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Abstract 

To investigate the effects of proliferation on metabolism and 

cell product yields, proliferating and growth-limited EPOBF7 

hybridoma cells have been compared as to their growth rates, energy 

demand, relative energy distributions, and monoclonal antibody (MAb) 

yield. Medium deprivation of leucine or serum was used to prevent 

growth. Energy consumption rates were determined in cell suspensions 

from rates of glucose consumption, lactate production, and oxygen 

utilization. In addition, the energy consumption of pathways 

critical to cell growth and survival were estimated from the relative 

decreases occurring in oxygen and glucose consumption upon pathway 

inhibition. The overall rate of energy consumption was significantly 

lower among growth-limited cultures. In addition, the distributions 

of oxidative and glycolytic energy among cellular synthetic pathways 

differed significantly between the culture conditions. Non-growing 

cultures also produced significantly lower antibody yields. 

Cell growth was also investigated using 31p nuclear magnetic 

resonance (NMR) spectroscopy of cells grown and maintained in 

bioreactor culture. Saturation transfer methods detected measurable 

transfer between inorganic phosphate (Pi) and the gamma resonance of 

ATP. This transfer rate could be correlated with cellular growth 

rates within the reactor. Transfer of magnetization from the gamma 

resonance of ATP to Pi was also detected, although the rate of this 

transfer did not appear to be related to the growth rate. The ratio 

of these transfer rates was consistently near 4. This information is 

13 



believed to suggest the importance of other reactions through which 

ATP may donate its terminal phosphate. 

Cells in bioreactor culture were found to grow more slowly and 

produce lower levels of monoclonal antibody when compared to cells 

proliferating in suspension. such phenomena may be a function of 

diffusion limitations within the reactor such that the cells cannot 

obtain the nutrient supply required for optimal cell growth or 

product formation. 

------ --- ------ --------
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I. Introduction 

Despite the commercial significance of efficient monoclonal 

antibody production, little is known as to the hormonal and metabolic 

mechanisms regulating production, or how this production is effected by 

an increased metabolic rate, such as would occur when a cell is 

stimulated to divide. The production of antibodies requires cellular 

energy, yet it remains relatively unknown how metabolic energy is 

distributed within hybridoma cells, or how this distribution may differ 

among proliferating and non-proliferating cells. 

Metabolism is the process of converting chemical energy (e.g. as 

stored in foodstuffs) into forms able to drive processes necessary for 

the growth and survival of a cell or organism. Much of the current 

knowledge of metabolism arises from studies of cells growing in culture. 

Rates of substrate (e.g. glucose, oxygen) consumption and product (e.g. 

lactate) formation can be used to calculate approximate rates of ATP 

synthesis and the energetic demands of a cell population. Direct 

determinations of ATP synthesis rates are somewhat more difficult to 

determine, and usually require the destruction of the cell sample under 

study. 

Hollow fiber bioreactors (Knazek et al, 1972) provide an 

alternative means of growing and maintaining cells in culture. These 

systems, consisting of a series of encapsulated semipermeable hollow 

fibers, through which medium is continuously perfused, closely resemble 

tissue morphology. Studies of cells growing in bioreactor culture may, 

therefore, generate results which differ from those found among more 



t=aditional culture methods. This warrants the study of cells in 

bioreactor culture for comparison with those grown using other, and 

perhaps more commonly used, culture methods. 

16 

Nuclear magnetic resonance (NMR) spectroscopy (Bovey, 1988) also 

provides an alternative means of studying cells in culture. NMR 

spectroscopy is a non-invasive technique, permitting one to monitor 

cells continuously throughout potentially long culture periods. Much of 

the usefulness of NMR spectroscopy in the study of biological systems 

stems from the visibility of phosphorus-31 and the high energy 

phosphorus-containing metabolites which drive metabolism. 

The growth of cells in bioreactors can be combined with NMR 

studies, potentially yielding new information about cell systems as well 

the differences between cells grown using differing culture methods. 

A. Cell growth and metabolism. 

The growth and survival of cells, tissues, and living organisms is 

dependent on the production of cellular energy in the form of adenosine 

triphosphate (ATP) (Lehninger, 1965; Racker, 1976; Atkinson, 1977). A 

large portion of cellular energy is derived from the oxidation of 

carbohydrates such as glucose and sucrose (Eagle, 1955; Levintow and 

Eagle, 1961). A small amount of energy is derived from the initial 

breakdown of glucose to pyruvate via the glycolytic pathway (figure 1). 

Glycolysis yields two molecules of ATP per molecule of glucose. In 

muscle and adipose tissue, fructose enters the pathway at the level of 

fructose 6-phosphate, while more complex carbohydrates must first be 

broken down into their constituent simple sugars before metabolism. 

-- -- -- ----- -------------------- -- -- ------
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Figure 1. The glycolytic pathway. Through a series of 
phosphorylations, cleavage, and isomerizations, one molecule of 
glucose in cleaved into two molecules of pyruvate. This series of 
reactions yields two molecules of ATP (net) and two molecules of 
NADH. Under aerobic conditions the NADH is transferred to the 
electron transport chain, where it is used for the generation of 
additional ATP. ATP generated via glycolysis is a portion of the 
total used to drive the energy-requiring processes of the cell. 
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If oxygen is readily available, pyruvate will be funnelled into 

the tricarboxylic acid (TCA) cycle as acetyl CoA (figure 2). Through 

one turn of the cycle, the carbons of acetyl CoA are released as carbon 

dioxide. In addition, three molecules of nicotinamide adenine 

dinucleotide (NADH), one molecule of flavin adenine dinucleotide 

(FADH2)' and one molecule of guanosine triphosphate (GTP) are formed. 

NADH and FADH2 donate electrons to the mitochondrial electron transport 

chain (Chance, 1977), yeilding three and two ATP molecules, 

respectively. Thus, the net equation for the oxidation of glucose is 

(Racker, 1976): 

C6H1206(glucose) + 602 + 38ADP+38Pi -. 6C02 + 6H20 + 38ATP 

If insufficient oxygen is available for the support of 

mitochondrial electron transport, cells are able to generate ATP from 

glycolysis alone. As shown in figure 1, during glycolysis, two 

molecules of NAD+ are reduced to NADH (Atkinson, 1977; Racker, 1976). 

When oxygen is present, this NADH is re-oxidized by the mitochondrial 

electron transport chain (Chance, 1977). As electrons are removed from 

NADH, they are transported down this transport chain. This is coupled 

to the pumping of protons across the inner mitochondrial membrane, to 

form a proton gradient. The energy stored in this gradient provides the 

energy for ATP synthesis as the protons are funnelled down their 

electrochemical gradient (Mitchell, 1979) The NAD+ thus formed may 

then participate in another round of glycolysis. Without this 

regeneration, continued glycolysis would no longer be possible and the 



( 
coo
~H 
CH 
(;00-

fumarate 

coo
H-C-DH 

fH2 . 
coo-

mahne 

r FADH2 

\: FAD 

succinate 

o co 
CH-C-S-CoA f 2 r 

( 

~OASH 

900 

9-0 
~ H-C-H n oxal~~~ate 

acetyl CoA NAD~ 1;00-

NAD e-o 
CH

3 
~ pyruvate 

NAD NADH + H+ 
CoASH 

citrate 

COO
¢H 

NADH + H+ NAD H-y-6oo-
COO- \\ / H-9-0H 
~/ Coo-

COO NADH + H+ NAD ~~; ~ lsocltrate 

¢H2 \\ / C-O 

~H2 ~ coo-
~-S-CoA r CoASH 

o C~ a-ketoglutarate 

succlnyl-CoA 

Figure 2. The tricarboxylic acid (TCA) cycle. Pyruvate generated 
via glycolysis is decarboxylated and the remaining two carbons are 
funnelled into the TCA cycle as acetyl coenzyme A (acetyl CoA). The 
enzymatic condensation of acetyl CoA and oxaloacetate generates 
citrate, which through a series of isomerizations and cleavage 
reactions generates three molecules of NADH, one molecule of FADH2' 
and one molecule of GTP. Oxaloacetate is regenerated following each 
turn of the cycle. NADH and FADH2 are transferred to the electron 
transport chain where they are used for the generation of three and 
two molecules of ATP, respectively. GTP is a high-energy phosphate 
compound equivalent to ATP in energy content and its ability to drive 
energy-consuming reactions. 
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subsequent reactions of the TeA cycle would cease. Under anaerobic 

conditions, NADH cannot be oxidized through the activity of the electron 

transport chain (Lehninger, 1965). Instead, it donates its electrons to 

pyruvate, thus forming either lactate or ethanol (figure 3). 

Glycolysis alone produces much less energy than available from the 

complete oxidation of glucose under aerobic conditions (Racker, 1976). 

