [125I]-CYP. Broken cell preparations w ere used in all 

five of these studies, whereas Healy et al. (1983 & 1985), M ann et al. (1985) and 

Jeanningros et al. (1991) used intact cells. Binding studies on intact cells can yield 

misleading results as during the  course of a binding experim ent receptors may be 

lost from  the  surface due to recycling and newly synthesized receptors may appear 

on the cell m em brane. Kinetic experiments on intact lymphocytes have suggested 

tha t even small changes in the specific conditions of the binding assay (radioligand 

concentration range, tem perature, assay incubation tim e) may lead to  considerable 

variation in the binding param eters (Graafsm a et al., 1988).

Seven studies have investigated lymphocyte adenylyl cyclase activity in 

depression, five of which found a reduced response to isoprenaline (Extein et al., 

1979; Pandey et al., 1979; M ann et al., 1985; Ebstein et al., 1988; H alper et al., 

1988). Extein et al. (1979) and M ann et al. (1985) simultaneously assayed /3-AR 

binding and function. Extein et al. found that both  isoprenaline-stim ulated cAMP 

accum ulation and /3-AR num ber were decreased in depression, w hereas M ann’s 

group found that the cAMP response was significantly reduced in depressed 

patients w ithout a significant decrease in receptor num ber. M ann’s study also 

found a significant negative correlation with psychomotor agitation score and the 

isoprenaline-induced cAMP increase, but this was not replicated in a  la ter study 

(H alper et al., 1988). K anof et al. (1989) found no difference in cAM P response 

betw een depressed patients and controls. The only difference betw een this study 

and those finding a reduction in cAMP response is the fact that 

polym orphonuclear, as opposed to mononuclear, leukocytes w ere used in K an o f s 

study. Klysner et al. (1987) also found no difference in isoprenaline-stim ulated 

cAM P accum ulation in depressed patients, bu t they found an increased response 

to  a  com bination of N A  and phentolam ine. A  possible problem  with this study 

is tha t subjects w ere drug-free for a minimum of only one w eek w hereas m ost of 

the o ther studies had a two w eek minimum w ashout period. A  minimum of two
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weeks drug washout has been  recom m ended to  remove possible effects of 

previous treatm ents and to  obtain consistent results (W erstiuk et a l, 1990). As 

in the  binding studies, there  was no correlation betw een the degree of the reduced 

cAM P response and the severity of illness as assessed by the H am ilton scale 

(M ann et al., 1985; Ebstein et al., 1988; H alper et al, 1988).

All of the above studies com pared patients undergoing an episode of 

depression to norm al controls, though two groups also investigated m anic patients 

(Extein et a l, 1979; Pandey et a l, 1979). In studies w here the polarity was 

described, the patient groups were either all o r mainly U P (M ann et a l, 1985; 

C arstens et a l, 1987; H alper et a l, 1988; Magliozzi et a l, 1989) or a combination 

o f U P and BP (Extein et a l, 1979; Pandey et a l, 1979; W ood et a l, 1986; Klysner 

et a l, 1987; Ebstein et a l, 1988; Jeanningros et al, 1991). In som e of these 

studies the U P and BP subgroups were com pared individually to  controls and/or 

to  each o ther (Pandey et a l, 1979; Extein et a l, 1979; Ebstein et a l, 1988; 

Jeanningros et a l, 1991). Comparisons have also been  m ade betw een depressed 

and  euthymic patients (Extein et a l, 1979). Pandey’s group (1979) found that 

bo th  U P  depressed patients and BP manic patients had lower isoprenaline- 

stim ulated adenylyl cyclase activity than controls, and that there  was no significant 

difference betw een the two patient groups. Extein’s study found that /3-AR 

density and isoprenaline-stim ulated cAMP accumulation w ere reduced in both 

depressed and manic patients com pared to  both  controls and euthymic patients, 

although the reduction in cAM P response was only significant when the data from 

depressed and manic patients w ere pooled. Ebstein et al (1988) similarly found 

no difference in cAMP response betw een U P and BP patients. In contrast, 

Jeanningros et al (1991) found significantly lower /3-AR binding in U P  patients 

than  in BP patients. A part from  this most recent study, these results suggest that 

decreased /3-AR num ber and function is not dependent on w hether the patient is 

undergoing a depressive or manic episode, or on the polarity of the affective 

disorder.

Buckholtz et al (1988) provided further evidence of this la tte r point when 

they com pared /3-AR binding in U P and BP patients and found no difference in 

binding capacity or affinity. This study also m easured plasm a N A  concentrations
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and found them  higher in the BP than the U P depressed group. H igher plasma 

N A  bu t equal /3-AR num ber suggests perhaps that there was a deficit in agonist- 

induced down-regulation in the BP group. Analysis of the binding curves and of 

isoprenaline com petition studies done in the absence and presence o f G ppN H p 

revealed a significantly greater KL/KH ratio in the BP group, w hereas one would 

have expected high plasm a N A  to be associated with a lower K L/KH ratio  as this 

ratio  is a m easure of the agonist affinity state of the /3-ARs, with a  higher ratio 

indicating higher /3-AR sensitivity to NA. In o ther words, there  is a dissociation 

of plasm a N A  concentration from  the KL/KH ratio m easure of sensitivity in 

lymphocytes from  BP patients.

The aforem entioned results also suggest tha t decreased /3-AR num ber and 

function is state-dependent, as depressed and manic patients had lower /3-AR 

num ber and function than  euthymic patients. However, as state comparisons were 

no t m ade from  the sam e patients when depressed or m anic and then when 

recovered, these results are perhaps questionable. A  reduction in /3-AR density 

was apparen t in euthymic BP patients receiving lithium (W ood et a l, 1986) and 

j6-AR num ber in depressed patients was not altered by EC T even though there 

was considerable clinical im provem ent (C ooper et a l, 1985). D M I and lithium 

trea tm en t w ere not associated with any significant change in /3-AR num ber or 

function in U P and BP patients tested before and after drug trea tm en t (Extein et 

a l, 1979). These results indicate tha t /3-AR num ber is no t affected by 

antidepressant treatm ent, so presum ably decreased /3-AR num ber in affective 

disorders is not state-dependent. However, in the two studies which reported  

increased /3-AR binding in depressed patients, antidepressant trea tm en t did result 

in a  decrease in receptor binding (Healy et a l, 1983; 1985). A ntidepressant 

therapy was not associated with any change in /3-AR num ber in Buckholtz’s study 

(1988). Interestingly, Buckholtz et al found tha t antidepressant therapy increased 

the Kl/Kh ratio, suggesting an increase in receptor sensitivity to  NA.

The lymphocyte /3-AR m odel has an im portant disadvantage in that this 

recep tor is sensitive to m odulation by catecholamines, drugs and  horm ones in the 

plasm a (Fraser et a l, 1981; Feldm an et a l, 1983), which will be  discussed further 

in C hapter Five. Lymphocytes can be transform ed to im m ortal lymphoblast cell
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lines using the Epstein-B arr virus (Nietzel, 1986). Lymphoblasts are genetically 

stable (Povey, 1973; 1980) and though their /3-AR density is lower than  that seen 

in lymphocytes, their /3-AR affinity for radioligands is similar (Ebstein et a l , 1985; 

Elliott, 1987). The use of cultured cells avoids the problem s of receptor 

m odulation by plasm a catecholam ines and horm ones and any effects of the phase 

of illness and drug treatm ent. The kinetic param eters of the lymphoblast /3-AR 

have been  shown to  be a stable characteristic of a  cell line (B errettini et a l, 1987). 

Any persistent defect can therefore be presum ed to be genetically coded (W right 

et a l, 1984) and changes in intrinsic /3-AR density should be revealed, that will be 

trait-dependent.

According to  the two threshold-liability m odel described previously, BP and 

U P can be  seen as "narrow" and "broad" versions of the sam e condition occupying 

the sam e continuum  of liability. Therefore it would seem  probable that the 

genetic or biological contribution to BP will be greater than  for UP. As 

lymphoblast studies investigate the /3-AR as a  possible genetic susceptibility 

m arker, BP patients have been  used because the genetic loading in this disorder 

is g reater than  tha t in U P disorder.

/3-AR density has been  studied in lymphoblast cell lines derived from  BP 

patients and norm al controls by two groups (W right et a l, 1984; B errettini et al, 

1987). W right et al used BP probands with severe illness of early onset and a 

family history of affective disorder in two generations. Samples from  unaffected 

m em bers of the proband’s family were used as controls in addition to  non­

psychiatric controls. Cell lines from  three out of five BP families (four out of six 

patients) had significantly lower /3-AR num ber in affected m em bers than  in 

unaffected m em bers or non-psychiatric controls. Only one out of nine familial 

controls had this receptor defect. In contrast to these results, B errettini et al 

(1987) found no difference in binding capacity or affinity betw een 17 BP subjects 

and 14 unrelated  controls. T here  was no suggestion of a patien t subgroup with 

lower /3-AR binding. /3-AR binding capacity in controls agreed well with tha t of 

W right et a l. The m ain difference betw een the two studies was the radioligand 

used as W right’s group used [125I]-HYP whereas B errettin i’s group used 

[125I]-CYP. The binding characteristics of these two radioligands have been
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com pared in a lymphoblast cell line, with differences in binding characteristics of 

these ligands being proposed as the reason for the conflicting results (Friend et 

a l, 1988).

Overall, studies of the lymphocyte /3-AR would seem  to suggest that 

/3-adrenergic activity is decreased in depressed patients com pared to norm al 

controls. This /3-AR defect was similar both  in patients with depression and in 

those with m ania, was not re la ted  to  the severity of depression and did not alter 

after treatm ent, which suggests tha t it is not dependent on the phase of the illness. 

As binding affinity is unaltered  in affective disorders, it would seem  that reduced 

/3-AR density is due to a  defect in /3-AR regulation as opposed to  a defect in the 

recep tor itself. This could either be a  decreased synthesis or an increase in 

uncoupling, desensitization or down-regulation. However, the findings of 

Buckholtz et al (1988) indicate that sensitivity to N A  is reduced in BP patients, 

which would suggest tha t a decrease in down-regulation and desensitization would 

be  expected in these patients.

N um berger and G ershon (1986), have stated that for genetic progress to 

be m ade in affective disorders, our interest m ust move from  changes in the acute 

m anic or depressive episode to  the chronically present constitutional vulnerability. 

They suggest tha t the most valuable findings will be those abnorm alities tha t do 

not change from the ill to  the well state, and those that can be  unm asked in the 

well state, possibly by pharmacological challenge methods. Abnorm alities of the 

lymphoblast /3-AR in patients with affective disorders would be  independent of 

affective state. Furtherm ore, cultured cells allow controlled m anipulation of the 

conditions tha t may reveal abnorm alities in receptor regulation and function.

1.4.3 Validity of the lymphocyte and lymphoblast /3-adrenoceptor models

Since peripheral blood cells are easily accessible, hum an lymphocytes are 

frequently used as a m odel to  study physiological and pharm acological alterations 

in the /3-AR system. F raser et al. (1981) found tha t there was a  good correlation 

betw een hum an lymphocyte /3-AR density and cardiac sensitivity to  isoprenaline
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which they felt validated the use of studying the lymphocyte /3-AR as a m odel of 

adrenergic function. Maisel et al (1988) com pared lymphocyte and cardiac j6-AR 

sensitivity to  isoprenaline in the guinea pig. They also found tha t lymphocyte 

/3-ARs respond to circulating isoprenaline in a m anner generally similar to  tha t of 

/3-ARs on the  myocardium. However, their data indicated th a t the lymphocyte 

/3-AR does not reflect changes prom oted by /31-AR selective agonists and/or 

changes tha t occur a t synapses w here the catecholam ine concentration greatly 

exceeds tha t to which the lymphocytes are exposed in the plasm a. This would 

suggest tha t the lymphocyte m odel is useful in investigating correlations betw een 

plasm a concentration of catecholam ines and horm ones and /3-AR num ber and 

function, w hereas the lymphoblast, which is grown in culture under controlled 

conditions, is the preferred  m odel to examine intrinsic differences in the /3-AR and 

its regulation.

The extrapolation from  changes in lymphocyte /32-ARs to changes in 

occurring in o ther tissues was discussed by Brodde et al. (1987). They concluded 

tha t changes in lymphocyte /32-ARs can only be taken as representative of changes 

in o ther hum an tissues either when these changes are caused by non-selective 

/3-adrenergic agents such as isoprenaline, adrenaline or propranolol, or when the 

o ther tissue also has a hom ogenous population of /32-ARs. As to  the extrapolation 

o f the  results obtained with the lymphocyte or lymphoblast /3-AR m odel to 

neuronal /3-ARs, it is interesting to note that comparisons betw een the immune 

system, viewed as a  functional netw ork open to stimulation from  the outside, and 

the  nervous system have been  m ade (Jem e, 1974). These systems are bo th  able 

to  respond to an enorm ous variety of signals and to receive as well as transm it 

signals, either excitatory o r inhibitory. As in the nervous system, m odulation of 

the  im m une netw ork by foreign signals represents its adaptation to  the outside 

world. Both systems learn  from  experience and build up  a m em ory that is 

sustained by reinforcem ent and that is deposited in persistent network 

modifications. It was hypothesized by Jem e that these phenotypic analogies 

betw een the immune system and the nervous system may result from  similarities 

in the sets of genes that govern their expression and regulation.
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The aim of this study was to  investigate the binding characteristics and 

adenylyl cyclase activity of lymphoblast /3-ARs derived from  patients with BP 

affective disorder and from  age and sex m atched control subjects. From  the 

studies of the lymphocyte /3-AR, it was expected tha t lymphoblast /3-AR density 

and adenylyl cyclase activity would be lower in BP cell lines than in controls, which 

would confirm and extend W right’s findings as opposed to those of Berrettini.

M ost clinical investigators have looked for alterations in recep tor num ber 

in disease and due to drug administration. However, it is no t clear how much 

im pact the relatively small changes observed have on physiological function. In 

studies on norm al persons, the variations in the num bers and affinities of 

lymphocyte /3-ARs are often very large (Motulsky & Insel, 1982). It has been  

suggested tha t future clinical studies should search for m ore than just changes in 

recep tor num ber, bu t should also examine the effects of m odulators and the 

potential for receptors to be dynamically regulated (Motulsky & Insel, 1982). This 

is particularly relevant in the case of the /3-AR in depression as many 

antidepressants cause /3-AR down-regulation and/or desensitization and this has 

been  hypothesized as their m ode of action (Sulser et a t, 1978).

W ith this in mind, /3-AR down-regulation and desensitization in response 

to  coincubation of the lymphoblasts with isoprenaline was examined, first in 

controls in order to establish the effect of a range of isoprenaline concentrations 

and coincubation times on (3-AR binding and function, and then  in BP and 

m atched control cell lines a t an appropriate isoprenaline concentration and 

coincubation time.

The effects of coincubation with lithium, the m ajor drug therapy in use in 

BP affective disorder (see C hapter Six), and with DM I, w ere studied. This was 

to investigate w hether any previously observed differences in /3-AR binding, 

function and agonist-induced down-regulation betw een BP cell lines and control 

cell lines w ere still apparen t after lithium or D M I coincubation. Norm alization 

o f these param eters would suggest that such differences are of significance in the 

aetiology of BP affective disorder and/or in the mechanism of action of these 

drugs.
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2.1 Materials

2.1.1 Cell culture equipm ent and m edia

All cell culture work was carried out in a M.A.T. Class II Microbiological 

safety cabinet with negative pressure and vertical lam inar downflow of sterile air 

in the working area to  ensure that air could not leak out of the  cabinet and also 

to  provide protection from  external contam ination. The cells w ere incubated in 

a  L E E C  A utom atic C 0 2 GA2 incubator a t 37°C in a 95% air/5%  C 0 2 atm osphere 

and 99% humidity in an open culture system allowing gas exchange with the 

environm ent. A  M istral 3000 centrifuge (M SE Scientific Instrum ents, Sussex, UK) 

was used to harvest the cells. All cell culture flasks and centrifuge tubes were 

supplied by Sterilin (Cel-Cult) Ltd., Hounslow, U K  and w ere tissue culture treated  

and sterilised by G am m a irradiation. 30ml Sterile Universal tubes were also 

supplied by Sterilin. Cell density was counted using a Coulter Counter, m odel Z F  

(C oulter Electronics Ltd., Luton, UK).

The cell culture m edium  routinely used was R P M I1640 M edium  buffered 

with 2 g/1 sodium bicarbonate. W hen indicated the medium  was buffered with 

20mM  H EPES (R PM I 1640 (H EPES)) instead of sodium bicarbonate. Buffering 

was to  enable the m edium  to equilibrate to  pH  7.4 in 5% C 0 2. The culture 

m edium  was supplied by Gibco Life Technologies Ltd., Paisley, Scotland, as was 

phosphate buffered saline (PBS). Lymphocyte Separation m edium  was supplied 

by Flow Laboratories Ltd., Rickmansworth, H ertfordshire, UK. All m edia used 

was supplem ented with a cocktail of antibiotics - 20 /xg/ml gentamicin, (Cidomycin 

injectable preparation, 80mg/2ml, Roussel Laboratories Ltd., W embley, UK), 100 

/L6g/ml flucloxacillin sodium, (Ladopren for injection, Berk Pharm aceuticals Ltd., 

U K ) and 200 jtig/ml piperacillin, (Pipril for injection, Lederle Laboratories Ltd., 

Gossport, UK) - to  inhibit bacterial contam ination. The m edium  was 

supplem ented with foetal calf serum (FCS) (Flow Laboratories) which contains 

all the necessary growth factors for the cells. H eparin sodium B.P. (preservative 

free, 5000 U/ml) was supplied by Paines and Byrne Ltd., G reenford, UK. 

Cyclosporin A  was kindly donated by the D epartm ent of Biochemistry, St M ary’s 

H ospital M edical School. Epstein-Barr virus was generously supplied by Jackie
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Pontin o f the D epartm ent of Pharmacology. Dimethylsulphoxide (D M SO ) was 

supplied by B D H  Chemicals Ltd., Poole, UK.

2.1.2 O ther equipm ent

O ther equipm ent used in this study w ere as follows:- Shimadzu 

m ultipurpose recording spectrophotom eter, MPS-2000, connected to  a Shimadzu 

graphic printer, PR-3 (Shimazdu Corp., Kyoto, Japan); Sorvall RC-5B 

R efrigerated  Superspeed Centrifuge with an SA600 rotor, from  Sorvall 

Instrum ents, D uPont Co., Biomedical Products, Wilmington, USA; B raun Potter 

S hom ogenizer (B. Braun, Biotechnics Division, Melsungen, Germ any); M SE 

ultrasonic disintegrator (soniprobe); Skatron cell harvester (Skatron Instrum ents 

Ltd., N ewm arket, UK.); Packard Cobra gamma counter and Minaxi beta counter 

(Packard Instrum ent Co., M eriden, Conneticut, USA); Techne SB-16 shaking 

w ater ba th  (Techne Ltd., Cambridge, UK); Econo Mini columns for column 

chrom atography (Bio-Rad Laboratories, California, USA); Biofuge B 

microcentrifuge (H eraeus Sepatech, Germany); Sorvall centrifuge tubes; 1.5ml 

m icrotest tubes (Eppendorf, Ham burg, Germany); M acrowell tube strips (1ml), 

12 tubes/strip, from Skatron Instrum ents Ltd.; 3.5, 5 and 13ml plastic test tubes, 

from  Starstedt, Numbrecht, Germany; W hatm an G F/C  glass microfibre filter 

paper (W hatm an Int. Ltd., M aidstone, UK); Packard 20ml scintillation vials 

(Packard Instrum ents, Groningen, Holland).

2.1.3 Chemicals and radiochemicals

Suppliers of chemicals and radiochemicals used in this study w ere as 

follows:-

B D H  Chemicals Ltd., Poole, UK:- sodium chloride (NaCl); Folin-Cioclateu 

reagent;

Bio-Rad Laboratories:- analytical grade cation exchange resin, 200-400 mesh, 

hydrogen form  (Dowex 50);

B oehringer Ingelheim Ltd., Bracknell, Berkshire, UK: fenoterol;
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CIBA-Geigy, Horsham , UK:- phentolam ine; CGP 12177; CGP 20712; oxprenolol; 

Coulter Electronics Ltd:-Isoton II balanced electrolyte solution;

D uphar Laboratories Ltd., W est End, Southham pton, UK: isoxsuprine;

Fisons Scientific A pparatus, Loughborough, UK:- d-glucose (anhydrous); calcium 

chloride (CaCl2);

FSA Laboratory Supplies, Loughborough, UK:- m agnesium chloride (MgCl2); 

diam inoethanetetraacetic acid disodium salt (EDTA); sodium hydroxide pellets 

(N aO H ); sodium fluoride (NaF); orthophosphoric acid; potassium  chloride (KCL); 

ICI Pharm aceuticals, Alderley Edge, Cheshire, UK:- ICI 118551; 1-propranolol; d- 

propranolol; practolol; atenolol;

Janssen Pharm aceutical Ltd., Oxfordshire, UK: ketanserin; haloperidol;

National Diagnostics, New Jersey, USA:- Ecoscint biodegradable scintillation 

solution;

Pierce and W arriner (UK) Ltd., Chester, UK:- sodium dodecyl sulphate (lauryl) 

(SDS);

Sigma Chem ical Co. Ltd., Poole, UK:- adenosine 3’:5’-cyclic m onophosphate 

(cAMP); adenosine 5’-triphosphate (ATP); alumina; 1-ascorbic acid; atropine; 

bovine serum  albumin (BSA), R IA  grade; copper sulphate, pentahydrate 

(CuS0 4.5H20 ) ;  creatine phosphokinase; deoxycholic acid sodium salt (N aD O C); 

digitonin (50% ); dopamine; (-)-epinephrine (+ )  b itartrate  (adrenaline); 

ethyleneglycol-bis-(j8-aminoethyl ether) N,N,N’,N ’-tetraacetic acid (EG TA ); 

forskolin; guanosine-5’-triphosphate, sodium salt from  equine muscle (GTP); 

5’-guanylylimidodiphosphate, sodium salt (G ppN H p); imidazole, crystalline grade 

1; 5-hydroxytryptamine (5-PIT); 3-isobutyl- 1-methylxanthine (IBM X); (-)- 

isoprenaline, (H-)-bitartratesalt; (+)isoprenaline; (-)-norepinephrine hydrochloride 

(noradrenaline); phosphocreatine; prostaglandin E 2 (ll,15-dihydroxy-9-oxoprost- 

13-en-l-oic acid) (P G E X); sodium carbonate; sodium tartra te ; trichloroacetic acid; 

Trizm a hydrochloride (Tris[hydroxymethyl]-aminomethane hydrochloride) (Tris); 

A m ersham  International, G reen  End, Buckinghamshire, UK:- (-)(3)[125I]- 

iodocyanopindolol in m ethanol solution ([125I]-CYP), specific activity 

approxim ately 2000 Ci/mmol, 100 mCi (3.7 kBq) in 0.1ml, used within 6 weeks of 

activity date; cyclic AM P assay kit containing Tris/ED TA  buffer; binding protein  

purified from  bovine muscle; [8-3H]-adenosine 3’5’-cyclic phosphate ([3H]-cAM P),
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180pmol containing approximately 5/zCi, 185kBq; adenosine 3’5’-cyclic phosphate 

(cAM P) standard, 1600pmol; and charcoal adsorbent;

N EN -D upont (UK) Ltd, H ertfordshire, UK:- [a-32P]ATP specific activity 

approxim ately 600Ci/mmol.

2.2 Cell Culture

2.2.1 Establishm ent of lymphoblast cell lines

Lym phoblast cell lines w ere established by separating lymphocytes from 

fresh blood by the use o f a Ficoll-Hypaque gradient (Boyum, 1968; Williams et 

al., 1976) and then transform ing them  using the Epstein-Barr virus (EBV) 

according to  the m ethod of Neitzel (1986).

20ml blood samples w ere taken from subjects and placed in sterile 

Universal tubes containing 0.2ml 1000 U/m l heparin sodium to prevent 

coagulation. All the following procedures were carried out in the safety cabinet. 

Each blood sample was diluted with 10ml R PM I 1640 (H EPES), to control the 

degree of aggregation of red  blood cells so that they would sedim ent easily, with 

a m inimum of lymphocyte entrapm ent. The diluted blood was then  overlaid onto 

Lymphocyte Separation M edium  in Universal tubes in a ratio o f 15ml o f blood to 

10ml of the  separation medium. The tubes w ere then centrifuged at 400g and 

22°C for 30 min with a minimal brake applied during deceleration. Following 

centrifugation the blood separated  into layers above and below the separation 

medium, the bottom  layer being red  blood cells and the top layer plasm a, with a 

thin layer of lymphocytes a t the interface of the plasm a and the separation 

medium. Using a bright light for illumination, the lymphocyte layer was carefully 

aspirated avoiding the separation medium as that would have caused 

contam ination with granulocytes. The lymphocytes w ere transferred  to  clean 

Universal tubes and washed by making up to 25ml with R PM I 1640 (H EPES), 

supplem ented with 5% FCS, and centrifuged at 400 g, 22°C, for 15 min. The 

resulting pellet of m ononuclear cells typically comprised 85% small lymphocytes, 

13% m onocytes and less than  2% polym orphonuclear leukocytes (Williams et al,

1976). This pellet was resuspended in 3ml of R PM I 1640 (Bicarb.) supplem ented
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with 15% FCS and pipetted into a 25cm3 culture flask. 0.5ml EB V  isolated from 

the B95-8 monkey kidney cell line was added. Cyclosporin A  to a final 

concentration of either 0.1 or 0.5 jug/ml was also added to stimulate the growth 

of B-type lymphocytes and to inhibit T-cells which would otherwise suppress the 

transform ation of the B cells (Bird, 1981).

T he flasks were incubated for 5-7 days a t 37°C/98% humidity without 

disturbance. Expired m edium  was replaced with fresh R P M I1640 (Bicarb.)/15% 

FCS as required. A fter about four weeks aggregates of lymphoblastoid cells could 

be seen and the volume of m edium  was increased gradually to 30ml, moving the 

cell suspensions to 75cm3 culture flasks when necessary. O nce cell lines were 

established the concentration of FCS was reduced to 10%.

The cell lines were subcultured every 3-5 days, depending on the growth 

ra te  of the  cells, by removing 20ml of m edium and cells and replacing with 20ml 

fresh R PM I 1640/10% FCS. Lymphoblast cell lines were not used for experiments 

until a t least 6-8 weeks after transform ation and w ere continuously grown in 

culture for periods extending to  3 years. Lym phoblast cell lines of "norm ar as 

opposed to  "malignant" origin grown over such tim e periods have been  shown to 

be genetically stable (Povey et al, 1973; 1980).

W hen necessary cell counts were carried out in duplicate on 100/xl samples 

diluted in 10ml isoton using a C oulter Counter with an apertu re  of 100 microns, 

a  sensitivity setting of 16 and an attenuation setting of 0.707. Cells w ere harvested 

for assay by centrifugation a t 400g for 10 minutes.

2.2.2 Storage of lymphoblast cell lines in liquid nitrogen

As soon as cell lines w ere established a sample of lymphoblasts was frozen 

down and stored in liquid nitrogen. 40ml of confluent cell suspension were 

poured  into a 50ml centrifuge tube and spun at 400g for 10 minutes. The 

resulting cell pellet was resuspended on ice with 4ml of ice cold R PM I 1640 

m edium  with 10% FCS and 10% DM SO and the suspension p ipetted  into 4 x 2ml
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cryogenic vials. These w ere then placed on the cooling tray within a  liquid 

nitrogen dew ar to  slowly cool down to approximately -184°C. A fter 4 hours the 

tubes w ere pu t into the liquid nitrogen where they were stored at -196°C.

W hen it was necessary to re-establish a cell line, the frozen lymphoblast 

suspension was rapidly thawed after removal from the liquid nitrogen and poured 

into a  Universal tube. 20ml of R PM I 1640 medium/20%  FCS was added. The 

tube was then centrifuged at 400g for 10 min and the pellet resuspended in 5ml 

R PM I 1640/20% FCS. As the cell num bers increased the volume was increased 

to  a volume of 30ml as before. Cell lines varied in their ra te  of growth, bu t were 

generally used for experiments 1-2 weeks after thawing.

2.2.3 C ulture of A431 hum an epiderm oid carcinoma cell line

The hum an epiderm oid carcinoma cell line, A431, was also grown in 

culture. This cell line has a  high num ber of j3-ARs which are functionally coupled 

to  adenylyl cyclase (Delavier-Klutchko et a t , 1984; Levitzki & Kashles, 1987). 

During this investigation, the A431 cell line was used mainly as a standard with 

which to com pare the lymphoblast cell lines when setting up the adenylyl cyclase 

assay. A431 cells grow as a monolayer on the surface of the cell culture flask. 

