
Appendix A14.1 

 

Older Findings in Manic-Depressive Illness 

 

To supplement the discussion of the neurobiology of bipolar disorder in Chapter 14, here we 

provide a summary of older but important biological findings in manic-depressive illness that 

have not been extensively pursued in recent years. These investigations include electrolytes 

(sodium, magnesium, and calcium), membrane transport studies including red blood cells/plasma 

lithium ratio, Na/K ATPase studies, and red blood cell cation transport. 

 

Electrolytes:  Sodium, Magnesium, and Calcium 

Although some of the earliest biochemical investigations of bipolar disorder focused on 

electrolytes, very little work has been done in this area in the last 20 years.  This might seem 

curious since, if one were to be guided by the pharmacological bridge strategy of studying 

parameters related to the action of drugs with wide and important ranges of effects, electrolytes 

should be of special interest in light of the action of lithium on various endogenous ions (Emrich 

et al., 1982).  In the 1960s, the study of total body water and electrolyte balance in manic-

depressive patients was revitalized by a growing appreciation for the importance of sodium, 

magnesium, calcium, and potassium in nerve cell excitation and synaptic transmission.  Interest in 

electrolytes was further spurred by the discovery that lithium—a cation closely related in physical 

and chemical properties to the cations involved in nerve function—is an effective 

pharmacological agent for the treatment of bipolar disorder.  The current focus on the possible 

role of neuropeptides in mood disorders adds another reason to explore this subject, since some of 

these peptides, such as vasopressin, have a direct regulatory influence on fluid and electrolyte 

physiology.   

Early studies suggested that intracellular sodium may be higher than normal in both 

depression and mania, but the isotope-dilution methods employed were cumbersome and artifacts 

were difficult to control.  Considering these methodological problems, initial efforts at assessing 

total-body electrolyte status were never thoroughly followed up, but they did provide important 

background information for later work on membrane ion transfer mechanisms.  The three 

electrolytes reported to be abnormal in some respect during depressive and/or (hypo)manic 

episodes are sodium, magnesium, and calcium.  Interestingly, abnormalities in potassium are not 

found as a function of bipolar disorder. 



Although there were early reports of abnormalities in sodium concentration in plasma or 

cerebrospinal fluid (CSF), these findings have not been replicated (Jimerson et al., 1979; Bech et 

al., 1978).  In contrast to direct measures of concentration, use of radioactive sodium permits the 

study of sodium transfer from plasma to CSF; an early application of this technique revealed 

decreased sodium transfer in depressed patients as compared with controls (Coppen, 1960).  This 

finding was replicated by Baker (1971), who similarly showed the same deficit in a group of 

manic patients.  Results of a subsequent study (Carroll, 1972) were consistent with decreased 

sodium transport in both depressed and manic patients.  Another group (Glen et al., 1968) had 

noted decreased salivary sodium transport in manic-depressive patients. 

Using red blood cell (RBC) concentrations as a possible index of intracellular sodium in 

all body compartments, some groups initially found abnormal concentrations in unipolar and 

bipolar depressed or manic patients.  However, more recent studies failed to replicate this finding 

(Frazer et al., 1983).  The other major factors involved in sodium concentrations are the 

membrane mechanisms responsible for sodium transport—a subject to which we return below. 

 Despite the meager data, it is still attractive to consider the possibility that bipolar illness 

may involve a generalized abnormality (perhaps with a genetic basis) that produces altered 

regulation of some major electrolyte that might be corrected or compensated for by lithium. 

Magnesium is of more recent interest because of the positive finding from the large-scale 

NIMH Collaborative Study of Depression that plasma magnesium is elevated in both depressed 

and manic patients compared with controls (Frazer et al., 1983).  However, the ionized fraction 

(considered to represent the physiologically active form) was not different among the groups.  

Moreover, CSF studies revealed no subgroup differences or differences from controls in 

magnesium concentrations (Jimerson et al., 1979; Mellerup and Rafaelsen, 1981).  In the absence 

of any theoretical reason for incorporating abnormalities of magnesium, we are tempted to view 

the few findings that have emerged as not specific to the illness. 

In contrast, data suggest a solid pharmacological bridge to the electrolyte calcium in 

mood disorders, an increase of which has been associated with depressive symptoms, while 

hypocalcemia is often accompanied by mood instability, irritability, and hyperactivity (Katzman 

and Pappius, 1973).  For methodological reasons, direct studies of blood calcium are difficult to 

interpret.  Measures of CSF calcium are less problematic, and beginning with a study more than 

80 years ago (Weston and Howard, 1922), four of seven studies have found significantly higher 

while none have found lower concentrations in depressed patients versus controls.  With regard to 

the unipolar/bipolar distinction, however, there is one study reporting no effect of 

electroconvulsive therapy (ECT) on CSF calcium.  Finally, in a small group of unmedicated 



bipolar patients, CSF calcium was higher in depression than in mania.  Overall, the evidence 

supports the notion of increased CSF calcium in bipolar depression.  Whether this finding can be 

related to the neurotransmitter alterations discussed in online Appendix A14.2 remains to be seen.  

Nonetheless, it suggests that systematic studies of drugs affecting calcium balance and/or 

transport, such as calcitonin and calcium channel blockers, may be of particular relevance for 

bipolar disorder.  As we discuss in detail later, there is considerably more evidence for 

abnormalities in intracellular calcium in bipolar disorder. 

 

Membrane Transport Studies  

Red Blood Cell/Plasma Lithium Ratio 

Instead of focusing primarily on the absolute amount of a substance (e.g., electrolytes, as 

discussed above) in various compartments, some investigators have studied membrane transport 

functions more directly.  Alterations of enzyme-dependent ion transfer systems in membranes 

could account for any abnormalities in concentrations.  The major focus, however, has not been 

on transport of sodium or calcium, but on lithium.  It was observed in patients that although 

lithium in RBC is usually about 50–60 percent of that in plasma—the RBC/plasma lithium 

ratio—there was wide variability in the ratio among individuals, which appeared to reflect both 

genetic and clinical response characteristics.  The mechanisms underlying the ratio involve a 

sodium-lithium energy-dependent countertransport system; thus there is a correlation between the 

activity of the RBC countertransport system measured in vitro in cells taken from patients and the 

RBC lithium ratio observed in vivo when the patients are treated with lithium. 