Therefore, in the absence of oxygen, the rate of glycolysis must 

increase dramatically in order to meet the ATP demand of the cell. This 

phenomenon was first documented in yeast by Louis Pasteur in 1861 

(Racker, 1976), and has also been observed in mmfu~alian cells in culture 

(Racker and Wu, 1959; Racker, 1976). 

Energy (in the form of ATP) may also be generated from the partial 

oxidation of amino acids through the TeA cycle. Amino acids may be 

deaminated, decarboxylated, and/or isomerized to form TeA cycle 

intermediates (Shrivastava and Quastel, 1962; Graff ee a1, 1965; 

McKeehan, 1982; Zielke ee a1, 1984). Similarly, when TeA cycle 

intermediates are not needed to satisfy the energy demands of a cell, or 

are needed elsewhere in metabolism, these intermediates may be removed 

from the cycle and used for the synthesis of amino acids and cellular 

proteins (Shrivastava and Quastel, 1962). 

1. Normal cells in culture. Within any organism, there exist 

populations of proliferating and quiescent cells (Nilausen and Green, 

1965; Todaro ee a1, 1965; Pardee, 1974). Most cells within an organism 

are relatively quiescent, dividing only as necessary to replace cells 

-------------
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which die naturally or are killed as a result of injury or trauma 

(Dulbecco, 1970; James, 1984). 
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a. stimulation of cell growth. As early as 1916, cells could be 

grown and maintained in tissue plasma (Rous and Jones, 1916). Plasma 

and blood sera contain those factors necessary for the survival and 

proliferation of cells in culture (Sanford e& aI, 1948; Eagle, 1955; 

Ham, 1972). Many of the individual factors which support proliferation 

have been identified, and their mechanisms of action elucidated (Sato 

and Reid, 1978; Carpenter, 1979; James, 1984; Heldin and Westermark, 

1984) • 

These "growth factors" are peptide hormones which bind to hormone

specific receptors on the cell plasma membrane (James, 1984; sato and 

Reid, 1978). Hormone-receptor binding elicits specific intracellular 

responses which culminate in cell division (James, 1984). 

A few of the growth factors isolated, and at least partially 

characterized to date, include epidermal growth factor (EGF, Carpenter, 

1979; Carpenter and Cohen, 1975; Hopkins, 1980; Carpenter and Cohen, 

1990), basic fibroblast growth factor (FGF, Gospodarowicz, 1985; Huang 

e& aI, 1986), platelet-derived growth factor (PDGF, Pledger e& aI, 1977; 

Vogel e& aI, 1978; Lipton, 1985), and "transforming" growth factors 

alpha (a ) and beta ( 13) (TGFs, DeLarco and Todaro, 1978; Anzano e& aI, 

1983; Marquardt e& aI, 1984; Massaque, 1983; Halper and Moses, 1987). 

EGF is a potent mitogen for many cell types (Carpenter, 1979; 

Carpenter and Cohen, 1975; Gospodarowicz, 1985), stimulating 

proliferation and delaying normal cell senescence. TGF- a is similar to 
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EGF in structure, binds to the EGF receptor, and is able to stimulate 

cell proliferation. TGF- a may also render cells "anchorage 

independent", inducing them to assume a neoplastic or tumorigenic 

morphology (Massaque, 1983; Marquardt et al, 1984). PDGF, on the other 

hand, is usually referred to as a "competence factor," rendering cells 

"competent" to traverse the cell cycle and initiate DNA synthesis, while 

unable to stimulate proliferation alone (Vogel et al, 1978; Pledger et 

al, 1977). 

b. Growth factor transduction mechanisms. At the cellular level, 

each of these growth factors binds to a specific cell surface receptor 

(James, 1984; Hashman, 1985; Bowen-Pope et al, 1985). These receptors 

are transmembrane proteins consisting of an extracellular hormone 

binding domain, a transmembrane region, and a cytoplasmic domain. The 

cytoplasmic domain possesses intrinsic protein kinase activity which is 

regulated by hormone binding (Bowen-Pope et al, 1985; Hashman, 1985; 

Sefton, 1985). For example, EGF binding to its receptor induces auto

phosphorylation within the receptor's cytoplasmic domain. This, in 

turn, activates receptor kinase activity specific for tyrosine residues 

(for reviews on this subject, see Carpenter, 1979; Cohen and carpenter, 

1979; Gospodarowicz, 1985). Several potential substrates for the EGF 

receptor kinase include specific isozymes of phospholipase C and 

phosphatidylinositol kinase, each believed to be involved in the 

mitogenic response (Berridge and Irvine, 1984; Chambard et al, 1987; 

Carpenter and Cohen, 1990). PDGF is also believed to act via receptor 



kinase activity, although less is currently known concerning the PDGF 

receptor mechanism of action (Bowen-Pope et al, 1985). 
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c. Metabolic changes associated with growth. When cells are 

stimulated to divide, they must produce the energy required to double 

all cellular components. Energy, in the form of ATP, is produced in 

"steady state," or only as needed to satisfy the energy demands of the 

cell (Chance, 1959; Racker, 1976). ATP levels within the cell remain 

relatively constant (Racker and Wu, 1959; Atkinson, 1977) while the rate 

of ATP hydrolysis and turnover increases. 

Immediately following mitogenic stimulation, the glycolytic rate 

increases (Carpenter, 1979). Ion channels and cell transport systems 

are also activated (Rudland et al, 1974; Fix and Moore, 1981; Inman and 

Colowick, 1987). This is followed by increases in protein syn.thesis 

(Ballard, 1982) and DNA replication (Pledger et al, 1977; Carpenter, 

1979). Following DNA replication, duplicated chromosomes segregate to 

their respective daughter cells, and two identical cells are formed 

(Prescott, 1968). At this point, the cell mayor may not go through a 

period of quiescence before initiating another round of cell growth 

(Pardee, 1974). 

2. Cancer cells and transformed cell lines. Cancer is a pathological 

condition resulting from the "transformation" of cells such that they 

are no longer bound by the constraints of normal cell growth (Levintow 

and Eagle, 1961; Nilausen and Green, 1965; Pierce, 1979; Pardee, 1974). 

Normal cells divide only when stimulated by the appropriate growth 

factors (Prescott, 1968; Paldee, 1974; Pledger et al, 1977; Vogel et al, 
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1978), and may only be passaged for a finite number of divisions in 

culture (Swim and Parker, 1957; Miles, 1964; Hayflick, 1965; Hay and 

Strehler, 1967; Martin at al, 1970). Cancer cells may have different 

nutritional requirements than their normal counterparts, and in many 

cases, are able to synthesize many of the nutrients or growth factors 

needed for proliferation (Levintow and Eagle, 1963; Vuk-Pavlovic at al, 

1986; Klein at al, 1987; Metcalf, 1989). Cancer cells also appear to be 

immune from any limitation on the number of divisions possible (Ethier 

and Cundiff, 1987). As such, they are referred to as "immortalized" 

cell lines. Such transformations are the result of a multistage 

process, in which the immortalization event is to be distinct from the 

loss of growth regulation. 

a. Macroscopic differences between normal and cancer cells. Most 

normal cells, with the exception of circulating blood cells, demonstrate 

"attachment dependence" (Rous and Jones, 1916; Sanford at al, 1948; Swim 

and Parker, 1957; Ham, 1972; Jensen, 1981). In vivo, attachment to 

basal lamina or a network of cell-to-cell contact is required for the 

continued growth and survival of cells within a tissue (Sanford at al, 

1948). In culture, this environment is simulated with the attachment of 

individual cells to a glass or plastic culture dish (Ham, 1972; Eagle, 

1972; Jensen, 1981). Cells proliferate as a monolayer of attached 

cells. Proliferation may slow or stop as the monolayer becomes 

"confluent," or when a single layer of cells covers the entire culture 

surface (Todaro at al, 1965; Fisher and Yeh, 1967; Holley and Kiernan, 

1968; Shutze and Mora, 1971; Holley, 1975). 
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Many tumorigenic cell lines appear to have lost the anchorage 

dependence of normal cells and can be characterized by their ability to 

form colonies in soft agar (Stoker et aI, 1968; Freedman and Shin, 

1974). Anchorage~independent cell lines can be maintained as 

continuously proliferating cultures in liquid suspension media 

(Freshney, 1987). 

Most normal cells, with the exception of stem cells which may 

differentiate into several potential cell types as required by the 

organism, remain highly specialized throughout their life span (Buick 

and McCulloch, 1985). Transformed or malignant cells, however, often 

lose their differentiated properties (Yaffe, 1968; Pierce, 1979). 