W hen about 80% of the surface of a culture flask was covered with A431 cells, 

the cells w ere harvested or subcultured. The medium  was poured  off and the 

cells washed with PBS. The cells w ere then briefly exposed to  a dilute trypsin 

solution (0.1% ) and the excess poured off. The flask was then  pu t into the 

incubator for a few minutes to  allow the trypsin to hydrolyse the proteins 

responsible for adhesion of the cells to the culture flask. The flask was then 

vigorously agitated to prom ote the detachm ent of the cells from  the surface of the 

flask. 20ml R PM I 1640 containing 10% FCS was then added to  the flask to 

inactivate the trypsin and to wash off the cells and the cells and m edium  pipetted  

into a Universal tube. A fter centrifuging at 400g for 10 min the pellet was either 

used for biochemical assay or subcultured by resuspension in 1ml R PM I 1640/10% 

FCS using a syringe after which 0.2ml of the cell suspension was added to 10ml 

of R PM I 1640/10% FCS and the cells m aintained in 95% air/5% C 0 2.
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23  Radioligand Binding

The basis o f a  radioligand binding assay for the study of receptors is as 

follows:- the radioligand is incubated with the tissue, the unbound radioactivity is 

rem oved by filtration or centrifugation, and the radioactivity bound to the tissue 

is m easured. Binding to non-specific sites is determ ined by incubating the 

radioligand and tissue in the presence of a  non-radioactive drug that will bind to 

vkluafiy all the receptors being studied. W ith all the receptors occupied by this 

unlabelled compound, the radioligand should bind only to non-specific sites. 

Specific binding is calculated by subtracting the radioactivity observed in the 

presence of the unlabelled com pound (non-specific binding) from  that observed 

in its a b se n c e  (total binding).

2.3.1 Preparation  of lymphoblast m em branes

The lymphoblast /3-AR was characterized by radioligand binding using 

[125I]-iodocyanopindolol ([125I]-CYP). The protocol was adapted  from  the m ethod 

of B rodde et a l, (1981) developed for lymphocyte m em branes. Lym phoblast cells 

w ere harvested by centrifugation and the pellet either resuspended in 25ml of ice 

cold hypotonic m edium  (Tris 5mM, MgCl2 Im M , titrated  to p H  7.4 with N aO H  

solution). H ypotonic m edium  was used to  prom ote cell lysis. The cell suspension 

was hom ogenized on ice using a B raun P o tter S hom ogenizer and then sonicated 

for 30 sec with an ultrasonic disintegrator a t 15 microns. Nuclei and unbroken 

cells w ere sedim ented by slow centrifugation (700g, 5 min, 4°C) and then 

discarded. The supernatant was spun at 30 OOOg for 15 min at 4°C. The resulting 

pellet was washed in 25ml of the same medium  and centrifuged as before. 

Generally assays were carried out on fresh tissue, but for those experim ents when 

it was necessary to  freeze the tissue either the cell pellet o r the m em brane pellet 

w ere stored at -20°C until required. The m em brane pellet was finally resuspended 

in assay m edium  (Tris 50mM, MgCl2 lOmM, phentolam ine 1/xM, p H  7.4) a t a 

final density 0.1-0.4mg protein/m l. The m em brane suspension was kep t on ice 

until use which was usually within 5 mins. Samples of the m em brane suspension 

w ere stored at -20°C for determ ination of the protein concentration.
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2.3.2 Radioligand binding protocol

200jul aliquots of tissue w ere incubated in triplicate with 50/xl [125I]-CYP in 

lm l Skatron Macrowell tubes. Radioligand binding assays w ere carried out at 6 

concentrations of [125I]-CYP ranging from 5-100 pmol/1 for 90 min at 37°C. 

Specific binding was defined by 1/zM CGP 12177, a poten t hydrophillic non- 

selective /3-AR antagonist. D isplacem ent studies used 25/zl of a fixed 

concentration of [125I]-CYP of about 40pM  plus 25jtil of either incubation buffer 

(total binding), CGP 12177 to  give a final concentration of ljiiM (non-specific 

binding) or one of a range of ten  concentrations of inhibitor. The assay was 

term inated by filtration through W hatm an GF-C filters with a Skatron cell 

harvester using a cycle of 10 secs wash with ice-cold buffer (Tris 50mM; MgCl2 

lOmM; E G T A  ImM ; pH  7.4) and 10 secs air to  dry the filter pap er and 

m em branes. The filter pap er was punched through into 3ml Starstedt tubes for 

counting. Total radioactivity added to each tube was determ ined using 50/zl 

aliquots in triplicate for each of the six concentrations of [125I]-CYP. Bound and 

total radioactivity for each incubate w ere estim ated by a Packard C obra gamma- 

counter with an 81% efficiency using a 5 min count time.

2.3.3 D ata  analysis

Specific binding for each incubate was determ ined by subtracting the non­

specific binding in the presence of CGP 12177 from  the to tal binding in the 

absence of CGP 12177. The results were analysed by Scatchard analysis, which 

plots the ratio of bound over free radioactivity against the bound radioactivity, and 

com puterized non-linear regression of the am ount of bound radioactivity against 

the total concentration of [125I]-CYP for each incubate (Duggleby, 1981). The 

initial values for the concentration of receptor, Bmax, and its affinity, Kd, for the 

ligand, [125I]-CYP, are derived from  Scatchard analysis and are then used for the 

construction of a binding curve based on the law of mass action. The actual 

values for the Bmax and the Kd are derived by successively iterating fits to  the 

data. The goodness of fit is determ ined by finding the smallest residual variance
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(ratio of the sum of squares of residuals divided by the degrees of freedom ) 

achievable in successive iterations.

D isplacem ent of specific [125I]-CYP binding was analysed using the EB D A  

program  which is a  commercial com puter program  (M cPherson, 1985).

2.4 Adenylyl Cyclase Assay

Adenylyl cyclase catalyses the conversion of ATP to 3’5’-cyclic A M P and 

pyrophosphate in the presence of G TP and magnesium ions. In the lymphocyte 

and lymphoblast this reaction is stim ulated by /3-AR agonists, prostaglandins, 

forskolin and sodium fluoride. Two different m ethods of m easuring adenylyl 

cyclase activity w ere investigated. T hat of Salomon (1973; 1979) quantifies the 

conversion of l?2P-<3-ATP to \^2§-cAM P and is therefore a direct m easure of 

enzyme activity. In contrast the A m ersham  cAMP radioimmunoassay kit which 

is based on Brown’s m ethod (1971) m easures the am ount of[3H]-cAM P in a 

sample. The assays w ere run initially on both a control lymphoblast cell line and 

the A431 cell line.

2.4.1 Salomon m ethod of adenylyl cyclase assay

Salom on’s m ethod m easures the form ation of l?2P) cyclic AM P from 

[32P-a]-ATP. Separation of the reaction product was achieved using sequential 

chrom atography on Dowex 50 cation exchanger and on neutral alum ina which 

perm its almost com plete separation of [32P]-cAMP form ed from  the substrate and 

o ther jf^ c o n ta in in g  compounds. The Dowex column was p repared  by washing 

with 2 x 3ml w ater and the alumina column by washing with 2 x 3ml imidazole 

(0.1M).

Cells were harvested as previously described and homogenized in 25ml

lysate buffer (Tris 5mM, EDTA 5mM, pH 7.5). After a 20 min centrifugation at

15 OOOg and 4°C, the pellet was resuspended in the lysate buffer and the
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centrifugation repeated. The pellet was resuspended in approxim ately 1.5ml TM E 

buffer (Tris 50mM, MgCl2 5mM, ED T A  Im M , pH  7.5). A n assay cocktail was 

p repared  in advance and stored in 1ml aliquots at -20°C until required. This 

cocktail comprised 53/zM GTP, O.lmM cAMP, 0.12mM ATP, 40/t/ml creatine 

phosphokinase, 8mM phosphocreatine, 67mM Tris and 2mM MgCl2. [a-32P]ATP 

was added to  the assay cocktail to give 1-2 x 106 cpm/tube. E ppendorf tubes were 

set up  with 4 0 of the 32P cocktail and 10/xl agonist to  stim ulate adenylyl cyclase. 

The agonists used w ere Im M  sodium fluoride, 0.01 and 10/iM forskolin and 0.01 

and 10/aM  isoprenaline. 10/xl TM E was used in place of agonist to  give the basal 

level of cAM P form ation. All tubes w ere set up in triplicate.

The assay was started  by the addition of 50/xl tissue to  the tubes which 

w ere incubated at 37°C for 20 min. The assay was stopped by the  addition of 1ml 

cold stopping solution which was m ade up of 200mgA ATP, 100mg/l cAMP and 

25/d/ml 3H -cAM P solution (0.03/zCi/ml). The tubes were centrifuged in a Biofuge 

centrifuge for 2 min at 11 OOOg.

lm l of supernatant from  each incubate was added onto the  Dowex columns 

and  allowed to  drain. The columns w ere then  washed with 2 x 1.5ml w ater 

allowing each addition to  drain through. The Dowex columns w ere then placed 

above the alumina columns and eluted with 2 x 2.5ml water. T he Dowex columns 

w ere rem oved and the alum ina columns w ere washed with 0.5ml 0.1M imidazole. 

A fter placing the alumina columns over scintillation vials, a  further 3ml of 

imidazole was added to elute the cAMP into the vials.

Scintillation vials containing 3ml imidazole as a  blank, lm l 3H-cAM P +  2ml 

imidazole to give a 3H-cAM P standard, and 40/xl 32P cocktail +  3ml imidazole to 

give a  32P-ATP standard w ere also set up in triplicate. 16ml o f Ecoscint 

scintillation cocktail w ere added to the scintillation vials and the vials were 

counted in scintillation counter on a dual 3H /32P channel for 5 min. The columns 

w ere regenerated  after use by the addition of 2 x 3ml 1M H C L  followed by 2 x 

3ml w ater to  the Dowex columns and 2 x 3ml 0.1M imidazole to  the alumina 

columns.
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2.4.2 Radioimmunoassay of cAMP content

The second m ethod of m easuring adenylyl cyclase activity is based on the 

com petition betw een unlabelled cAMP and a fixed quantity of [3H]-labelled cAMP 

for binding to a protein with high specificity and affinity for cAMP. The am ount 

of labelled protein-cAM P complex form ed is inversely proportional to the am ount 

o f unlabelled cAMP in the assay sample. The m ethod for p reparation  and 

stim ulation of the cells was adapted  from  those of Ebstein et al (1985 & 1988) 

and M ann et al (1985).

Cells were harvested and resuspended in balanced salt solution (BSS) 

(NaCl 0.13M, Glucose 0.01%, BSA 1%, CaCl2 0.005mM, MgCl2 0.098mM, KC1 

0.54mM, Tris 0.015M, pH  7.6) to a concentration of about 6 x 106 cells/ml. This 

cell suspension was then  preincubated at 37°C for 30 min. E ppendorf tubes were 

p repared  with 50/xl IBM X 5mM  (final concentration 0.25mM) and 50/xl BSS 

(basal) o r agonist (stim ulated). IBM X is a  potent phosphodiesterase inhibitor. 

T he agonists used w ere isoprenaline, forskolin, prostaglandin E : (PG E j) and 

sodium fluoride (N aF) in varying concentrations. 900/xl aliquots of the cell 

suspensions w ere added to the tubes, which w ere then incubated at 37°C for 10 

min. The reaction was stopped by centrifugation at 11 OOOg for 2 min. The 

supernatant was rapidly discarded and the tubes placed on ice. 200/xl o f ice cold 

Tris-ED TA  buffer (Tris 50mM, E D T A  4mM, pH  7.5) was added and the cells 

w ere disrupted by sonication. The protein was precipitated by boiling for 5 min 

and  spinning at 11 OOOg for 2 min. The resulting supernatant was then assayed 

for cAM P content.

Standard cAMP solutions w ere prepared  by serial dilutions of the stock 

cAM P solution (320 pmol/ml) with Tris-ED TA  buffer to give a  range of standards 

from  0.25-16 pm ol/tube. E ppendorf tubes w ere p repared  in a  rack at 0°C in an 

ice/water bath. In duplicate, 50/xl aliquots of the standard cAM P solutions or the 

unknown samples w ere p ipetted  into the eppendorfs. 50/xl of [3H]-cAM P was 

added to  each assay tube, followed by 100/zl of binding protein  (purified from  

bovine muscle). Eight m ore eppendorfs w ere also included to  give estim ates of 

the instrum ent blank, the assay blank, binding in the absence of unlabelled cAMP
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and the to tal radioactivity added to each tube. A  summary o f the protocol is 

shown in Table 2.1. All tubes were vortexed for 5 sec and the ice bath  and tubes 

w ere placed in a  cold room  at 4°C for a  minimum of 2 hours. 100/d charcoal 

suspension was then added to all the tubes which were vortexed briefly and then 

centrifuged at 11 OOOg for 2 min to sedim ent the charcoal. W ithout disturbing the 

sedim ent, 200/il aliquots w ere rem oved from  each tube and placed in scintillation 

vials. 2.5ml Ecoscint was added to each vial and the vials w ere then  counted in 

a Packard liquid scintillation counter for 4 min.

Table 2.1 Cyclic AM P assay kit protocol

Tris/EDTA
buffer

i l l

CAMP
vol
i l l

sample
cone

pmol/ml

[ 3H ] CAMP 

i l l

binding
protein

Ml

250 - - - - total
activity

200
■ " "

instrument
blank

150 ** 50 assay
blank

50 - - 50 100 zero dose
- 50 0.25 50 100 standard
- 50 0.5 50 100 II

- 50 1.0 50 100 II

- 50 2.0 50 100 II

- 50 4.0 50 100 i t

- 50 8.0 50 100 II

— 50 16.0 50 100 II

- 50 ? 50 100 unknown

2.4.3 D ata  analysis

The counts per m inute (cpm) for each pair of duplicates w ere averaged 

and the cpm for the assay blank subtracted to  give the cpm bound in the presence 

of standard or unknown unlabelled cAMP (Cx). A  standard curve was plotted of 

% radioactivity bound to  the binding protein  against the concentration of the 

standard  using a SPLINE curve fit program . The % bound was calculated as 

follows:
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% bound x 100
Qx

Ct

where Cj. is the total activity.

The am ount of unlabelled cAMP in the unknown samples was found by 

first calculating the % bound for the samples and then using the  standard curve 

to estim ate the am ount of cAMP. The results w ere then norm alised in term s of 

cell density or protein concentration to  give either pmol cAMP/106 cells or pmol 

cAMP/mg protein.

2.5 Protein Determination

Two m ethods of determ ining the protein  concentration of the m em brane 

hom ogenates were used. Initially the m ethod of Bradford (1976) was used as this 

was the m ethod currently in routine use by the laboratory.

2.5.1 Protein assay by B radford’s m ethod

B radford’s reagent was p repared  at least 24 hours before running the assay. 

T o m ake up 250ml of the reagent, 25mg of Coomassie Blue dye was weighed out 

and 12.5ml of absolute ethanol added. A fter mixing to  dissolve as much of the 

dye as possible, 25ml of concentrated (85% ) orthophosphoric acid and 212.5ml of 

distilled w ater w ere added. This mixture was stirred for a minim um  of 4-5 hours. 

It was then  filtered under gravity through W hatm an N o .l filter pap er and stored 

a t 4°C.

Protein standards (0 ,25 ,50 ,75  and 100 jug/ml) w ere p repared  using Bovine 

Serum  Albumin (BSA) dissolved in incubation medium. The tissue samples were 

thaw ed and then sonicated to resuspend the precipitated protein. Dilutions of the 

tissue, usually 1:3, w ere m ade with incubation m edium to  bring the protein 

concentrations into the range of the standards. 100/d aliquots of the standard
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BSA solutions and of the tissue samples w ere pipetted  into 5ml tubes in triplicate 

and 1ml of the B radford’s reagent added to  each.

The absorption of m onochrom atic light a t 595nm was quantified using a 

spectrophotom eter, a t a slit width of lnm . The standards w ere read  first and a 

standard  curve was calculated, which was then  used to  determ ine the protein 

concentration of the samples.

2.5.2 Protein assay by Peterson’s m ethod

The second m ethod, that of Peterson (1977) was an adaptation of the 

m ethod of Lowry et a t (1951) in that the protein is first precipitated  from  the 

tissue suspension. This precipitation step prevents any interference from the 

incubation buffer and allows samples from  different sources, tha t is m ade up in 

various incubation buffers, to be assayed together using a single protein  standard 

curve. Standards and tissue samples w ere prepared  by sonication and dilution as 

for the Bradford assay bu t distilled w ater was used in the place of incubation 

medium. 0.1ml 0.15% N aD O C  was added to  1ml of either standard  or sample, 

vortexed and incubated at room  tem perature for 10 min. 0.1ml 72% 

trichloroacetic acid was then  added and the tubes were spun a t 3000g for 30 min 

a t 4°C. The supernatant was poured off and the tubes inverted and spun at 300g 

for 7 min to completely rem ove any rem aining supernatant. M eanwhile the 

reagents for the assay w ere prepared. R eagent A  was m ade up  of equal volumes 

o f copper-tartrate-carbonate solution (CTC), 10% SDS, 0.8M N aO H  and distilled 

w ater. CTC solution was 0.1% C u S 0 4.5H20 ,  0.2% sodium ta rtra te  and 10% 

sodium carbonate. R eagent B was 1 volume Folin-Cioclateu phenol to 5 volumes 

distilled water. 1ml of distilled w ater was then added to  the  protein  pellets, 

followed by 1ml of R eagent A. The tubes w ere vortexed and after 10 min at 

room  tem peratu re  0.5ml of R eagent B was added and the tubes vortexed. A fter 

30 min the absorption at 750nm was quantified using the spectrophotom eter and 

the protein  concentrations determ ined as before.
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2.5.3 Comparison of protein assays

As previously m entioned, the Bradford assay was initially used as it had 

been  in regular use in the laboratory. However, when the Peterson m ethod was 

tried, it was found to give m ore accurate and reproducible results. Consequently, 

the  Peterson m ethod supplanted the B radford m ethod. The Peterson m ethod was 

used for all experim ents on cell lines from  patients with b ipolar depression and 

from  their sex and age m atched controls. All comparisons o f data  w ere m ade 

using results from  one m ethod alone.

2.6 Statistical Tests

Differences betw een groups w ere analysed using either the  S tudent’s t-test 

o r one-way or two-way analysis of variance, with a probability (p) level of less than 

0.05 as the limit of significance. The t-test was used to com pare two groups when 

the  effect of only one param eter was being investigated. W hen the effect of, for 

example, two concentrations of a  single drug on a particular response, was being 

examined, one-way analysis of variance was used. If the effects of two param eters 

w ere being tested, such as the concentration of a drug and the subject status, then 

two-way analysis of variance was used. Paired and unpaired statistical tests w ere 

used depending on w hether m atched data or unm atched data  w ere being 

examined. D ata  w ere m atched, necessitating the use of a paired test if 

comparisons w ere being m ade within the sam e group of cells, tha t is either control 

or bipolar cell lines. W hen comparing the results betw een different cell types, the 

data  w ere unm atched, therefore an unpaired test was appropriate.
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3.1 Introduction

In  order to establish w hether the lymphoblast /3-AR was an appropriate  

m odel of /3-AR function and regulation, the receptor binding characteristics first 

had  to  be ascertained. /3-AR identification depends upon the fulfilling of stringent 

criteria (Lefkowitz, 1974; Cuatrecasas et al., 1974). The binding should be rapid 

and reversible; it should be saturable indicating a finite num ber of binding sites; 

/3-AR agonists and antagonists should com pete for the binding sites in a m anner 

tha t closely parallels the known specificity of physiological /3-adrenergic responses 

and (-)stereoisom ers of adrenergic agonists and antagonists should be considerably 

m ore potent than  the (+ )stereoisom ers, reflecting the stereospecificity observed 

in physiological /3-adrenergic responses. It was also im portant to investigate 

w hether the process of transform ation of the lymphocytes to  lymphoblasts had 

affected the binding characteristics. The cell cycle of the lym phoblast is m ade up 

of the preconfluent phase which is an exponential growth phase, when the cells 

are rapidly dividing, and the confluent phase when the maximal cell density of 

about 1-2 x 106 cells/ml has been  reached. In order to ensure th a t repeated  assays 

on an individual cell line would yield consistent results the binding characteristics 

w ere investigated at different stages o f the cell cycle. The stability of the binding 

characteristics over long periods of culture and after freezing and storing in liquid 

nitrogen were also studied.

As the lymphocyte /3-AR is coupled to the adenylyl cyclase system, any 

investigation into /3-AR function in the lymphoblast must include assessment in 

term s of adenylyl cyclase stimulation. The basal and stim ulated levels of cAMP 

w ere determ ined for lymphoblast cell lines for a range of agonists.
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3.2 Methods

3.2.1 Binding characteristics

Association and dissociation tim e courses were constructed to establish the 

binding kinetics. Lymphoblast m em brane hom ogenate was p repared  as described 

in C hapter Two. For the association tim e course a single concentration of 

[125I]-CYP of 60pM  was used and the tissue and radioligand w ere incubated in 

triplicate a t 37°C for 10-180 min. For the dissociation tim e course free 

concentration of [125I]-CYP was 30pM  and the tubes w ere incubated for 60 min 

and then dissociation was studied over the next 10-150 min. Specific binding was 

defined by lp M  CGP 12177.

3.2.2 D isplacem ent studies

Displacem ent of specific binding of [125I]-CYP by various compounds was 

investigated to identify the receptor type. The protocol for the displacem ent 

studies was as described in C hapter Two. The agonists and antagonists used as 

inhibitors and their respective concentrations were as listed in Table 3.1. 

(-)Isoprenaline was used both  alone and in combination with either 10/xM GTP 

or 10/iM G ppN H p. Analysis of the  data was carried out using the EB D A  

program  as described in the previous chapter.

3.2.3 Com parison of lymphocyte and lymphoblast binding characteristics

20 ml blood samples w ere taken from 7 subjects whose lymphocytes had 

been  successfully transform ed to lymphoblastoid cell lines. Lymphocytes w ere 

isolated from  heparinised blood as previously described. The cell pellet obtained 

after washing the lymphocyte layer was resuspended in hypotonic m edium  and the 

cell density counted. The lymphocytes were then p repared  exactly as for 

harvested lymphoblast cells and the radioligand binding assay carried out.
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Table 3.1 Com pounds used to displace specific binding of [125I]-CYP to 

lymphoblast m em brane preparations

Inhibitor Concentration (n M )

CGP 12177 0.1 - 10000
1-propranolol 0.1 - 1000
d-propranolol 0.1 - 10000

ICI 118551 0.1 - 1000
Oxprenolol 1 - 10000

(-)Isoprenaline 10 - 100000
(-)Isoprenaline + GTP (10/zM) 10 - 1000000
(-)Isoprenaline + GppNHp (10/zM) 10 - 100000
(+)Isoprenaline 10 - 100000

CGP 20712 1 - 10000
* Phentolamine 1000
* Atropine 1000
* Ketanserin 1000
* Haloperidol 1000

Practolol 1 - 10000
Atenolol 1 - 10000
Adrenaline 10 - 100000
Fenoterol 10 - 100000
Isoxsuprine 10 - 100000
Noradrenaline 10 - 100000

* Dopamine 10000
* 5-HT 10000

* A  single concentration only was used.

3.2.4 Reproducibility

To investigate w hether the binding characteristics varied with the stage of 

the cell cycle, confluent cell cultures were subcultured down to a cell density of 

about 0.3 x 106 cells/ml and then assayed 1, 2, 3 and 7 days after subculture. 

Inter-assay and intra-assay variation of the binding characteristics w ere also 

studied. R epea ted  radioligand binding assays on individual cell lines from  7 

subjects w ere carried out weekly for 4-12 weeks. In three subjects blood samples 

w ere taken and the lymphocytes transform ed on three separate  occasions and 

radioligand binding studies w ere carried out on these cell lines. This was to 

ensure that the /3-AR characteristics o f a cell line w ere consistent whenever the 

cell line was transform ed and so were determ ined by genetic factores. R epeated
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analyses w ere also carried out on 3 subjects on 6 occasions over a period o f 9 

m onths of continuous culture. Cell lines w ere also assayed before and after 

freezing and storage in liquid nitrogen. It was expected that in some 

circumstances it would be  necessary to freeze cell hom ogenates before assaying, 

so 4 cell lines w ere assayed using fresh and frozen hom ogenates in parallel. Cells 

w ere harvested and homogenised, and centrifuged twice as usual, bu t the final 

pellet was frozen at -20°C before the final resuspension step. A  w eek la ter cells 

from  the  sam e cell line w ere harvested and the m em brane hom ogenate p repared  

as normal. The frozen m em brane pellet was thawed and resuspended in 

incubation m edium  and the radioligand binding assay was carried out on both  

tissue preparations.

3.2.5 Adenylyl cyclase assay

Initially the form ation of [32P]-cAMP from  [a32P]-ATP was m easured in 

A431 cells using Salom on’s m ethod to  ascertain if the separation m ethods w ere 

working. Two 75cm3 flasks of confluent A431 cells w ere harvested and the cell 

pellet was frozen and stored at -20°C until use. W hen required  the cells were 

thaw ed and then assayed as described. The assay was then  repeated  on a 

lymphoblast cell line with a  high /3-AR capacity. The assay was first carried out 

on cells tha t had been  frozen as the A431 cells had been, but the assay was then 

repeated  with fresh cells. In bo th  cases three flasks containing 30ml of confluent 

cells w ere harvested. A  further assay was carried out with a different m ethod of 

preparing the  tissue. As opposed to  homogenization, a  perm eabilized cell 

p reparation  was used in order to minimize perturbation of the system. This has 

been  shown in lymphocytes to  result in a significant increase in isoprenaline 

stim ulated adenylyl cyclase activity (Feldm an, 1985 & 1989). The pellet was 

resuspended in 30ml T M E buffer which included 10/xg/ml digitonin to 

perm eabilize the cell m em brane. This was incubated for 15 min at 4°C and then 

centrifuged a t 400g for 10 min at 4°C. The pellet was then  resuspended in 30ml 

T M E  buffer alone and centrifuged at 400g for 10 min at 4°C to wash off the 

digitonin. The cells w ere m aintained at 4°C during the perm eabilization to  inhibit
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ex vivo alterations in lymphoblast /3-AR properties (D e Blasi et a l , 1986). The 

pellet was resuspended in 1.5ml T M E and assayed as for broken cell preparations.

The second m ethod of assaying for adenylyl cyclase activity (using the 

A m ersham  cAM P assay kit) was then tried, initially running it with A431 and 

lymphoblast cells concurrently, bu t afterwards with lymphoblast cells only. Cells 

w ere harvested from  one 30cm3 flask of confluent A431 cells and two flasks of 

30ml confluent lymphoblast cells. As a trial run the adenylyl cyclase was 

stim ulated by 10'5M  isoprenaline, 6 x 10'5M  forskolin, lO^M  prostaglandin E x 

(P G E i) (concentrations shown by Ebstein et al (1984, 1985) to be maximally 

stimulating in lymphocytes under similar assay conditions) and 10‘3M  N aF and the 

cell suspensions and agonists were incubated for 15 min at 37°C. Time and dose 

response curves w ere then carried out for all the agonists, with incubation times 

of 5 ,1 0  and 15 min being used. The agonist concentrations used w ere as follows: 

isoprenaline 10~9-10'4 M; Forskolin 6 x lO^-lO-4 M; P G E X 1 0 9-10"6 M  and N aF 

lO^-lO'2 M.

3 3  Results

3.3.1 Binding characteristics

Incubation of lymphoblast m em branes with 60pM [125I]-CYP at 37°C for 

10-180 min showed specific binding to be saturable with respect to tim e (Fig. 3.1), 

with an association half time, t,/2, of 23 min. A  routine incubation tim e of 90 min 

was therefore adopted, which was 4 x t,/2, by which time approxim ately 95% of 

equilibrium binding would have been  acquired. Dissociation was very slow, with 

only slight dissociation in the 150 min tim e course studied.

Specific binding of [125I]-CYP to lymphoblast m em branes was saturable in 

the range 5-100 pmol/1 and Scatchard analysis of the data closely approxim ated 

a straight line, indicating the presence of a single binding site (Fig. 3.2).
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Fig. 3.1 Association time curve:-

Specific binding of 60pM  [125I]-CYP to lymphoblast m em branes 

against time. Each point represents the m ean ±  sem from  

triplicate estimates in a single cell line.
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Fig. 3.2 A Specific binding of [125I]-CYP to lymphoblast m em branes. Each 

point represents the m ean ±  sem  from  triplicate estim ates in 

a  single cell line.

B Scatchard plot of the data.