The usual methodological problems accompany actual studies of these parameters, 

especially with regard to patient selection and, importantly, the length of periods on and off 

lithium.  When data from 13 studies comparing the in vivo lithium ratio in treated unipolar and 

bipolar patients are pooled, however, a significantly higher ratio is found in the bipolar patients 

(Goodwin and Jamison, 1990).  Consistent with this observation, 3 of 5 studies showed decreased 

activity of the RBC sodium-lithium countertransport system in bipolar patients as compared with 

controls; decreased transport out would be expected to result in higher RBC levels of lithium in 

those with bipolar disorder.  For a listing of studies on the RBC/plasma lithium ratio, including 

sample sizes and levels of significance, see Table A14-1. 

 

 

Table A14.1 

RBC/Plasma Lithium Ratio in Bipolar Disorder (BPD) and Depression (UP) 

 



Study BPD ± SEM (N) UP ± SEM (N) Control ± SEM 

(N) 

Significance 

Elizur et al., 1972 0.3 ± 0.02 (16) 0.28 ± 0.03 (9)  NS 

Mendels and Frazer, 1973
1
  0.51 (9) 0.41 (4)   

Rybakowski et al., 1974 0.54 ± 0.02 (28) 0.55 ± 0.04 (11)  NS 

Soucek et al., 1974 0.47 ± 0.02 (36) 0.45 ± 0.03 (12)  NS 

CazzulIo et al., 1975 0.60 ± 0.04 (11) 0.44 ± 0.04 (12)  p <.01 

Albrecht and Muller-Oerlinghausen, 

1976 

0.34 ± 0.02 (19) 0.33 ± 0.02 (9)  NS 

Lyttkens et al., 1976 0.45 ± 0.03 (37)  0.37 ± 0.02 (16) p <.05 

von Knorring et al., 1976
2
 0.56 (28) 0.50 (33)   

Ramsey et al., 1979
3
 0.61 ± 0.04 0.38 ± 0.04  p <.001 

Frazer et al., 1978 0.54 ± 0.04 (24) 0.41 ± 0.04 (12)  p <.05 

Kim et al., 1978 0.51±0.02 (64) 0.39 ± 0.05 (15)  p <.02 

Mendlewicz et al., 1978 0.59 ± 0.07 (3) 0.62 ± 0.07 (3)  NS 

Rybakowski et al., 1978 0.52 ± 0.02 (79) 0.47 ± 0.03 (34) 0.43 ± 0.01(49) NS 

Ramsey et al., 1979 0.52 ± 0.02 (49) 0.41 ± 0.03 (23)  p <.001 

Szentistvanyi and Janka, 1979 0.50 ± 0.02  (52) 0.38 ± 0.02 (32)  p <.001 

Mallinger et al., 1980
4
 0.31 (5) 0.31 (8)   

Liebermann and Stokes, 1980
5
 0.55  ± 0.21 (133)  0.35 ± 0.04 (6)  

Del Vecchio et al., 1981
6
 0.38 (18) 0.36 (22)  NS 

Ostrow and Davis, 1982
7
 0.55  0.35 (5) 0.39 (6) p <.001 

Ryan et al., 1989
8
 0.61± 0.18 (53)  0.57 ± 0.18 (42) NS 

Dafflon et al., 1999
9
 1.59 (16) 1.78 (46) 1.68 (39) NS 

1
Data reanalyzed. SD and significance not calculated. 

2
Data reanalyzed. Means of Recovered and Acute BPD and UP. Cycloid psychotic patients excluded. SD and significance not 

calculated.
 

3
N (sample size) not mentioned.

 

4
Data reanalyzed. Cycloid psychotic patients excluded. SD and significance not calculated.

 

5
133 affective outpatients, heterogeneous diagnostic group. Significance not calculated.

 

6
Data reanalyzed.  Means of Responders and No Responders patients.  Cycloid psychotic patients excluded.

 

7
BPD group correspond to BPD-I patients.  BPD-II RBC/Plasma Lithium Ratio 0.294.  Significance referred to the mean of 

BPD-I group and the mean of the other subtype groups of patients (including 6 schizoaffective patients).
 

8
Controls are nonbipolar patients.

 

9
Means estimated from graph. 

Table updated from Goodwin and Jamison, 1990. 

 

 

Again, interpretation is confounded by the apparent long-term inhibitory effects of 

lithium treatment on the system.  Taken together, however, the data still suggest that some bipolar 

patients may have an abnormality in the membrane processes responsible for the transport of 

sodium into and lithium out of the cell.   

 

Na/K ATPase Studies 

For over 50 years, it has been known that lithium undergoes active transport across cell 

membranes (Zerahn, 1955).  Both membrane transport systems and ion channels play a role in the 



regulation of intracellular lithium.  Transport systems may be either ATP-driven, like Na/K 

ATPase, or driven by the net free energy of transmembrane concentration gradients, like the 

sodium-calcium exchanger.  These transport systems are likely to be relevant to the regulation of 

lithium in the cell body, as they essentially regulate all steady-state intracellular ion 

concentrations.  Numerous studies have characterized the membrane transport of lithium and its 

interaction with other cations in both the brain and peripheral tissues in an effort to address a 

potential mode of action of the drug in the treatment of bipolar disorder
1
. 

Early evidence suggested that in excitable cells, lithium influx occurs primarily through 

the voltage-sensitive Na
+
 channel.

2
  Upon activation of the channel, lithium entry has been shown 

to occur, especially during the depolarization phase, wherein lithium rushes into the cells at the 

expense of Na
+
.  This property of lithium may be reflected in the increase in plasma levels of 

lithium occurring as a patient becomes euthymic following treatment for an acute manic episode 

(Degkwitz et al., 1979).  Additional evidence in neuroblastoma-glioma hybrid cells indicates that 

lithium may also use the ouabain-sensitive Na/K ATPase, but this was not observed in neurons in 

primary culture (Richelson 1977; Gorkin and Richelson, 1981).  Extrusion of lithium from the 

cell appears to depend on the gradient-dependent Na
+
-Li

+
 exchange process, wherein intracellular 

lithium substitutes for the intracellular Na
+
 (Sarkadi et al., 1978; Hitzemann et al., 1989).  