Malignant cells often maintain high glycolytic rates compared to their 

normal cell counterparts (Shrivastava and Quastel, 1962). Excessive 

glycolysis and the accumulation of large quantities of lactic acid 

occurs in the presence of adequate oxygenation and active respiration 

(Crabtree, 1929; Dikens and Simer, 1930). It was first suggested that 

such "aerobic glycolysis" occurs due to a deficit or "injury" of 

respiration (Warburg, 1956). It has subsequently been postulated that 

excess glycolytic flux may be due to a lack of regulation among key 

glycolytic enzymes (Arany et aI, 1981; Wenner, 1975), such that pyruvate 

is generated more rapidly than required for energy production via the 

TCA cycle. This excess pyruvate is converted to lactate, which 

accumulates in the culture medium. 

--- - ---------- ------ ------------------------ - --- ---- ----- -----
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B. Hybridomas and monoclonal antibody formation. 

"Hybridomas" are hybrid cells resulting from the fusion of 

antibody-producing immune cells and immortal, or cancerous myeloma cells 

(Kohler and Milstein, 1975). Spleen cells isolated from an immunized 

donor are fused to the "immortal" myeloma using Sendai virus (Kohler and 

Milstein, 1975) or polyethylene glycol (Eshhar, 1985) fusion techniques. 

Successful fusion products retain their ability to synthesize antibody 

of defined specificity while assuming the cancer cell's ability to 

proliferate indefinitely in culture. 

1. Immune cells and antibodies. The vertebrate immune system provides 

protection against potentially harmful or infective agents (Greaves e~ 

al, 1973; Jerne, 1973), responding to foreign material in the 

bloodstream with the formation of specific antibody products (Urso and 

Makinodan, 1963). 

Foreign material, or antigen, entering the circulation is trapped 

by macrophages and becomes concentrated in the lymphoid organs (Kruse 

and McMaster, 1949; Waldmann and Howard, 1979). The antigen is 

internalized and cleaved. An antigen fragment is bound to an 

immunoglobulin for re-release (Greaves e~ al, 1973; Feldman, 1978). The 

immunoglobulin-antigen complex binds to receptors on immature T 

lymphocytes to stimulate proliferation and differentiation into the T 

helper cell. Differentiated T helper cells are lymphocytes which serve 

to help or assist in the further antigen-dependent differentiation of B 

lymphocytes and T effector cells (Waldman and Howard, 1979). 
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Effector T cells produce and present cell surface antibody. They 

migrate outside of the lymph organ to interact with antigen or cellular 

targets (Jerne, 1973; Waldman and Howard, 1979). Since recognition. by, 

and binding of: these effector T cells results in the lysis of the 

foreign or infected cell, they are also referred to as cytotoxic T 

lymphocytes. 

T helper cells also stimulate the differentiation of B-lymphocytes 

into antibody secreting plasma cells (Feldman, 1978; Waldman and Howard, 

1979). In vivo, antibody circulates freely to bind the antigen target. 

This antibody is, in turn, recognized by macrophages (Greaves, 1973) 

which engulf and destroy the invading or infected cell. 

Hybridomas are often generated from B-cells. B-cells secrete 

antibody into the bloodstream, and when fused with the cancerous 

myeloma, secrete antibody into the culture medium. 

Antibodies are proteins composed of 2 heavy and 2 light peptide 

chains (figure 4) (Edelman and Gally, 1964; Edelman, 1970; porter, 

1974). The heavy chains are linked via two disulfide bonds and each 

light chain is attached to a heavy chain via a disulfide linkage. 

Variable and constant regions of the peptide sequence serve to provide 

antigen and host recognition, respectively (Edelman, 1970; Sakano et ai, 

1979). The antigen binding sites are composed of the variable regions 

of each chain (Edelman, 1970), which also determine the antigenic 

specificity of the antibody molecule. 
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Figure 4. The antibody molecule. Antibodies consist of two heavy 
and two light peptide chains. The heavy chains are linked to each 
other via two disulfide bonds and each light chain is linked to a 
corresponding heavy chain through a disulfide bond. Each chain is 
composed of variable and constant protein regions. The variable 
regions of each chain combine to form the antigen recognition site. 
The constant regions of the heavy chain contain two intramolecular 
disulfide bonds. 
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2. Hybridoma cell growth characteristics. B-cell hybridomas are 

attachment-independent and can be grown and maintained in suspension or 

spinner flask culture (Eshhar, 1985). Hybridomas are generally grown in 

DMEM or RPMI 1640 ·supplemented with 2 roM glutamine. Cell growth can be 

adapted to serum concentrations as low as three to five percent, and in 

most cases synthetic serum supplements can be substituted for fetal 

bovine serum (Eshhar, 1975; Murakami, 1989). 

Hybridoma cells were originally created and are now exploited for 

their production of antibodies directed against specific antigens of 

interest. According to the clonal selection theory of antibody 

production (Burnett, 1959), any single immune cell, or culture of cells 

derived from a single immune cell, secretes one discrete antibody. 

Antibody generated from a single hybridoma clone is, therefore, referred 

to as a "monoclonal" antibody (MAb), indicative of the fact that each 

hybridoma cell line produces only one type of antibody directed against 

a single haptan on the immunizing antigen. 

Antibodies (and monoclonal antibodies) are constitutive products 

of immune cells. Following differentiation, they are secreted 

throughout the lifetime of the immune cell. In vivo, once B cells 

differentiate into antibody-producing plasma cells, they do not divide 

again prior to cell death. This occurs one to two days after 

differentiation (Feldman, 1978; waldman and Howard, 1979). In vitro, 

maximum hybridoma MAb yields are obtained from suspension cultures 

following at least one day after the suspension has reached the 
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stationary phase of growth (Eshhar, 1985), and the rate of growth either 

slows or stops. The relationship between cell growth and antibody 

production is, however, unclear. It has been suggested that production 

levels increase with decreases in the growth rate occurring in response 

to lowered medium serum content (Heath et al, 1990). Other 

investigators have suggested that the growth parameter which correlates 

most closely to antibody production levels is oxygen, although peak MAb 

production levels were found to occur at the stationary phase of culture 

(Racher et al, 1990). Other data, however, show both cell growth and 

MAb yields to be increased significantly when murine hybridomas are 

cultured in the presence of murine ascites fluid. Little has been 

published, however, as to the regulatory mechanisms controlling MAb 

production or the extent to which the distribution of cellular energy 

changes by the presence of serum factors or proliferation. Large scale 

production of MAbs is traditionally carried out in serum-supported 

cultures of continuously dividing cells (Eshhar, 1985; Adamson et al, 

1987). 

c. Hollow fiber bioreactors for the growth and maintenance of hybridoma 

cell lines. 

Initially, hybridomas were injected into mice and grown as 

ascites. The ascites fluid contained the antibody of interest 

(Chandler, 1987), although in relatively low quantities that can prove 

difficult to isolate in pure form. As more uses have been found for 

monoclonal antibodies, the need for large scale methods of cell 

production and product isolation has also grown (Seaver, 1983). More 
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recently, stirred tank fermenters (Lebherz 1983), air lift fermenters 

(Creuger, 1987), ceramic matrices (Putnam, 1983), hollow fiber reactors 

(Knazek et al, 1972), and roller bottle culture (Seaver, 1983) have been 

used for hybridoma growth and MAb production. Hollow fiber culture 

systems most closely resemble the true state of tissue morphology 

(Knazek et al, 1972; Hopkinson, 1985). Antibodies are concent.rated 

within the circulating medium and removed from the cell mass, thus 

facilitating isolation and purification. For these reasons, hollow 

fiber bioreactors are preferred within the biotechnology industry, 

providing a means of large scale cell culture and product formation with 

relative ease of purification. 

1. History and description. In the early 1970's, hollow fiber 

bioreactors were developed for the growth of mammalian cells in vitro 

(Knazek et al, 1972). These early bioreactors were patterned after in 

vivo tissue morphology. Capillary beds were simulated by culturing 

cells between a series of selectively permeable cellulose acetate fibers 

enclosed within a glass tube. The reactor was enclosed within a 

continuous medium perfusion circuit, as shown in figure 5 (Knazek et al, 

1972). Bioreactor systems have subsequently been modified for the 

analysis of cell growth using NMR spectroscopy (Gillies et al, 1986 and 

figure 6). The hollow fibers run axially through a polycarbonate shell. 

Fiber ends are potted within an epoxy resin such that the fiber lumina 

remain open for the perfusion of medium. Cells grow outside the fibers, 

within the extracapillary space (ECS). Pores within the fibers allow 

the passage of cell nutrients and wastes, each according to their 

- ------------- ---------
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reservoir 

Figure s. Knazek's perfusion circuit (Knazek et al, 1972). Cell 
culture units consist of a bundle of one or more types of hollow 
fibers sealed into each end of a glass tube by silicone rubber or 
epoxy resin. Units were arranged either in parallel (as shown) or in 
series. Nutrient medium was stored in a 12S.ml flask and oxygenated 
prior to being pumped through the fiber bundles. 
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Figure 6. Hollow fiber bioreactor used for NMR studies. Cell 
culture units consist of a bundle of semipermeable hollow fibers 
encapsulated within a polycarbonate shell. Medium enters via the 
medium entry port, where it feeds directly to the bottom of the 
reactor and is forced up through the fibers. Medium from the exit 
port feeds back into the central perfusion vessel. 
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respective concentration gradients. The nutrients are consumed by cells 

within the ECS. wastes enter into the fiber lumen by diffusion and are 

perfused away from the cell mass. 