B m ax  = 13.15 fm ol/m g p ro te in  
K d = 15.26 pM  
r  = 0.972
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3.3.2 D isplacem ent studies

D isplacem ent of specific binding of [125I]-CYP by various compounds 

dem onstrated  an inhibition profile typical of the j3-AR (Table 3.2 and Fig. 3.3). 

Substantial differences w ere observed in the potencies of the stereoisom ers of 

propranolol and isoprenaline, the  biologically active enantiom er being the m ore 

potent inhibitor of binding. W ithin the group of /3-AR antagonists, compounds 

with selective affinity for the p 1 subtype (CGP 20712, atenolol and practolol) were 

less poten t than  non-selective compounds (propranolol and CGP 12177) or the 

j32 selective compound, ICI 118551 (Fig. 3.3A). This indicates that the /3-AR on 

the lymphoblast cell is of the /32 type, similar to that reported  on the paren t 

lymphocyte cells (Brodde et ah, 1981).

D isplacem ent of the radiolabel by antagonists occurred with Hill 

coefficients close to unity, w hereas displacement by agonists resulted in Hill 

coefficients significantly less than unity. In the case of isoprenaline, addition of 

G TP or G ppN H p resulted in an increase in the IC50 value and in the Hill 

coefficient, suggesting coupling of the receptor to nucleotide binding proteins 

associated with adenylyl cyclase (Fig. 3.3B).
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Table 3.2 Inhibition profile for displacement of specific binding of [125I]-CYP 

to cultured lymphoblast cells. Results are expressed as IC50 

(nmol/1) and represent m eans of 2 - 7 individual estimations.

Inhibitor IC50
CGP 12177 3

1-propranolol 2
d-propranolol 334

Oxprenolol 14
ICI 118551 36

(-)Isoprenaline 59
(-)Isoprenaline + GTP (10 /zM) 232
(-)Isoprenaline + GppNHp (10 /zM) 634
(+)Isoprenaline 33000

CGP 20712 >1000
* Phentolamine >1000
* Atropine >1000
* Ketanserin >1000
* Haloperidol >1000

Practolol 1418
Atenolol 1605
Adrenaline 3685
Fenoterol 3693
Isoxsuprine 6510
Noradrenaline 7500

* Dopamine >10000
* 5-HT >10000

* A  single concentration only was used
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Fig. 3.3 Displacem ent of specific [125I]-CYP binding to  lymphoblast 

m em brane by the j3-AR antagonists CGP 12177, ICI 118551 and 

CGP 207121A  (A) and by isoprenaline, with and w ithout 10/xM 

G ppN H p (B). Each point represents the m ean ±  sem  from 

triplicate estim ates in a  single cell line.
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3.3.3 Com parison of lymphocyte and lymphoblast binding characteristics

The results of the com parison of the binding characteristics of [125I]-CYP 

on isolated lymphocyte preparations and on lymphoblast preparations from  cell 

lines grown from the sam e individuals are shown in Table 3.3. Com parison of the 

m eaned data showed no significant difference in the binding affinity (Kd) but 

significantly lower binding capacity (Bmax) in the lymphoblast cells w hether 

expressed in term s of p ro tein  content or cell num ber. Correlation betw een the 

individual binding capacity in lymphocytes and in lymphoblasts was statistically 

significant when expressed in term s of cell num ber (r =  0.91, p <  0.05), bu t not 

in term s of protein content.

Table 3.3 Binding characteristics of [125I]-CYP on m em branes from  cultured 

lymphoblasts and parent lymphocytes. Results are expressed as 

m ean ±  sem (n =  7).

Binding characteristics LYMPHOCYTE LYMPHOBLAST

Kd (pM) 13.3 ± 0.7 14.9 ± 0.6

Bmax (fmol/mg protein) 78.0 ± 12.1 5.7 ± 0.3

Bmax (sites/cell) 444 ± 55 39 ± 4

3.3.4 Reproducibility

Cell density increased with time over the 7 day period studied, with the 

growth curve showing a typical exponential form  (Fig. 3.4). W hen expressed in 

term s o f receptor sites/cell, the  binding capacity increased during the preconfluent 

phase of rapid growth, and then  returned to the initial levels by day 7. However, 

w hen m easured in term s of receptors/m g protein, the binding capacity showed 

little change throughout the cell cycle. This suggested a gradual increase in cell 

size during growth, which was supported by calculation of the cell p ro tein  content 

which m irrored the binding capacity identified in term s of recep tor sites/cell.
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Fig. 3.4 Lym phoblast cell density in a  single cell line m easured for a  seven 

day period after subculturing. Table 3.4 shows the results for one 

cell line. These results indicated tha t calculation o f recep tor density 

with respect to  protein content was less prone to  variation than  that 

expressed in term s of sites/cell.
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Table 3.4 Cell density and /3-AR density on an individual lymphoblast cell line 

over a 7 day period.

Days After Subculturing 
0 1 2  3 7

Cell density 
(106cells / m l ) 0.3 0.4 0.9 1.5 2.1

Bmax -
fmol/108cells 
fmol/mg protein

19.1
7.1

7.3
6.0

50.1
9.8

17.4
7.6

Cell Size
(mg protein/108c e l l s ) 2.7 4.6 5.1 2.3

Kd (pM) 21.7 22.0 19.2 21.4

R epeated  binding studies on 7 cell lines over 4-12 weeks dem onstrated 

individual coefficients of variation of 5-13 % (m ean 8.2 ±  0.9) for Bmax values 

and 7-19 % for Kd values. Significant variation in Bmax values was observed 

betw een individuals, when tested by S tudent’s unpaired t test, with values ranging 

from  3.1-8.8 fmol/mg protein (m ean 5.3 ±  0.8 fmol/mg protein), w hereas there 

w ere no significant differences in Kd values (m ean Kd value, 15.7 ±  1.0 pmol/1). 

The differences in receptor density in different cell lines can be seen clearly in 

Fig. 3.5.

In the three cell lines tha t w ere established on three separate  occasions the 

differences in binding characteristics betw een cells transform ed on each occasion 

w ere no g reater than  the norm al inter-assay variation, and the differences betw een 

different individuals w ere m aintained. R epeated  analyses of [125I]-CYP binding 

in th ree  subjects on six occasions over a nine m onth period of continuous culture 

revealed no significant changes in binding capacity or affinity with time 

(coefficients of variation for the three cell lines w ere 12%, 7% and 10% for the 

Bmax values and 12%, 12% and 6% for the Kd values; r  <  0.34 for both  Bmax 

and Kd values against time for all three cell lines).
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Fig. 3.5 Binding capacity (Bmax) in 7 lymphoblast cell lines. Results are 

expressed as the m ean ±  sem  of 4-16 experiments.

* p<0.05 S F  v. AV; A H  v. 1802; J D v .N G , 1802;
** p<0.01 M H  v. SF , NG;
*** p<0.005 N G  v. AV;
**** p<0.001 S F  v. A H , 1802; A H v . M H , AV, JD ; 

N G vl802.
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Similarly, freezing and storage of the cells in liquid nitrogen for three 

m onths did no t effect the binding characteristics when tested  after recovery of the 

cells in culture. Freezing the m em brane hom ogenate before carrying out the 

binding assay also had no significant effect on the Bmax, the Kd or the protein 

content of the tissue when tested  by Students’ unpaired or paired  t test (Table 

3.5).

Table 3.5 Com parison of Bmax and Kd values in fresh and frozen tissue. 

Results are expressed as the m ean ±  sem for 4 cell lines.

FRESH TISSUE FROZEN TISSUE

Tissue Content 
(mg protein/ml) 

Bmax
(fmol/mg protein) 

Kd 
(pM)

0.21 ± 0.05 

5.97 ± 1.22 

19.04 ± 2.10

0.21 ± 0.03 

6.47 ± 1.36 

19.85 ± 1.03

3.3.5 Adenylyl cyclase assay

In the  initial adenylyl cyclase assay on A431 cells using Salom on’s m ethod, 

the cell hom ogenate had a basal activity of 56.3pmol [32P]-cAM P/mg protein/m in. 

Stim ulation of the A431 adenylyl cyclase was induced by forskolin, isoprenaline 

and N aF  in tha t order of potency (Table 3.6). The enzyme activity induced by 

10/zM isoprenaline was 331.5pmol/mg protein/m in which was a stim ulation of 

489%. As the separation techniques w ere working efficiently, the  experim ent was 

repeated  using a lymphoblast cell line with a high binding capacity for [125I-CYP] 

o f 8.8 fmol/mg protein. A lthough there was a m easurable basal enzyme activity 

of 5.23pmol/mg protein/min, neither isoprenaline nor N aF induced any stimulation 

o f of the enzyme and IO/iM  forskolin caused only slight stimulation (44% ) (Table 

3.6). The assay was then repeated  twice using cells im mediately after harvesting. 

In  neither experim ent was any stimulation induced by forskolin, isoprenaline or 

NaF. W hen digitonin was used to  perm eabilize the cell m em branes instead of
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homogenization, similar results w ere obtained, though there  was limited 

stimulation with 10/xM isoprenaline (Table 3.6).

As Salom on’s m ethod seem ed to  be  unsuitable for use in lymphoblast cells, 

estim ation of adenylyl cyclase activity was a ttem pted  using the A m ersham  

radioim m unoassay kit. The first a ttem pt was run concurrently with A431 cells and 

lymphoblasts to  ensure tha t the experim ental technique was working properly. 

Isoprenaline, forskolin and P G E X all stim ulated the lymphoblast adenylyl cyclase 

to  produce increased am ounts of cAMP over the basal level. 15 min incubation 

with 10/xM isoprenaline caused a two-fold increase, with P G E a an eleven-fold and 

with forskolin a three-fold increase in cAMP levels over basal (Table 3.6). The 

basal level of cAMP in A431 cells was about 10 times tha t of the  lymphoblast 

cells. As the assay gave satisfactory results with the lymphoblasts it was not 

necessary to  continue with the A431 cell line.

Table 3.6 Adenylyl cyclase stimulation as a % increase over basal level in 

A431 cells and lymphoblast cells assayed either by Salom on’s 

m ethod or the A m ersham  cAMP assay kit.

Forskolin Isoprenaline NaF PGE-l
lOnM 10/zM lOnM 10/zM ImM 1/zM

Salomom method 
frozen A431 cells 12 867 8 489 18
frozen lymphoblasts 0 44 0 3 2 -

fresh lymphoblasts 4 0 0 0 0 -

*fresh lymphoblasts 24 0 10 45 45 -
Amersham kit 
fresh lymphoblasts 231** - 118 0 1006

* perm eabilized m em branes 
* * 6 0  /zM forskolin

Adenylyl cyclase stimulation by all four agonists was concentration and time 

dependent (Figs. 3.6 & 3.7). The maximal response to isoprenaline, a six-fold 

increase in cAM P com pared to  basal, was achieved at a concentration of 10'5M 

and a 10 min incubation time. However, the am ount of stimulation decreased
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with lO^M  isoprenaline, and with 15 min incubations the maximum adenylyl 

cyclase stimulation was reached at lO^M isoprenaline and was only two-fold. This 

suggested tha t desensitization of the /3-AR coupled adenylyl cyclase response was 

occurring during the 15 min exposure to isoprenaline. The EC 50 for a 10 min 

incubation with isoprenaline was 10'7M.

Forskolin showed a similar pa ttern  of stimulation, with adenylyl cyclase 

stim ulation being greater after 10 min incubation with forskolin than  after either 

5 or 15 min incubation (Fig. 3.7A). lO^M forskolin was maximally stimulating and 

caused a five-fold increase in cAMP over basal.

N either P G E X nor N aF  caused desensitization of the adenylyl cyclase 

response a t the concentrations and incubation times used. The maximum 

stimulations observed for 10 min incubations with PG E j and N aF  w ere a 50-fold 

increase in cAMP levels over basal with lO^M P G E 2 and a 10-fold increase with 

10'2M  NaF.
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Fig. 3.6 C oncentration dependent stimulation of cAM P accum ulation in 

lymphoblasts by 10 min coincubation with isoprenaline, forskolin 

and N aF (A) and with P G E 1 (B).
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Fig. 3.7 Agonist-stimulated cAMP accumulation caused by 5 ,1 0  and 15 min 

coincubation with isoprenaline and forskolin (A) and by 10 and 15 

min coincubation with PG E j and N aF (B).
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3.4 Discussion

Specific binding of [125I]-CYP to lymphoblast m em brane hom ogenates was 

rap id  (t,/2 =  23 min) and saturable in the concentration range used (5-100 pM ). 

Dissociation was slow, which attributed to the high affinity (Kd 20pM, 

approximately). D isplacem ent of specific binding of [125I]-CYP dem onstrated an 

inhibition profile typical of the /3-AR with an order of potency of: ICI 118551 > 

CG P 12177 =  1-propranolol >  atenolol >  CGP 20712, which indicated the 

recep tor was of the p 2 type. These results w ere in accordance with those for the 

lymphocyte j8-AR using (± ) [125I]-CYP (Brodde et a l , 1981) o r (-)[3H]-Alprenolol 

(Williams et a t , 1976). T here  was a very good correlation betw een the IC50 values 

obtained in this study and bo th  those seen by Brodde et at and those seen by 

Williams et al. (r =  0.998 and 0.922 respectively).

The binding characteristics w ere qualitatively identical to  the paren t 

lymphocyte, with no change in binding affinity, but the recep tor density was lower 

in the  transform ed lymphoblasts than in circulating cells as described by Ebstein 

et a t (1985) in a sm aller study which also employed [125I]-CYP as the radioligand. 

The data for binding capacity given by Ebstein et al were not directly com parable 

to  those of this study as the Bmax values w ere expressed as fmol/106 cells. The 

binding capacity observed in this study of 5.3 ±  0.8 fmol/mg protein  com pared 

well to  the published values of Wright et al. (1984) and B errettini et al (1987) of 

6.8 ±  0.6 fmol/mg pro tein  and 3.7 ±  1.4 fmol/mg protein, respectively. Ebstein’s 

group also found tha t the binding affinity was reduced in lymphoblasts to  10.9pM 

com pared to 17.6pM in lymphocytes, bu t these results w ere only from  four cell 

lines and details of statistical significance w ere not given. T he binding affinity 

seen in the present study, 15.7 ±  l.OpM (7 cell lines), was closer to  tha t observed 

by Ebstein for lymphocytes than  for lymphoblasts, and was in accordance to that 

seen by Berrettini et a l (1987). W right’s group used a different radioligand, 

([125I]-iodohydroxybenzylpindolol. The similarity of both the inhibition profile and 

the  binding affinity of lymphoblasts and of lymphoctyes would seem  to indicate 

th a t the  /3-AR itself is no t altered by transform ation, even though the receptor 

density is m arkedly reduced. Reduction in /3-AR density leads to  a  reduction in 

isoprenaline-stim ulated cAM P accumulation (Ebstein etal., 1985 and the following

1 1 0



chapter). Cyclic nucleotides play an im portant role in many cell processes 

including cell division (Friedm an et a l , 1976) and a num ber o f agents that raise 

intracellular cAM P levels have been  shown to inhibit immunological function and 

mitogenesis in lymphocytes (M uraguchu et al, 1984). It may be  tha t one stage in 

the transform ation of lymphocytes to im m ortal cells is the reduced  ability of the 

EBV -transform ed cells to respond to  horm ones that stim ulate cAMP synthesis.

A lthough lymphoblasts vaiy both  in growth ra te  and  the num ber of 

receptors/cell depending on the stage o f the cell cycle, the  binding capacity 

rem ained consistent when expressed in term s of receptors/m g protein. Davies and 

Lefkowitz (1980) also came to the conclusion that /3-AR density in lymphocytes 

should be expressed in term s of protein content since this form  of expression had 

a lower coefficient of variation than tha t for sites/cell. As the recep tor density on 

lymphoblasts was relatively low, it was decided that cells should be harvested for 

biochem ical assay when the cultures w ere confluent so tha t the  high cell density 

would ensure tha t there would be sufficient cells for an accurate determ ination of 

Bmax values. R epea ted  studies of individual cell lines dem onstrated consistent 

inter-assay binding characteristics but significant differences in the Bmax values 

betw een subjects. These differences w ere not gender-related as 6/7 of the cell 

lines w ere derived from  m ale subjects. The reproducibilty was m aintained after 

freezing and storage of cell lines in liquid nitrogen, and after prolonged periods 

in continuous culture. The significant differences betw een subjects w ere also 

preserved in multiple cell lines derived from  the same individual, indicating that 

the  lymphoblast /3-AR num ber in norm al culture was dictated predom inately by 

genetic factors.

D isplacem ent of specific binding by agonists resulted in Hill coefficients 

significantly less than  unity, indicating the presence of high and  low affinity state 

binding sites. As the addition of either G TP or G ppN H p resulted  in an increase 

in the IC50 and the Hill coefficient, it was evident that the lymphoblast /3-AR was 

coupled to a guanine-nucleotide binding protein, which is an integral part of the 

/3-AR/adenylyl cyclase complex.
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Although m any workers have investigated adenylyl cyclase stimulation in 

lymphocytes using the Salomon method, this m ethod was found to be unsucessful 

in lymphoblasts. This possibly was due in part to the low level of activity of 

adenylyl cyclase in lymphoblasts. However, as there was a  m easurable basal level 

o f adenylyl cyclase activity bu t no induction of stimulation by agonists, it may also 

have been  the result of a  disruption of coupling betw een the GTP-binding proteins 

and the receptor and/or the adenylyl cyclase caused by the p reparation  of the 

m em branes. The only o ther group to  study the adenylyl cyclase complex in 

cultured lymphoblasts used the radioimmunoassay m ethod (Ebstein et aL, 1985). 

Following an adaptation of Ebstein’s m ethod yielded satisfactory results. 

Isoprenaline caused tim e and concentration dependent stimulation of adenylyl 

cyclase confirming the presence of an adenyly cyclase coupled /3-AR. The 

increase in cAMP levels over basal caused by 10/zM isoprenaline was similar to 

th a t seen by Ebstein. cAMP production was also increased in a tim e and 

concentration dependent m anner by P G E l5 forskolin and N aF. Desensitization 

of the adenylyl cyclase response as detailed in the next chapter was seen with 

isoprenaline and forskolin at high concentrations and 15 min exposure time. An 

incubation time of 10 min was selected for further studies.
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4.1 Introduction

Down-regulation and desensitization of mammalian adrenergic receptors 

in response to  agonists in vitro has been  studied in several tissues, such as brain 

slices (Nukina & Labella, 1989), platelets (Cook et a l, 1987), reticulocytes 

(Y am ashita et a l, 1987), astrocytom a cells (Toews et a l, 1987), fibroblasts 

(Berrettini et a l, 1987) and lymphocytes (Sandnes et a l, 1987). M ost in vitro 

studies into the concentration and tim e dependency of the down-regulation and 

desensitization phenom ena have been  limited to acute studies by the survival time 

of the tissue.

Sandnes’ group found that coincubation of intact hum an lymphocytes in 

vitro with isoprenaline caused /3-AR down-regulation. The extent of the down- 

regulation depended on the concentration of isoprenaline and the  duration of the 

coincubation. The coincubation time was only investigated for up  to  4 hours, and 

the standard conditions adopted for the rest of the study of down-regulation and 

desensitization were coincubations with 1/zM isoprenaline for 10 min. Acute 

studies such as this have a limited application to receptor down-regulation in vivo, 

which presum ably involves very low concentrations of agonists and chronic 

exposure.

In order to  investigate down-regulation in the lymphoblast in response to 

isoprenaline, coincubation times of 4 hours, 24 hours and 7 days w ere employed 

using isoprenaline concentrations ranging from  O.lnM to 10/zM. The effects of 

changes in various param eters, such as the phase of the cell cycle and the length 

of tim e in continuous culture, w ere studied in order to optimise the protocol for 

isoprenaline coincubation. Inter-assay reproducibility within cell lines and 

individual sensitivity to  isoprenaline down-regulation betw een different cell lines 

w ere investigated. The functional relevance of the jS-AR down-regulation was 

investigated in term s of desensitization of adenylyl cyclase activity in response to 

isoprenaline coincubation for 4 hours, 24 hours and 7 days. Desensitization was 

determ ined by examining the j8-AR coupled adenylyl cyclase response, the 

prostaglandin receptor coupled adenylyl cyclase, and direct stimulation of the
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adenylyl cyclase by forskolin and NaF, so that it could be determ ined w hether 

desensitization was homologous or heterologous.

4.2 Methods

4.2.1 Down-regulation of /3-ARs on lymphoblast cells

Down-regulation of the  /3-AR in response to isoprenaline was investigated 

in 5 lymphoblast cell lines. R PM I 1640 m edium  containing isoprenaline (10'9- 

10-4 M ) and ascorbic acid (10'3 or 10'2 M) was added to 3 flasks containing 30ml 

of confluent cells to  bring the volume to 40ml and to give a  final isoprenaline 

concentration of 10'10-10'5 M  and a final ascorbic acid concentration of KT4 or 

1 0 3 M. As usual, all flasks w ere supplem ented with 10% FCS. The ascorbic acid 

was included to inhibit oxidation of the isoprenaline. Cell lines w ere concurrently 

coincubated with 10-4 or 10'3 M  ascorbic acid alone as controls and trea ted  exactly 

as for the cells coincubated with isoprenaline. The flasks w ere then incubated at 

37°C for 4 hours, 24 hours or 7 days and then the /3-AR binding assay carried out. 

To ensure that ascorbic acid itself did not affect /3-AR binding un treated  cells 

w ere com pared to  those tha t had been  coincubated with 10'3M  ascorbic acid for 

24 hours.

The effect of the stage of the cell cycle on the extent of down-regulation 

was investigated in one cell line. Lymphoblast cells were subcultured on day 0 

and the cell density m easured. O n day 1 or day 5, 1 0 7 or 1CT6 M  isoprenaline 

and/or 10'3M  ascorbic acid w ere added to the cells. The cells were coincubated 

with isoprenaline for 24 hours and then after measuring the cell density, the cells 

w ere harvested and assayed (day 2 or day 6).

F or 7 day coincubations, the cells in initial experiments w ere subcultured 

by a ratio  of 1:3 on either day 3 or day 4 (isoprenaline and/or ascorbic acid were 

added on day 0) and assayed on day 7. As a certain am ount of oxidation of the 

isoprenaline may still have been  occurring, resulting in an underestim ation of the 

extent of down-regulation due to a particular isoprenaline concentration, the effect 

of replacing the m edium  daily during 7 day coincubations was investigated in all
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5 cell lines. 10‘9M  isoprenaline and 10‘3M  ascorbic acid were added to the flasks 

as usual. Each day the flasks were stood upright to allow the cells to  settle down 

to the bottom  of the flask and then 30ml of the medium was aspirated  off, taking 

care not to  rem ove any cells, and replaced with 30ml fresh medium, FCS, 

isoprenaline and/or ascorbic acid. In subsequent 7 day coincubations the cells 

w ere subcultured 2 days before treatm ent by 1:3, subcultured 1:2 on day 2 and 

then  20ml of medium  was replaced on day 5.

A nother way of estimating the effect of any reduction in the concentration 

of isoprenaline due to oxidation was to assay the cells after a 24 hour coincubation 

with isoprenaline followed by incubation for 24 hours in isoprenaline-free medium. 

If the 24 hours in isoprenaline-free medium allowed recovery of some or all of the 

down-regulated receptors, then  oxidation of isoprenaline during 7 days of 

coincubation would surely also result in a reduction in the extent of down- 

regulation. The cells from  three cell lines were coincubated with 10'9M 

isoprenaline and/or 10‘3M  ascorbic acid for 24 hours and then all the m edium  was 

replaced with fresh m edium w ithout isoprenaline or ascorbic acid by centrifuging 

the cells and medium, discarding the supernatant and resuspending the cells. 

A fter a further 24 hours incubation the cells w ere harvested and assayed.

In order to determ ine w hether the num ber of weeks in culture had any 

effect on the extent of down-regulation, and to see how reproducible the results 

were, 7 day coincubations with 10'9M  isoprenaline were carried out on five cell 

lines a t 8 ,1 0  and 12 weeks after lymphocyte transform ation. A fter treatm ent the 

cells w ere harvested, homogenised, sonicated and spun twice. The pellet was then 

stored at -20°C until assayed. The /3-AR binding assays for each cell line were 

then  perform ed on consecutive days.

Initially 10'3M ascorbic acid was used to inhibit isoprenaline oxidation but 

it was noted that in the 7 day coincubations the cell growth ra te  was reduced both 

in control and isoprenaline trea ted  cells. This was particularly evident when the 

m edium  was changed daily. In order to ascertain what was the minimum 

concentration of ascorbic acid to  prevent oxidation of isoprenaline whilst having 

no effect on cell growth, the growth of one cell line in the presence of 10'5-10'3 M
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ascorbic acid was examined over 7 days and com pared to tha t in the absence of 

ascorbic acid and the extent of down-regulation in response to 10'9M  isoprenaline 

w ithout ascorbic acid com pared to that with 10'3 and 10"4 M  ascorbic acid.

C oncentration and tim e response curves w ere constructed for 10'10-10'5 M  

isoprenaline for 4 hours, 24 hours and 7 day coincubations using five cell lines. 

Inter-assay and intra-assay reproducibility w ere examined.

4.2.2 Down-regulation of /3-ARs on A431 cells

As a com parison to lymphoblast cells, dose and time response curves were 

constructed for the effect of isoprenaline coincubation on the  /3-ARs on A431 

cells. Isoprenaline in concentrations of 10'1°-10'6 M  was coincubated with A431 

cells for 4 hours, 24 hours and 7 days.

4.2.3 Desensitization of the lymphoblast adenylyl cyclase response

The adenylyl cyclase response in the lymphoblast in response to various 

agonists was examined after coincubation with isoprenaline in o rder to assess the 

functional relevance of (3-A R  down-regulation. Cell lines from  8 subjects w ere 

coincubated with isoprenaline (10'9-10 7 M ) and/or ascorbic acid (10'3M ) for 4 

hours, 24 hours or 7 days. Coincubations w ere stopped by centrifugation and the 

cells w ashed to ensure tha t all the isoprenaline was rem oved by resuspending in 

30ml R PM I 1640 m edium  and centrifuging for a second time. The cAM P assay 

was then  carried out on the cells using the m ethod adapted from  Ebstein et at 

(1985) as described in C hapters Two and Three. Adenylyl cyclase was stim ulated 

by isoprenaline (10 7 and 10'5 M), FGEr (10'7 and 10-6 M), forskolin (lO^M ) and 

N aF  (10'2M ). These concentrations w ere those tha t in the dose response study 

o f C hapter Three w ere either maximally stimulating (isoprenaline 10'5M, P G E X 

10'6M, forskolin lO^M and N aF 10"2M ) or caused half the maximal response 

(isoprenaline 10'7M  and P G E X 10 7M).
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4 3  Results

4.3.1 Down-regulation of /3-ARs on lymphoblast cells - prelim inary studies

In the prelim inary experim ent to ascertain w hether 10'3M  ascorbic acid had 

any affect on /3-AR binding or affinity and w hether any loss in /3-AR binding could 

be  seen when lymphoblasts w ere coincubated with isoprenaline, the lymphoblasts 

w ere divided into th ree treatm ent groups: untreated , 10'3M  ascorbic acid alone 

and 10‘3M  ascorbic acid plus lO^M isoprenaline. A fter a 24 hour coincubation 

there  was a 78% loss of /3-ARs in the isoprenaline treatm ent group (Bmax values:- 

no treatm ent 4.4fmol/mg protein; lO^M isoprenaline l.Ofmol/mg protein) whereas 

the  cells trea ted  with ascorbic acid alone showed no loss o f receptors (Bmax 

4.3fmol/mg protein). N either coincubation with ascorbic acid nor with ascorbic 

acid and isoprenaline had any effect on the binding affinity (Kd values:- 23.7, 23.7 

and 25.9 pM  for no treatm ent, ascorbic acid alone and ascorbic acid plus 

isoprenaline, respectively).

Lym phoblast cells incubated in the presence of 10'3M  ascorbic acid initially 

showed a slower growth ra te  than cells grown in the presence of lCf4 and 10'5 M 

ascorbic acid or cells grown in the absence of ascorbic acid. T hree days after 

addition of 10‘3M  ascorbic acid the cell density had increased by 29%, whereas 

with lO^M  ascorbic acid it had  increased by 45%, with 105M  ascorbic acid it had 

increased by 54% and in untreated  cells the cell density had increased by 66%. 

A fter 7 days coincubation the cell densities in cells treated  with 10A and 10 5 M 

ascorbic acid w ere the sam e as the cell density of the un trea ted  lymphoblasts, 

however 10'3M  ascorbic acid had actually caused lymphoblast cell death, and the 

cell density was less than  half of that before treatm ent.