However, although there is evidence that lithium enters the cell equally displacing Na
+
 in 

excitable cells, it does have a tendency to accumulate in the cell, since its removal is less efficient 

than that of Na
+
 (Coppen et al., 1967; El-Mallakh 1990).  It is thought that Na K/ATPase may 

play an indirect role because it establishes the Na
+
 gradient in neurons; the greater the Na

+
 

gradient, the greater is the rate of Na
+
 efflux through the Na

+
-Li

+
 exchange.  Over the years, 

clinical studies of patients with bipolar disorder have provided evidence for an increase in Na
+
 

retention and intracellular Na
+
;
3
 a decrease in Na/K ATPase activity;

4
 and, more recently, an 

increase in intracellular calcium in peripheral blood cells in both mania and depression 

(Dubovsky et al., 1991, 1992b).  Lithium treatment has been shown to result in a reduction of 

intraerythrocyte Na
+
 (Hermoni et al., 1987; Hitzemann et al., 1989), and studies using Fura 2-AM 

fluorescence have revealed a lithium-induced reduction of Ca
2+

 in platelets of bipolar patients 

(Dubovsky et al., 1991).  Because free calcium ion concentration tends to parallel free sodium 

concentration, this observation may account for the lithium-induced reduction in free Ca
2+

 ion 

concentrations noted previously (Mullins and Brinley, 1967; Torok, 1989). 

It has been suggested that an alteration in the activity of the Na/K ATPase pump could 

result in significant changes in neuronal excitability and may represent a pathogenesis for mood 

disorders.
5
  However, clinical studies in RBC over the years have reported conflicting data in 



bipolar patients, with a reduction in Na/K ATPase activity noted predominantly in both unipolar 

and bipolar depression.
6
  Multiple factors, such as psychotropic drugs, circulating hormones, and 

diet, have probably contributed to much of this variability (Swann, 1984, 1988; Wood et al., 

1989).   

Looney and el-Mallakh (1997) conducted a meta-analysis of the available literature on 

Na/K ATPase pump activity in bipolar disorder.  They found a significant (but small to moderate) 

mood-state related decrease in Na/K ATPase activity in both manic and bipolar depressed 

patients compared with euthymic bipolar patients, but not when ill patients were compared with 

normal controls.  In a subsequent study, Rose and colleagues (1998) determined Na/K ATPase 

alpha subunit expression in postmortem temporal cortex gray matter from individuals suffering 

from bipolar disorder, schizoaffective disorder, and schizophrenia, and matched normal controls.  

They found that bipolar individuals exhibited a significant reduction in abundance of the alpha 2 

isoform of Na/K ATPase compared with normal controls.  By contrast, schizophrenic and 

schizoaffective brains were not significantly different from those of normal controls.   

Early studies in frog muscle found that lithium is a poor substrate for Na/K ATPase 

(Keynes and Swan, 1959).  Studies in whole brain of animals revealed an acute inhibition of 

Na/K ATPase activity with lithium.  There was evidence that chronic lithium treatment resulted 

in an inhibition of the Na/K ATPase enzyme in synaptosomal membrane fractions from brain, 

which appeared to be regionally specific to the hippocampus (Swann et al., 1980; Guerri et al., 

1981).  Furthermore, this inhibition represented a reduction in the Vmax of the enzyme, with no 

apparent change in affinity (Km), and was selective for neurons having the enzyme subtype with 

high affinity for ouabain binding.  Similar observations of lithium inhibition of Na/K ATPase 

have been made in peripheral neurons and have been attributed to an action of lithium competing 

for the intracellular Na
+
 activation site of the enzyme (Ritchie and Straub, 1980).   

On the other hand, studies of erythrocyte membranes in lithium-treated patients have 

revealed increased activity of Na/K ATPase.
7
  (See Table A14-2.)  These data have been partially 

accounted for by a lithium-induced inhibition on Na/K ATPase activity mediated through 

intracellular interaction with the Na
+
 binding site, and concomitant activation, mediated through 

an extracellular K site (Lazarus and Muston, 1978).  However, while flux of lithium through 

voltage-dependent sodium channels may contribute to the regulation of steady-state lithium 

homeostasis within the cell, it is likely that the gating of lithium via ion channels may be more 

physiologically relevant at the synapse.  In the local environment of a dendritic spine, where the 

surface-to-volume ratio becomes relatively large, the lithium component of a synaptic current can 



theoretically cause significant increases in local lithium concentration following a train of 

synaptic stimuli.  This remains a fertile area for future investigation. 

 

Table A14.2  

Published Studies of Erythrocyte Na/K-ATPase Activity in Bipolar Patients 

 
Study Ni Nc Na/K-ATPase Activity P 

Manic vs. Bipolar Recovered (1)     

Naylor et al., 1976 22 15 Decreased ns 

Naylor et al., 1980 13 17 Decreased <.015 

Akagawa et al., 1980 11 4 Increased <.01 

Nurnberger et al., 1982 7 17 Decreased ns 

Hokin-Neaverson and Jefferson, 1989a,b 16 18 Decreased <.05 

Reddy et al., 1989, 1992 44 44 Decreased .01 paired 

BPD Depressed vs. BPD Recovered     

Naylor et al., 1976 8 3 Decreased ns paired 

Choi et al., 1977 5 5 Decreased .028 paired 

Naylor et al., 1980 19 17 Decreased ns 

Rybakowsky et al., 1981 8 8 Decreased <.05 paired 

Nurnberger et al., 1982 19 17 Decreased <.01 

Hokin-Neaverson and Jefferson, 1989a,b 14 18 No change ns 

Manic vs. Normal Controls (1)     

Naylor et al., 1976 22 15 No change ns 

Scott and Reading, 1978 8 10 No change ns 

Akagawa et al., 1980 11 15 Increased <.01 

Nurnberger et al., 1982 7 16 No change ns 

Hokin-Neaverson and Jefferson, 1989a,b 16 53 Decreased <.001 

Reddy et al., 1989, 1992 62 66 No change ns 

BPD Depressed vs. Normal Controls     

Hesketh et al., 1977 12 10 No change ns 

Choi et al., 1977 5 5 Decreased .018 

Rybakowsky et al., 1981 8 16 Decreased <.05 

Nurnberger et al., 1982 19 16 No change ns 

Hokin-Neaverson and Jefferson, 1989a,b 14 53 No change ns 

BPD Recovered vs. Normal Controls (2)     

Naylor et al., 1976 15 15 Increased ns 

Akagawa et al., 1980 4 15 No change ns 

Rybakowsky et al., 1981 8 16 No change  

Nurnberger et al., 1982 17 16 No change ns 

Thakar et al., 1985 54 28 No change ns 

Alexander et al., 1986  23 24 No change ns 

Hokin-Neaverson and Jefferson, 1989a,b 18 53 No change ns 
Note:  Ni = sample size in ill group; Nc = sample size in comparison group; Ns = not significant. 