2. Bioreactor growth systems and their uses. Hollow fiber bioreactors 

have proven succes·sful for the large scale production of microbial 

(Ollis, 1983; Suzuki et aI, 1983) and mammalian (Glacken, 1983; 

Hopkinson, 1985; Anderson and Gruenberg, 1987; Anderson and Gruenberg, 

1987; von Wedel, 1987; Handa-Corrigan, 1988) cells in culture. 

Bioreactor technology has permitted the cultivation of near tissue 

density cell cultures (Knazek et aI, 1972; Hopkinson, 1985; Handa

Corrigan, 1988). Such systems are ideal for the study of cell systems 

via NMR spectroscopy, since they are able to generate the high local 

cell densities required for in vivo metabolic studies. 

Bioreactor systems have been especially useful for the production 

of MAbs and other products of biological interest. The high cell 

densities produced yield high titers of the product of interest. As the 

secreted product diffuses into the perfusate, it collects within the 

medium reservoir to allow isolation of the product with relative ease. 

D. Nuclear magnetic resonance (NMR) and in vivo NMR spectroscopy. 

NMR phenomena were first reported by Rabi in 1936 (Rabi, 1936). 

Experiments performed in 1946 by Bloch and Purcell (Bloch, 1946; Purcell 

et aI, 1946) later led to the development of NMR as a spectroscopic 

technique. NMR has subsequently bsen used to exploit the magnetic 

characteristics of atomic nuclei to characterize physical and 

environmental properties of molecules and perform quantitative 



determinations (Gadian, 1982). It has been successfully applied to 

studies of living systems and used in medical diagnostics (Gadian and 

Radda, 1981; Gadian, 1982; Bottomly, 1990). 
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1. Basis of NMR. All nuclei with an odd number of protons or neutrons 

possess a net spin~ Each nucleus has the property of internal magnetic 

momentum, or spin (Fukushima and Roeder, 1981; Gadian, 1982). A nucleus 

is, therefore, similar to a small bar magnet rotating about its own 

axis, as pictured in figure 7 (Gadian, 1982). In order to understand 

the nature of NMR phenomena and the ability to obtain information from 

this property of some molecules, it is necessary to discuss both the 

quantum mechanical and classical aspects of these molecular systems. 

For a more complete treatment of NMR theory see Abragam, 1960; Slichter, 

1980; and Gadian, 1982. 

The magnetic moment of a nucleus is related to, and has the same 

direction as, the angular momentum. The magnitude of the nuclear 

magnetic moment (u) is given by the equation: 

u = gp 

where p is the angular momentum and g is the gyromagnetic ratio. The 

gyromagnetic ratio is a constant, different for each nuclear isotope 

(Abragam, 1960; Slichter, 1980; Fukushima and Roeder, 1981; Gadian, 

1982) 

a. Quantum mechanical description of NMR phenomena. According 

to quantum mechanics, the angular momentum of any atomic nucleus may 

have only discrete values (Abragam, 1960; Gadian, 1982). These values 

are specified by the quantum number I, usually referred to as the spin 



Figure 7. A nucleus within a standing magnetic field. When placed 
within a magnetic field, any nucleus with a magnetic moment and 
corresponding angular momentum will not align itself exactly parallel 
to the field. The nucleus precesses about the field (BO) with the 
angular frequency (Wo)' also known as the Larmour frequency. 
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of the nucleus. The nuclear angular momentum (p) is determined by the 

equation: 

p = (h/2n )[1(1 + 1]1/2 

where h is Plancks constant, equal to 6.626 x 10-34 joule-sec. 

The nuclear spin, I, may have only integer or half integer values. 

I is defined as: 

1) An integer for nuclei with an odd number of protons and 

neutrons (e.g. 2H). 

2) Zero for nuclei with equal numbers of protons and neutrons 

4 (e.g. He). 

3) A half-integer (e.g. 1/2, 3/2, 5/2 ••• ) for nuclei with odd mass 

numbers (e.g. 1H, 31p ). 

Angular momentum is a vector quantity with both magnitude and 

direction. To specify direction, it is necessary to introduce the 

quantum number m, which specifies discrete orientations in Cartes ion 

space. The angular momentum in the z direction (pz) is given by the 

equation: 

Pz = mh/2n 

where m is equal to I, 1-1 ••• -1. 

If, for example, a nucleus with half-integral spin is placed 

within a magnetic field (Bo )' it acquires energy (E) as a result of the 

interaction between Bo and the magnetic moment (u). The magnitude of 

this energy of interaction is given by: 
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The nuclear energy levels are, therefore, split into 2I+1 states 

by the field. The energy difference between adjacent quantum states is: 

AE = Boh/2n 

Transitions between energy states are induced with the application 

of an oscillating magnetic field (B1) perpendicular to Bo in the xy 

plane (figure 8). To induce transitions, the field must oscillate with 

an energy equal to the energy difference separating adjacent states. 

Since AE = hv, then Vo = gBo/2n. If the angular frequency Wo is equal 

to 2 nvo' then Wo = gBo. This equation expresses the "resonance 

condition" for NMR experiments, where Wo is equal to the Larmour 

frequency. 

Since g differs for each nuclear isotope, differing nuclei 

resonate at differing frequencies. Due to the strengths of Bo 

conventionally used, these frequencies lie in the radio frequency range, 

and B1 is referred to as the radio frequency (rf) field. 

For all spins, the distribution of nuclei among the possible 

energy states is determined by the Boltzman equation. For an I = 1/2 

nucleus, the relative number of spins in the + 1/2 and - 1/2 spin states 

is given by the equation: 

n-/n+ = exp(-AE/kT) 

where T is the absolute temperature and k is the Boltzman constant, 1.38 

x 10-23 Joule/degree. At 2SoC, exp(-AE/kT) is very close to one, and 

the populations often differ by less than 1 in 104 spins. Absorption of 

energy from the incident B1 field is dependent on a population 
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Figure 8. Transitions among nuclear spin states. Transitions are 
produced with the application of an oscillating magnetic field in the 
xy plane, perpendicular to the standing magnetic field and the net 
nuclear magnetization vector. This oscillating magnetic field is 
generated using an electromagnetic current oscillating at the Larmour 
frequency of interest. Due to the field strengths of B1 usually 
employed, this freqency lies within the radio frequency (rf) range and 
is referred to as the rf pulse. 
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difference existing between the two states. This small difference leads 

to a weak absorption of energy and a relatively low sensitivity of NMR. 

b. Classical description of NMR phenomena. When placed within a 

magnetic field, a nucleus with a magnetic moment will align itself with 

the field. Since the spinning nucleus possesses angular momentum, it 

will not align itself exactly parallel to the field. Instead, it 

precesses about the axis of the field with the angular frequency WOo 

This frequency, also known as the Larmour frequency, is the same as that 

derived from quantum theory. Therefore, Wo = gBo. 

Typically, samples used for NMR study consist of a large number of 

nuclei. All nuclei precess about Bo in the same direction, with no 

preferred orientation within the xy plane perpendicular to the Bo field. 

As such, the spins are phase incoherent. Nuclei may align in either 

direction with respect to Bo, the z axis. Due to the thermodynamic 

constraints described by the Boltzman equation, slightly more nuclei 

orient themselves with the field than against it, with slightly more 

nuclei in the lower energy state. 

Since there is no preferred orientation within the xy plane, the 

net component of magnetization within the xy plane is zero. The sum of 

all magnetization vectors, however, yields a vector parallel to the z 

axis (figure 9). 

c. Origin of chemical shift. The resonance frequency of any NMR

visible nucleus is proportional to the magnetic field (Beff) experienced 

by the nucleus, where 
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Fioure 9. Net magnetization vectors from a sample of spinning 
nuclei. Samples within a standing magnetic field consist of a large 
number of individual nuclei, each spinning as described in figure 6. 
Spins are randomly aligned within the xy plane, and slightly more 
nuclei are aligned with the field than against it (see text). When 
individual contributions to the net magnetization are summed, the x 
and y components cancel, leaving the net magnetization aligned with 
the positive z axis. 
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The constant (1 -0), represents the electronic shielding experienced by 

the nucleus. Electronic shielding lessens the field observed by the 

nucleus. The shielding tensor (0) is a dimensionless constant whose 

magnitude is generally less than 10-4 • Nuclei of the same isotope in 

different electron"ic environments have different values of 0, and, 

therefore, experience different magnitudes of Beff. For this reason, 

the same isotope in differing electronic environments will resonate at 

slightly different frequencies. 