7 day coincubation with 10~9M  isoprenaline in the absence of ascorbic acid 

did not result in any /3-AR down-regulation, even though the m edium  was changed 

twice. Reduction of the am ount of ascorbic acid routinely used to prevent 

isoprenaline oxidation to lO^M had no effect on the extent o f down-regulation.

The results of the study of isoprenaline down-regulation in preconfluent 

and confluent cells are shown in Table 4.1. There was no difference in the extent
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of down-regulation betw een cells coincubated with isoprenaline on day 1 and 

assayed on day 2 when the cells were preconfluent and those coincubated with 

isoprenaline on day 5 and assayed on day 6 when the cell culture was confluent, 

despite the fact tha t the cell density on day 6 was almost twice tha t on day 2.

Table 4.1 Down-regulation in response to 24 hour coincubation with 

isoprenaline in preconfluent and confluent cells. Cells o f one cell 

line w ere subcultured on day 0 to  a  cell density o f 0.5 x 106 cells/ml.

DAY 2 DAY 6

[Isoprenaline]M 0 10~7 10"6 0 10"7 10“6

Cell density 
(106 cells/ml) 0.6 0.7 0.6 1.1 1.1 1.2

Bmax
(fmol/mg protein 13.1 11.7 7.7 11.5 10.6 7.1

Kd
(pM) 13.3 18.4 23.6 22.2 17.5 25.8

Down-regulation 
(% of control) - 11.2 41.7 - 8.6 38.2

W hen five cell lines w ere coincubated with 10'9M  isoprenaline and/or 10‘3M 

ascorbic acid for 7 days with daily replacem ent of 30ml of medium, results were 

only obtained from  two cell lines as th ree cell lines failed to  grow and so there 

w ere not enough cells for an assay. O f the two cell lines tha t yielded results, one 

showed a down-regulation of 60% of its /3-ARs which was identical to tha t seen 

w hen the medium  was replaced only once during the 7 day coincubation. The 

extent of down-regulation in the o ther cell line was also approxim ately 60%, but 

this com pared to  a  down-regulation of only 33% with a single m edium  change.

W hen th ree cell lines w ere coincubated with 10'9M  isoprenaline for 24 

hours, followed by a further 24 hours incubation in R PM I 1640 alone before

assaying, the degree o f down-regulation was greatly reduced w hen com pared to
$°ctha t in the same cell lines coincubated with 10 '^1  isoprenaline^24 hours as usual
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(m ean down-regulation 18% and 48% respectively) (Table 4.2). In o ther words, 

significant recovery of down-regulated /3-ARs does occur, and within 24 hours, if 

the isoprenaline is removed.

Table 4.2 /3-AR down-regulation after 24 hour coincubation with 10'9M

isoprenaline (iso) with or without a further 24 hour incubation in 

isoprenaline-free (iso-free) medium.

Treatment 24 hour iso 24 hour iso + 
24 hour iso-free

Down-regulation 
(% of control) 48.0 ± 9.4 18.1 ± 10.6

Five cell lines assayed 8 ,10  and 12 weeks after lymphocyte transform ation 

and after 7 day coincubation with 10 9M  isoprenaline showed no significant effect 

of tim e in continuous culture on the extent of down-regulation. The /3-AR down- 

regulation in response to  isoprenaline 8 weeks after transform ation was

61.2 ±  5.2 % (m ean ±  sem; n= 5); after 10 weeks 61.6 ±  1.1 %; and after 12 

weeks 61.5 ±  3.4 %. This also showed that the down-regulation caused by 7 day 

coincubation with 10'9M  isoprenaline was highly reproducible.

4.3.2 Down-regulation of /3-ARs on lymphoblast cells - concentration and time

dependence

/3-AR down-regulation in response to isoprenaline was found to be 

concentration and tim e dependent (Table 4.3). W hen tested  by two-way analysis 

o f variance, both  the interaction of receptor loss and isoprenaline exposure time 

(Fig. 4.1), and the interaction of receptor loss and isoprenaline concentration (Fig. 

4.2), w ere highly significant (p <  0.001). Coincubations with low concentrations 

(10'9M ) of isoprenaline for 7 days caused a down-regulation of m ore than 50% of 

the /3-ARs (Fig. 4.1).

120



fi-
A

R
 d

ow
n-

re
gu

la
tio

n 
(%

 d
ec

re
as

e o
f c

on
tr

ol
 B

m
ax

)

Fig. 4.1 Lym phoblast /3-AR down-regulation in response to  coincubation 

with InM  and lfiM  isoprenaline for 4 hours, 24 hours and 7 days. 

E ach  point represents the m ean ±  sem of the results from  2-5 cell 

lines.
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Fig. 4.2 Lym phoblast /3-AR down-regulation in response to  24 hour 

coincubation with isoprenaline at concentrations of 10'1°-10'6 M. 

E ach point represents the m ean ±  sem of the results from 2-5 cell 

lines.

Log isoprenaline concentration (M)
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No difference in down-regulation was observed betw een 24 hour and 7 day 

coincubations a t isoprenaline concentrations of 10'7M  and above, probably 

because the down-regulation had reached a maximum. Also, when the receptor 

loss exceeded 80%, accurate calculations of binding capacity w ere difficult and 

differences betw een experiments w ere not apparent. The maximum receptor loss 

after 24 hour and 7 day coincubation was approximately 80% whereas that after 

4 hour coincubation was only 60%.

Table 4.3 Down-regulation of lymphoblast /3-ARs by isoprenaline. Values are

expressed as % decrease of control Bmax and are the m ean ±  sem 

of the results from  2-5 cell lines.

DURATION OF ISOPRENALINE CONCENTRATION (M)
INCUBATION 10"10 10~9 10~8 IQ-7 10"6 10"5

4 hour - 14 29 50 + 5 61 ± 2 65 ± 2

24 hour 9 ± 6 45 ± 6 66 ± 4 76 ± 3 83 ± 4

7 day 20 52 ± 8 70 ± 5 81 ± 3 81 ± 3

The sam e pattern  of down-regulation was seen with lymphoblasts as was 

previously reported  by Sandnes et a l (1987) in isolated lymphocyte preparations 

with isoprenaline for up to 4 hours (Fig. 4.3). In both cases a maximum receptor 

loss of 60% was reached.

The coefficients of variation for repeated  experiments within each cell line 

w ere low - less than 15 % - showing that there was good inter-assay 

reproducibility. Although the results with different cell lines w ere generally 

consistent, certain cell lines showed particularly high or low am ounts of down- 

regulation. The results of two cell lines are com pared in Table 4.4 and Fig. 4.4.
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Fig. 4.3 Com parison of /3-AR down-regulation betw een lymphoblasts 

coincubated with isoprenaline for 4 hours and lymphocytes 

coincubated with isoprenaline for 30 min (Sandnes et al. , 1987).
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Fig. 4.4 Com parison of /3-AR down-regulation betw een two lymphoblast cell 

lines after 7 day coincubation with isoprenaline. Results are 

expressed as the m ean ±  sem of 1-3 experiments.
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* p<0.01 v. M H  (ANOVA)
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There was a  significant difference in their sensitivity to 24 hour 

coincubation with isoprenaline when tested by analysis of variance (p<0.01). This 

difference was not a result of the significant difference in binding capacity of the 

two cell lines as there  was no correlation betw een the initial Bmax values and the 

extent of down-regulation.

Table 4.4 Com parison of the sensitivity to 7 day coincubation with 

isoprenaline of two cell lines. Results are expressed as % decrease 

in Bmax com pared to control and are the m ean ±  sem of 1-3 

experiments.

CELL
LINE

BMAX
(fmol/mg protein)

ISOPRENALINE CONCENTRATION (M) IQ-iO 10-9 i q -8

MH

SF*

5.33 ± 0.68 

3.58 ± 0.28!

0 33 ± 1 61 ± 6 

18 ± 2 52 ± 2 73 ± 8

* p  <  0.01 com pared to M H  (analysis of variance)

! p <  0.01 com pared to M H  Bmax value (unpaired t test)

4.3.3 Down-regulation of /3-ARs on A431 cells

Coincubation of A431 cells with isoprenaline also caused down-regulation 

of the /3-ARs which was concentration and time dependent (Fig. 4.5). A431 

/3-ARs w ere m ore sensitive to isoprenaline down-regulation than  lymphoblast 

/3-ARs with 4 hour coincubation with 10'7M  isoprenaline causing a down- 

regulation of 71% of the A431 /3-ARs com pared to 50% of lymphoblast /3-ARs 

and 7 day coincubation with 10'9M  isoprenaline causing recep tor losses of 69% 

and 52% respectively. The maximum receptor loss of 85% was achieved with 4 

hour coincubation with lO^M isoprenaline and with 24 hour coincubation with 

lO^M  isoprenaline.
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Fig. 4.5 /3-AR down-regulation in A431 cells coincubated with 10'1°-10'6 M  

isoprenaline for 4 hours, 24 hours and 7 days.
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4.3.4 D esensitization of the lymphoblast adenylyl cyclase response

Down-regulation of the lymphoblast /3-AR in response to isoprenaline 

coincubation was accom panied by a loss of adenylyl cyclase response. All the 

experim ents showed similar extents of desensitization of adenylyl cyclase response 

when either 10'7 or 10"5 M  isoprenaline was used to stim ulate adenylyl cyclase, or 

when either 10'7 or 10'6 M  PG E j was used. The results for 10'5M  isoprenaline 

and 10'7M  P G E x will be described. The desensitization of the /3-AR-coupled 

adenylyl cyclase response by 4 hour coincubation with isoprenaline was 

concentration dependent (Fig 4.6). There was no loss of response with 10'9M  

isoprenaline, bu t there  was a  55% reduction in cAMP accum ulation with 10'8M  

isoprenaline and a 74% reduction with 10'7M  isoprenaline. The adenylyl cyclase 

response to P G E X and forskolin was not reduced by coincubation with 10'9 and 

10'8 M  isoprenaline (Fig. 4.7A), so a t these concentrations the desensitization was 

homologous. In contrast, 10'7M isoprenaline caused heterologous desensitization 

in that there was an  approximately 45% loss of response to  both  P G E X and 

forskolin (Fig. 4.7A). 24 hour coincubation with isoprenaline also caused a 

concentration dependent loss of adenylyl cyclase activity (Fig 4.6). 10'9M

isoprenaline caused a 36% loss of /3-AR coupled adenylyl cyclase stimulation. 

P G E ^  and forskolin-stimulated cAMP accumulation showed a 50% increase (Fig. 

4.7B). Coincubation with 10'7M  isoprenaline resulted in a 78% loss of 

isoprenaline stim ulated adenylyl cyclase response and a 35% loss of PG E j and 

forskolin stim ulated adenylyl cyclase response (Fig. 4.7B).

D esensitization of the /3-AR-coupled adenylyl cyclase response was also 

tim e dependent (Fig 4.8A). A fter coincubation with 10'9M  isoprenaline for 4 

hours there was no reduction in cAMP accumulation, w hereas after 24 hours there  

was a 36% loss o f /3-AR stim ulated cAMP accumulation and after 7 days this 

reduction was increased to 84%. The response to forskolin was not affected by 

coincubation with 10'9M  isoprenaline at any of the tim e points. The response to  

PG E j was unaffected by 4 hour incubation, but 24 hour and 7 day coincubation 

both  caused a 50% increase in cAMP accumulation. The results obtained using 

10'2M  N aF to stim ulate adenylyl cyclase directly w ere generally inconsistent.
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Fig. 4.6 Concentration dependent desensitization of /3-AR-stimulated cAM P

accumulation in lymphoblasts after 4 hour and 24 hour coincubation 

with isoprenaline.
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Fig. 4.7 Agonist-stimulated cAMP accumulation in lymphoblasts after 4 hour 

(A) and 24 hour (B) coincubation with 10'9-10'7 M  isoprenaline.
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Fig. 4.8 A Time dependent desensitization of /3-AR- stim ulated cAMP 

accumulation in lymphoblasts after coincubation with 10'9M 

isoprenaline.

B Agonist-stimulated cAMP accumulation in lymphoblasts after 

coincubation with 10'9M  isoprenaline for 4 hours, 24 hours and 

7 days.
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4.4 Discussion

Down-regulation of the /3-AR in hum an lymphocytes has been  widely 

reported  both  in vivo and in vitro (see C hapter One). These results show th a t the 

lymphoblast undergoes similar agonist-induced m odulation of receptor num ber. 

The use of the lymphoblast however, allowed the effects of chronic coincubations 

with low agonist concentrations to  be studied, which m ore closely mimicked the 

in vivo situation.

W hen cells w ere coincubated with isoprenaline and/or ascorbic acid for 7 

days with a daily replacem ent of m ost of the medium, the cell growth in th ree  out 

of five cell lines was inhibited to such an extent that there w ere not enough cells 

for an assay at the end of the 7 day period. This was thought to  be due to  the 

fact tha t the cells may release growth factors into the m edium  and by replacing 

most o f the m edium  daily, these factors were lost.

A nother possibility was that as the concentrations of the isoprenaline and 

the ascorbic acid w ere kept a t 10'9M  and 10'3M  respectively by the daily 

replacem ent, e ither the isoprenaline or the ascorbic acid was toxic to the cells. 

As both  the cells trea ted  with ascorbic acid alone and those trea ted  with ascorbic 

acid and isoprenaline did not grow, it was clear that if the la tte r argum ent was 

correct, then  it was the ascorbic acid tha t was causing the toxicity. W hen the cells 

w ere coincubated with 10'3M  ascorbic acid for 4 or 24 hours, no effect on cell 

growth was observed, so the toxicity depended on the duration of exposure to  the 

ascorbic acid.

W hen the cell density was m easured on days 3 and 7 of a 7 day 

coincubation in the presence or absence of a range of concentrations of ascorbic 

acid, the toxicity of 10'3M  ascorbic acid had reduced the ra te  of cell growth by day 

3 and caused cell death  by day 7. lO^M ascorbic acid had  little effect on cell 

growth. As 7 day isoprenaline coincubation in the absence o f ascorbic acid did 

not result in any /3-AR down-regulation, lO^M ascorbic acid was used in all 

further coincubations. As changing the m edium too often was detrim ental to cell 

growth, but only a  single m edium  change could cause an underestim ation of the
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extent of down-regulation if the isoprenaline concentration was not m aintained, 

as ocurred with one cell line with a  down-regulation of 33% with a single m edium  

change com pared to  60% with daily m edium change, it was decided tha t a 

protocol of two changes of m edium  should be adopted for 7 day isoprenaline 

coincubations.

T here  was a possibility that the extent of down-regulation observed in 7 day 

coincubations was mainly a  result of the first 24 hours o r so of coincubation and 

th a t from  that point on the isoprenaline concentration was m uch lower than  the 

starting concentration due to  loss of isoprenaline by oxidation and m etabolism  by 

the cells. If this w ere the case then  it would have been  expected that either there  

would be a  recovery of the lost /3-ARs by recycling sequestered receptors or de 

novo synthesis, in which case the extent of down-regulation would expected to  be 

less after 7 day coincubation than  after 24 hour coincubation, or tha t there  would 

be  no recovery of lost /3-ARs even though the isoprenaline concentration was 

reduced. As 7 day coincubation did in fact result in a greater extent of recep tor 

loss than 24 hour coincubation, even when the m edium  was changed only once 

during the 7 days, then any reduction in isoprenaline concentration due to 

oxidation o r cell metabolism  was not allowing recovery of the receptors. However, 

as a significant proportion o f the /3-AR down-regulation due to 24 hour 

coincubation with 10"9M  isoprenaline was lost when a 24 hour washout period was 

used before assaying, it was clear tha t recovery of lost receptors did occur when 

cells with down-regulated /3-ARs w ere placed in an isoprenaline-free m edium  for 

24 hours. It could therefore be  assumed that the extent of down-regulation in 7 

day coincubations with isoprenaline resulted from the duration o f the exposure to 

isoprenaline.

N either the stage of the cell cycle nor the num ber of weeks in culture since 

transform ation had any effect on /3-AR down-regulation. As it was im portant to 

be able to  harvest enough cells to  have sufficient tissue for the  binding assay, 

coincubations w ere run  so tha t the cultures would be  confluent when harvested, 

bu t not overgrown as a lack of nutrients or a  high acidity of the m edium  could 

have had a detrim ental effect on the cells.
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Coincubation of lymphoblasts with isoprenaline caused a time and 

concentration dependent decrease in /3-AR num ber, whilst having no effect on the 

binding affinity. These results w ere in agreem ent with those of Sandnes et al 

(1987) for intact lymphocytes. Isoprenaline concentrations as low as 10'9M, when 

coincubated with lymphoblasts for 7 days, caused a down-regulation of m ore than 

50% of the /3-ARs. R epeated  experiments with each cell line showed a high 

degree of individual reproducibility, bu t there w ere significant differences in the 

extent of down-regulation betw een certain cell lines. T here was no correlation 

betw een the  binding capacity of the cell lines and their extent of down-regulation 

in response to  isoprenaline.

The /3-ARs on A431 cells also underw ent time and concentration 

dependent down-regulation in response to coincubation with isoprenaline.

The functional relevance of the down-regulation of lymphoblast /3-ARs was 

dem onstrated by means of the adenylyl cyclase assay. The results indicated that 

the reduction of /3-AR num ber following isoprenaline coincubation was 

accom panied by a decrease in receptor function as defined by adenylyl cyclase 

activity. The extent and m anner of desensitization was concentration and time 

dependent since low concentrations of isoprenaline caused homologous 

desensitization as the /3-AR stim ulated adenylyl cyclase activity alone was reduced, 

w hereas higher concentrations of isoprenaline (10~8M  or greater) or longer 

durations of coincubation caused heterologous desensitization in tha t the 

responses to  stimulation by P G E X and forskolin were also decreased.

It was determ ined from  these results tha t further investigation into /3-AR 

down-regulation and desensitization should employ 24 hour coincubation with 

10'9M  isoprenaline as these conditions resulted in a loss of about -50% of the 

/3-ARs accom panied by a loss of about 35% of the /3-AR-stimulated cAMP 

accum ulation with no loss in PG Ej- or forskolin-stimulated cAM P accumulation.
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5.1 Introduction

The lymphocyte /3-AR has been  studied in various diseases as a  peripheral 

m odel of central noradrenergic function. /3-AR dysfunction has been  im plicated 

in unipolar and bipolar depression and so the lymphocyte /3-AR m odel has been  

used extensively to  investigate /3-AR binding param eters (Bmax and Kd) and 

functional response (adenylyl cyclase activity) in depression (C hapter O ne).

The lymphocyte /3-AR m odel does however have a num ber of limitations. 

O ne problem  is due to the fact tha t the lymphocyte /3-AR is sensitive to 

m odulation by endogenous catecholamines. Physiological increases in plasm a 

catecholam ine levels have been  shown to cause down-regulation of the lymphocyte 

/3-AR and desensitization of /3-AR-coupled adenylyl cyclase (F raser et a l, 1981; 

Feldm an et a l, 1983). /3-AR antagonists cause an increase in recep to r num ber in 

vivo (A arons et a l, 1980; F raser et a l, 1981) which also suggests that down- 

regulation of lymphocyte /3-ARs occurs a t physiological catecholam ine 

concentrations.

Plasm a catecholam ine levels have been  reported  to  be elevated in 

depression (C ooper et a l, 1985) and to be higher in BP patients than  U P patients 

(Buckholtz et a l, 1988), thus it is difficult to know w hether a  reduced /3-AR 

density in depressed patients is due to down-regulation in response to  high plasm a 

catecholam ines or an intrinsic difference in /3-AR capacity. E levated plasm a 

catecholam ine levels have also been  reported  in situations of psychomotor 

agitation (M ann et a l, 1985) which further complicates in terpretation  of results.

As patients are likely to  be taking antidepressants or lithium it is necessary 

to  include a drug-free period before obtaining blood sam ples for lymphocyte 

isolation (unless ex vivo effects of these drugs are under investigation) as these 

drugs can effect /3-AR num ber and adenylyl cyclase response (see Chapters Six 

& Seven).

There is also an interaction betw een corticosteroids and /3-ARs (see below) 

and as cortisol secretion shows a diurnal rhythm and alterations in cortisol
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secretion have been  observed in depressed patients (Gibbons & M cHugh, 1962; 

H albreich et a l , 1985), plasm a cortisol levels at the time of blood sampling also 

need  to be taken into account.

A  further limitation of the lymphocyte model is the short survival tim e in 

vitro of these cells, preventing the effects of chronic in vitro treatm ent with 

/3-agonists or antidepressants being investigated.

The use of the lymphoblast /3-AR m odel avoids the problem s of 

m odulation by endogenous catecholamines, drugs or horm ones as the cells are 

grown in culture under controlled conditions for several weeks after 

transform ation before biochemical assays are carried out. This m odel also allows 

the  effects of chronic coincubations to be investigated. S tate-dependent effects 

will no t be seen, so differences in /3-AR num ber, function or regulation will be due 

to  intrinsic differences in the lymphoblasts from  depressed patients. As bipolar 

depression shows the strongest hereditary trait of the affective disorders 

(M cGuffin & Katz, 1989), patients with bipolar depression w ere selected for this 

study.

Having validated the lymphoblast /3-AR as a useful in vitro m odel of /3-AR 

function and regulation, lymphoblast cell lines were established from  patients with 

b ipolar depression and age and sex m atched controls. In order to investigate 

w hether the lymphoblast /3-AR was abnorm al in bipolar depression, /3-AR num ber 

was m easured using the radioligand binding assay; /3-AR function was investigated 

by assaying basal and stimulated levels of cAMP; and /3-AR regulation was 

assessed in term s of down-regulation in response to isoprenaline.

Plasma cortisol levels show a daily circadian rhythm, with low cortisol levels 

for most of the day but high levels in the afternoon (H albreich et a l, 1985). 

A dm instration of glucocorticoids at 10 p.m. suppresses the plasm a cortisol peak  

the  following day.

A bnorm al functioning of the hypothalamic-pituitary-adrenal (H P A) axis has 

been  im plicated in depression in some patients (Carroll & M endels, 1976;
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Holsboer, 1988). The dexam ethasone suppression test (DST) has been 

investigated in depression (Carroll et a l, 1981), and has shown a certain am ount 

of discrimination betw een endogenous and nonendogenous depression, lm g of 

dexam ethasone, a synthetic glucocorticoid, is adm inistered orally late at night and 

blood samples taken the following morning, afternoon and night. Plasm a cortisol 

is determ ined and subjects can be divided into two groups, those in whom the 

plasm a cortisol peak  is suppressed to below 5/xg/dl - suppressors - and those in 

whom the plasm a cortisol peak  is unaffected - nonsuppressors. A  higher 

proportion of subjects with endogenous depression are nonsuppressors com pared 

to healthy volunteers (Carroll et al, 1981). The DST has also been  used as a 

predictor of short-term  treatm ent response, with depressed patients who are 

nonsuppressors being m ore likely to respond to antidepressant treatm ent than 

those who are suppressors, though its ability to predict response is limited (A rana 

et a l, 1985).

The physiological implications of nonsuppression are not known, but 

various studies have investigated the affects of glucocorticoids on the /3-AR and 

the associated adenylyl cyclase system. Lymphocyte cells taken  from high-dose 

corticosteroid therapy patients have been  shown to have an increased 

catecholam ine-stim ulated adenylyl cyclase activity (Parker et al., 1973). 

Desensitization of/3-AR-coupled cAMP stim ulation in lymphocytes from asthmatic 

subjects has been  dem onstrated (Logsdon et a l, 1972; Lee et a l, 1977). In 

Logsdon’s study, steroid therapy was associated with a response to isoprenaline 

that was similar to  that seen in nonasthm atic control subjects.

In norm al subjects 24 hour trea tm ent with glucocorticoids can directly 

increase /3-AR num ber in both  lymphocytes and granulocytes, though 4 hour 

treatm ent caused a loss of /3-ARs in lymphocytes (Davies & Lefkowitz, 1980). 

Hydrocortisone has been  shown to increase [3H ]-D H A  specific binding on intact 

hum an lymphocytes when [3H ]-D H A  binding was m easured in the absence and 

presence of hydrocortisone (Cotecchia & de Blasi, 1984).

Chronic adm inistration of hydrocortisone to rats resulted in a  70% increase 

in /3-AR num ber in lung m em branes and a reversal of the /3-AR loss seen after
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adrenalectom y (M ano et a l , 1979). In contrast to this study, adrenalectom y has 

been  shown to result in an  increase in /3-ARs density and catecholam ine- 

stim ulated adenylyl cyclase activity in ra t liver m em branes whilst cortisone 

reversed this decrease (W olfe et a l, 1976).

In vitro coincubation of lymphocytes from  healthy controls and from  

asthm atic patients with hydrocortisone or cortisol caused an increase in the cAMP 

levels of the cells and potentiated  the effect of adenylate cyclase-stimulating 

agents such as isoprenaline, histam ine and PG E j (Logsdon et a l, 1972; Parker et 

a l, 1973; Lee et a l, 1977; M arone et a l, 1980). These effects w ere seen within 

30 min coincubation with jtiM concentrations of hydrocortisone. In asthm atic 

patients it has been  dem onstrated that coincubation with cortisol can restore the 

sensitivity of the lymphocyte /3-AR to isoprenaline after desensitization (Lee et al,

1977). In vitro dexam ethasone treatm ent was also shown to increase the adenylyl 

cyclase response to catecholam ines in lymphocytes (Lee & R eed, 1977).

Brostrom  et a l, (1974) observed tha t glucocorticoid-treated C6 glioma cells 

had  an increased basal and both  NaF- and noradrenaline-stim ulated adenylyl 

cyclase activity. In a study using dexam ethasone-treated astrocytom a cells, Foster 

& H arden  (1980) dem onstrated an increase both in /3-AR num ber and 

isoprenaline-stim ulated adenylyl cyclase activity. Glucocorticoid-induced increase 

in /3-ARs synthesis has also been  observed in cultured hum an lung cells (F raser 

& V enter, 1980). Hydrocortisone in vitro has also been  shown to resensitize 

hum an neutrophils’ adenylyl cyclase response that had been  previously 

desensitized by isoprenaline (Davies & Lefkowitz, 1983).

In o rder to further investigate the interaction of glucocorticoids and /3-ARs, 

the effect of hydrocortisone on the bipolar and control lymphoblast cell lines was 

investigated in term s of /3-AR num ber and regulation. Parker et a l (1973) 

pointed  out that it was uncertain w hether the effects of glucocorticoids in short 

incubation experiments in vitro can explain their adenylyl cyclase potentiation in 

vivo which seems to evolve m ore slowly, allowing the possibility of a different 

m echanism  of action such as the induction o f protein synthesis. During high dose 

corticosteroid therapy the unbound hydrocortisone concentrations in plasm a
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reaches up to  1/zM. Furtherm ore, F raser and V enter’s study (1980) observed 

maximum increases in /3-AR synthesis with 0.1/xM hydrocortisone, within 24 hours. 

W ith these considerations in mind, a hydrocortisone coincubation tim e of 24 hours 

was chosen, a t a concentration of 0.1/xM.

5.2 M ethods

5.2.1 Patient and control selection

Bipolar depressed patients w ere recruited at two centres, the departm ent 

o f Psychiatry, St. M ary’s H ospital and the University of W ales School of M edicine. 

B lood samples from  seven bipolar patients attending outpatient clinics at St. 

M ary’s H ospital w ere kindly taken by Dr. Baldwin and lymphoblast cell lines w ere 

established from  these samples according to the protocol described in C hapter 

Two. Eight lymphoblast cell lines established from bipolar patients recruited in 

W ales w ere provided by Dr. W hatley at the Institute of Psychiatry. All patients 

w ere diagnosed as having bipolar depression using the revised Diagnostical and 

Statistical M anual of M ental Disorders III (DSM III-R). O f the eight cell lines 

from  the Institute of Psychiatry, six had at least two first-degree relatives with 

unipolar or bipolar affective disorder. In all there were 10 fem ale bipolar subjects 

and 5 male.

Control subjects w ere recruited from  healthy volunteers from  various 

departm ents of St. M ary’s Hospital and M edical School and w ere m atched to 

patients for age and sex. A  questionnaire was used to determ ine tha t the controls 

w ere healthy, not under any current medical treatm ent and tha t neither they nor 

their families had any history of affective disorders.

A  coding system for the control and bipolar cell lines was used to ensure 

confidentiality. M atched cell lines w ere num bered 1-15, followed by a zero for 

control cell lines and the digit one for bipolar cell lines. A  further digit indicated 

w hether the cell line had been  established from the first sam ple received or if 

repeated  samples from the sam e subject w ere used. In o ther words, 402 and 412
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are  a  m atched pair of control and bipolar cell lines respectively, tha t w ere 

established from  the second blood sample obtained from the subjects.