 

Source: Modified and reproduced with permission from El Mallakh and Wyatt, 1995, who have done a review, and Looney and El-

Mallakh, 1997, who have done a meta-analysis, including all the studies. The meta-analysis confirmed the reviewed findings, showing 

a significant mood-state-related decrease in Na,K-ATPase activity in both manic and bipolar depressed patients when compared to 

euthymic bipolar patients, but not when ill patients were compared to normal controls.  The overall change can be characterized as 

small to moderate in magnitude.  These results provide support for a mood-state-related decrease in erythrocyte membrane Na,K-

ATPase activity (rather than a trait-related phenomenon) in both ill phases of bipolar illness, although the evidence is much stronger 

for depression than for mania.  The decreased activity among bipolar patients occurs independently of the type of treatment. 

 

 



Red Blood Cell Cation Transport 

RBC has served as a cell model for a series of clinical investigations over the years, as it 

shares lithium transport properties with neurons and is easily accessible (Bach and Gallicchio, 

1990; Mota de Freitas et al., 1990).  At therapeutic levels, influx of lithium into the RBC occurs 

predominantly through passage as a cation through the “leak,” or passive diffusion pathway.  

Additional routes of entry for lithium include an Na
+
 (Li

+
)-K

+
 cotransport pathway, as well as the 

anion exchange pathway, wherein lithium’s small size and high charge density permit its anionic 

transport in complex with bicarbonate.  Efflux of lithium occurs primarily through the Na
+
-Li

+
 

countertransport pathway, with additional routes through the passive “leak” pathway and (to a 

lesser extent) the Na/K ATPase pump.  There is no evidence that lithium treatment alters the 

transport properties of either the “leak” or Na
+
 (Li

+
)-K

+
 cotransport pathways.   

Although early studies suggested that the RBC/plasma lithium ratio was related to a 

history of bipolar disorder and that a higher ratio was associated with a clinical response to 

lithium treatment, it was soon evident that there was large variation among individuals, 

precluding adequate replication.
8
  These investigations, however, led to the hypothesis that the 

pathogenesis of affective disorders is related to membrane dysfunction (Ehrlich and Diamond, 

1980).   

This work was followed by a series of studies using lithium transport properties in RBC 

as a genetic marker, and revealing a reduction in Na
+
-Li

+
 transport rates in a subgroup of bipolar 

patients and some family members.
9
  Here again, variability of data both within and among 

patients contributed to the failure to replicate these findings in other studies.
10

  These data were 

also confounded by the fact that lithium treatment results in a progressive inhibition of Na
+
-Li

+
 

countertransport (Ehrlich et al., 1981, 1983), and a history of hypertension is associated with 

elevated rates of Na
+
-Li

+
 transport (Canessa et al., 1980, 1987).  Investigators who recently 

studied 22 bipolar patients using the RBC apparent rate constant for lithium efflux (Kexch) suggest 

this index may serve to predict risk for failure of maintenance therapy at 1 year (Mallinger et al., 

1997). 

Although these data are of considerable interest, we must be cautious about direct 

extrapolation from a nonnucleated peripheral cell model to one involving excitable nucleated 

neuronal cells within the brain.  Moreover, recent data (e.g., on Na/K ATPase) support the 

evolution of specific gene products expressed and post-translationally regulated uniquely not only 

to neurons, but also among brain regions.
11

  Thus while the erythrocyte may be used as a 

peripheral model for lithium transport, extrapolations to lithium homeostasis in the brain or to 

potential genetic markers for variations in ionic homeostatic processes in the brain underlying the 



pathophysiology of a disease such as bipolar disorder remain highly speculative.  On the other 

hand, a better understanding of activity-dependent mechanisms via ligand-gated ion channels for 

creating localized increases of intracellular lithium at sites of high synaptic activity may be 

critical for lithium’s therapeutic specificity and ability to regulate synaptic function in the brain.   

 

 

References 

 

Akagawa, K., Watanabe, M., and Tsukada, Y. (1980). Activity of erythrocyte Na,K-ATPase in 
manic patients. J Neurochem, 35, 258–260. 
 

Alexander, D.R., Deeb, M., Bitar, F., and Antun, F. (1986). Sodium-potassium, magnesium, and 

calcium ATPase activities in erythrocyte membranes from manic-depressive patients 

responding to lithium. Biol Psychiatry, 21, 997–1007. 

 

Alrecht, J., and Muller-Oerlinghausen, B. (1976). Clinical relevance of lithium determination in 

RBC: Results of a catamnestic study [in German]. Arzneimittelforschung, 26(6), 1145–1147. 

 

Arystarkhova, E., and Sweadner, K.J. (1996). Isoform-specific monoclonal antibodies to Na,K-

ATPase alpha subunits. Evidence for a tissue-specific post-translational modification of the 

alpha subunit. J Biol Chem, 271, 23407–23417. 

 

Bach, R.O., and Gallicchio, V.S. (1990). Lithium and Cell Physiology (June Edition). New York: 

Springer Verlag. 

 

Baker, E.F. (1971). Sodium transfer to cerebrospinal fluid in functional psychiatric illness. Can 

Psychiatr Assoc J, 16, 167–170. 

 

Bech, P., Kirkegaard, C., Bock, E., Johannesen, M., and Rafaelsen, O.J. (1978). Hormones, 

electrolytes, and cerebrospinal fluid proteins in manic-melancholic patients. 

Neuropsychobiology, 4, 99–112. 

 

Bunney, W.E. Jr., and Garland-Bunney, B.L. (1987). Mechanisms of action of lithium in 
affective illness: Basic and clinical implications. In H.Y. Meltzer (Ed.), Psychopharmacology: 
The Third Generation of Progress (pp. 553–565). New York: Raven Press. 
 

Canessa, M., Adragna, N., Solomon, H.S., Connolly, T.M., and Tosteson, D.C. (1980). 

Increased sodium-lithium counter-transport in red cells of patients with essential hypertension. 

N Engl J Med, 302, 772–776. 

 

Canessa, M., Brugnara, C., and Escobales, N. (1987). The Li+-Na+ exchange and Na+-K+-Cl- 

cotransport systems in essential hypertension. Hypertension, 10,I4–10. 

 

Carmeliet, E.E. (1964). Influence of lithium ions on the transmembrane potential and cation 

content of cardiac cells. J Gen Physiol, 47, 501–530. 

 



Carroll, B.J. (1972). Sodium and potassium transfer to cerebrospinal fluid in severe depression. 