Chemical shift values are typically expressed in parts per million 

(ppm) relative to the resonance frequency of a reference compound. The 

ppm value is equal to (vs-vr ) Hz/vr MHz, where Vs and vr represent the 

resonance frequencies of the sample and reference nuclei, respectively. 

This value, b, is termed the chemical shift and represents the 

difference between shielding constants among nuclear centers. Nuclei 

with lower chemical shift values (upfield of the reference) experience a 

higher degree of shielding, and vice versa. The terms "upfield" and 

downfield" are remnants from continuous wave NMR spectroscopy and refer 

to the direction of the chemical shift. In Fourier transform NMR, a 

more strongly shielded nucleus experiences a reduced field and resonates 

at a lower frequency. Therefore, increased shielding produces an 

upfield shift, with lower resonance frequencies and chemical shift 

values. 

Referring to resonances in terms of chemical shifts, rather than 

frequencies, stems from the use of different Bo field strengths in NMR 

experiments. The resonance frequency (in Hertz) of any nucleus is 
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at 200 megahertz (MHz) in a 4.7 Tesla magnet, 400 MHz in a 9.4 Tesla 

magnet and 500 MHz in an 11.7 Tesla magnet. Similar differences are 

observed among other nuclei. The derivation of the chemical shift value 

produces a value independent of field strength (Gadian, 1981; Slichter, 

1980; Abragam, 1960). 

d. Perturbation of spins. In order to measure NMR visible 

parameters, it is necessary to first perturb the nuclear spins within 

the sample. In order to visualize how this perturbation occurs, it 

helps to consider the "rotating frame," a frame of reference rotating at 

a rate equal to the resonance frequency WOo If within this rotating 

frame, one applies a static field, B1' along the x axis, the nuclear 

magnetization will begin to precess about B1 with the angular frequency 

gB1. ~his occurs because B1 is the only apparent field experienced 

within the rotating frame. If this field is applied for a time t p , the 

nuclei will rotate through an angle 9 = gB1tp as shown in figure 10. 

Within the laboratory frame, B1 must correspond to a field that 

rotates around the z axis with an angular frequency WOo This field is 

perpendicular to the z axis and generated by the passage of an 

oscillating or alternating current through a transmitter coil 

surrounding the sample. 

2. Relaxation processes. Once tipped into the xy plane by the B1 

field, the nuclear spins, initially random, become phase coherent in the 

xy plane. After the B1 pulse, the spins continue to precess about the z 

axis. This rotating magnetization creates an inductive electromotive 
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Figure 10. Perturbation of spins. Within the "rotating" frame of 
reference (see text), the oscillating magnetic field, Bl' is the only 
fieled experienced by the spinning nucleus. The nucleus, therefore, 
begins to precess about this field at the Larmour frequency. The net 
vector of magnetization (figure 9) therefore tips into the xy plane. 
The magnitude of this tip angle is proportional to the pulse length 
(in seconds). 
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force at the resonance frequency within a receiver radio frequency coil. 

The voltage relaxes back to thermal equilibrium, with the time constants 

T1 and T2' respectively. The signal generated is a "free induction 

decay" of amplitude vs. time. Fourier transformation of this decay 

generates a spectrum of amplitude vs. frequency. 

a. T1 relaxation. Once the nuclei have been tipped away from the 

z axis, the spin system will relax to its position of thermal 

equilibrium along the z axis (figure 11). This process is known as 

spin-lattice relaxation. The rate of this relaxation, 1/Tl' is a 

measure of the ability of the lattice to absorb specific quanta of 

energy from the tipped nuclei. 

b. T2 relaxation. Once the radiofrequency pulse aligns the spins 

along the x axis, the spins continue to precess at the Larmour 

frequency. Due to small inhomogeneities in this precessional frequency, 

the individual nuclei "fan out" in the xy plane (figure 12). This decay 

occurs with the time constant T2' also known as the spin-spin relaxation 

time. Any process enhancing T1 relaxation will induce these chemical 

shift "micro-heterogeneities," and T2 is, therefore, always less than or 

equal to Tl. 

3. Measurement of NMR phenomena. Once the nuclear spin ensemble has 

been tipped into the xy plane, it continues to precess about the z axis. 

This oscillating magnetic field in the xy plane induces an oscillating 

current in a radiofrequency coil which surrounds the sample. The 

oscillating, or alternating, current is a radio frequency signal which 

decays due to T1 and T2 relaxation processes. 
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Figure 11. Tl relaxation. After the perturbation of spins such that 
they are tipped towards the xy plane, the magnetized nuclei can 
donate their energy to the surrounding molecular lattice. By doing 
so over time (t), the net magnetization vector relaxes back to its 
position of thermodynamic equilibrium parallel to the z axis. 
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Figure 12. T2 relaxation. Once tipped into the xy plane, the 
individual nucelar spins become "coherent" within the rotating frame 
of reference. "Microheterogeneities" in the precessional frequency 
cause the individual spins to "fan out' within the xy plane. 



a. saturation of spins. Radiofrequency signals are only 

generated from magnetizations oscillating in the xy plane. 
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Magnetization vectors aligned with the + or - z axis will not be 

observed. Thus, due to the isotropic distribution of spins, no spins 

are observed prior to the application of an rf pulse with its associated 

B1 field. Similarly, no signal will be observed from a sample whose 

magnetization has been tipped 180 degrees, or n radians, to become 

aligned with the -z axis. Alternatively, a series of rf pulses can be 

applied to eliminate the Boltzman population difference between the spin 

up and spin down states. Saturation can be achieved with a series of 

short pulses, each producing a flip angle of 1-100 , separated with a 

short (200-400 usec) interpulse delay. During the interpulse delay, T2 

relaxation mechanisms cause the spins to "fan out" in the xy plane 

before they are tipped again by the next pulse in the series. After 

repeating this process a large number (10,000-20,000) of times, the 

Boltzman population difference is eliminated and the individual spins 

are de-phased and distributed randomly throughout Cartesian space. 

Thus, the net sum of the individual magnetizations is zero and no signal 

is observed. By adjusting the pulse length and transmitter power, 

pulses can usually be designed to specifically saturate any spectral 

region of interest (Forsen and Hoffman, 1963; Morris and Freeman, 1978). 

4. G~~eral applications. All applications of NMR spectroscopy are 

based on the ability to assign resonances to specific nuclear centers 

(Abragam, 1960; Slichter, 1980; Gadian, 1982; Ernst et al, 1987). The 
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relative ease or difficulty of this identification is due, in large 

part, to the nature of the sample studied. For example, 1H spectroscopy 

of a purified protein will generate a complex spectrum. Assignment of 

peaks to their respective amino acid residues can prove extremely 

difficult. This fact has largely been responsible for the development 

of multi-dimensional NMR spectroscopy, used primarily for the 

identification of resonances within complex molecules and studies of 

molecular conformation (Ernst et al, 1987; Bax and Lerner, 1986). In 

contrast, 31p spectra of biological samples such as cells, tissues, and 

cell extracts are much simpler. Due to limits on the sensitivity of the 

instrumentation currently available and sample size limitations, only 

those compounds present at relatively high concentrations can be 

observed within the time limits that living samples can traditionally be 

maintained for study (Gadian and Radda, 1981). This is limited to 

inorganic phosphate, phosphoesters, and in some cases, phosphocreatine 

(Gadian, 1982). 

NMR spectroscopy has ba~n successfully applied to the study of 

biological systems. Addition of 13C-labelled glucose to perfused organs 

and whole animals, has visualized pathways of metabolite flux through 

glycolysis (Ugurbil et al, 1979; Den Hollander, 1979; Bailey et al, 

1981; Neurohr et al, 1983) gluconeogenesis (Cohen et al, 1979a), 

glycogen synthesis (Alger et al 1981; Stevens et al, 1982; Sillerud and 

Shulman, 1983; Canioni et al, 1983), the citric acid cycle (Bailey et 

al, 1981; Chance et al, 1983), and amino acid metabolism (Cohen et al, 

1979b). In addition, it has been suggested that tumors can' be 



differentiated from non-malignant tissue on the basis of 13c spectra 

(Halliday et al, 1987; James et ai, 1990). 
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31p spectroscopy has been used to study of cell and tissue 

bioenergetics and metabolism (Shulman et al, 1979; Gadian, 1981; Neeman 

et al, 1987). Although used less frequently, proton spectroscopy has 

also been used to observe metabolites in vivo (James et ai, 1990; 

Williams et ai, 1985). 

a. Observation of system couplings. The NMR signal produced by 

any NMR-visible center is sensitive to the spins of neighboring nuclei 

(Abragam, 1960; Gadian, 1981). For example, a carbon-13 nucleus may 

have a neighboring proton. This proton may have either a spin up (+1/2) 

or down (-1/2) orientation. These possible orientations produce 

slightly different electrical environments, and therefore slightly 

different resonance frequencies for the nucleus under consideration. 