5.2.2 Basal /3-adrenoceptor binding and down-regulation in response to 

isoprenaline

13 bipolar and m atched control cell lines were coincubated for 24 hours 

with InM  isoprenaline and/or O.lmM ascorbic acid. The cells w ere then  harvested 

and the radioligand binding assay carried out using [125I]-CYP as described in 

C hapter Two. Basal /3-AR num ber was determ ined from  the  /3-AR binding 

capacity of cells coincubated with ascorbic acid alone.

5.2.3 Adenylyl cyclase activity and desensitization in response to  isoprenaline

6 bipolar and control cell lines were coincubated as described in 5.2.2, and 

then  the cells w ere harvested, washed and resuspended in BSS. The cell 

suspensions were incubated for 10 min either in BSS alone or with the addition 

of 10'7 and 10'5 M  isoprenaline, 10'7 and 10*6 M  P G E l5 lO^M forskolin and 10'2M 

N aF to stim ulate the adenylyl cyclase. The adenylyl cyclase assay was then carried 

out as described in C hapter Two.

5.2.4 The effect of hydrocortisone on /3-adrenoceptor binding and down- 

regulation in response to isoprenaline

6 bipolar and control cell lines w ere coincubated with lOOnM 

hydrocortisone, InM  isoprenaline and/or O.lmM ascorbic acid for 24 hours and 

then  harvested. The radioligand binding assay was then carried as previously 

described.
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53  Results

5.3.1 Patient and control data

Transform ation of the lymphocytes was successfully achieved in 5 out of the 

7 blood samples from  bipolar patients recruited in London. The transform ing 

lymphocytes from  2 samples w ere infected by contam inating bacteria  before being 

established and frozen down. All control cell lines w ere eventually established, 

although some required repeated  blood samples to be  taken  due to 

contam ination. O ne control cell line (1503) and one patien t cell line (711) had 

/3-AR densities so low that it was very difficult to accurately determ ine the basal 

/3-AR binding capacity or affinity, and isoprenaline down-regulation could not be 

m easured. Coincidentally the control cell line was m atched to  a bipolar cell line 

(1511) from  a subject of the sam e sex and age as tha t of 701, the  m atched control 

to  711. T herefore the bipolar cell line 1511 was rem atched to  the  control cell line 

701. O f the rem aining bipolar cell lines 7 w ere from  fem ale subjects and 5 from  

m ale. The m ean age of the bipolar subjects was 42.6 ±  4.4 (range 23-65; m edian 

44) and tha t of the(wa^controls541.7 ±  4.4 (range 22-63; m edian 46).

5.3.2 Basal /3-adrenoceptor binding and down-regulation in response to

isoprenaline

Results for binding capacity and down-regulation w ere obtained from only 

10 control cell lines com pared to 12 bipolar cell lines due to  technical difficulties. 

T here  was no difference betw een the basal /3-AR density on lymphoblasts derived 

from  bipolar subjects or controls when tested  by Student’s unpaired  t-test. The 

m ean basal Bmax value for bipolar cell lines was 5.57 ±  0.95 fmol/mg protein 

(n=12, coefficient of variation 17%) and tha t for control cell lines was 5.71 ±  0.65 

fmol/mg protein  (n=10, coefficient of variation 12%) (Fig. 5.1 and Table 5.1).
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Fig. 5.1 /3-AR binding capacity (Bmax) in lymphoblast cell lines derived

from  bipolar depressed patients and m atched controls, subgrouped 

by gender. Results are expressed as m ean ±  sem.
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From  a scattergram  of the Bmax values for all the cell lines (Fig. 5.2) it 

could be  seen that the control Bmax values w ere distributed quite closely round 

the m ean, with 5/10 points being within the standard error. The bipolar Bmax 

values showed a greater extent of variation, with only 2/12 points being within the 

standard  error. All the b ipolar values were within the 95% probability limits for 

the  control group.

Both the bipolar and the control group had one cell line with a  much 

g reater /3-AR density than  the o ther cell lines. In the control group the outlying 

value was from a cell line derived from  m ale subject (1301) and in the bipolar 

group the outlier was from  a female cell line (1511). If these two values (10.55 

and 12.98 fmol/mg protein  for 1301 and 1511 respectively) w ere excluded, the 

m ean control Bmax value becam e 5.17 ±  0.42 fmol/mg pro tein  (coefficient of 

variation 8% ) and the m ean bipolar Bmax value was 4.90 ±  0.73 fmol/mg protein 

(coefficient of variation 15 %).

W hen the data from  the two groups w ere separated  according to the 

gender of the subject, there  w ere still no differences betw een either bipolars and 

controls or males and fem ales when tested  by a two-way analysis of variance (Fig.

5.1 and Table 5.1).

Table 5.1 /3-AR binding capacity (Bmax) in lymphoblast cell lines derived

from  bipolar depressed patients and m atched controls. Results are 

expressed in fmol/mg protein as m ean ±  sem.

Cell CONTROL BIPOLAR
line n Bmax n Bmax

female 6 5.53 ± 0.44 7 5.30 ± 1.48

male 4 5.97 ± 1.64 5 5.96 ± 1.13

total 10 5.71 ± 0.65 12 5.57 ± 0.95
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Fig. 5.2 /3-AR binding capacity (Bmax) in individual lymphoblast cell lines 

derived from  bipolar depressed patients and m atched controls.
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There was no correlation betw een the age of the subject a t the tim e of 

blood sampling and the binding capacity for either the individual groups or the 

bipolars and controls com bined (r<0.35).

There was also no difference in [125I]-CYP binding affinity betw een bipolar 

and control cell lines either overall o r w hen m ale and fem ale cell lines were 

exam ined individually by a two-way analysis of variance (Table 5.2). There was 

no correlation betw een binding affinity and age of subject a t tim e of sampling.

Table 5.2 j3-AR binding affinity (Kd) in lymphoblast cell lines derived from 

bipolar depressed patients and m atched controls. Results are 

expressed in pM  as m ean ±  sem.

Cell CONTROL BIPOLAR
line n Kd n Kd

female 6 18.8 ± 2.2 7 18.2 ± 1.5

male 4 20.0 ± 3.6 5 16.3 ± 2.7

total 10 19.3 ± 1.8 12 17.2 ± 1.5

W hen control cell lines were coincubated with 10'9M  isoprenaline for 24 

hours, the extent of /3-AR down-regulation was 39.9 ±  3.5 % (n=10, coefficient 

o f variation 9% ) (Table 5.3; Fig 5.3). In  contrast, bipolar cell lines similarly 

trea ted  showed a down-regulation of their /3-ARs of only 20.2 ±  5.3 % (n=12, 

coefficient of variation 26%). This difference was significant when tested by 

S tudent’s unpaired t-test (p<0.01).

In  all bu t one case the bipolar cell line responded to  isoprenaline 

coincubation with a lesser degree of down-regulation than did its m atched control 

cell line. The one bipolar cell line that showed a greater down-regulation than its 

control was 1511, which had a 60.6% loss of its j8-ARs com pared to  a  41.5% loss 

in its control, 701. 1511 was also the cell line in the b ipolar group with a

particularly high binding capacity. W hen this cell line was excluded the m ean
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Fig. 5.3 /3-AR down-regulation in response to 24 hour coincubation with

10'9M  isoprenaline in lymphoblast cell lines derived from  bipolar 

depressed patients and m atched controls, subgrouped by gender. 

Results are  expressed as a % of basal Bmax value (ascorbic acid 

alone) and as m ean ±  sem.
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down-regulation in the bipolar group becam e 16.5 ±  4.1% ( n = l l ,  coefficient of 

variation 25%). The exclusion of 1511 from  the bipolar down-regulation data was 

justified statistically by carrying out an analysis of variance on the  data with and 

without this cell line (F (ll,12 )= 2 .79 , p<0.05). W hen the 1511 cell line was 

excluded the statistical difference betw een the control and bipolar groups was 

g reater (pcO.OOl).

Table 5.3 /3-AR down-regulation in response to 24 hour coincubation with

10'9M  isoprenaline in lymphoblast cell lines derived from  bipolar 

depressed patients and m atched controls. Results are expressed as 

a % of basal Bmax value (ascorbic acid alone) and as m ean ±  sem.

Cell
line n

CONTROL
% down-regulation n

BIPOLAR
% down-regulation

female 6 37.5 ± 4.6 6 13.9 ± 5.8**

male 4 43.5 ± 5.6 5 19.4 ± 6.4*

total 10 39.9 ± 3.5 11 16.5 ± 4.1***

* p  <  0.05 com pared to  m ale control cell lines

** p  <  0.01 com pared to fem ale control cell lines

*** p  <  0.001 com pared to  to tal control cell lines

All tested  by unpaired S tudent’s t-test, excluding cell line 1511.

The down-regulation data was also examined in term s of the effect of 

gender. There was no difference betw een cell lines derived from  m ale or female 

subjects in either the control or the bipolar group (Table 5.3). In m ale cell lines 

the difference betw een control and bipolar cell lines was m aintained, though at 

a lower significance level (p<0.05) as there w ere only four m ale control cell lines 

and five m ale patient cell lines. In female cell lines the difference in the extent 

of down-regulation betw een control and bipolar cell lines was no longer 

significant. However, if the 1511 cell line was excluded, this difference becam e 

significant (p<0.01).
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Fig. 5.4 % /3-AR down-regulation against basal jS-AR binding for 

lymphoblast cell lines derived from  bipolar depressed patients and 

m atched controls.
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W hen these data w ere examined by two-way analysis of variance with 

repeated  m easures, subject status had a significant effect on the extent of down- 

regulation (p <  0.001) w hereas the gender of the subject did not, nor was there  any 

significant interaction betw een subject status and gender.

As the greatest extent of down-regulation was seen in the cell line with the 

highest /3-AR density, a scattergram  was plotted of % down-regulation against 

/3-AR density for all the cell lines (Fig. 5.4). W hen the data from  both  control 

and bipolar cell lines w ere examined there was a significant correlation betw een 

the extent o f down-regulation and the binding capacity (r=0.56, p<0.01). This 

correlation was not apparen t when the control group was examined alone 

(r=0.17), bu t in the bipolar group there was a significant correlation (r=0.82, 

p = 0.001). W hen the 1511 cell line was excluded the correlation decreased, but 

was still significant (r=0.63, p<0.05).

5.3.3 Adenylyl cyclase activity and desensitization in response to  isoprenaline

The results of the investigation into basal and stim ulated cAMP 

accum ulation in control and bipolar cell lines are shown in Table 5.4 and Fig 5.5. 

The basal levels of cAMP in both  control and bipolar cell lines showed a high 

degree of variability. F or control cell lines the m ean basal cAM P level was 4.3 ±

1.7 pmol/mg protein, with a  coefficient of variation of 41% (n= 6). In bipolar cell 

lines the  m ean basal level of cAM P was higher a t 8.9 ±  2.6 pmol/mg protein, with 

a coefficient of variation of 29% (n= 6). This difference was not significant when 

tested  by Student’s unpaired t-test. On an individual basis, th ree  bipolar cell lines 

had  higher basal cAMP levels than their m atched controls and th ree had lower 

values.

Isoprenaline-stim ulated cAMP accumulation was also highly variable. In 

control cell lines 10'7M  isoprenaline caused a significant increase in cAMP 

accum ulation over basal of 2.5 ±  0.7 pmol/mg protein, that is, a  58% increase 

(S tudent’s paired  t-test, p<0.05). In bipolar cell lines the increase in cAMP 

accum ulation in response to  10'7M  isoprenaline was 6.1 ±  3.2 pmol/m g protein,
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which was an increase of 69%, but this increase was not significant due to the high 

degree of variability. The coefficients of variation w ere 45% and 52% 

respectively. 10'5M  isoprenaline caused only a slightly increased extent of cAMP 

accum ulation com pared to  10'7M  isoprenaline, with a 64% increase in cAMP over 

basal in control cell lines and a 78% increase in bipolar cell lines. T here  was no 

correlation betw een the extent of isoprenaline-stimulated cAMP accum ulation and 

the /3-AR binding capacity.

Table 5.4 Basal and stim ulated cAMP accumulation in lymphoblast cell lines 

from control and bipolar subjects. Results are expressed as the 

m ean ±  sem (n = 6 ) in pm ol cAMP/mg protein and the % increase 

over basal.

Agonist [M]
cAMP accumulal 
CONTROL

:ion over basal 
BIPOLAR

- (basal) (4.3 ± 1.7) (8.9 ± 2.6)

Isoprenaline 10-7 2.5 ± 0.7 ( 58%) 6.1 ± 3.2 ( 69%)
10"5 2.7 ± 1.0 ( 64%) 7.0 ± 3.0 ( 78%)

PGEi 10~7 7.1 ± 1.2 (166%) 20.9 ± 6.0 (236%)*
10"6 34.0 ± 7.2 (799%) 79.8 ± 28.4 (900%)

Forskolin 10“4 30.2 ± 8.2 (709%) 34.9 ± 11.3 (393%)

NaF 10~2 3.4 ± 1.1 ( 79%) 10.0 ± 5.0 (112%)

* p  <  0.05 com pared to control cell lines (unpaired t-test)

PG E j at bo th  10'7 and 10* M  and 10'2M  N aF also caused m ore adenylyl 

cyclase stimulation in bipolar cell lines than in control cell lines, w hereas lO^M 

forskolin resulted in a g reater increase in cAMP accumulation in control cell lines 

than  bipolar cell lines.

N one of these differences betw een bipolar and control cell lines w ere 

significant when tested  by Students t-test except for the response to  10'7M PG Ej 

(p<0.05).
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Fig. 5.5 Basal and stim ulated cAMP accumulation in lymphoblast cell lines 

derived from  bipolar depressed patients and m atched controls. 

Results are expressed as the % increase over basal cAMP and as 

the m ean ±  sem  of 6 experiments.
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The percentage change in agonist-stimulated cAMP accum ulation due to 

isoprenaline coincubation was calculated by subtracting the agonist-stimulated 

cAM P accum ulation over basal for lymphoblasts coincubated with ascorbic acid 

([AgSt c A M P ] ^  from  that for lymphoblasts coincubated with isoprenaline ([AgSt 

cAMP]j), dividing the result by [AgSt c A M P ]^  and expressing this as a 

percentage. This is described by the following formulae:-

AgSt cAMP = agonist-stimulated cAMP accumulation

=  absolute [cAMP] in the - basal [cAMP] 
presence of agonist

[AgSt c A M P ]^  =  am ount of agonist-stimulated cAMP accum ulation over
basal in cells coincubated with ascorbic acid

[AgSt cAM P]r =  am ount of agonist-stimulated cAMP accum ulation over
basal in cells coincubated with isoprenaline

[AgSt cAMP]j - [AgSt c A M P ]^
% change in cAMP =  ----------------------------------------------  x 100
accum ulation [AgSt c A M P ]^

24 hour coincubation with 10'9M  isoprenaline caused desensitization of the 

adenylyl cyclase response to 10'7M  isoprenaline in four out of six control cell lines 

and all six bipolar cell lines. The response to 10'5M  isoprenaline was less reliable 

as it was attenuated  in only th ree of the six control cell lines and four of the six 

bipolar cell lines, with the remaining cell lines having an increased cAMP 

accum ulation by varying amounts. The desensitization of the isoprenaline- 

stim ulated adenylyl cyclase response was greater than 100% in several cell lines. 

This was a result of the cAMP accumulation in response to isoprenaline being less 

than  the basal level. As a  loss of m ore than 100% of the response was not 

possible in real term s, in those cases w here the am ount of cAMP was less than 

basal, the desensitization was taken to be 100% (i.e. % change in cAMP 

accum ulation after 24 hour coincubation with 10'9M  isoprenaline was -100%).

The % change in isoprenaline-stim ulated adenylyl cyclase response for 

control and bipolar cell lines is shown in Table 5.5 and Fig.5.6. There was no 

difference betw een control or bipolar cell lines in the extent of desensitization of
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/3-AR-coupled adenylyl cyclase response. There was also no correlation betw een 

the  extent of desensitization of j8-AR coupled adenylyl cyclase response (using 

10'7M  isoprenaline) and the extent of down-regulation of /3-ARs in the sam e cell 

lines (r=0.03) (Fig. 5.7).

Table 5.5 The effect of 24 hour coincubation with 10~9M  isoprenaline on 

isoprenaline-stim ulated adenylyl cyclase response in lymphoblast cell 

lines from control and bipolar subjects. The results are  expressed 

as a  % of the response to coincubation with ascorbic acid alone.

Cell type CONTROL BIPOLAR

[Isoprenaline] M 10"7 10“5 10~7 10~5

Cell line 
101, 111 -100 -100 -100 - 86
501, 511 - 21 163 - 68 328
601, 611 -100 - 71 - 36 - 31

1001, 1011 -100 34 - 72 - 38
1201, 1211 - 17 - 28 -100 -100
1301, 1311 975* 229 - 15 6

mean ± sem -68 ± 20 38 ± 54 -65 ± 14 13 ± 65

% change in 
B-AR number -35 ± 6 -14 ± 6**

* value excluded

** p  < 0.01 com pared to  control

The response to 10'7M  P G E X (Table 5.6) was a ttenuated  in one of the six 

control cell lines and four out of the six bipolar cell lines, whilst tha t to  lO^M 

PG E j was attenuated  in two control and three bipolar cell lines. However, when 

the m ean of the results of the six control and six bipolar cell lines was calculated, 

overall there  was no desensitization of the PG Ej-stim ulated adenylyl cyclase 

response in either group, nor was there  any difference betw een the two groups.
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Fig. 5.6 A % change in /3-AR-stimulated cAMP accum ulation due to 24 

hour coincubation with 10‘9M  isoprenahne in lymphoblast cell 

lines derived from  control and bipolar subjects. The results are 

expressed as the m ean ±  sem of 6 experiments.

B % change in /3-AR num ber in the same cell lines under the same 

conditions.
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Fig. 5.7 % change in /3-AR binding capacity against % change in 

isoprenaline-stim ulated cAMP accumulation for lymphoblasts 

coincubated with 10'9M isoprenahne for 24 hours.
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Forskolin-stim ulated cAMP accumulation (Table 5.6) was reduced in one 

control cell line and four bipolar cell lines, with no overall desensitization in the 

control group, but a 33% desensitization in the bipolar group. N aF-stim ulated 

adenylyl cyclase response (Table 5.6) was decreased in half the control cell lines 

and all the bipolar cell lines. Overall there  was an increase in the  response to 

N aF  after isoprenaline coincubation in control cell lines and a decrease in bipolar 

cell lines.

Table 5.6 The effect of 24 hour coincubation with 10'9M  isoprenaline on the 

adenylyl cyclase response to isoprenaline, P G E 2, forskolin and N aF 

in lymphoblast cell lines from  control and bipolar subjects. The 

results are expressed as m ean ±  sem (n= 6), as a % of the response 

to coincubation with ascorbic acid alone.

Agonist [M]

% change in agonis 
accumulation afte: 

CONTROL

3t stimulated cAMP 
: 24h isoprenaline 

BIPOLAR

Isoprenaline 10“7 -68 ± 20 -65 + 14
10-5 38 ± 54 13 ± 65

PG E X 10“7 127 + 76 13 + 20
lO-6 76 ± 72 34 + 60

Forskolin 1oi—
i 75 ± 50 -33 + 30

NaF

C
M1Oi—1 100 ± 516 -92 ± 5

It can be seen from  Table 5.6 that desensitization of adenylyl cyclase by 

isoprenaline was homologous in control cell lines as the responses to  P G E l5 

forskolin and N aF were not decreased. In bipolar cell lines cAM P accumulation 

in response to  both  forskolin and N aF was reduced, although tha t in response to 

P G E i was unaffected. In the  case of forskolin, the am ount of cAM P accumulation 

after isoprenaline coincubation was not significantly different to  tha t after 

coincubation with ascorbic acid alone when tested  by Student’s unpaired  t-test.
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The variability of the effects of isoprenaline coincubation on adenylyl 

cyclase activity is clear from  Table 5.6 as the standard errors are  very high. The 

effect of isoprenaline coincubation on cAMP accumulation in control cell lines in 

response to  10'5M  isoprenaline varied from  a 229% increase in cAMP 

accum ulation to a com plete loss of activity. In bipolar cell lines the range was 

from  a 328% increase in accumulation to  a 100% loss of stim ulated cAMP 

accumulation. The high standard errors w ere a result of the high variability of the 

cAM P assay itself being com pounded in the calculation of % change in cAMP 

accum ulation after isoprenaline coincubation (see page 152).

5.3.4 The effect of hydrocortisone on /3-adrenoceptor binding and down-

regulation in response to  isoprenaline

24 hour coincubation with lOOnM hydrocortisone had no effect on the basal 

fi-AR  binding or affinity in either control or bipolar cell lines (Table 5.7). As 

before there  was no significant difference betw een the binding capacity in control 

o r b ipolar cell lines. However, when cell lines w ere coincubated with 

hydrocortisone, the binding capacity in bipolar cell lines was slightly lower than 

tha t in control cell lines and this difference was almost significant when tested by 

an unpaired  t-test ( p = 0.068). There was no significant interaction between 

subject status and the effect o f hydrocortisone on Bmax values (two-way analysis 

o f variance).

24 hour coincubation of control cell lines with lOOnM hydrocortisone in 

addition to InM  isoprenaline resulted in the sam e m ean extent o f down-regulation 

as did isoprenaline alone (Table 5.7). The loss of /3-ARs was increased in three 

control cell lines, unchanged in one cell line, and decreased in two cell lines.

24 hour coincubation of bipolar cell lines with hydrocortisone and 

isoprenaline resulted in a greater loss of /3-ARs than with isoprenaline alone 

(Table 5.7; Fig 5.8). The extent o f down-regulation was increased in four bipolar 

cell lines, bu t decreased in one cell line. This difference was no t significant when
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tested  by S tudent’s paired  t-test bu t was almost significant w hen tested  with an 

unpaired  t-test ( p = 0.053).

A fter hydrocortisone coincubation there  was no longer any difference 

betw een the extent of down-regulation in control and bipolar cell lines. There was 

no significant interaction betw een the subject status and the  effect of 

hydrocortisone on isoprenaline down-regulation (two-way analysis of variance).

Table 5.7 The effect of coincubation with lOOnM hydrocortisone on /3-AR 

binding (Bmax), affinity (Kd) and down-regulation in response to 

isoprenaline in lymphoblasts from  control and bipolar cell lines. 

Results are expressed as m ean ±  sem (n=6).

CONTROL BIPOLAR

Bmax (fmol/mq protein)
no pretreatment 6.76 ± 0.79 5.49 ± 1.10
lOOnM hydrocortisone 6.79 ± 0.49 4.99 ± 0.75*

Kd (pM)
no pretreatment 19.6 ± 2.3 18.2 ± 3.1
lOOnM hydrocortisone 17.0 ± 4.0 16.9 ± 3.3

Down-requlation (%)
no pretreatment 41.7 ± 5.4 15.9 ± 6.6!
lOOnM hydrocortisone 46.2 ± 7.9 42.7 ± 10.4

* p  =  0.068 com pared to control (unpaired t-test)
no

! p  =  0.053 com pared to  central (unpaired t-test)
p  <  o-oS c p c ^ a ^ c k  t o  c o n f e o o V  ( . u r ^ s r f i d  t r & S V)
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Fig. 5.8 Effect of 24 hour coincubation with lOOnM hydrocortisone on 

isoprenaline-induced (3-AR down-regulation in lymphoblast from 

control and bipolar cell lines. Results are expressed as m ean ±  

sem of 6 experiments.
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5.4 Discussion

T here was no difference in the j8-AR binding capacity or affinity betw een 

lymphoblasts derived from  subjects with bipolar depression and those derived 

from  m atched controls.

A  com parison betw een the results of this study and the two previous 

studies which investigated the lymphoblast /3-AR in bipolar depression, is shown 

in Table 5.8.

Table 5.8 Com parison betw een the Bmax values for lymphoblast /3-ARs in 

this study and those of W right et al (1984) and Berrettini et at 

(1987). Results are expressed as the m ean ±  sem in fmol/mg 

protein  with the num ber of cell lines in parentheses.

CONTROL BIPOLAR

This study 5.71 ± 0.66 (10) 5.57 ± 0.95 (12)

Wright et al. 
(1984)

5.63 ± 0.73 (7)* 
6.83 ± 0.63 (9)

3.91 ± 0.91 (5)

Berrettini et a l .  

(1987)
3.74 ± 1.43 (14) 5.40 ± 4.05 (17)

* non-affected relatives

The results are in agreem ent with those of Berrettini et at (1987) who 

investigated 17 bipolar and 14 control cell lines. W right et a t (1984), however, 

reported  lower /3-AR binding capacity (less than  3.0 fmol/mg protein) in four out 

of six cell lines (from  three out of five families) from  bipolar subjects. T hree of 

these cell lines had binding capacities tha t w ere significantly lower than  those of 

cell lines from  non-affected individuals from the sam e family, from  the com bined 

non-affected controls and from  the combined non-psychiatric controls. The 

binding capacity of one of the four cell lines was not significantly different to  its 

familial control. In  our study there  w ere three bipolar cell lines with Bmax values
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of less than  3.0 fmol/mg protein, w hereas the lowest binding capacity in the 

control group was 3.55 fmol/mg protein.

The m ean /3-AR binding capacity for affected patients in W right’s study 

was 3.59 ±  0.81 fmol/mg protein  (n= 6), w hereas for non-affected relatives the 

Bmax was 5.63 +  0.59 fmol/mg protein (n= 7) and for non-psychiatric controls the 

m ean Bmax was 6.83 ±  0.63 fmol/mg protein (n= 9). O n exam ination of the data 

it appeared  tha t one of the group of affected patients had not in fact been  

diagnosed as bipolar but as depressed. If this subject was om itted, the m ean 

Bmax for the manic-depressive group becam e 3.91 ±  0.91 fmol/mg protein  and 

there  was no longer a significant difference betw een the binding capacity in 

bipolar cell lines and the cell lines derived from  non-affected relatives. T here  was 

no significant difference betw een the binding capacity in the  bipolar group of 

W right’s study and that of the bipolar group in the present study.

B errettin i’s control group had a m ean Bmax of 3.74 ±  1.43 fmol/mg protein  

and the b ipolar group had a  Bmax of 5.40 ±  4.05 fmol/mg protein. The large 

standard e rro r in Berrettini’s bipolar group indicates tha t there  m ust have been  

a num ber of cell lines with particularly high or low (3-AR densities in tha t study 

also, as was clear from  the published scattergram, bu t tha t was also true of the 

control group.

In a similar way to  the above studies examining the lymphoblast /3-AR in 

bipolar depression, studies which have investigated the lymphocyte /3-AR in 

depression have been  inconclusive regarding basic differences in Bmax. Five out 

of ten  such studies dem onstrated reduced /3-AR densities in depressed patients 

com pared to  control subjects with two studies finding an increase in /3-AR density 

and th ree  finding no patient-control differences (see C hapter O ne). As plasm a 

catecholam ine levels have been  shown to be  elevated in depression (C hapter 

O ne), the  lymphocyte /3-AR may be down-regulated in depressed patients in 

response to  the elevated circulating levels of catecholamines.

F rom  this investigation, it would seem  that although lymphoblast cell lines 

derived from  bipolar subjects do not have lower /3-AR binding capacities w hen the
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m ean of the bipolar group is com pared to  that of the control group, there  are 

som e bipolar subjects whose lymphoblast cell lines do have particularly low /3-AR 

densities. It would be interesting to investigate these cell lines further, especially 

as to  w hether o ther m em bers of the family, bo th  affected and non-affected, had 

similarly low receptor densities. Two cell lines in the study, one from  a female 

b ipolar subject and one from  a male, w ere in fact derived from  m em bers of the 

sam e family, bu t their Bmax values, 3.23 and 7.03 fmol/mg protein  respectively, 

w ere no t similar. In contrast to the results of Magliozzi et al. (1989), who found 

a  decreased Bmax in U P patients tha t was only seen in females, in our study there 

was no effect o f gender on binding capacity in patients o r controls.

The extent of down-regulation in response to 24 hour coincubation with 

10'9M  isoprenaline was much less in the bipolar cell lines than in the control cell 

lines. T hree cell lines responded to isoprenaline coincubation with less than  10% 

loss o f their /3-ARs. These three cell lines were also those with Bmax values 

below 3.0 fmol/mg protein. The small loss of receptors was unlikely simply to  be 

due to  the low num ber of receptors available as the bipolar group as a whole did 

not have lower /3-AR density than the control group and there was no correlation 

betw een the receptor density and the extent of down-regulation in the control 

group. N either is the lower m ean % down-regulation due solely to  the lack of 

down-regulation in those th ree  cell lines since omission of these values resulted 

in m ean % down-regulation o f 23.1 ±  2.9 % (n= 8), which rem ained significantly 

different to  the  extent of down-regulation in control cell lines (39.9 ±  3.5 %).