In B. Davies, B.J. Caroll, and R.M. Mowbray (Eds.), Depressive Illness: Some Research Studies 

(pp. 247–257). Springfield, IL: Charles C. Thomas. 

 

Cazzullo, C.L., Smeraldi, E., Scchetti, E., and Bottinelli, S. (1975). Letter: Intracellular lithium 

concentration and clinical response. Br J Psychiatry, 126, 298–300. 

 

Choi, S.J., Taylor, M.A., and Abrams, R. (1977). Depression, ECT, and erythrocyte 
adenosinetriphosphatase activity. Biol Psychiatry, 12, 75–81. 
 

Coppen, A. (1960). Abnormality in the blood: Cerebrospinal fluid barrier of patients 

suffering from a depressive illness. J Neurol Neuroserg Psychiatry, 23, 156–161. 

 

Coppen, A., and Shaw, D.M. (1963). Mineral metabolism in melancholia. BMJ, 2, 1439–1444. 
 
Coppen, A., Shaw, D.M., Malleson, A., and Costain, R. (1966). Mineral metabolism in mania. 
BMJ, 5479, 71–75. 
 

Coppen A, Shaw DM, Herzberg B, Maggs R. (1967). Tryptophan in the treatment in the 

treatment of depression. Lancet 2, 1178-1180. 

 

Dafflon, M., Decosterd, L.A., Biollaz, J., Preisig, M., Dufour, H., and Buclin, T. (1999). Trace 

lithium in mood disorders. J Affect Disord, 54(1–2), 199–203. 

 

Dagher, G., Gay, C., Brossard, M., Feray, J.C., Olie, J.P., Garay, R.P., Loo, H., and Meyer, P. 
(1984). Lithium, sodium and potassium transport in erythrocytes of manic-depressive patients. 
Acta Psychiatr Scand, 69(1), 24–36. 
 

Degkwitz, R., Koufen, H., Consbruch, U., Becker, W., and Knauf, H. (1979). Lithium balance in 

mania. Int Pharmacopsychiatry, 14, 199–212. 

 

Del Vecchio, M., Farzati, B., Maj, M., Minucci, P., Guida, L., and Kemali, D. (1981). Cell 

membrane predictors of response to lithium prophylaxis of affective disorders. 

Neuropsychobiology, 7(5), 243–247. 

 
Dick, D.A.T., Naylor, G.J., and Dick, E.G. (1978). Effects of Lithium on sodium transport 
across membranes. In F.N. Johnson, S. Johnson (Eds.), Lithium in Medical Practice (pp. 173–
182). Baltimore: University Park Press. 
 

Dubovsky, S.L., Lee, C., Christiano, J., and Murphy, J. (1991). Elevated platelet intracellular 

calcium concentration in bipolar depression. Biol Psychiatry, 29, 441–450. 

 

Dubovsky, S.L., Murphy, J., Thomas, M., and Rademacher, J. (1992b). Abnormal intracellular 

calcium ion concentration in platelets and lymphocytes of bipolar patients. Am J Psychiatry, 

149, 118–120. 

 

Egeland, J.A., Kidd, J.R., Frazer, A., Kidd, K.K., and Neuhauser, V.I. (1984). Amish study: V. 
Lithium-sodium countertrans-port and catechol O-methyltransferase in pedigrees of bipolar 
probands. Am J Psychiatry, 141, 1049–1054. 
 



Ehrlich, B.E., and Diamond, J.M. (1979). Lithium fluxes in human erythrocytes. Am J Physiol, 
237, C102-C110. 
 

Ehrlich, B.E., and Diamond, J.M. (1980). Lithium, membranes, and manic-depressive illness. 

JMembr Biol, 52, 187–200. 

 

Ehrlich, B.E., Diamond, J.M., and Gosenfeld, L. (1981). Lithium-induced changes in sodium-

lithium countertransport. Biochem Pharmacol, 30, 2539–2543. 

 

Ehrlich, B.E., Diamond, J.M., Fry, V., and Meier, K. (1983). Lithium’s inhibition of 

erythrocyte cation countertransport involves a slow process in the erythrocyte. J Membr Biol, 

75, 233–240. 

 

El-Mallakh RS and Wyatt, RJ. (1995). The Na, K-ATPase hypothesis for bipolar illness. Biol 

Psychiatry 37 (4), 235-44. 

 

El-Mallakh, R.S. (1983). The Na,K-ATPase hypothesis for manic-depression. II. The mechanism 
of action of lithium. Med Hypotheses, 12, 269–282. 
 

El-Mallakh RS. (1990). Lithium. Conn Med 54 (3), 115-26. 

 

Elizur, A., Shopsin, B., Gershon, S., and Ehlenberger, A. (1972). Intra-extracellular lithium 

ratios and clinical course in affective states. Clin Pharmacol Ther, 13, 947–953. 

 

Emrich, H.M., Aldenhoff, J.B., and Lux, H.D. (1982). Basic Mechanisms in the Action of Lithium. 

Amsterdam: Excerpta Medica. 

 

Frazer, A., Mendels, J., Brunswick, D., London, J., Pring, M., Ramsey, T.A., and Rybakowski, J. 
(1978). Erythrocyte concentrations of the lithium ion: Clinical correlates and mechanisms of 
action. Am J Psychiatry, 135, 1065–1069. 
 

Frazer, A., Ramsey, T.A., Swann, A., Bowden, C., Brunswick, D., Garver, D., and Secunda, S. 

(1983). Plasma and erythrocyte electrolytes in affective disorders. J Affect Disord, 5, 103–113. 

 
Glen, A.I., Ongley, G.C., and Robinson, K. (1968). Diminished membrane transport in manic-
depressive psychosis and recurrent depression. Lancet, 2, 241–243. 
 
Glen, A.I., and Reading, H.W. (1973). Regulatory action of lithium in manic-depressive illness. 
Lancet, 2, 1239–1241. 
 

Goodwin, F.K., and Jamison, K.R. (1990). Manic-Depressive Illness. New York: Oxford 

University Press. 

 

Gorkin, R.A., and Richelson, E. (1981). Lithium transport by mouse neuroblastoma cells. 

Neuropharmacology, 20, 791–801. 

 

Greil, W., Eisenried, F., Becker, B.F., and Duhm, J. (1977). In-terindividual differences in the 
Na+-dependent Li+ counter-transport system and in the Li+ distribution ratio across the red 
cell membrane among Li+-treated patients. Psychopharmacology (Berl), 53, 19–26. 
 