Thus, 13c spectra will consist of a series of multiplets. Each 

multiplet represents the spin distribution among neighboring protons. 

Such carbon-proton, or heteronuclear, system couplings can be eliminated 

from a spectrum by inducing transitions rapidly, such that the carbons 

of interest experience a random field from all surrounding protons 

(Abragam, 1960; G3dian, 1982; Slichter, 1980; Bodenhausen et ai, 1976). 

Alternatively, a nuclear spin may affect the environment of another 

located closely in space, although not directly connected through a 

covalent bond (Abragam, 1960; Gadian, 1981). Such coupling becomes 

especially important when performing spectroscopy of large, 

conformation-dependent molecules, such as proteins. 
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b. System conversion rates. Homonuclear decoupling methods can 

be applied to systems of non-equivalent, chemically exchanging, NMR 

centers. These methods have proven important in the determination of in 

vivo reaction rates (Brown and Ogawa, 1977; Matthews et ai, 1981; Gadian 

et ai, 1981; Shoubridge et ai, 1982; Thoma and Ugurbil, 1987; Neeman et 

ai, 1987; Eldar and Degani, 1989). 

If two nuclei are exchanging such that A-B, "saturation" of the 

"A" spins will result in a decreased spectral intensity of "B". During 

the process of system perturbation and signal collection, "A" is being 

continuously converted to "B", and thus, the saturation of "A" is being 

transferred to "B". The newly formed molecules of "B" will also be 

"saturated," and effectively invisible to the receiver coil. Therefore, 

the intensity of "B" observed will decrease by an amount proportional 

the rate of the disappearance of "B." According the multisite exchange 

model of Neeman et al (1987), the fractional change in signal intensity 

(~M/Mo) is equal to the product kT1' where k and T1 represent the rate 

constant for the disappearance of "B" and the observed spin-lattice 

relaxation time, respectively. This situation becomse more complicated 

in cases where "B" is involved in a multisite reaction mechanism. For 

example, where A ~ B ~ C the observed decrease in B will be 

proportional to k2, the rate of disappearance of "B". 

saturation transfer methods have been used to determine rates of 

the biologically important creatine kinase reactions of muscle and heart 

(Ugurbil et ai, 1986; Hsieh and Balaban, 1987; Eldar and Degani, 1989). 

Such studies are important in that they provide physiological reaction 



rates as they occur within a relatively undisturbed tissue and under 

physiological conditions. 
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5. Problems to be overcome when applying NMR to physiological systems. 

NMR has been developed, and primarily used, for the high resolution 

spectroscopy of isolated chemical compounds in solution. Although it 

has been applied to living samples, this field has developed more 

slowly. 

a. Signal-to-noise considerations. Due to the small energy 

differences involved in NMR, it is a relatively insensitive technique 

(Abragam, 1960; Gadian, 1982). This is especially true of physiological 

systems, in which metabolites of interest tend to exist in millimolar or 

micromolar concentrations. These low concentrations usually require a 

large number of additive acquisitions so that the signal becomes visible 

over the noise inherent in the system (Gadian, 1982). NMR signals are 

coherent, whereas the system noise is random. The addition of 

repetitive spectra, therefore, results in an accumulation of the 

coherent signal while the noise tends to cancel itself. Increasing the 

number of acquisitions n-fold will increase the signal-to-noise ratio by 

the square root of n. Increasing the number of acquisitions is a common 

method of increasing the signal to noise ratio (SIN), especially when 

time resolution is not important to the sample under study (Abragam, 

1960; Gadian, 1982). Time resolution can be more important in the study 

of physiological samples, in which cells and tissues must be maintained 

in a healthy and viable steady-state throughout signal aquisition. 
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One way to avoid the SIN problems associated with in vivo systems 

is to use a nucleus present at a high concentration in the cell or 

tissue of interest. This is the case with proton NMR of H20, which is 

110 M in protons. Proton NMR is commonly used to generate images of 

soft tissues such as brain, cartilage, and muscle (Hoult, 1984; 

Bottomly, 1990). Proton images based on the water resonance are 

clinically important for the diagnoses of tumors and other tissue 

abnormalities (Bottomly, 1990). The large concentration of water in 

tissues, typically 55 molar, makes it difficult to obtain proton images 

or spectra of other compounds of potential interest. Proton metabolite 

spectra can, and have been obtained, although the spectra are relatively 

complex and difficult to interpret (Yoshizaki, 1981; Williams et ai, 

1985; Bloom et ai, 1986; James et ai, 1990). 

b. Cell density. Since cell metabolites usually exist in 

relatively low concentrations, large numbers of cells are required for 

the collection of in vivo spectra. NMR signal intensities are 

proportional to sample concentrations. This parameter is, in turn, 

related to the density of cells within the sample (Gadian et ai, 1979; 

Gadian, 1982). Tissues are densely packed aggregates of cells with a 

density of approximately 3-5 x 108 cell/ml. This density is unmatched 

by model systems of cells in culture. Perfused organs have, therefore, 

been used in a majority of physiological and in vivo NMR studies. 

Such organ studies have provided valuable information about organ 

function and physiology, although they do have serious drawbacks. All 

tissues consist of several cell types. The functional cells of interest 
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(e.g. liver, kidney, or muscle) co-exist with cells performing auxillary 

or supporting roles, such as fibroblasts, endothelia, and circulating 

blood cells. Tissues are a heterogeneous mixture of cells experiencing 

a range of metabolic conditions arising from differences in circulation, 

oxygen availability and nutrient supply. NMR cannot differentiate 

between the various cell types and generates an average spectrum that 

cannot be ascribed to a single cell popu~ation. 

More recently, hollow fiber bioreactors have been developed for 

use within NMR spectrometers (Gillies et aI, 1986; Fernandez et aI, 

1988; Gillies et aI, 1989). These bioreactor systems can grow and 

maintain cell densities of greater than 108 cell/ml, approaching the 

densities found in tissue (Gillies et aI, 1989). One advantage of 

bioreactor systems is that homogeneous cell cultures may be grown for 

study, whereas any tissue consists of several cell types. NMR cannot 

differentiate between the various cell types and generates an average 

spectrum that cannot be considered representative of a single cell 

population. 

c. Tissue and culture maintenance. In order to perform 

physiological studies of cells and tissues, these samples must be 

maintained in a system which closely approximates their true in vivo 

state (Gillies et aI, 1989). Tissues can be studied in situ by, placing 

excitation and receiver coils outside the animal and over the area of 

interest, or surgically exposing the organ and wrapping the coil around 

the tissue (Ackerman et aI, 1980; Gonzalez-Mendez et aI, 1985; Balaban 

et aI, 1986; Friederich and Freeman, 1986; Wolff et aI, 1990). Excision 
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of the organ is usually performed for signal-to-noise considerations 

when 31p or 13c spectra are desired. Similar studies have been 

performed using tissues that have been removed and are maintained using 

perfusion systems for the supply of nutrients and oxygen (Jacobus e~ al, 

1977; Matthews e~ al, 1981; Thoma and Ugurbil, 1987). A problem with 

these studies is that the tissues are moribund and are, therefore, not 

in a steady state. 

With the development of bioreactors for use with NMR 

instrumentation (Gillies et al, 1986; Fernandez et al, 1988; Gillies et 

al, 1989; Heath e~ al, 1990), more emphasis has been placed on the 

growth of cell cultures for NMR studies. These systems are more complex 

and require constant monitoring. When performing whole animal studies, 

nutrient supply and tissue oxygenation are regulated by the animal's 

physiology, with little outside intervention. To perform studies of 

actively proliferating cell cultures, all aspects of cell growth must be 

monitored and adjusted over time (Gillies et al, 1989) 

6. Applications to biological systems. Many of the problems 

encountered when applying NMR to cellular systems have been overcome 

sufficiently to allow successful investigations of cell metabolism 

(Gillies et al, 1986; Gillies et al, 1989). 

a. Metabolite labeling. The addition of 13c-labeled substrates 

to cultures of living cells will result in the subsequent labelling of 

metabolic intermediates or end-products. Most of these substrates are, 

however, too low in concentration to be observed using in vivo cell 
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preparations. Concentrated extracts from labeled cells have, therefore, 

been used to elucidate or confirm metabolic pathways. 

b. Metabolite concentrations. Since NMR signals are proportional 

to concentration, NMR can be used as a non-destructive monitor of 

changes in metabolite concentration in response to tissue stress, 

trauma, and ischemia. 31p_NMR has been used to monitor ischemia-induced 

changes in ATP levels in organs and tissue (Chance et al, 1987; Martin 

et al 1987; Zimmer et al, 1987). Similar studies have provided 

information as to the changes in phosphocreatine levels occurring in 

exercising muscle (Brown et al, 1990). 

c. Intracellular pH. The chemical shift of inorganic phosphate 

(Pi) is sensitive to changes in pH. In the absence of large amounts of 

extracellular phosphate, it can be used as an effective indicator of 

intracellular pH. Such studies have been largely performed in muscle, 

where the endogenous presence of the pH-insensitive phosphocreatine 

resonance provides a chemical shift reference for the Pi resonance. 