However, as there  was a  correlation betw een the Bmax values and % 

down-regulation in the bipolar group itself, it is possible tha t in cell lines derived 

from  bipolar subjects there is a relationship betw een the recep tor density of a cell 

line and its response to  isoprenaline coincubation. This would be  unlikely to  be 

a  cause and effect relationship as low receptor capacity does not automatically in 

result in low recep tor down-regulation as explained above (no correlation in 

control cell limes). It is m ore likely tha t w hatever factor(s) determ ine(s) the 

recep tor density, presum ably a gene, but not necessarily tha t which encodes the 

/3-AR itself, also determ ines the regulation of the /3-ARs.
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W hat is unclear from these results is w hether the reduced extent of down- 

regulation in the bipolar cell lines is due to  a reduced sensitivity to  isoprenaline 

or to  an inability to  respond to  isoprenaline with down-regulation. In the case of 

the  form er hypothesis, increasing the concentration of isoprenaline should increase 

the extent of down-regulation, so producing in effect a parallel shift in the dose 

response curve to  isoprenaline. However, the la tter hypothesis might predict that 

increased concentrations o f isoprenaline would not increase the extent of down- 

regulation in bipolar cell lines, or if it did, that the maximum down-regulation 

would be less than  in control cell lines. It would be interesting to investigate this 

further by constructing dose response curves for isoprenaline down-regulation in 

bipolar cell and m atched control cell lines. This would perhaps give a clearer 

insight into the m echanism involved in the reduced response in bipolar /3-ARs of 

isoprenaline-induced down-regulation.

T here  w ere no significant differences betw een bipolar and control cell 

lines in either their basal cAMP levels or their isoprenaline-stim ulated cAMP 

accumulation. This could be largely accounted for by the lack of consistency of 

the  cAM P assay, due partly to  technical difficulties of the assay caused by the low 

adenylyl cyclase activity in lymphoblasts and partly to the com pound effect of the 

variations for each individual assay carried out to  try to find a  difference in the 

extent of agonist-stimulated cAMP accumulation, with and w ithout isoprenaline 

coincubation, in control and bipolar cell lines (see page 152).

A lthough it is very im portant to  support differences in /3-AR regulation 

with functional differences as m easured by the adenylyl cyclase response, this was 

not possible in our study. It is appropriate, therefore, to  consider the finding of 

o ther studies tha t investigated the /3-AR functional response in depressed patients.

As detailed in the first chapter, the majority o f studies on lymphocyte 

preparations dem onstrated reduced /3-AR functional response in depressed 

patients com pared to  controls (five out of seven studies). Two studies (Pandey 

et al., 1979; Ebstein et a l , 1988) com pared isoprenaline-stim ulated cAM P levels 

in unipolar and bipolar patients and found that they w ere reduced in both  

unipolar and bipolar subjects com pared to controls and tha t there  w ere no

164



significant differences betw een the two groups. The similar findings of the two 

studies w ere obtained even though different m ethods of m easuring the 

isoprenaline-stim ulated adenylyl cyclase response; Pandey et al m easured the ra te  

of conversion o flS j-aden ine  to 0H)-cAMP and Ebstein et al used the protein 

binding assay to  determ ine the cAMP level of samples. The m ost recent study 

(H alper et a l, 1988) dem onstrated both  lower basal cAMP levels and diminished 

isoprenaline-stim ulated cAMP accumulation across an isoprenaline concentration 

range of 10'10-10'5 M  in lymphocytes from depressed subjects com pared to 

controls. As the sam e group had previously reported  (M ann et a l, 1985) that 

lymphocytes from  depressed patients did not differ from  those of controls in term s 

of binding capacity and affinity to  [125I]-CYP despite having a diminished adenylyl 

cyclase response to 10'5M  isoprenaline, they concluded tha t the reduced /3-AR- 

coupled cAM P response was due to  a reduced responsiveness or uncoupling of 

the receptors ra ther than a reduced num ber of receptor sites.

O ne explanation for the desensitization of the /3-AR-coupled cAMP 

response in lymphocytes from depressed patients is that it is due to elevated levels 

of endogenous catecholam ines (see C hapter One). This would also explain the 

lower basal cAMP levels found in lymphocytes of depressed patients (H alper et 

a l, 1988; Ebstein et a l, 1988), assuming that basal cAMP is a result of residual 

effects of in vivo stimulation by horm ones (as opposed to intrinsic adenylyl cyclase 

activity), as in this case the basal cAMP levels would also be lowered in depressed 

patients as a  result of elevated levels of circulating catecholamines.

This hypothesis of elevated plasm a catecholam ine levels in depression 

causing desensitization of /3-AR-coupled adenylyl cyclase has to  be balanced with 

the results of this study suggesting tha t desensitization would be reduced in 

depressed patients, so increased plasm a catecholam ines should result in a greater 

cAMP response in patients than  in controls. It may be  tha t the circulating 

catecholam ine levels are high enough to  overcome the lower sensitivity of the 

/3-AR-adenylyl cyclase complex. If the blunted adenylyl cyclase response in 

lymphocytes from  depressed patients is indeed due to desensitization caused by 

the elevated circulating catecholam ine levels, then that would explain why reduced 

basal and isoprenaline-stim ulated adenylyl cyclase levels w ere not observed in
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lymphoblasts from  bipolar subjects in the present study as the lymphoblasts w ere 

grown in culture for several m onths before biochemical assay so the levels of 

circulating catecholam ines (or o ther horm ones) a t the tim e of blood sampling are 

irrelevant.

A nother explanation of the diminished /3-AR-coupled adenylyl cyclase 

response in lymphocytes from  depressed patients is that it is an  intrinsic defect in 

the /3-AR-adenylyl cyclase complex. Although this does not explain our findings 

as regards the com parison of cAM P levels in lymphoblasts from  bipolar and 

control subjects, as one would have anticipated a lower /3-AR-stimulated cAMP 

response in bipolar cell lines, it provides a possible explanation of the reduced 

extent of /3-AR down-regulation in response to isoprenaline coincubation. Down- 

regulation of /3-ARs occurs as a hom eostatic mechanism to prevent the production 

of excessive am ounts of cAMP in response to prolonged occupation of the 

receptor by isoprenaline. If a defect in the /3-AR-adenylyl cyclase complex results 

in a  reduced production of cAM P in response to a particular concentration of 

isoprenaline in bipolar subjects, then  the extent of down-regulation required  to 

dam p down the cAMP response will be  less.

This hypothesis is supported by the results of M oylan et a l (1982), who 

found tha t raising the intracellular levels of cAMP (or its analogue) in ra t 

astrocytom a cells by prolonged treatm ent with the cAM P analogue, dibutyrl 

cAMP, plus IBMX, a phosphodiesterase inhibitor, or with cholera toxin with or 

w ithout EBMX, could cause down-regulation of /3-ARs. In HC-1 hepatom a cells, 

tha t lack adenylyl cyclase activity, cholera toxin treatm ent did not affect /3-AR 

num ber, w hereas treatm ent with dibutyrl cAMP plus IBM X caused a considerable 

loss of /3-ARs. According to  this theory, if the bipolar cell lines w ere to  be 

coincubated with a  higher concentration of isoprenaline, then  the  extent of down- 

regulation would increase as a  shift in the adenylyl cyclase response curve to 

isoprenaline was seen in lymphocytes from depressed patients com pared to 

healthy controls (H alper et al., 1988). It could also be predicted from their 

adenylyl cyclase response curve that the maximum extent o f down-regulation 

would be  lower in bipolar cell lines than  control cell lines as they reported  that 

the maximum isoprenaline-stim ulated cAMP levels w ere lower in depressed
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patients than  in controls. Construction of dose response curves for isoprenaline 

down-regulation in bipolar cell and m atched control cell lines, as m entioned 

previously, would be a test of this hypothesis.

T here  have, however, been  reports that do not support such an hypothesis. 

Y am ashita et al (1987) concluded from  their investigation into isoprenaline 

desensitization in ra t reticulocytes tha t it was likely that it was agonist binding to 

/3-ARs, ra ther than  an increase in cAMP level, that was responsible for the 

enhancem ent of dibutyryl cAM P-or phorbol ester-induced desensitization. W ith 

the use o f the eye variant of the S49 lymphoma cell line, it has also been  

dem onstrated tha t homologous desensitization occurs even in the absence of a 

functional Gs protein, indicating tha t homologous desensitization is not cAMP- 

m ediated (G reen  & Clark, 1981; G reen  et a l, 1981).

In contrast, o ther groups (Shear et a l, 1975; Su et a l, 1980; M ahan et a l,

1985) have shown that in S49 eye' and unc variant cells agonist-induced down- 

regulation does not occur or is blunted despite the fact tha t these cells apparently 

exhibit the desensitization/ sequestration process. This suggests that the down- 

regulation process in S49 cells does indeed require a functional Gs protein, 

although activation of adenylyl cyclase is not required as HC-1 hepatom a cells that 

posses the /3-AR and Gs but no functional catalytic unit still undergo receptor 

down-regulation in response to  isoprenaline (Su et a l, 1980). H ence, although 

cAMP can itself cause down-regulation of /3-ARs, it is not necessary for the 

process of agonist-induced /3-AR down-regulation. H adcock & M albon (1988) 

have suggested from  their investigation into m RN A  levels in D D T j M F-2 ham ster 

cells, tha t there  are two com ponents of /3-AR down-regulation, firstly, a  cAMP- 

m ediated reduction in /3-AR m R N A  levels, and secondly, m odulation of recep tor 

m R N A  levels by the /3-AR agonist itself.

Hydrocortisone coincubation had no effect on the /3-AR density in either 

control o r b ipolar cell lines. This is in accordance with the results of Pandey et 

al (1987) who found that there was no correlation betw een plasm a cortisol levels 

and lymphocyte /3-AR binding capacity but was in contrast to  the finding of 

glucocorticoid-induced increase in /3-AR num ber by o ther groups (see page 138).
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However there  was a  slight differential effect betw een the two groups as after 

hydrocortisone treatm ent the binding capacity in bipolar cell lines was lower than 

that in control cell lines, although this difference did not reach significance.

As results for the effect of hydrocortisone w ere obtained from  only five cell 

lines in the bipolar group, the extension of the study to include m ore cell lines is 

needed to  clarify w hether there  is indeed a differential effect of hydrocortisone 

on lymphoblast /3-ARs from  bipolar subjects com pared to  controls. The 

concentration o f hydrocortisone used in this study may have been  too low to see 

a significant effect on /3-AR binding, so it would be worthwhile to  repeat this study 

using a higher concentration of hydrocortisone. In fact, initial trials w ere carried 

out in the laboratory using 1/zM hydrocortisone, bu t this concentration was found 

to obliterate all /3-AR binding.

It would also be useful to  know w hether the bipolar subjects w ere DST 

suppressors or nonsuppressors and w hether there was a correlation betw een 

cortisol suppression and /3-AR binding capacity and betw een cortisol suppression 

and any change in /3-AR density due to  coincubation with hydrocortisone. H alper 

et al. (1988) found that 12/16 of the depressed patients w ere nonsuppressors and 

these patients had lower basal and stim ulated lymphocyte cAMP levels, although 

this difference was not significant, so it might be  expected that lymphoblast cell 

lines from  bipolar depressives tha t w ere nonsuppressors would likewise have lower 

basal and stim ulated cAMP levels than those from  suppressors and presum ably 

would also have lower Bmax values. If, however, the reduced basal and 

stim ulated lymphocyte cAM P levels in depressed patients tha t w ere 

nonsuppressors w ere a result of abnormalities in the H PA  axis, then  no difference 

in the aforem entioned param eters would be seen in cultured lymphoblast cells.

W hen hydrocortisone was coincubated simultaneously with isoprenaline, 

there was no change in the extent of /3-AR down-regulation in control cell lines, 

whereas in b ipolar cell lines the extent of down-regulation was increased from  

16% hydrocortisone to 43%. This increase was not significant as the standard 

errors w ere high due to the small num ber of cell lines studied (n = 5  for the 

bipolar group), bu t four out of the five cell lines had greater losses of /3-ARs when
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coincubated with both  isoprenaline and hydrocortisone than  with isoprenaline 

alone.

T here  was no significant difference in the extent of down-regulation in 

response to  isoprenaline and hydrocortisone combined betw een control and 

bipolar cell lines. This was in contrast to the significantly lesser extent of down- 

regulation in bipolar cell lines com pared to control cell lines when coincubated 

with isoprenaline alone.

Corticosteroids have been  shown to a ttenuate the extent of isoprenaline- 

induced desensitization in neutrophils, coincubated with isoprenaline and/or 

cortisone for 3 hours, by diminishing isoprenaline-induced /3-AR uncoupling 

w ithout altering the isoprenaline-induced /3-AR down-regulation (Davies & 

Lefkowitz, 1983), although M arone et al. (1980) found no effect on isoprenaline 

desensitization when lymphocytes w ere coincubated with 10'5M  hydrocortisone and 

isoprenaline for 90 min. Therefore, one would perhaps have anticipated that 

hydrocortisone would have no effect on isoprenaline down-regulation. 

H ydrocortisone itself caused a slight, bu t non-significant, loss of /3-ARs in bipolar 

cell lines which may account partly for the increased down-regulation in bipolar 

cell lines with combined isoprenaline and hydrocortisone coincubation.

As detailed in the introduction, several studies have dem onstrated an 

increase in catecholam ine-stim ulated cAMP levels in lymphocytes, C6 glioma cells 

and astrocytom a cells either obtained from high dose corticosteroid-therapy 

patients or trea ted  in vitro with glucocorticoids. A  possible explanation for the 

reduced isoprenaline down-regulation in bipolar cell lines was described above 

(page 165). If there w ere indeed a defect in the /3-AR-adenylyl cyclase complex 

resulting in a reduced production of cAMP in response to  a  particular 

concentration of isoprenaline in bipolar subjects, and so resulting in a decreased 

extent of down-regulation, then  an increase in isoprenaline-stim ulated cAMP 

levels by hydrocortisone would result in an increase in the extent of down- 

regulation. M arone et al (1980) determ ined tha t the potentiation of adenylyl 

cyclase-stimulating com pounds by hydrocortisone was not due to inhibition of 

cAM P phosphodiesterase, increased receptor num bers or the prevention of /3-AR
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agonist-induced desensitization, and they suggested the possibility of a  direct effect 

on the adenylyl cyclase system, such as increased receptor-cyclase coupling.

Again our data needs to  be extended to  verify the findings and it would 

also be  useful to  examine the basal and stim ulated cAMP levels in lymphoblasts 

coincubated with hydrocortisone alone and hydrocortisone and isoprenaline 

combined.
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6.1 Introduction

The psychotropic action of lithium salts was discovered by Cade in 1949. 

Lithium is effective clinically for the treatm ent of acute m ania (Am erican 

Psychiatric Association, 1975) and for prophylaxis in bipolar depression (Schou, 

1976; Prien et a l , 1984). It is also used both  in the prophylaxis of unipolar 

depressive disorder and in conjunction with antidepressant drugs for the treatm ent 

of resistant depressive illness (D e M ontigny et a l, 1983; H eninger et a l, 1983).

Lithium  is the m ajor drug therapy in use to trea t b ipolar depression 

(R osenthal & Goodwin, 1982) bu t despite w idespread acceptance of its efficacy, 

there is little agreem ent as to the mechanism of action of lithium. Several groups 

have failed to  find a change in /3-AR binding in the ra t brain  following chronic 

lithium adm inistration (Maggi & Enna, 1980; Schultz et a l, 1981), bu t R osenblatt 

et al (1979) noted  a small b u t significant decrease in /3-AR recep tor binding after 

three w eek adm inistration of lithium. Regionally variable effects on noradrenaline 

concentrations have been  seen when rats were dosed with lithium carbonate 

(lm m ol/kg/day, i.p.) for 12 days. Cortical noradrenaline showed a m arked 

increase, while mid-brain and hypothalamic levels w ere decreased (Ahluwalia & 

Singhal, 1980).

T here  are a t present several theories of the biochem ical action of lithium. 

O ne theory is tha t lithium inhibits adenylyl cyclase function (Ebstein et a l, 1976; 

Belm aker, 1981). Lithium is reported  to inhibit the form ation of cAMP in a 

num ber of different tissues, and in response to a num ber of different stimuli. In 

humans, lithium reduces the activity of j3-AR-coupled adenylyl cyclase in the 

plasm a in response to subcutaneous adrenaline (Belmaker, 1981). In the rat, 

lithium has been  shown to inhibit the cAMP response to  noradrenaline in 

hypothalam ic brain  slices and cerebral cortical m em brane preparations (Palm er 

et a l, 1972; Newm an & Belm aker, 1987). In ra t brain hom ogenates and crude 

synaptosom e preparations, W alker (1974) dem onstrated that basal and 

noradrenaline-stim ulated adenylyl cyclase activity in the cortex and hippocam pus 

was inhibited by lithium, w hereas tha t in the cerebellum  was unaffected.
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Ebstein et a l (1987) investigated the mechanism of lithium inhibition of 

forskolin-stimulated adenylyl cyclase in hum an platelets. Forskolin was used to 

activate the adenylyl cyclase directly, distal to the receptor. They found tha t in 

vitro lithium chloride inhibited the forskolin-stimulated adenylyl cyclase activity by 

competing with m agnesium ions for a  site on the catalytic sub-unit. Three weeks 

of lithium trea tm ent in vivo in manic patients resulted in an  increase in the 

adenylyl cyclase affinity for lithium.

A nother theory of the biochem ical action of lithium is that it inhibits 

phosphatidylinositol (PI) turnover (Berridge et a l , 1982). The net effect of 

inhibiting inositol phosphate m etabolism  is that lithium suppresses the recycling 

of inositol by inhibiting the hydrolysis of interm ediate inositol phosphates and this 

leads to  a depletion o f inositol (Allison et a l, 1976; Berridge et a l, 1989). The 

brain  is particularly sensitive to the inhibition of inositol phosphate m etabolism  as 

the  blood-brain barrier is relatively im perm eable to inositol (Barkai, 1981) so the 

brain  must produce its own inositol via lithium-sensitive inositol phosphate 

m etabolism  (Berridge et a l, 1982). Peripheral cells are p ro tected  from  the effects 

of lithium by access to  plasm a inositol and by resynthesis of inositol from  glucose. 

This resynthesis pathway may be not be available in the  b rain  as the enzyme 

required  for the conversion of glucose-6-phosphate to myo-inositol- 1-phosphate 

is restricted to  the  cerebral vasculature (W ong et al, 1987). These hypotheses 

may explain the neural effects of lithium on the basis tha t it inhibits signal 

transduction indirectly by reducing the supply of the precursor lipid required  to 

generate second m essengers such as inositol 1,4,5-triphosphate (Ins(l,4,5)P3) and 

diacylglycerol (D A G ) (Berridge et a l, 1982). However, Downes & Stone (1986) 

have shown that, in ra t parotid  acinar cells, the levels of phosphatidyl-inositol 4,5- 

biphosphate (PtIns(4,5)P2), and presum ably Ins(l,4,5)P3 and D A G  are m aintained 

even in conditions of inositol depletion. Ins(l,4,5)P3 acts by releasing calcium 

from  internal stores (Berridge, 1987) w hereas D A G  stim ulates protein kinase C 

(PKC) (Nishizuka, 1984 & 1988).

The inhibitory action of lithium is uncompetitive (Gee et a l ,  1988) which

means that it binds solely to the enzyme-substrate complex. This introduces a

positive feedback loop into the inhibitory action of lithium in that an increase in
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substrate concentration enhances the inhibition by providing m ore enzyme- 

substrate complex. Lithium therefore selectively affects those cells whose 

receptors are  being actively stimulated. W hen receptors are functioning within 

their norm al operation range, there is a  low ra te  of inositol cycling and lithium has 

a  small effect. W hen receptors becom e hyperactive, the ra te  of hydrolysis of the 

interm ediate inositol phosphates increases, and lithium becom es increasingly 

effective (Berridge et a l, 1989). Consequently, Berridge proposed tha t the PI 

cycle is overactive in bipolar depression due to  hyperactivity of phosphoinositide- 

dependent receptors.

As there  have been few studies into the effects of lithium  in vitro on hum an 

tissue and on the /3-AR in particular, an investigation into the effect of 

coincubation of lymphoblast cells with lithium was undertaken. The lowest 

proposed minim um  plasm a concentration for effective prophylaxis is 0.6mmol/l 

(C oppen et a l , 1983). This minimum was defined as the value 12 hours after the 

last oral does in patients at steady state  and represented trough values in patients 

on a twice daily regime. Peak values would therefore be  in the range of 1-2 

m m ol/1 and values above 2.5mmol/l are  usually associated with serious side-effects 

(W ood & Goodwin, 1987). W ith this in mind, a lithium concentration of 1 mM  

in the cell m edium  was selected. Lithium is adm inistered chronically in the 

prophylactic trea tm ent of bipolar depression and in m anic or depressed patients 

the therapeutic action of lithium treatm ent is only apparen t after a w eek of 

treatm ent (Schou, 1976) so seven day coincubations w ere employed. As the 

down-regulation of the lymphoblast /3-ARs in response to  isoprenaline was seen 

to  be less in the  bipolar cell lines than  in control cell lines, and it has been  

suggested tha t lithium selectively effects cells whose receptors are being actively 

stimulated, the  effect of lithium pre trea tm ent on isoprenaline down-regulation was 

investigated in both  groups as well as its effect on basal binding capacity.
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6.2 Methods

Lym phoblast cell lines from  12 bipolar cell lines and 12 m atched control 

cell lines w ere coincubated with Im M  lithium chloride for 7 days. O n day 6, InM  

isoprenaline and/or O.lmM ascorbic acid were added to the cells. The cells w ere 

harvested 24 hours later and the  /3-AR binding assay was carried out using 

[125I]-CYP as described previously.

63  Results

6.3.1 /3-Adrenoceptor binding capacity and affinity

Table 6.1 and Fig 6.1 show the results of 7 day coincubation of the 

lymphoblast cell lines with 1 m M  lithium chloride. In control cell lines lithium 

p re trea tm en t resulted in a  slight reduction in the /3-AR binding capacity to 

3.89 ±  0.47 fmol/mg protein com pared to 5.71 ±  0.65 fmol/mg protein for cells 

w ithout lithium pretreatm ent. This change was not significant when tested  by a 

S tudent’s paired  t test (p = 0.087), bu t when an unpaired  t-test was used the 

significance increased (p<0.05). There was no change in binding capacity in 

bipolar cell lines.

A fter lithium coincubation the binding capacity in control cell lines was 

lower than  tha t in bipolar cell lines although this difference was not significant 

(p = 0.082), S tudent’s unpaired t-test), whereas without lithium coincubation there 

was no difference in binding capacity betw een the two groups. There was no 

effect of either lithium treatm ent or the status of the subject on the Bmax, nor 

was there  any interaction betw een subject status and the effect of lithium 

treatm ent on Bmax (two-way analysis of variance).
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Table 6.1 The effect of 7 day coincubation with Im M  lithium chloride on 

/3-AR binding capacity (Bmax) in lymphoblast cell lines derived 

from  bipolar depressives and m atched controls. Results are 

expressed in fmol/mg protein as m ean ±  sem.

Treatment CONTROL BIPOLAR
n Bmax n Bmax

NO LITHIUM 10 5.71 ± 0.65 12 5.57 ± 0.95

ImM LITHIUM 11 3.89 ± 0.47* 10 5.69 ± 0.88

* p < 0.05 com pared to no lithium (unpaired t-test)

Table 6.2 The effect of 7 day coincubation with Im M  lithium chloride on 

/3-AR binding affinity (Kd) in lymphoblast cell lines derived from 

bipolar depressives and m atched controls. Results are expressed in 

fmol/mg protein as m ean ±  sem.

Treatment CONTROL BIPOLAR
n Kd n Kd

NO LITHIUM 10 19.3 ± 1.8 12 17.2 ± 1.5

ImM LITHIUM 11 14.8 ± 2.1 10 16.9 ± 1.4

Table 6.2 shows the results of lithium coincubation on the /3-AR binding 

affinity. 7 day coincubation with lithium caused a slight increase in the affinity of 

the /3-AR for [125I]-CYP in control cells from a Kd of 19.3 ±  1.8 pM  w ithout 

lithium trea tm ent to a Kd of 14.8 ± 2 . 1  pM  in lithium trea ted  cells, however there 

was no significant effect of treatm ent when the results w ere analysed by two-way 

analysis o f variance and no significant interaction betw een trea tm ent and binding 

affinity. T here  was no change in binding affinity in bipolar cell lines and there  

was no significant difference betw een the binding affinity in control cell lines to 

tha t in b ipolar cell lines either with or without lithium treatm ent.
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Fig. 6.1 Effect of 7 day coincubation with Im M  lithium chloride on /3-AR 

binding capacity in lymphoblasts from  control and bipolar cell lines. 

Results are expressed as m ean ±  sem of 10-12 experiments.
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6.3.2 /3-Adrenoceptor down-regulation in response to isoprenaline

Table 6.3 and Fig. 6.2 show the results for the down-regulation of /3-ARs 

in response to  isoprenaline with and without lithium pretreatm ent. There was a 

slight decrease in the extent of down-regulation in control cell lines after 7 day 

lithium coincubation from  39.9 ±  3.5 % loss of receptors in response to 

isoprenaline without lithium to 31.0 ±  6.3 % receptor loss with lithium. This was 

no t quite significant when tested  by a S tudent’s paired t-test ( p = 0.063).

In contrast, in bipolar cell lines there  was a m arked increase in the down- 

regulation in response to isoprenaline from 16.5 ±  4.1 % w ithout lithium to 45.8 

±  3.8 % with 7 day coincubation with Im M  lithium. This increase was highly 

significant when tested by a paired  t-test (p <  0.001). A fter lithium pretreatm ent 

the extent of down-regulation in bipolar cell lines was greater than  that in control 

cell lines after lithium pretreatm ent but not significantly ( p = 0.065, unpaired t- 

test). The extent of down-regulation in lithium -pretreated bipolar cell lines was 

not significantly different to tha t in control cell lines without lithium pretreatm ent.

T here  was a highly significant interaction betw een the  effect of lithium 

coincubation and the subject status on isoprenaline down-regulation (analysis of 

variance, p = 0.0001). In o ther words, lithium had a differential effect on 

isoprenaline-induced down-regulation in control and bipolar cell lines.
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Fig. 6.2 Effect of 7 day coincubation with Im M  lithium chloride on 

isoprenaline-induced J3-AR down-regulation in lymphoblasts from  

control and bipolar cell lines. Results are expressed as m ean ±  
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Table 6.3 The effect of 7 day coincubation with Im M  lithium chloride on 

/3-AR down-regulation in response to 24 hour coincubation with 

InM  isoprenaline in lymphoblast cell lines derived from  bipolar 

depressives and m atched controls. Results are expressed as % of 

basal Bmax value (ascorbic acid alone) and as m ean ±  sem.

Treatment CONTROL BIPOLAR***
n % down-regulation n % down-regulation

NO LITHIUM 10 39.9 ± 3.5 11 16.5 ± 4.1**

ImM LITHIUM 11 31.0 ± 6.3 10 45.8 ± 3.8!!

** p  <  0.001 com pared to  control (unpaired t-test)

!! p <  0.001 com pared to  no lithium (paired t-test)

*** p <  0.0001 interaction betw een subject status and lithium treatm ent

(analysis of variance)

6.4 Discussion

Coincubation of lymphoblast cells with lithium chloride for seven days had 

no significant effect on /3-AR binding capacity in either control or bipolar cell 

lines, although there  was a trend  towards a  reduction in Bmax in control cell lines. 

This is in agreem ent with those groups who found no change in /3-AR binding in 

ra t brain following adm inistration of lithium (page 173).

A lthough adrenergically stim ulated adenylyl cyclase has been  shown to be 

inhibited by lithium, this does not necessarily have to be a result of recep tor loss. 

In fact, as bo th  G ppN H p-induced and forskolin-induced adenylyl cyclase activation 

have also been  shown to be reduced (Newman & Belmaker, 1987), a reduction 

in /3-AR num ber would not account for this loss of activity.

Adrenergic agonists and GppNHp are clearly acting through GTP-binding

proteins to stimulate adenylyl cyclase (Chapter One). As there is there is a high-

affinity binding site for forskolin in the rat brain thought to be associated with the
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complex of the catalytic unit and the activated G-proteins (Seam on & Daly, 1986), 

therefore the forskolin-stimulated adenylyl cyclase activation may also be m ediated 

through an effect on G-proteins. In o ther words, the attenuation of stim ulated 

adenylyl cyclase activity by lithium may be  via a direct effect on the G-proteins.