Grillo, C., Piroli, G., Gonzalez, S.L., Angulo, J., McEwen, B.S., and De Nicola, A.F. (1994). 

Glucocorticoid regulation of mRNA encoding (Na+K) ATPase alpha 3 and beta 1 subunits in 

rat brain measured by in situ hybridization. Brain Res, 657, 83–91. 

 

Guerri, C., Ribelles, M., and Grisolia, S. (1981). Effects of lithium, and lithium and alcohol 

administration on (Na + K)-ATPase. Biochem Pharmacol, 30, 25–30. 

 

Hermoni, M., Barzilai, A., and Rahamimoff, H. (1987). Modulation of the Na+-Ca2+ antiport 

by its ionic environment: The effect of lithium. Isr J Med Sci, 23, 44–48. 

 

Hesketh, J.C., Glen, A.I.M., and Reading, H.W (1977). Membrane ATPase activities in 

depressive illness. J Neurochem, 28, 1401–1402. 

 

Hitzemann, R., Mark, C., Hirschowitz, J., and Garver, D. (1989). RBC lithium transport in the 

psychoses. Biol Psychiatry, 25, 296–304. 

 
Hokin-Neaverson, M., Spiegel, D.A., and Lewis, W.C. (1974). Deficiency of erythrocyte sodium 

pump activity in bipolar manic-depressive psychosis. Life Sci, 15, 1739–1748. 

 

Hokin-Neaverson, M., Burckhardt, W.A., and Jefferson, J.W. (1976). Increased erythrocyte 
Na+ pump and NaK-ATPase activity during lithium therapy. Res Commun Chem Pathol 
Pharmacol, 14, 117–126. 
 

Hokin-Neaverson, M., and Jefferson, J.W. (1989a). Erythrocyte sodium pump activity in 

bipolar affective disorder and other psychiatric disorders. Neuropsychobiology, 22, 1–7. 

 

Hokin-Neaverson, M., and Jefferson, J.W. (1989b). Deficient erythrocyte Na,K-ATPase activity 
in different affective states in bipolar affective disorder and normalization by lithium therapy. 
Neuropsychobiology, 22, 18–22. 
 

Jimerson, D.C., Post, R.M., Carman, J.S., van Kammen, D.P., Wood, J.H., Goodwin, F.K., and 

Bunney, W.E. Jr. (1979). CSF calcium: Clinical correlates in affective illness and schizophrenia. 

Biol Psychiatry, 14, 37–51. 

 
Johnson, F.N. (1980). Handbook of Lithium Therapy. Baltimore: University Park Press. 
 

Katzman, R., and Pappius, H.M. (1973). Brain Electrolytes and Fluid Metabolism. Baltimore: 

Williams & Wilkins. 

 
Keynes, R.D., and Swan, R.C. (1959). The permeability of frog muscle fibres to lithium ions. J 
Physiol, 147, 626–638. 
 

Kim, Y.B., Dunner, D.L., Meltzer, H.L., and Fieve, R.R. (1978). Lithium erythrocyte: Plasma 

ratio in primary affective disorder. Compr Psychiatry, 19(2), 129–134. 

 

Lazarus, J.H., and Muston, H.L. (1978). The effect of lithium on the iodide concentrating 

mechanism in mouse salivary gland. Acta Pharmacol Toxicol (Copenh), 43, 55–58. 

 

Lecuona, E., Luquin, S., Avila, J., Garcia-Segura, L.M., and Martin-Vasallo, P. (1996). 

Expression of the beta 1 and beta 2(AMOG) subunits of the Na,K-ATPase in neural tissues: 

Cellular and developmental distribution patterns. Brain Res Bull, 40, 167–174. 



 

Lieberman, K.W., and Stokes, P. (1980). Lithium distribution ratios in psychiatrically normal 

subjects. Pharmacol Biochem Behav, 13(2), 205–208. 

 

Looney, S.W., and el-Mallakh, R.S. (1997). Meta-analysis of ery-throcyte Na,K-ATPase activity 

in bipolar illness. Depress Anxiety, 5(2), 53–65. 

 

Lyttkens, L., Soderberg, U., and Wetterberg, L. (1976). Relation between erythrocyte and 

plasma lithium concentrations as an index in psychiatric disease. Ups J Med Sci, 81(2), 123. 

 

Malik, N., Canfield, V.A., Beckers, M.C., Gros, P., and Levenson, R. (1996). Identification of 

the mammalian Na,K-ATPase 3 subunit. J Biol Chem, 271, 22754–22758. 

 

Mallinger, A.G., Mallinger, J., Himmelhoch, J.M., Neil, J.F., and Hanin, I. (1980). 

Transmembrane distribution of lithium and sodium in erythrocytes of depressed patients. 

Psychopharmacology (Berl), 68(3), 249. 

 

Mallinger, A.G., Mallinger, J., Himmelhoch, J.M., Rossi, A., and Hanin, I. (1983). Essential 
hypertension and membrane lithium transport in depressed patients. Psychiatry Res, 10, 11–16. 
 

Mallinger, A.G., Hanin, I., Himmelhoch, J.M., Thase, M.E., and Knopf, S. (1987). Stimulation 
of cell membrane sodium transport activity by lithium: Possible relationship to therapeutic 
action. Psychiatry Res, 22, 49–59. 
 

Mallinger, A.G., Frank, E., Thase, M.E., Dippold, C.S., and Kupfer, D.J. (1997). Low rate of 

membrane lithium transport during treatment correlates with outcome of maintenance 

pharmacotherapy in bipolar disorder. Neuropsychopharma-cology, 16(5), 325–332. 

 

Mellerup, E.T., and Rafaelsen, O.J. (1981). Depression and cere-brospinal fluid citrate. Acta 

Psychiatr Scand, 63, 57–60. 
 
Mendels, J., and Frazer, A. (1973). Intracellular lithium concentration and clinical response: 
Towards a membrane theory of depression. J Psychiatr Res, 10, 9–18. 
 

Mendlewicz, J., Verbanck, P., Linkowski, P., and Wilmotte, J. (1978). Lithium accumulation in 

erythrocytes of manic-depressive patients: An in vivo twin study. Br J Psychiatry, 133, 436–444. 

 
Mota de Freitas, D., Silberberg, J., Espanol, M.T., Dorus, E., Abraha, A., Dorus, W., Elenz, E., 
and Whang, W (1990). Measurement of lithium transport in RBC from psychiatric patients 
receiving lithium carbonate and normal individuals by 7Li NMR spectroscopy. Biol Psychiatry, 
28, 415–424. 
 