Tissues lacking phosphocreatine usually require the addition of an 

exogenous chemical shift reference. 

Inorganic phosphate is not a convenient pH indicator for cell 

cultures. Cell cultures are traditionally grown in the presence of 

phosphate salts. In the absence of a large plasma membrane pH gradient, 

intra- and extracellular phosphate co-resonate such that the large 

extracellular peak masks that of the intracellular pool. Pi can be 

removed from the extracellular space, but cells cannot be maintained 

under this condition for long periods of time. In addition, healthy 
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cells have a low internal Pi content which may increase the difficulty 

of determining intracellar pH from the chemical shift of this relatively 

low signal. 

d. Tissue stUdies. 1H, 13c , and 31p NMR have each been applied 

to stUdies of intact, excised, or perfused tissues. 1H NMR is used 

primarily to generate images of tissue and organs. Proton spectra of 

brain have, however, demonstrated metabolic responses in the form of 

increased lactate concetration in the visual cortex in response to focal 

stimulation (Sappy-Marinier et ai, 1990). Proton spectroscopy of normal 

and cancerous prostate glands has revealed low levels of citrate in the 

malignant condition, while all phosphorous resonances were poorly 

resolved when compared to spectra from healthy volunteers (Thomas et 

ai, 1990). 

F. Rationale--Proliferating cells and monoclonal antibody production. 

In order for cell division to occur, proliferating cells need to 

increase their energy production rate for the purpose of doubling all 

existing cellular components. This is evidenced, in part, by the up-

regulation in metabolism and synthetic events that are observed in 

response to growth-factor or serum stimulation of cell division 

(Prescott, 1968; James, 1984). 

Throughout the cell cycle, metabolism and molecular syntheses are 

tightly regulated such that macromolecules are produced only when and as 

needed (Prescott, 1968). Similarly, the metabolic energy, or ATP, 

required to drive these syntheses is produced only as it is needed. In 

many respects, one may view the energetic state of the dividing cell as 
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geared for the ATP production required for cell syntheses, and 

eventually, division. The cell may preferentially synthesize those cell 

substrates required for division or division-associated processes. 

Monoclonal antibodies (MAbs) are constitutive products of 

hybridoma cells and are not required in order for division to take 

place. The direct effects of cell division and the concommitant 

upregulation in metabolism on MAb yields remains unknown. Since MADs 

are not required for the successful progression of cell division, MAD 

synthesis may, in fact, be "down regulated" so that any available 

cellular energy may be used for those processes required on order for 

division to take place. 

1. Significance. As a result of their potential uses in biochemistry 

and medicine, MADs and their production have developed an ever

increasing importance. The requirements for efficient MAb production 

are, however, poorly understood. MAbs are usually produced in large

scale, actively proliferating hybridoma cultures and harvested once the 

culture reaches the "stationary" phase of growth. This can prove 

expensive, even when serum-free media preparations are used. This may 

also be unnecessary, since proliferation may not provide the most 

efficient or cost-effective means of product formation. 

2. Hypothesis. Proliferation may not enhance MAb yields. 

Proliferating cells may, in fact, produce MAbs less efficiently than 

healthy non-proliferating cultures, since they are not needed in order 

for division to occur. To address this hypothesis and better 

characterize hybridoma cell metabolism and energetics, this report 



compares energy production among static and proliferating hybridoma 

cultures. The distribution of cellular energy among several pathways 

critical to cell division and maintenance has also been investigated. 
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This research combines traditional biochemical methods for the 

determination of substrate (glucose, oxygen) consumption and product 

(lactate, MAb) formation with the more novel applications of NMR 

spectroscopy to problems of bioenergetics. NMR spectroscopy provides an 

alternative method for the measurement of cell growth in bioreactor 

culture, as well as a potentially direct determination of ATP synthesis 

rates. 

The NMR studies presented here have been performed using hybridoma 

cultures grown and maintained in hollow fiber culture. These studies, 

therefore, provide a means of evaluating and comparing the relatively 

physiological and commercially significant bioreactor growth systems 

with suspension cultures, in terms of growth rates, substrate 

consumption, and product formation. 
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II. Materials and Methods. 

A. Cell culture. 

All experiments were performed using EP08F7 hybridoma cells. 

EP08F7 cells are an Sp/2 derived mouse hybridoma, developed and donated 

by Amgen, Boulder ·CO. EP08F7 cell secrete F12, a mouse antibody 

directed against human erythropoietin. 

Cells were grown and maintained in RPMI 1640. standard RPMI 1640 

(Sigma), with L-glutamine and sodium bicarbonate, supplemented with 5% 

Nu-serum (Gibco) was used for maintenance of stocks and studies of cell 

growth in suspension culture. Non-proliferating or slow-growing 

cultures were produced by amino acid (leucine) or serum deprivation. 

Leucine limitation was produced by inoculating log-phase healthy 

cultures at a density of approximately 5 x 105 cells/ml into RPMI 

medium, deficient modification (Sigma) lacking sodium bicarbonate, 

glutamine, leucine, lysine, and methionine. All compounds except 

leucine were resupplemented to their normal RPMI 1640 concentrations 

(Freshney, 1987). Low level leucine supplements were added in culture 

preparation. Serum deprivation studies were performed after inoculating 

healthy, log phase cells into serum-free or conditioned medium. 

To determine the Nu-serum concentration which best supports the 

growth of EPOBF7 cells, cells were harvested from log-phase stocks and 

resuspended in serum-free medium at densities of 2 x 104 or 2 x 105 

cells/ml. Suspensions (0.5 ml) were added to each well of a 24-well 

miniplate (Falcon). An additional 0.5 ml of medium and serum was added 

to yield serum supplements of 0 to 10%. Cells were incubated for 48 
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hours at 370 C in a 5% C02' 95% air incubator (VWR/IR). Prior to 

counting, the cells were aspirated several times in a Pasteur pipet to 

fully resuspend them. Fifty percent of a 0.1% trypan blue solution was 

added to assess individual well viabilities and the cell number 

determined by hemocytometer count. 

Bioreactor cultures were maintained in low phosphate RPMI 1640. 

Medium was prepared from scratch, weighing out the individual medium 

components required for 20 liter quantities. All components were 

dissolved at the time of medium preparation. The Na2HP04 concentration 

was reduced to 1 roM and the buffering capacity of the medium restored 

with 5.5 roM HEPES. 1 roM dimethylmethyl phosphonate (DMMP, sigma) was 

added as a concentration and chemical shift standard. Medium pH was 

adjusted to 7.30. Penicillin and streptomycin sulfate (Sigma) were 

added to insure maintained sterility of the bioreactor culture. 

All media were filter sterilized immediately following 

preparation. 

Stock cultures were maintained in spinner flask culture. When 

performing or preparing experiments, cells were harvested in the log 

phase of growth, between 2 and 6 x 105 cell/mI. 

B. MAb determination. 

MAb titers were determined using the enzyme-linked immunosorbant 

assay (ELISA) technique. MAb-containing medium was added to 96-well 

microtiter plates "blocked" or coated with a rabbit-ant i-mouse (R a M) 

antibody. Plates were incubated for one hour at 370 C and 

erythropoeitin-horse radish peroxidase (HRPO) ·conjugate added to the 
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wells. The RaM antibody block binds the MAb of interest and the EPO

HRPO conjugate binds the MAb to be assayed. Following another 

incubation for 30 minutes at 37oC, any excess conjugate is rinsed away 

with phosphate buffered saline (PBS; Freshney, 1987). A mixture of 

3,3',5,5'-tetramethylbenzidine and hydrogen peroxide was used as the 

colorigenic substrate for the peroxidase reaction, turning blue in the 

presence of peroxidase labelled antibodies. Reactions were allowed to 

proceed for 5 to 10 minutes, or until a visible color change was 

observed. Reactions were stopped with 0.5 M H2S04' Reaction progress 

was determined photometrically, using well absorbances at 450 

nanometers. This value is proportional to the peroxidase product 

concentration, related to the reaction rate, and determined by the 

amount of enzyme conjugate bound to the wells. All ELISA reagents and 

blocked microtiter plates were supplied by Amgen, Boulder CO. 