Such a hypothesis was suggested by Avissar et al. (1988), who dem onstrated 

tha t lithium blocked both  adrenergic and cholinergic agonist-induced increases in 

[3H ]-G TP binding in ra t cerebral cortex both  in vitro and ex vivo. Lithium also 

abolished guanine nucleotide m odulation of agonist binding. In a further study, 

this group have shown that lithium exerts its effects by com peting with magnesium 

ions on low affinity Mg2+ binding sites on the a-subunit o f G  proteins, which are 

essential for guanine nucleotide exchange on these proteins (Avissar et a l , 1991).

These findings may also suggest that altered G  protein  function is of 

pathophysiological im portance in BP disorder. Results providing support for this 

proposal have been  reported  by the sam e group who found hyperactive function 

of G  proteins in m ononuclear leukocytes of patients with mania. They 

dem onstrated tha t isoprenaline-and carbamylcholine-induced increases in 

G ppN H p binding capacity w ere twofold to threefold higher in leukocytes from  

un treated  m anic patients com pared to healthy volunteers or lithium -treated, 

euthymic BP patients (Schreiber et al., 1991).

W ith the results from  these studies in mind, it would be useful to 

investigate w hether adenylyl cyclase stimulation is reduced by coincubation with 

lithium in our lymphoblast /3-AR model, and w hether any effect was differential 

with respect to control and bipolar cell lines.

The effect of lithium coincubation on down-regulation in response to 

isoprenaline was very interesting, as lithium pretreatm ent seem ed to  restore the 

im paired down-regulation response previously seen in bipolar cell lines, so tha t it 

becam e equivalent to that seen in control cell lines without lithium pretreatm ent. 

The difference in the extent of isoprenaline down-regulation betw een control and 

bipolar cell lines was reversed by lithium pretreatm ent in tha t now the bipolar cell 

lines showed a greater extent of down-regulation than control cell lines.
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It would be  useful to  know if there  w ere any corresponding changes in 

adenylyl cyclase desensitization. D irect inhibition of adrenergically activated 

adenylyl cyclase function by lithium would result in a reduced production of cAM P 

in response to a  particular concentration of isoprenaline. According to  the 

hypothesis pu t forward in the previous chapter, tha t the extent of /3-AR down- 

regulation in response to isoprenaline is related  to  am ount of isoprenaline- 

stim ulated cAM P accumulation, a  reduction in the am ount of cAM P produced in 

response to  isoprenaline by lithium would cause a decreased extent of down- 

regulation. This would perhaps account for the reduction in isoprenaline down- 

regulation seen in control cell lines after lithium coincubation bu t could not 

explain the increase in isoprenaline down-regulation in bipolar cell lines.

Lithium also inhibits PI turnover leading to a  reduction in the production 

o f the second messengers Ins(l,4,5)P3 and D A G  (page 174). A lthough (3-ARs are  

not coupled to  stim ulated polyphosphoinositide turnover, there  are reciprocal 

interactions betw een the inositol lipid pathway and o ther second m essenger 

pathways (Berridge, 1987), in particular the cyclic nucleotides (Nishizuka, 1984;

1986). It has been  shown, for example, tha t the production of cAMP in the pineal 

by /3-ARs is enhanced by the activation of a 1-ARs and tha t this enhancem ent 

appears to be m ediated  through the DAG /PK C pathway because phorbol esters 

augm ented the accum ulation of cAM P by /3-ARs in this tissue (Sugden et a l, 

1985). A nother example of such interactions is tha t isoprenaline-stim ulated cAMP 

accum ulation in intact hum an astrocytom a cells has been  shown to be  inhibited 

by carbachol, a  muscarinic receptor agonist, via activation of phosphodiesterase 

(T anner et a l , 1986). The possibility tha t lithium could exert its effects on the 

adrenergic system through a  nonadrenergic mechanism (i.e. via inhibition o f PI 

turnover) has been  suggested by Schultz et al (1981) from  their investigations of 

Purkinje cell firing rates in chronic lithium -treated rats with and without 

p re trea tm ent with 6-hydroxydopamine (6-OHDA) to  rem ove endogenous 

cerebellar NA.

DAG stimulates PKC which has been implicated in the phosphorylation

step of the process of /3-AR desensitization (Yamashita e t  a l ,  1986 & 1987), and

Toews e t  a l  (1987) demonstrated that in human astrocytoma cells PKC activation
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can itself directly cause /3-AR desensitization. A  reduction in the stimulation of 

PKC by D A G  could therefore also result in a decrease in /3-AR desensitization 

and presum ably down-regulation. However, Toews et al (1987) concluded from  

their work tha t involved exposing astrocytom a cells to a PKC activator and/or to 

isoprenaline, tha t activation of PKC is probably not the m echanism  of agonist- 

induced desensitization. In another study, Yam ashita et a l (1988) dem onstrated 

tha t acute activation o f PKC caused a 50% decrease in /3-AR-stimulated adenylyl 

cyclase activity due to  a reduction in the Vmax of the adenylyl cyclase system, 

whilst having no effect on /3-AR num ber.

O ther studies have also found that treatm ent of cells with phorbol esters, 

which activate PKC, can lead to  /3-AR desensitization (Sibley et a l, 1984; Kelleher 

et a l, 1984; Kassis et a l, 1985; Johnson et a l, 1986) which K elleher’s group, who 

used turkey erythrocytes, suggested was due to  phosphorylation of the /3-AR and 

therefore its uncoupling from  Gs. In contrast, Kassis et al dem onstrated tha t in 

ra t glioma C6 cells phorbol esters did not alter the activity of the receptors, bu t 

caused their internalization into a light m em brane fraction devoid of Gs.

Caution m ust be taken in the interpretation of these and the following 

results as it has been  suggested that the interaction betw een the  inositol lipid and 

the adenylyl cyclase pathways may depend upon the cell types (Nishizuka, 1986). 

In cells such as platelets, neutrophils and lymphocytes, the signal-induced 

breakdow n of inositol phospholipids and the subsequent events eventually leading 

to  cellular responses are all profoundly blocked by cAMP. Conversely, in avian 

erythrocytes and C6 cells, PKC inhibits and desensitizes the  adenylyl cyclase 

system, w hereas in pinealocytes and S49 cells, PKC greatly potentiates cAMP 

production (Nishizuka, 1986). It is also im portant to no te  tha t the turkey 

erythrocyte /3-AR does not becom e internalized during desensitization and tha t the 

result of /3-AR phosphorylation in turkey erythrocytes and /3-AR internalization 

ra t C6 cells is in bo th  cases an inability of the /3-ARs to couple to  Gs to activate 

adenylyl cyclase. However, in several studies phorbol esters caused an increase 

in /3-AR-stimulated adenylyl cyclase activity (Bell et a l, 1985; Johnson et a l, 1986; 

Summ ers et a l, 1988). All the above studies employed acute incubation with 

phorbol esters (5-90 minutes).
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The outcom e of either increased or decreased adenylyl cyclase activity 

seem s to depend on the exact conditions of the phorbol ester treatm ent (duration 

and concentration) and subsequent assay (concentration of horm one used to 

stim ulate adenylyl cyclase) (Johnson et a l, 1986), and w hether intact or broken 

cell preparations are used (Johnson & Toews, 1990) as well as the type of cell 

employed. Little inform ation was given in these studies about the effect of PKC 

activation on the /3-AR density. K elleher et al (1984) observed no change in 

/3-AR num ber after 30 min phorbol ester treatm ent. Kassis et a l (1985) similarly 

did not see any change in /3-AR num ber after 60 min how ever they did observe 

a  /3-AR loss of about 25% after prolonged (24 hour) phorbol ester treatm ent. 

This loss was much lower and less extensive than that induced by isoprenaline in 

the  sam e cells (turkey erythrocytes).

It would seem  likely tha t the acute effects on cAMP accumulation are not 

due to  a change in receptor density bu t to  the effects of PKC on adenylyl cyclase 

itself as Summ ers et al (1988) have shown that the addition o f purified PKC to 

pituitary m em brane preparations causes an increase in cAM P synthesis and that 

PK C induces an apparen t increase and stabilization of adenylyl cyclase activity in 

these preparations. They suggested tha t PKC may regulate cAM P production by 

altering an equilibrium betw een high and low activity states of adenylyl cyclase.

A nother suggestion for the mechanism of interaction betw een PKC and 

cAM P production is that PKC may facilitate the interaction betw een Gs and 

adenylyl cyclase (Bell et a l, 1985). The interaction betw een the different 

pathways is reciprocal in tha t it has been  shown that cAM P will inhibit the 

hydrolysis of PtIns(4,5)P2 resulting in a  m arked reduction in both D A G  and 

I(1,4,5)P3 form ation (W atson et a l, 1984; Nakashima et a l, 1986).

A  possible hypothesis from  consideration of the above studies is tha t if 

lithium is inhibiting PI turnover so causing a reduction in the production of D AG, 

this would result in a decrease in the activity of PKC and may therefore result in 

a decrease in isoprenaline-induced adenylyl cyclase desensitization and thus an 

increase in cAMP accumulation. This is the reverse bo th  of what would be 

predicted  from  the down-regulation data, and of the aforem entioned results of
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other groups dem onstrating lithium inhibition of cAMP accumulation. However, 

it must be rem em bered that as most of these studies investigated the acute effects 

of phorbol ester treatm ent, the relevance to the present study using 24 hour 

coincubation with isoprenaline and 7 day coincubation with lithium, m ust be 

questioned. Furtherm ore, the effect of lithium on cAMP accum ulation may differ 

depending w hether or not the /3-AR is occupied by an agonist. In the situation 

of agonist occupancy by isoprenaline it may be that lithium causes a decrease in 

desensitization, and the resulting increase in isoprenaline-induced cAMP 

accumulation acts to  increase receptor down-regulation in order to reduce 

adenylyl cyclase activity. It is interesting to note tha t phorbol ester- and 

isoprenaline-induced /3-AR desensitization involve distinct mechanisms (Kassis et 

al., 1985).

As m entioned previously, inhibition of PI turnover by lithium also leads to 

a  decrease in the production of Ins(l,4 ,5)P3 and therefore a  reduction in the 

am ount of calcium released from  internal stores (Berridge, 1987). As calcium 

stimulates cAM P phosphodiesterase which breaks down cAM P (T anner et al.,

1986), then a lowering of the free calcium levels will tend to  increase cAMP levels 

in the cell. This in turn  may lead to  an increase in /3-AR down-regulation. If PI 

turnover is selectively inhibited in bipolar patients as hypothesised by Berridge et 

al. (1982; 1989), then  this increase in /3-AR down-regulation would be expected 

to  be  seen only in the bipolar cell lines, which is in fact w hat was observed.

A nother consequence of the inhibition of PI turnover by lithium may be  an 

accum ulation of PI. Incorporation of PI into turkey erythrocytes has been  shown 

to inhibit isoprenaline-stim ulated cAM P accumulation in a linear, dose-dependent 

m anner whilst o ther phospholipids had little effect (M cOsker et al., 1983). This 

inhibition of cAM P accumulation was not accom panied by a decrease in either 

(3-AR capacity or affinity, bu t the relative percentage of high affinity binding (a 

m easure of coupled receptors) was decreased in Pi-m odified m em branes.

M cO sker’s work suggests tha t it would be useful to  investigate w hether 

lithium coincubation affects the proportion of PI in lymphoblast cell m em branes 

and if any effect was differential in respect to control and bipolar cell lines.
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Furtherm ore, if specific [125I]-CYP binding in control and bipolar lymphoblast cell 

lines was determ ined using a /3-AR agonist to define non-specific binding, the 

effect of lithium coincubation on the proportions of high and low affinity binding 

sites could be  examined to investigate w hether lithium affects the coupling of 

/3-ARs to  Gs. There is evidence tha t the KL/KH ratio  is increased by 

antidepressant therapy (Buckholtz et a l , 1988) which is opposite to  the effect tha t 

would have been  predicted from  M cO sker’s study in turkey erythrocytes for 

lithium -induced P I accumulation.

According to  the proposal of Berridge et al. (1982) tha t the therapeutic 

action of lithium in bipolar depression is due to a preferential depletion of cellular 

inositol levels and polyphosphoinositides in hyperactive pathways, it would be 

expected tha t there  should be an increased ra te  of PI turnover in lymphoblasts 

from  bipolar patients than from  controls. In fact, Banks et a l (1990) 

dem onstrated tha t there was significantly less incorporation of [3H]-inositol into 

the phosphoinositides of lymphoblast cell lines derived from  bipolar subjects than  

in those derived from  control subjects, which would seem  to indicate that either 

ra te  of PI turnover is less in bipolar patients or that the ra te  a t which PtdI(4,5)P2 

is converted to  inositol(l,4,5)P3 is greater than the ra te  a t which inositol is 

incorporated into phosphatidylinositols in bipolar patients. Banks et al. suggested 

tha t a  sm aller phosphoinositide pool size in bipolar subjects would result in a 

smaller signal being generated for each agonist event and/or a m ore rapid 

depletion of phosphoinositide pools on repeated  stimulation. This, together with 

the inhibitory actions of lithium, may overcome any hom eostatic mechanisms able 

to  m aintain Ins(l,4 ,5)P3 and D A G  and eventually bring about a  reduction in 

signalling capacity. This hypothesis assumes that hyperactive pathways in bipolar 

depressed patients exist which are primarily responsible for the illness and that 

there  is a defect in the am ount or synthesis of phosphoinositides.

O ne problem  with interpreting the results from  Banks’ study are  that 

inositol incorporation into the phosphoinositides ra ther th a t PI turnover was 

m easured. It would be interesting to  investigate inositol turnover in our cell lines, 

to  see if the ra te  of turnover is greater in the bipolar cell lines and w hether 

lithium decreases the turnover rate.
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7.1 Introduction

D esipram ine (D M I) is a secondary tricyclic antidepressant commonly used 

to trea t depressed patients. A cute adm inistration of D M I causes a decrease in 

N A  turnover in ra t brain (Bareggi et a l , 1978) due to inhibition of N A  reuptake 

(Carlsson & Lindqvist, 1978) which activates a negative feedback m echanism  that 

results in a  reduction in N A  neuronal impulse flow, and so a reduction in turnover 

(Nyback et a l, 1975). This inhibition of noradrenergic activation by N A  appears 

to  be m ediated by a 2-adrenergic autoreceptors (C edarbaum  & Aghajanian, 1977).

As the  onset of the  therapeutic action of D M I does not occur until after 

a t least one w eek of trea tm ent (Oswald et a l, 1972), the physiological and 

biochem ical effects of acute D M I adm inistration may not be directly relevant to 

its m echanism  of antidepressant action. Chronic D M I adm inistration has been 

shown to increase N A  turnover (Bareggi et a l, 1978; Sugrue, 1980) and to depress 

the N A -neuron firing ra te  (McMillen et a l, 1980; Schultz et a l, 1981). Both acute 

and chronic D M I adm inistration can enhance the am ount of N A  released and 

m etabolised p er neuronal impulse (McMillen et a l, 1980). Long-term  D M I 

trea tm ent causes a decrease in both NA -and isoprenaline-stim ulated cAMP 

accum ulation in ra t brain slices, whilst acute treatm ent has no effect (Ventulani 

& Sulser, 1975; F razer et a l, 1978; Wolfe et a l, 1978). This effect is unlikely to 

be  due to  a direct action of D M I on the adenylyl cyclase system because no 

change was observed in the activity of N A -stim ulated adenylyl cyclase in the ra t 

diaphragm , a tissue lacking sympathetic innnervation (Frazer et a l, 1978).

Long-term  D M I adm inistration also causes a  decrease in j8-AR density in 

ra t brain  slices taken from  the cerebral cortex (Sarai, 1978; W olfe et a l, 1978; 

M innem an et a l, 1979a; Schweitzer et a l, 1979; Maggi et a l, 1980; Sellinger- 

B am ette  et a l, 1980; Koshikawa et a l, 1987); hippocam pus (Maggi et a l, 1980); 

cerebellum  (Maggi et a l, 1980; Schultz et a l, 1981); and whole brain (Bannerjee 

et a l, 1977). In the cat chronic adm inistration of im ipram ine (which is 

m etabolized to D M I) was shown to decrease binding in cerebral cortex m em brane 

preparations (Briley et a l, 1982). D M I adm inistration to rats has been  shown to 

selectively down-regulate /S1-ARs in the brain  with /32-ARs being relatively
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unaffected (M innem an et al., 1979a; B eer et al., 1987; Stahl et al., 1987; H eal et 

al., 1989). In the light of this it may seem  suprising tha t significant down- 

regulation has been  observed in the ra t cerebellum  which has predom inantly 

/32-ARs, though it was suggested by Schultz et al. (1981) tha t the  radioligand, 

[3H ]-D H A , em ployed in their study and in tha t of Maggi et al. (1980), selectively 

binds to  jSj-ARs so that the observed down-regulation was due to  loss of the 

/3r type receptors which comprise about 15% of the /3-AR population in the ra t 

cerebellum . /3-AR down-regulation in the cerebellum  in response to  D M I was not 

seen by B eer and Stahl’s group, who used a non-selective /3-AR antagonist, 

[125I]-iodopindolol, as the radioligand (Beer et al., 1987; Stahl et al., 1987).

The incubation of cortical slices from chronic desipram ine-treated rats with 

guanine nucleotides does not restore /3-AR binding as it does in acute 

isoprenaline-treated cortical slices (Wolfe et al., 1978). A cute in vitro incubation 

o f cortical slices with isoprenaline following in vivo desipram ine treatm ent leads 

to  a further decrease in the density of binding sites (D ibner & Molinoff, 1979). 

H ence, it would seem  that receptor down-regulation by chronic desipram ine and 

acute isoprenaline are m ediated by different mechanisms. However, an in vitro 

study investigating the effect of acute coincubation of ra t cortical slices with either 

tricyclic antidepressants and/or isoprenaline, showed that /3-AR binding was 

decreased by both  treatm ents individually and that the effects w ere not additive, 

suggesting tha t a similar m echanism was involved in receptor down-regulation due 

to acute in vitro coincubation with either antidepressants or isoprenaline 

(U ’Pritchard & Enna, 1979).

Investigations have also been  carried out into the in vitro effects of DM I 

on cells in culture. H onnegger et al. (1986) exposed three types of hum an cells - 

skin fibroblasts, lung fibroblasts and m acrophages - to 2 and 5 /zM D M I for 12 

days. They found that chronic D M I exposure induced a decrease in /3-AR binding 

in all th ree  tissue types, with no effect on binding affinity. R at glioma C6 cells, 

cultured in the presence o f D M I showed a time and concentration dependent 

decrease in /3-AR num ber (Fishm an & Finberg, 1987). Coincubations with D M I 

for two days a t concentrations above 50/zM w ere toxic to the cells. Seven day 

exposure to  10/zM D M I caused a 43% loss of /3-ARs and concentrations above
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10/LtM w ere toxic after seven days. /3-AR down-regulation in response to  3 hour 

coincubation with ljuM isoprenaline was no t affected by 48 hour p re trea tm ent 

with 50/xM DM I. They concluded from  their study that the m echanism  of (3-AR 

down-regulation by D M I did not involve a direct interaction with the receptors.

M anji et a l (1991) similarly found tha t five day coincubation of C6 cells 

with 10/jM  D M I resulted in a 35% reduction in binding capacity tha t was 

accom panied by a 38% loss in isoprenaline-stim ulated cAM P accumulation. The 

reduction in Bmax was found to  be accounted for mainly by a decrease in the high 

affinity form  of the receptor. D M I also produced a significant reduction in the 

dissociation constant for the agonist in the high affinity state (KH) and a significant 

increase in the KL/KH ratio. This ratio  reflects the extent to which agonists 

stabilize the high affinity ternary complex of agonist, recep tor and Gs, and has 

been  dem onstrated to strongly correlate with agonist-induced adenylyl cyclase 

activation (K ent et a l, 1980). In o ther words, the Kl/Kh ratio is though to reflect 

two properties of the same coupling phenom enom , namely, the form ation of the 

high affinity complex and stimulation of adenylyl cyclase. /3-AR desensitization is 

usually accom panied by a decrease in the KL/KH ratio (K ent et a l, 1980), not an 

increase as occurred in this study. The authors suggested tha t D M I decreases the 

affinity of guanine nucleotides for Gs, thereby preventing the breakdow n of the 

high affinity complex and subsquent activation of adenylyl cyclase.

As no previous study has investigated D M I exposure in cultured cells from 

bipolar depressive patients, the effects of chronic coincubation of control and 

bipolar lymphoblast cell lines with D M I and subsequent isoprenaline down- 

regulation, w ere examined.
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7.2 Methods

Lym phoblast cell lines from  6 bipolar cell lines and 6 m atched control cell 

lines w ere coincubated with lOjtiM D M I for 7 or 14 days. O n day 6 or 13, InM  

isoprenaline and/or O.lmM ascorbic acid w ere added to the cells. The cells w ere 

harvested 24 hours la ter and the /3-AR binding assay was carried out using 

[125I]-CYP as described previously.

7 3  Results

7.3.1 p -A drenoceptor binding and affinity

Coincubation of lymphoblast cell lines with 10/zM D M I for 7 and 14 days 

had no significant effect on the  m ean j8-AR binding capacity in either control or 

bipolar cell lines when tested  by analyis of variance (Table 7.1 and Fig. 7.1).

Individually, as shown by Fig. 7.2, one control cell line showed about a  50% 

loss of /3-ARs after both  7 and 14 day D M I coincubations and two further control 

cell lines had receptor losses of 40 and 60 % after 14 day coincubation. In bipolar 

cell lines 7 day D M I coincubation caused decreases of 60, 30 and 20 % of the 

binding capacity in three cell lines, whilst 14 day coincubation resulted in 50, 40 

and 20 % receptor loss also in th ree cell lines though not the sam e three.

Table 7.1 The effect of 7 and 14 day coincubations with 10/xM D M I on j8-AR 

binding capacity (Bmax) of lymphoblast cell lines derived from 

bipolar depressed patients and m atched controls. Results are 

expressed in fmol/mg protein as m ean ±  sem.

Treatment CONTROL BIPOLAR
n Bmax n Bmax

NO DMI 6 6.76 ± 0.79 6 5.49 ± 1.10

10/zM DMI
7 day 5 5.93 ± 0.89 5 4.51 ± 0.37

14 day 6 5.01 ± 0.62 6 4.69 ± 0.97
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Fig. 7.1 Effect of 7 and 14 day coincubation with 10/xM D M I on j8-AR 

binding capacity in lymphoblasts from  control and bipolar cell lines. 

Results are expressed as m ean ±  sem  of 5-6 experiments.
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Fig. 7.2 Effect o f 7 and  14 day coincubation with 10/zM D M I on /3-AR 

binding capacity in individual lymphoblast cell lines from  controls 

and bipolar depressed patients.
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F or both  7 and 14 day D M I coincubation there was a negative correlation 

betw een the  initial Bmax values and the % change in Bmax, with higher initial 

Bmax values resulting in g reater receptor loss and low inital Bmax values resulting 

in an increase in receptor num ber (7 day, r=  -0.92, p <  0.001; 14 day, r=  -0.73, 

p<0.01). If the control and bipolar groups w ere exam ined separately the 

correlation was only significant in the bipolar group with 7 day coincubation (r=  

-0.96, p<0.01) (Fig 7.3).

In control cell lines there  was a significant increase in binding affinity for 

both  7 and 14 day D M I coincubations (p <  0.05, paired S tudent’s t test). There 

was no change in affinity in bipolar cell lines (Table 7.2).

Table 7.2 The effect of 7 and 14 day coincubations with 10/zM D M I on /3-AR 

binding affinity (Kd) of lymphoblast cell lines derived from  bipolar 

depressed patients and m atched controls. Results are expressed in 

pM  as m ean ±  sem.

Treatment
n

CONTROL
Kd n

BIPOLAR
Kd

NO DMI 6 19.6 ± 2.4 6 M 00 • 1+ 2.7

10/zM DMI
7 day 5 11.4 ± 1.5* 5 14.9 ± 3.8

14 day 6 13.8 ± 1.2* 6 15.1 ± 1.4

* p < 0.05 com pared to no D M I (paired t-test)

7.3.2 /3-Adrenoceptor down-regulation in response to isoprenaline

Table 7.3 shows the effects of coincubation with 10/xM D M I for 7 and 14 

days on the down-regulation in response to InM  isoprenaline. As before, in cells 

w ithout any pretreatm ent, there  was significantly less down-regulation in bipolar 

cell lines than  in control cell lines (p<0.02, S tudent’s unpaired  t-test).
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Table 7.3 The effect of 7 and 14 day coincubation with 10/xM D M I on /3-AR 

down-regulation in response to  24 hour coincubation with InM  

isoprenaline in lymphoblast cell lines derived from  bipolar 

depressives and m atched controls. Results are expressed as % of 

basal Bmax value (ascorbic acid alone) and as m ean ±  sem.

Treatment
n

CONTROL
% down-regulation n

BIPOLAR
% down-regulation

NO DMI 6 41.7 ± 5.3 6 16.2 ± 6.5**

10/zM DMI
7 day 5 33.8 ± 7.5 5 31.4 ± 8.9

14 day 6 26.8 ± 5.6 6 40.7 ± 7.5*

* p  <  0.07 com pared to patient, no D M I (paired t-test)

** p  <  0.02 com pared to control (unpaired t-test)

p  <  0.02 interaction betw een treatm ent and group (2-way A NOVA)

A fter 7 days coincubation with DM I, there was a  slight decrease in the loss 

of /3-ARs in control cell lines and an increase in bipolar cell lines, however neither 

o f these changes w ere significant when tested by two-way analysis of variance (Fig 

7.4). A fter 7 days D M I pretreatm ent there was no longer a significant difference 

in down-regulation in response to  isoprenaline betw een control and bipolar cell 

lines.

W hen the lymphoblasts w ere coincubated with D M I for 14 days, the extent 

of isoprenaline-induced down-regulation decreased further in control cell lines and 

increased in bipolar cell lines. Again there was no significant difference betw een 

the isoprenaline-induced down-regulation after 14 day D M I coincubation in 

control and bipolar cell lines. The difference in isoprenaline-induced /3-AR loss 

in bipolar cell lines that w ere p re trea ted  for 14 days with D M I com pared to 

un treated  lymphoblasts was of borderline significance (p<0.07, S tudent’s paired 

t-test).
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W hen the data was analysed by two-way analysis of variance, there  was a 

significant interaction betw een the effect of 14 day D M I coincubation on 

isoprenaline-induced down-regulation and w hether the lymphoblasts w ere derived 

from  control or bipolar subjects (p<0.02).
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Fig. 7.4 Effect of 7 and 14 day coincubation with 10/xM D M I on 

isoprenaline-induced /3-AR down-regulation in lymphoblasts from 

control and bipolar cell lines. Results are expressed as m ean ±  

sem of 5-6 experiments.
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7.4 Discussion

U nlike previous studies in ra t brain slices and in cultured cells, no 

significant reduction in lymphoblast /3-ARs was seen w hen the  cells w ere 

coincubated with 10/itM D M I for either 7 or 14 days.

The loss of /3-ARs in ra t brain slices after chronic D M I adm inistration has 

been  shown to  be  dependent on the presence of intact sym pathetic innervation, 

implying tha t D M I exerts its effects by blockade of the neuronal N A  uptake 

system thus causing an increase in the effective am ount of N A  in the synapse 

(F razer et a l, 1978; W olfe et a l, 1978; Schweitzer et ah, 1979). Therefore the lack 

of /3-AR down-regulation in cultured lymphoblasts is perhaps no t suprising as such 

cells are not innervated. However this is not sufficient as an  explanation, since 

down-regulation in response to  chronic D M I coincubation has been  dem onstrated 

in o ther cultured cells (H onegger et a l, 1986; Fishm an and Finberg, 1987).

It is possible that the concentration of D M I used was too low, however this 

was unlikely as H onnegger et a l (1986) dem onstrated significant recep tor down- 

regulation in response to 12 day coincubation with 2/xM D M I in hum an fibroblasts 

and m acrophages and Fishm an and Finberg (1987) also saw significant receptor 

loss in C6 cells coincubated with 10/xM D M I for 7 days. Based on the la tte r’s 

results, concentrations above lQfiM would probably have been  toxic to  the cells.

A nother, m ore probable, explanation of the lack of D M I-induced down- 

regulation, is the fact tha t the lymphoblast /3-AR is of the /32 subtype, w hereas 

desipram ine has been  shown to selectively down-regulate )S1-ARs (M innem an et 

al, 1979; Stahl et a l, 1987; B eer et a l, 1987). The adrenoceptors on glioma C6 

cells are predom inately (80-90 %) o f the p 1 subtype (H om burger et a l, 1981) so 

are dow n-regulated by D M I (Fishm an & Finberg, 1987). However, /3-AR loss was 

seen in fibroblasts in which the /3-ARs are of the /32-subtype (H onnegger et al, 

1986).