Mullins, L.J., and Brinley, F.J. Jr. (1967). Some factors influencing sodium extrusion by 

internally dialyzed squid axons. J Gen Physiol, 50, 2333–2355. 

 

Munzer, J.S., Daly, S.E., Jewell-Motz, E.A., Lingrel, J.B., and Blostein, R. (1994). Tissue- and 

isoform-specific kinetic behavior of the Na,K-ATPase. J Biol Chem, 269, 16668–16676. 

 
Naylor, G.J., McNamee, H.B., and Moody, J.P. (1970). The plasma control of erythrocyte 

sodium and potassium metabolism in depressive illness. J Psychosom Res, 14, 179–186. 

 



Naylor, G.J., McNamee, H.B., and Moody, J.P. (1971). Changes in erythrocyte sodium and 
potassium on recovery from a depressive illness. Br J Psychiatry, 118, 219–223. 
 

Naylor, G.J., Dick, D.A., Dick, E.G., and Moody, J.P. (1974a). Lithium therapy and erythrocyte 
membrane cation carrier. Psychopharmacologia, 37, 81–86. 
 

Naylor, G.J., Donald, J.M., Le Poidevin, D., and Reid, A.H. (1974b). A double-blind trial of 
long-term lithium therapy in mental defectives. Br J Psychiatry, 124, 52–57. 
 

Naylor, G.J., Reid, A.H., Dick, D.A.T., and Dick, E.G. (1976). A biochemical study of short-

cycle manic-depressive psychosis in mental defectives. Br J Psychiatry, 128, 1690–1180. 

 

Naylor, G.J., Smith, A.H., Dick, E.G., Dick, D.A., McHarg, A.M., and Chambers, C.A. (1980). 
Erythrocyte membrane cation carrier in manic-depressive psychosis. Psychol Med, 10, 521–525. 
 
Naylor, G.J., and Smith, A.H. (1981). Vanadium: A possible aetiological factor in manic 

depressive illness. Psychol Med, 11, 249–256. 

 

Nurnberger, J.I. Jr., Jimerson, D.C., Allen, J.R., Simmons, S., and Gershon, E. (1982). Red cell 

ouabain-sensitive Na
+
-K

+
-adenosine triphosphatase: Astate marker in affective disorder 

inversely related to plasma cortisol. Biol Psychiatry, 17, 981–992. 

 

Ostrow, D.G., Pandey, G.N., Davis, J.M., Hurt, S.W., and Toste-son, D.C. (1978). A heritable 

disorder of lithium transport in erythrocytes of a subpopulation of manic-depressive patients. 

Am J Psychiatry, 135, 1070–1078. 

 

Ostrow, D.G., and Davis, J.M. (1982). Laboratory measurements in the clinical use of lithium. 

Clin Neuropharmacol, 5(3), 317–336. 

 
Pandey, G.N., Ostrow, D.G., Haas, M., Dorus, E., Casper, R.C., Davis, J.M., and Tosteson, 
D.C. (1977). Abnormal lithium and sodium transport in erythrocytes of a manic patient and 
some members of his family. Proc Natl Acad Sci USA, 74(8), 3607–3611. 
 
Pandey, G.N., Janicak, P.G., and Davis, J.M. (1987). Decreased beta-adrenergic receptors in the 
leukocytes of depressed patients. Psychiatry Res, 22, 265–273. 
 

Ramsey, T.A., Frazer, A.,Mendels, J., and Dyson, W.L. (1979). The erythrocyte lithium-plasma 

lithium ratio in patients with primary affective disorder. Arch Gen Psychiatry, 36, 457–461. 

 

Ramsey, T.A., Frazer, A.,Mendels, J., and Dyson, W.L. (1979). The erythrocyte lithium-plasma 
lithium ratio in patients with primary affective disorder. Arch Gen Psychiatry, 36, 457–461. 
 

Reddy, P.L., Khanna, S., Subhash, M.N., Channabasavanna, S.M., and Rao, B.S. (1989). 

Erythrocyte membrane Na-K ATPase activity in affective disorder. Biol Psychiatry, 26, 533–537. 

 

Reddy, P.L., Khanna, S., Subhash, M.N., Channabasavanna, S.M., and Rao, B.S. (1992). 

Erythrocyte membrane sodium-potassium adenosine triphosphatase activity in affective 

disorders. J Neural Transm [Gen Sect], 89, 209–218. 

 

Richelson, E. (1977). Lithium ion entry through the sodium channel of cultured mouse 

neuroblastoma cells: A biochemical study. Science, 196, 1001–1002. 



 

Richelson, E., Snyder, K., Carlson, J., Johnson, M., Turner, S., Lumry, A., Boerwinkle, E., and 

Sing, C.F. (1986). Lithium ion transport by erythrocytes of randomly selected blood donors and 

manic-depressive patients: Lack of association with affective illness. Am J Psychiatry, 143, 457–

462. 

 
Riddell, F.G., Patel, A., and Hughes, M.S. (1990). Lithium uptake rate and lithium: Lithium 
exchange rate in human erythrocytes at a nearly pharmacologically normal level monitored 
by 7Li NMR. J Inorg Biochem, 39(3), 187–192. 
 

Ritchie, J.M., and Straub, R.W (1980). Observations on the mechanism for the active 

extrusion of lithium in mammalian non-myelinated nerve fibres. J Physiol, 304, 123–134. 

 

Rose, A.M., Mellett, B.J., Valdes, R. Jr., Kleinman, J.E., Herman, M.M., Li, R., and el-Mallakh, 

R.S. (1998). Alpha 2 isoform of the Na,K-adenosine triphosphatase is reduced in temporal 

cortex of bipolar individuals. Biol Psychiatry, 44, 892–897. 

 

Ryan, W.G., Richards, J.M., and Lee, J.Y. (1989). Characteristics of the in vivo RBC: Plasma 

lithium ratio in a clinical setting. Biol Psychiatry, 26(5), 537–540. 

 

Rybakowski, J., Chlopocka, M., Kapelski, Z., Hernacka, B., Szajnerman, Z., and Kasprzak, K. 

(1974). Red blood cell lithium index in patients with affective disorders in the course of 

lithium prophylaxis. Int Pharmacopsychiatry, 9(3), 166–171. 

 

Rybakowski, J., Frazer, A., Mendels, J., and Ramsey, T.A. (1978). Erythrocyte accumulation of 

the lithium ion in control subjects and patients with primary affective disorder. Commun 

Psychopharmacol, 2(2), 99–104. 

 

Rybakowski, J., Potok, E., and Strzyzewski, W. (1981). Erythrocyte membrane adenosine 

triphosphatase activities in patients with endogenous depression and healthy subject. Eur J Clin 

Invest, 11, 61–64. 

 

Sahin-Erdemli, I., Medford, R.M., and Songu-Mize, E. (1995). Regulation of Na+,K(+)-

ATPase alpha-subunit isoforms in rat tissues during hypertension. Eur J Pharmacol, 292, 163–

171. 

 
Sarkadi, B., Alifimoff, J.K., Gunn, R.B., and Tosteson, D.C. (1978). Kinetics and stoichiometry 
of Na-dependent Li transport in human red blood cells. J Gen Physiol, 72, 249–265. 
 

Scott, M., and Reading, H.W. (1978). A comparison of platelet membrane and erythrocyte 

membrane adenosine triphosphatase-specific activities in affective disorders. Biochem Soc Trans, 

6, 642–644. 

 

Sengupta, N., Datta, S.C., Sengupta, D., and Bal, S. (1980). Platelet and erythrocyte-membrane 
adenosine triphosphatase activity in depressive and manic-depressive illness. Psychiatry Res, 3, 
337–344. 
 

Shaughnessy, R., Greene, S.C., Pandey, G.N., and Dorus, E. (1985). Red-cell lithium transport 
and affective disorders in a multigeneration pedigree: Evidence for genetic transmission of 
affective disorders. Biol Psychiatry, 20, 451–454. 
 



Soucek, K., Zvolsky, P., Krulik, R., Filip, V., Vinarova, E., and Dostal, T. (1974). The levels of 

lithium in serum and in red blood cells and its ratios in manic-depressive patients. Act Nerv 

Super (Praha), 16(3), 193–194. 

 

Strzyzewski, W., Rybakowski, J., Potok, E., and Zelechowska-Ruda, E. (1984). Erythrocyte 
cation transport in endogenous depression: Clinical and psychophysiological correlates. Acta 
Psychiatr Scand, 70, 248–253. 
 

Swann, A.C., Maas, J.W., Hattox, S.E., and Landis, H. (1980). Catecholamine metabolites in 

human plasma as indices of brain function: Effects of debrisoquin. Life Sci, 27, 1857–1862. 

 

Swann, A.C. (1984). Caloric intake and Na+-K+-ATPase: Differential regulation by alpha 1- 

and beta-noradrenergic receptors. Am J Physiol, 247(3 Pt. 2), R449–R455. 

 
Swann, A.C. (1988). Norepinephrine and (Na+, K+)-ATPase: Evidence for stabilization by 
lithium or imipramine. Neuropharmacology, 27, 261–267. 
 
Szentistvanyi, I., and Janka, Z. (1979). Correlation between the lithium ratio and Na-
dependent Li transport of red blood cells during lithium prophylaxis. Biol Psychiatry, 14, 973–
977. 
 

Thakar, J.H., Lapierre, Y.D., and Waters, B.G. (1985). Erythrocyte membrane sodium-potassium 

and magnesium ATPase in primary affective disorder. Biol Psychiatry, 20, 734–740. 

 

Torok, T.L. (1989). Neurochemical transmission and the sodium-pump. Prog Neurobiol, 32(1), 

11–76. 

 

von Knorring, L., Oreland, L., Perris, C., and Runeberg, S. (1976). Lithium RBC/plasma ratio in 

subgroups of patients with affective disorders. Neuropsychobiology, 2(2–3), 74–80. 

 

Weston, P.G., and Howard, M.Q. (1922). The determination of Na, K, Ca, and Mg in the 

blood and spinal fluid of patients suffering from manic-depressive insanity. Arch Neurol 

Psychiatry, 8, 179–183. 

 

Wood, A.J., Elphick, M., and Grahame-Smith, D.G. (1989). Effect of lithium and of other drugs 

used in the treatment of manic illness on the cation-transporting properties of Na+,K+-ATPase 

in mouse brain synaptosomes. J Neurochem, 52, 1042–1049. 

 

Zerahn, K. (1955). Studies on the active transport of lithium in the isolated frog skin. Acta 

Physiol Scand, 33, 347–358. 

 

 

                                                        
1 Bach and Gallicchio 1990; Mota de Freitas et al., 1990; Riddell et al., 1990 
2 Keynes and Swan, 1959; Carmiliet, 1964; El-Mallakh, 1990 
3 Coppen and Shaw, 1963; Coppen et al., 1966; Naylor et al., 1970, 1971 
4 Naylor et al., 1980; Naylor and Smith, 1981; Nurnberger et al., 1982; Hokin-Neaverson and 

Jefferson, 1989a, 1989b. 
5 Hokin-Neaverson et al., 1974; Naylor and Smith, 1981; El-Mallakh, 1983 
6 Glen and Reading, 1973; Hokin-Neaverson et al., 1974; Naylor et al., 1974b; Choi et al., 



                                                                                                                                                                     

1977; Akagawa et al., 1980; Sengupta et al., 1980; Nurnberger et al., 1982; El-Mallakh, 1983; 

Dagher et al., 1984; Strzyzewski et al., 1984; Alexander et al., 1986; Hokin-Neaverson and 

Jefferson, 1989b; Reddy et al., 1989. 
7 Naylor et al., 1974a, 1980; Hokin-Neaverson et al., 1976; Dick et al., 1978; Johnson et al., 1980; 

Bunney and Garland-Bunney, 1987; Mallinger et al., 1987; Swann, 1988; Reddy et al., 1989; 

Wood et al., 1989. 
8 Mendels and Frazer, 1973; Ramsey et al., 1979; Szentistvanyi and Janka, 1979; Richelson et al., 
1986 
9 Pandey et al., 1977, 1987; Frazer et al., 1978; Ostrow et al., 1978; Sarkadi et al., 1978; Ehrlich 

and Diamond, 1979, 1980; Ramsey et al., 1979; Szentistvanyi and Janka, 1979; Shaughnessy et 

al., 1985. 
10 Greil et al., 1977; Mallinger et al., 1983; Dagher et al., 1984; Egeland et al., 1984; Richelson et 

al., 1986. 
11 Grillo et al.,1994; Munzer et al., 1994; Sahin-Erdemli et al., 1995; Arystarkhoua and Sweadner, 

1996; Lecuona et al.,1996; Malik et al., 1996. 