A  reduction in /3-AR num ber following D M I coincubation was seen in 

som e cell lines, regardless o f w hether the lymphoblasts w ere from  control or
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bipolar subjects. There was a negative correlation betw een the binding capacity 

in un treated  lymphoblasts and the % change in /3-AR num ber after 7 and 14 day 

coincubation with DM I, with cell lines with a high receptor density showing down- 

regulation and those with a  low receptor density actually having an increase in 

(3-AR num ber.

A lthough o ther groups did not observe any change in binding affinity with 

D M I treatm ent, this study dem onstrated a significant increase in affinity for 

[125I]-CYP in control cell lines both  with 7 day and 14 day D M I coincubation. 

This would seem  to  indicate tha t D M I is having a direct effect on the (3-AR, bu t 

as no change in affinity was seen in bipolar cell lines, this is perhaps unlikely.

It would be  useful to extend the data to  the rem aining cell lines as it is 

difficult to  reach any conclusions on the basis of six control and six bipolar cell 

lines. It would also be  interesting to  investigate the adenylyl cyclase response after 

D M I coincubation.

It has been  suggested that the effect of D M I on (3-AR density in C6 cells 

is due to  its toxicity under certain culturing conditions. If conditions under which 

D M I had no effect on cell proliferation w ere employed, then  no down-regulation 

was observed (Fowler & Brannstrom , 1990). Serum -free m edia w ere used in this 

study, which may in pa rt account for the high toxicity. In the  present study, no 

effect of D M I was observed on cell growth and there w ere no differences in the 

p ro tein  content of the  m em brane hom ogenates with or w ithout D M I treatm ent. 

This would seem  to be  in support of Fowler and B rannstrom ’s hypothesis tha t 

/3-AR loss is a  toxic effect of D M I except tha t there w ere som e cell lines in which 

D M I coincubation did cause a reduction in /3-AR num ber, and a reduction in cell 

proliferation was not observed in these cell lines either. Furtherm ore, the toxic 

effects seen by Fowler and B rannstrom on may be limited to  C6 cells as an 

increase in cell proliferation was observed when fibroblasts w ere incubated with 

lO/iM D M I for seven days (H onegger et a l, 1983).

13-AR down-regulation in response to  isoprenaline in control and bipolar 

cell lines was differentially affected by D M I coincubation. A fter 7 day D M I
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coincubation there  was a trend  towards a decrease in down-regulation in control 

cell lines and an increase in bipolar cell lines. This trend was clearer after 14 day 

coincubation, and the differential effect of D M I of a decrease in control and an 

increase in bipolar cell lines was significant.

These results are in contrast to those of Fishman and Finberg (1987) who 

found tha t 48 hour p re trea tm ent with D M I had  no effect on down-regulation in 

response to 3 hour coincubation with isoprenaline. However, as the effect of D M I 

is tim e-dependent, it is likely that 48 hours p retreatm ent was not long enough. 

Furtherm ore, the ra t C6 cell line was used so there  may be species and receptor 

sub-type differences.

As with lithium coincubation, D M I seems to  be normalising the regulation 

of /3-ARs in bipolar cell lines. D M I pretreatm ent also decreases the extent of 

down-regulation in response to  isoprenaline in control cell lines, bringing it almost 

to  the level seen in bipolar cell lines w ithout D M I treatm ent. Again, extension of 

these results to  the other cell lines and investigation of the  adenylyl cyclase 

response would help to clarify the situation.

Chronic coincubation of fibroblasts with D M I has been  shown to produce 

intracellular granulation, possibly by interfering with the recycling of plasm a 

m em brane vesicles, as the D M I accum ulates in the cells (H onegger et a t , 1983). 

U ptake of D M I was independent of the am ount o f D M I previously accum ulated 

in the cell, indicating tha t the D M I was being segregated into a cellular 

com partm ent. If this is also the case in lymphoblasts, then  the  accumulation of 

D M I in the cells would depend upon the duration of exposure to DM I. This 

could be an  explanation of the tim e-dependency of the effects of D M I on 

isoprenaline-induced down-regulation. This clear tim e-dependency for the effect 

of D M I on /3-AR regulation coincides well with the tim e-dependency of the 

developm ent of the  therapeutic effect of D M I (Oswald et a t , 1972; G arver & 

Davis, 1979).

Like lithium, D M I has effects on phospholipid m etabolism  due to its 

cationic and amphiphilic nature (Fauster et al. , 1983). Coincubation of hum an
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fibroblasts with D M I for longer than 6-12 hours resulted in a  dose- and exposure- 

dependent accum ulation of phospholipids, particularly phosphatidylinositol (PI), 

due to  a decrease in the breakdown of phospholipids in the presence of DM I, and 

therefore the rapid turnover of PI was inhibited by D M I (Fauster et a l , 1983). 

It has also been  shown in C6 cells tha t the incorporation of 32Pj into total 

phospholipids was increased by coincubation with D M I by a saturable process 

(Leli & H auser, 1987). This increase was accom panied by a shift o f the pa ttern  

o f the incorporation of 32Pf from  neutral phospholipids, such as 

phosphatidylethanolam ine (PE) and phosphatidylcholine (PC), to  acidic 

phospholipids such as PI, phosphatidylinositol 4-phosphate and PtIns(4,5)P2. As 

described in the previous chapter, an increase in the relative proportion of PI in 

turkey erythrocytes has been  shown to inhibit isoprenaline-stim ulated cAMP 

accum ulation due to  an uncoupling of /3-ARs (M cOsker et a l, 1983). It has also 

been  dem onstrated tha t PE  and PC  are required for the efficient reconstitution 

of the /3-AR-Gs system (Schramm et a l, 1988), so a reduction in their relative 

proportions in the m em brane could effect the coupling of /3-AR to Gs. It would 

be  useful to  investigate w hether D M I coincubation has a differential effect on the 

proportion of PI in lymphoblast cell m em branes from control and bipolar cell 

lines; the D M I coincubation tim e necessary for the accum ulation of PI; w hether 

an increase in P I in lymphoblasts will inhibit isoprenaline-stim ulated cAMP 

accumulation; and the extent of PI accumulation needed for this effect to be seen.

Furtherm ore, if specific [125I]-CYP binding in control and bipolar 

lymphoblast cell lines was determ ined using a /3-AR agonist to  define non-specific 

binding, the effect of D M I coincubation on the proportions of high and low 

affinity binding sites could be examined to  investigate w hether D M I affects the 

coupling of j8-ARs to  Gs and w hether any observed effect is dependent on subject 

status. If the KL/KH ratio is increased by D M I coincubation as has been  observed 

in C6 cells coincubated with lOfiM D M I for 5 days (M anji et a l, 1991), this may 

explain the increase in isoprenaline-induced down-regulation.

This work brings into question the relative validity of using animal models 

as com pared to hum an cell culture models. Animal models have mainly been  

concerned with the effects of antidepressants on the ra t brain, particularly the
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cerebral cortex. Since D M I has been  shown to selectively down-regulate j81-ARs, 

and this subtype is predom inant in ra t cerebral cortex and in the  hum an brain, the 

ra t brain would seem  to  be m ore suitable for such investigations than  the 

lymphoblast /3-AR which is of the /32-type. However, the relative /31/yS2 selectivity 

o f D M I only has been  assessed in the ra t brain and may not be relevant to  the 

hum an brain. Also D M I adm inistration does not reduce central /3-AR density in 

all species: in the  guinea-pig central /3-AR binding has been  shown to be 

unaffected by chronic D M I treatm ent (H u et ah, 1980). Furtherm ore, as it is clear 

from  the present study that D M I does have an effect on the regulation of /32-ARs, 

the selectivity of D M I may only be relevant to its direct effect on /3-AR num ber.

A nother im portant disadvantage of the ra t brain m odel is that only the 

effect of D M I on "normal" brain tissue can be investigated. This is particularly 

relevant in the light of the results of this study indicating that D M I has a 

differential effect on lymphoblasts derived from control and bipolar depressed 

subjects, with isoprenaline-induced down-regulation being decreased in control cell 

lines and increased in bipolar cell lines.

The lymphoblast /3-AR m odel also has limitations, no t least of which its 

lack of innervation. It has been  suggested that D M I-induced /3-AR down- 

regulation is in response to the increase in synaptic NA  due to  reuptake inhibition 

by DM I, as chemical sympathectomy abolished D M I-induced down-regulation in 

ra t brain (W olfe et ah, 1978; Schweitzer et ah, 1979). However, this cannot be the 

only mechanism of /3-AR down-regulation by D M I as D M I causes down-regulation 

in cultured fibroblasts, m acrophages and glioma cells. The lack of innervation is 

in some ways an advantage though, as it allows the direct effects of D M I on the 

/3-AR-adenylyl cyclase complex itself to be  examined in isolation from any effects 

on N A  release or reuptake.
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The lymphoblast provides a  useful model for investigating /3-AR binding 

characteristics and regulation in affective disorders and the effect of 

antidepressants on the /3-AR. This study has dem onstrated tha t the lymphoblast 

/3-AR has binding characteristics similar to the lymphocyte /3-AR with 

displacem ent curves typical o f the /32-AR and specific [125I]-CYP binding affinity 

of 15-20 pM . This receptor forms part of the /3-AR-G protein-adenylyl cyclase 

complex, the activation of which leads to cAMP production.

The lymphoblast /3-AR undergoes agonist-stimulated down-regulation and 

desensitization in a  similar m anner to the lymphocyte /3-AR. Coincubation with 

isoprenaline results in time and concentration dependent down-regulation of the 

/3-AR and desensitization of isoprenaline-stim ulated cAM P accumulation. The 

m anner of this functional desensitization is also tim e and concentration 

dependent, as short coincubations with low isoprenaline concentrations cause 

homologous desensitization w hereas longer coincubation or higher isoprenaline 

concentration result in heterologous desensitization. 24 hour coincubation with 

lO'9!^  isoprenaline resulted in a  loss of about 50% of the /3-ARs, which was 

accom panied by a 35% loss of the /3-AR-coupled cAMP response, with no effect 

on adenylyl cyclase activity in response to prostaglandin E x or forskolin.

There was no difference in specific [125I]-CYP binding capacity or affinity 

betw een lymphoblast cell lines derived from  control subjects or patients with 

bipolar depression. These results w ere not as predicted in C hapter O ne based on 

reports of the lymphocyte /3-AR in depression, but confirm the results of 

Berrettini et al. (1987). However, as in W right’s study (1984), there w ere some 

bipolar cell lines with particularly low /3-AR binding capacity (<  3 fmol/mg 

protein). The lowest binding capacity in the BP group was 1.80 fmol/mg protein, 

whereas tha t in the control group was 3.55 fmol/mg protein. If this finding is 

taken together with that of W right’s group that /3-AR binding capacity was 

significantly reduced in four out of six bipolar cell lines, it would suggest tha t there 

may be a reduction in the density of /3-ARs in a sub-group of bipolar patients. 

This may be  due to  a defect in a gene, or genes, controlling either /3-AR synthesis 

and/or degradation or receptor expression.
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/3-AR down-regulation in response to 24 hour coincubation with 10'9M 

isoprenaline was significantly lower in bipolar cell lines than  in control cell lines. 

This indicates tha t there is a defect in the process of down-regulation in these cell 

lines. Such a defect complicates the explanation as to  why reduced binding 

capacity has been  observed in lymphocytes from depressed patients, whilst in this 

study lym phoblast /3-AR binding was no different from  control. The reduced 

sensitivity to  isoprenaline-induced (3-AR down-regulation seen in lymphoblasts 

from  BP patients suggests tha t increased plasm a catecholam ine levels in 

depression are  unlikely to cause lymphocyte (3-AR down-regulation. T here  are 

two possible explanations of this paradox. Firstly, plasm a catecholam ine levels 

may be high enough to overcom e the reduced sensitivity, so lymphocyte /3-AR 

binding would still be lower in depressed patients than  controls. This is perhaps 

unlikely as increased plasm a catecholam ine levels have not been  observed in all 

studies. A  second possibility is re la ted  to  the patient groups under study, as most 

studies of lymphocyte /3-AR binding have investigated depressed patients, with 

diagnoses of U P affective disorder, whereas the present study investigated patients 

with BP affective disorder only. A  recent study (Jeanningros et a l, 1991), in which 

lymphocytes from  U P depressed patients had reduced (3-AR density com pared to 

controls w hereas those from BP patients did not, supports this idea. The results 

of Buckholtz et a l (1988) indicated tha t agonist-induced down-regulation might 

be reduced in BP disorder as plasm a N A  levels w ere higher in BP patients than 

in U P patients whilst (3-AR num ber was the same in the two groups.

The th ree  BP cell lines with (3-AR binding capacities of less than 3 fmol/mg 

protein  showed virtually no down-regulation (<  10% recep tor loss) in response 

to  isoprenaline coincubation. As there was a  correlation in bipolar cell lines 

betw een binding capacity and the extent of down-regulation, which was probably 

due in the m ain to  these three cell lines plus one cell line with a particularly high 

/3-AR density tha t showed a greater degree of down-regulation than  its m atched 

control, there  may be a defence against down-regulation when the binding 

capacity is very low. This is unlikely to  be the m ain cause of the defect in down- 

regulation as the correlation does not hold for control cell lines and binding 

capacity was not lower in the bipolar group than the  control group.
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As described in the  first chapter, there is strong evidence tha t receptor-G s 

coupling is crucial to  /3-AR down-regulation (M ahan et a l, 1985; Cam pbell et al. , 

1991), so it may be that this coupling is abnorm al in bipolar disorder. The extent 

o f /3-AR-Gs coupling can be assessed in a binding study by defining non-specific 

binding with a /3-AR agonist and m easuring the KL/KH ratio. Buckholtz et al.

(1988) found tha t this ratio  was increased in the lymphocytes of BP patients 

com pared to  U P patients in spite of the fact tha t plasm a N A  was higher in the BP 

group, which suggests a  dissociation betw een agonist concentration and the  KL/KH 

ratio  m easure o f sensitivity. Such a dissociation may play a p a rt in the  reduced 

down-regulation seen in response to  isoprenaline in bipolar cell lines. A  

com parison of the KL/KH ratio in control and BP cell lines would determ ine 

w hether /3-AR coupling to  Gs is different in lymphoblasts derived from  BP 

patients. Correlations betw een the KL/KH ratios before and after isoprenaline 

coincubation and the extent of down-regulation in response to isoprenaline in BP 

and control lymphoblast cell lines may help to explain the defective down- 

regulation observed in BP cell lines.

/3-AR phosphorylation induced by nanom olar concentrations of isoprenaline 

has been  shown to be due to  PK A  alone, whereas tha t induced by m icrom olar 

isoprenaline concentrations involves both  PKA and /3ARK (H ausdorff et al. , 1989; 

Lohse et al., 1989; 1990). Phosphorylation by PK A  is cA M P-dependent, so a 

defect in the  /3-AR-adenylyl cyclase complex in lymphoblasts from  bipolar patients 

could be expected to result in reduced /3-AR phosphorylation in response to 

coincubation with 10'9M  isoprenaline. However, these studies w ere carried out 

using short periods of coincubation in ham ster fibroblasts and the hum an A431 

cell line, and it is not known a t present w hether longer periods of exposure to  low 

isoprenaline concentrations would similarly involve only PK A  and w hether 

phosphorylation of the lymphoblast /3-AR is by the sam e mechanism. If /3ARK, 

which is cAM P-independent, w ere to be involved in the phosphorylation that 

occurs w hen the  receptor is exposed to nanom olar isoprenaline concentrations for 

24 hours, H ausdorffs findings would suggest that pa rt of the phosphorylation 

process would still be due to PKA. This implies tha t a reduction in isoprenaline- 

induced cAM P accumulation could still reduce the extent of /3-AR 

phosphorylation and desensitization. W hether a reduction in recep tor
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phosphorylation could be the cause of the reduction in /3-AR down-regulation is 

uncertain bu t perhaps is unlikely as /3-AR down-regulation has been  shown not 

to  require phosphorylation either by PK A  (M ahan et a l, 1985) or by /3ARK 

(H ausdorff et a l , 1991). It does suggest though tha t desensitization may also be 

defective in these bipolar cells lines.

The proposal that b ipolar depression is associated with a defect in /3-AR 

down-regulation is reinforced by the findings of this study that coincubation of the 

lymphoblasts with lithium, an  effective drug in the treatm ent and prophylaxis of 

this disorder, normalizes down-regulation in response to isoprenaline. It has been 

suggested tha t lithium has a direct effect on G  proteins tha t causes attenuation of 

stim ulated cyclase activity (Avissar e ta l, 1988) and that altered G  protein  function 

may be o f pathophysiological im portance in BP disorder (Schreiber et a l, 1991). 

Such an effect on cAMP production would be expected to  decrease cAMP- 

dependent phosphorylation and possibly down-regulation. This may explain the 

slight decrease in down-regulation observed in control cell lines, bu t cannot 

account for the increase in BP cell lines. Berridge (1982 & 1989) has 

hypothesized tha t PI turnover is selectively inhibited by lithium in BP disorder. 

Such inhibition would result in a  decrease in calcium release from  internal stores 

and thus a  decrease in phosphodiesterase activity (Berridge, 1987), which could 

in tu rn  lead to  an increase in cAMP levels. The resulting increase in cAMP- 

dependent /3-AR phosphorylation would cause an increase in desensitization and 

possibly down-regulation.

A nother consequence of lithium inhibition of PI is a decrease in the activity 

of PKC. This suggests that isoprenaline-induced adenylyl cyclase desensitization 

would be  decreased and thus cAMP accumulation would increase leading to 

increased cA M P-dependent /3-AR phosphorylation, desensitization and down- 

regulation as above.

It is difficult to extrapolate from studies of the effects of lithium on animals

or cultured cells that are "normal" as this study has shown that there is a

differential effect of lithium on control and BP cell lines, so results from such

208



studies may be in the opposite direction from  w hat would have occurred in BP 

patients or in cell cultures derived from them.

Coincubation with D M I has similarly been  shown to have a differential 

effect on /3-AR down-regulation in lymphoblasts. In BP cell lines, D M I caused an 

increase in down-regulation w hereas in control cell lines it caused a decrease. 

This differential effect was significant after 14 days coincubation. D M I has been  

shown to  inhibit lysosomal phospholipid degradation (H onegger et a l, 1983). 

A lterations in m em brane phospholipid composition can m odulate the coupling of 

/3-ARs to  adenylyl cyclase and hence the num ber of functional recep tor sites 

(F auster et a l, 1983). A ntidepressant drug treatm ent, which included DM I, has 

been  shown to increase the KL/KH ratio in lymphocytes from  depressed patients 

(Buckholtz et a l, 1988) as has coincubation of C6 cells with D M I (M anji et al, 

1991). Thus increased sensitivity of the /3-AR to agonists may be  responsible for 

the increase in down-regulation in response to isoprenaline seen in BP cell lines, 

although this does not explain the decrease in control cell lines. A ssessm ent of 

the effect of D M I coincubation on KL/KH ratios with and w ithout coincubation 

with isoprenaline in BP and control lymphoblast cell lines may help to  elucidate 

the  m echanism  whereby D M I interacts with isoprenaline-induced down-regulation 

in BP and control cell lines. A nother possible explanation for DMTs effects on 

isoprenaline-induced down-regulation is suggested by the fact tha t rapid turnover 

of P I has been  shown to be inhibited by D M I in fibroblasts (Fauster et a l, 1983) 

and so D M I may act through the P I system in a similar way to lithium.

The lack o f a  direct effect of either lithium or D M I on /3-AR density in our 

lymphoblast m odel contradicts the hypothesis tha t /3-AR down-regulation is the 

prim ary m echanism  of action of antidepressants (Sulser et a l, 1978). However, 

this hypothesis has already been  questioned as there  are several antidepressants 

th a t do no t cause /3-AR down-regulation. M ianserin and nisoxetine, for example, 

cause desensitization of the /3-AR-coupled cAMP response without having any 

effect on /3-AR num ber (Sugrue, 1983). This would suggest tha t it is im portant 

to  ascertain w hether lithium or D M I cause desensitization in lymphoblast cell lines 

and tha t it would be very interesting to  test out atypical antidepressants such as 

m ianserin and nisoxetine in the lymphoblast m odel of /3-AR down-regulation.
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These antidepressants may also increase isoprenaline-induced down-regulation in 

BP cell lines. D M I has been  shown to cause selective down-regulation of /3j-ARs 

in the ra t cerebral cortex (M innem an et a l, 1979a; B eer et a l , 1987; Stahl et a l ,

1987). This does not however rule out the possibility tha t D M I has a different 

effect on /32-ARs, such as facilitation of isoprenaline-induced down-regulation, or 

that its effects on hum an /3-ARs are different to those seen in rats. Interestingly, 

there  is little evidence of antidepressant-induced decreases in /3-AR density from 

brain  post-mortem studies of drug-free and antidepressant-treated suicides or from  

studies of m elatonin secretion in depression (see C hapter O ne) o r indeed that 

central /3-AR density in depressed, drug-free suicides is increased, which would be 

expected if the consequence or mechanism of therapeutic action of 

antidepressants is down-regulation.

M uch of the evidence of antidepressant-induced /3-AR down-regulation in 

the brain has come from studies in the rat, which, in the main, examined the 

cerebral cortex and in some cases, the limbic forebrain. It is of interest to note 

a t this point that when comparisons w ere m ade betw een the binding 

characteristics of the a 2-AR in the ra t cerebral and in the hum an cerebral cortex 

and betw een the hum an platelet and the hum an cerebral cortex, species 

differences w ere deem ed to  be  greater than tissue differences (Summers et al.,

1983). N ot only is it difficult to  extrapolate such effects in healthy rats to humans 

with affective disorders, particularly as species differences have been  dem onstrated 

(H u et a l, 1980), bu t also the emphasis on the cerebral cortex may m ean that 

effects in o ther brain areas are overlooked. V etulani and Sulser’s group examined 

the limbic forebrain as they felt that this area  provides a key integrating system 

rela ted  to selective m odulation of em otion and sensory mechanisms of the brain 

(Sulser et a l, 1978). In  hum an studies, the choice of brain  a rea  is crucial as 

reduced /3-AR density in depressed, drug-free suicides has been  observed in some 

areas (tem poral cortex and occipital cortex) but not others (hippocampus, 

amygdala and thalam us) (D e Paerm entier et a l, 1990; H orton, 1991).

The m ajor questions that must be addressed in the evaluation of a 

peripheral m odel as a biochemical m arker for affective disorders are as follows:- 

firstly, does the m odel represent a state or tra it m arker and to  w hat extent is it
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effective in diagnosis; secondly, within which sub-categories o f affective disorder 

is the m odel reliable; next, how does the observed difference betw een healthy 

subjects and patients with the affective disorder arise and can this inform ation 

im prove our understanding of the biochemical changes associated with affective 

disorder; and finally, does the m odel reflect similar changes in the brain. As 

regards the m odel of reduced sensitivity o f the lymphoblast /3-AR to agonist- 

induced down-regulation in BP affective disorder proposed in this study, these 

questionscan only be answered in pa rt a t present. This m odel represents a  trait- 

dependent m arker and as such could be useful in diagnosis, or in the identification 

of individuals a t risk. A lthough it is no t possible as yet to  know how such a 

difference arises, the  norm alization of the isoprenaline-induced down-regulation 

observed after coincubation with lithium and with DM I, suggests tha t this m odel 

is relevant in the treatm ent of BP disorder and so is likely to represen t 

biochem ical differences tha t are im portant in this disorder.

The unansw ered questions provide the basis of fu rther research into this 

m odel and its relevance as a  biochemical m arker of affective disorder. 

Investigation into lymphoblast /3-AR regulation in cell lines derived from  U P 

depressed patients would dem onstrate w hether this m odel is also applicable as a 

m arker in this sub-category. This may be particularly interesting as lithium, the 

drug of choice in BP disorder, had a greater effect on /3-AR regulation in patien t 

cell lines than  did DM I, an antidepressant. This suggests either that reduced 

isoprenaline down-regulation is m ore likely to be a  m arker for BP disorder than 

U P  disorder, or tha t the effect of these drugs is dependent on the affective 

disorder sub-category of the patient, so that lithium will have a  greater effect on 

lymphoblasts derived from  BP patients while D M I might have m ore effect on 

lymphoblasts derived from  U P patients. It would also be interesting to  investigate 

w hether patients whose lymphoblast /3-ARs do not respond to  lithium or D M I 

with an increase in isoprenaline-induced down-regulation are refractory to  lithium 

or D M I drug therapy.

F urther evidence is needed to  be able to conclude tha t this m odel is a 

consistent trait-dependent m arker. It is im portant to  investigate the families of 

the probands used in this study to see w hether reduced isoprenaline down-
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regulation in lymphoblast /3-ARs is seen in o ther family m em bers. If this model 

is a trait-dependent m arker, then  defective down-regulation should be  p resent in 

relatives who also have affective disorder, bu t not in those who do not. It has 

been  proposed by Hill et al. (1988) tha t genetic linkage studies tha t subtype 

patients according to  biological m arkers may be m ore successful than  those with 

patients subtyped according to diagnostic categories as the form er might be m ore 

closely re la ted  to  gene action. Furtherm ore, they suggested tha t genetic analyses 

should be  m ore powerful when classifications of affective disorders are  based on 

such biological m easures or on direct observations of behaviours tha t m ore closely 

reflect them . According to  this argum ent, lymphoblast /3-AR down-regulation in 

affective disorders may provide a useful m arker for linkage studies.

It is, of course, im portant to  establish w hether /3-AR down-regulation is 

also defective in the brain of BP patients. In practice, this is extremely difficult 

to  do. It would be  possible to  coincubate brain slices from  depressed, drug-free 

suicides and from  m atched controls with isoprenaline, carry out a  radioligand 

binding assay and so m easure the  extent of down-regulation. The brain  slices 

would need  to  be  washed well to  rem ove endogenous catecholam ines and 

horm ones and to  have a period of preincubation to  ensure tha t /3-AR levels had 

recovered from  any effects o f endogenous substances, although it is unlikely that 

resynthesis of down-regulated receptors could occur within the survival tim e of the 

tissue in vitro. Similarly, 24 hour isoprenaline coincubation tim es would no t be 

feasible so it perhaps would be necessary first to establish w hether a  significant 

difference in isoprenaline down-regulation betw een patients and  controls could be 

observed in lymphoblasts using shorter coincubation times. The effects of drug 

treatm ent could be investigated by comparing drug-free and antidepressant- or 

lithium -treated suicides. As BP disorder is a sub-category of affective disorder, 

it would take a long time to  amass sufficient data from  drug-free suicides with a  

firm diagnosis of BP disorder, so it would be m ore practical to extend the 

investigation to  include U P depression.

A  m ore feasible way of examining central /3-AR num ber could be by 

positron emission topography (PET). A  PET-scan following agonist challenge 

might reveal differences in /3-AR regulation betw een control subjects and bipolar
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patients, and betw een drug-free patients and antidepressant- or lithium -treated 

patients.

A nother way to investigate central /3-AR regulation might be to m easure 

m elatonin secretion after an  injection of isoprenaline in patients and m atched 

controls. Results from  such a study could be difficult to  in terpret as isoprenaline 

would be expected to have m any effects in such circumstances and the pathways 

involved from  injection to  effect would be numerous.

i ’

F urther experiments using this model would be in four directions. Firstly, 

the data  should be expanded to  include m ore cell lines, m ore data  for the  effects 

of coincubation with D M I and hydrocortisone, and the investigation of the effects 

of o ther antidepressants, particularly those that do not cause down-regulation in 

the ra t model, and clenbuterol which has been  shown to cause /32-AR down- 

regulation in the  ra t cortex (H eal et al., 1989). Secondly, investigation into the 

mechanisms involved in the reduced isoprenaline down-regulation response by 

examining the Kl/Kh ratio, isoprenaline down-regulation dose response (see page 

164), PI turnover, and PI accum ulation (see page 185). Thirdly, a m ore suitable 

and accurate assay of adenylyl cyclase activity or cAMP accum ulation in 

lymphoblasts needs to be established in order to investigate w hether changes in 

j6-AR down-regulation are reflected by changes in desensitization of /3-AR-coupled 

adenylyl cyclase. Finally, the investigation of Gs proteins and of the kinases, PKA, 

PKC and /3ARK involved in desensitization, in BP disorder may reveal differences 

tha t can account for the defect in isoprenaline-induced down-regulation.

W hile the lymphoblast /3-AR model, like others, has many limitations, it 

does allow precise biochemical investigation of receptor function in cells derived 

from  patients with identified m edical history and may therefore prove particularly 

useful in the search for biochem ical dysfunction associated with affective disorders.
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