C. Inhibitor studies. 

Protein, DNA, and RNA syntheses were inhibited with 100 uM 

cycloheximide (CHX, Campisi and Pardee, 1984), 2 roM thymidine (Bresnick 

et ai, 1964) and 10 uM 5,6-dichlororibofuranosyl-benzimidazole (DFB; 

Campisi and Pardee, 1984), respectively. Each of these inhibitors has 

been previously shown to inhibit the pathways of interest. One 

millimolar ouabain was used for the inhibition of Na+/K+ transport 

(Buckhold-Shank and Egan-Smith, 1976). Inhibitors were dissolved at a 

concentration of 1 M (0.1 M in the case of DFB) in DMSO to facilitate 

their addition to cell suspensions. 
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All inhibitors were used individually for determinations of 

inhibitor-induced changes in the glycolytic flux and oxygen consumption 

rate. In addition, CHX, thymidine, and ouabain were added in pairs to 

assess the degree to which inhibition of anyone pathway affects other 

energy-consuming pathways. 

D. Oxygen consumption measurements. 

Cells were harvested from log-phase or leucine-limited cultures, 

centrifuged at 100 x g and resuspended in fresh (standard or 0.5 mg/l 

leucine medium). Final cell densities were approximately 3 x 106 

cells/ml. This suspension was transferred to a YSI instruments standard 

bath assembly (model #5301) for measurement of 02 consumption. 

Oxygen levels in the suspension were monitored using a Clark-type oxygen 

electrode and biological oxygen monitor (YSI instruments, model 5300). 

Percentage 02 saturation was recorded on a Houston analog plotter. 

Plotter response was calibrated using media equilibrated to 5% C02' 95% 

air at 370 C. The solubility of oxygen in tissue culture medium was 

adapted from the method and calculations of Schumpe et al (1978) for the 

solubility of oxygen in electrolyte solutions. Inhibitors were added to 

the suspension once the 02 level had reached 50 to 70% of its pre

inhibition value. 

E. Glucose consumption/lactate production. 

Cells were harvested from log-phase or leucine limited cultures, 

centrifuged at 100 x g, and resuspended in fresh (standard, leucine 

free, or 20% conditioned) medium. Final cell densities were 

approximately 4 x 106 cell/mI. Glucose and lactate concentrations in 
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the suspension were determined at 5 to 10 minute intervals over a 60 to 

90 minute period using a YSI instruments clinical glucose/lactate 

analyzer (model #2000). Determinations were performed in the presence 

and absence of metabolic inhibitors. consumption rates were also 

determined over longer time periods in stock suspension culture using 

Sigma enzymatic test kits. 

F. Analysis of data. 

Pre- and post-inhibition rates of oxygen consumption were used to 

calculate relative inhibitor-induced decreases in consumption. To 

correct for day-to-day variations observed among pre-inhibition 02 

consumption rates, the mean and standard deviation for 02 consumption in 

the absence of inhibition were calculated using all pre-inhibition 

values. On any given day, if more than 50% of the pre-inhibition values 

were found to lie outside the range of the standard deviation, these 

daily values were averaged. This average was used to calculate a 

normalization constant by dividing the daily average by the overall 

average determined from all of the pre-inhibition values. Individual 

pre- and post-inhibition consumption rates were normalized using this 

constant. This process was repeated, using the normalized values, until 

a majority of the pre-inhibition rates determined on any given day were 

found to lie within the new standard deviation range. This treatment 

does not affect the overall mean and was performed only to allow 

comparisons between scalar, rather than relative, values. 

A similar procedure was used to determine glucose consumption and 

lactate production rates in the absence of inhibition. Means of glucose 



consumption and lactate production were used to calculate daily 

averages. These averages were used to calculate normalization 

constants, and all rates normalized using these values. 
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1. Estimation of ATP production. ATP production rates were estimated 

from measurements of glucose, lactate, and 02 consumption or production, 

assuming the production of 1 ATP per lactate and a P/02 ratio of 6.0 

(Lehninger, 1949; Lehninger, 1954; Chance, 1956; Lynch and Balaban, 

1987a and 1987b). This yields the maximum for ATP production for cells 

utilizing glutamine as an energy source. 

G. Radiolabel studies. 

Tritiated (methyl 3H) thymidine, (5,6-3H) uridine and (1_14C) 

leucine were obtained from ICN Biomedicals. Ten ml cell suspensions 

containing 106 cells were incubated in 50 ml culture tubes for 5 minutes 

at 370 C using various concentrations of the inhibitor of interest. The 

relevant label was added (approximately 1 uCi/ml of tritiated species, 

or 0.1 uCi/ml of 14c-leucine) and the suspensions incubated another 20 

minutes at 37oC. Ten ml of 5% perchloric acid was added to each culture 

tube and precipitates allowed to form overnight. Protein and DNA 

precipitates were obtained by centrifuging the samples for 10 minutes at 

850 x g. The pellets were washed twice in 95% ethanol. RNA pellets 

were obtained by centrifuging 10 minutes at 1500 x g and washing the 

pellets twice in 0.1 M HC1. Pellets were collected on glass fiber 

filters (Whatman GF/C) and radiolabel analyzed by scintillation counting 

of the filters in the presence of 5 ml liquid scintillation fluid 

(Aquasol, DuPont). 
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To assay 14c-leucine uptake (as opposed to incorporation) 0.1 

uCi/ml was added to samples of 106 cells. Samples were incubated for 20 

minutes at 370 C. Cells were removed from suspension by centrifuging for 

5 minutes at 100 x g. The cells were washed twice in 5 ml of ice-cold 

RPMI 1640. Five milliliters of 5% perchloric acid was added and 

precipitates allowed to form overnight. The precipitate was removed by 

centrifuging the samples for 10 minutes at 850 x g and the supernatants 

assayed for radioactivity as discussed. 

H. Mithochondrial control studies. 

To investigate the effects of inhibitors on cellular respiratory 

mechanisms alone, inhibitors were added to crude suspensions of 

mitochondria. Rat liver mitochondria were prepared according to the 

proceedure of Schneider (1948). Rats were killed by decapitation, the 

livers removed and chilled in ice-cold 150 roM (isotonic) KC1. After 

cooling, the livers were blotted, weighed, and homogenized in isotonic 

(8.5 g/100 ml) sucrose. Livers were coarsely chopped and homogenized 

using a Potter-Elvehelm homogenizer. 

The homogenate was centrifuged for 10 minutes at 600 x g to 

sediment cell nuclei. The mitochondria-containing supernatant was added 

to RPMI 1640 equilibrated to 5% C02' 95% air, and 370 C immediately 

prior to the measurement of oxygen consumption. The RPMI/mitochondrial 

suspension ratio used was 3:1. 

I. Hollow fiber bioreactor systems. 

1. Construction. Hollow fiber bioreactor housings were composed of 

polycarbonate shells of 1.4 mm thickness, 28 cm in length, and 25 mm in 



diameter. The capillary bed consists of 1410 composite fibers of 

cellulose acetate and cellulose nitrate 90 um thick and 3 rom in 

diameter. Bioreactors were supplied by Microgon, Inc. 
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Fiber ends are potted within an epoxy resin such that the fiber 

bed remainD stationary and fiber lumina are open for the passage of 

perfusion medium. Cells are inoculated into, and remain within, the 

14.4 ml extracapillary space between the resin at each fiber end (figure 

6) • 

Medium feeds into the reactor via polyurethane tubing which 

extends through the center of the capillary bed and to the bottom of the 

reactor. Medium is forced upwards, through the fibers, and exits 

through a central port at the top of the reactor. The inoculation port, 

through which cells are added, extends into the extracapillary space. 

2. Perfusion svstem. Medium is continuously perfused through the 

reactor as shown in figure 13. The perfusion vessel is contained within 

a constant temperature cabinet maintained at approximately 420 C. The 

temperature was controlled via a temperature controller connected to a 

heat source consisting of three 100 Watt light bulbs. The temperature 

is sensed via a thermocouple link, the lights shutting off once the 

temperature rises 0.2 0 C above the set point and relighting when the 

temperature drops 0.20 C below the set point. Using this method, the 

medium within the bioreactor could be maintained at 37 (± 0.2 °C). 

Medium is forced from the perfusion vessel to the bioreactor via 

tygon tubing, using a peristaltic pump. On leaving the perfusion 

vessel, the medium flows through a flow meter and hollow fiber 
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waSTe 

bloreactor 

Figure 13. Perfusion system. Medium is cycled from the main 
perfusion vessel through the hollow fiber bioreactor and back again. 
Prior to the medium return to the vessel, it passes through a hollow 
fiber membrane oxygenator supplied with gas of a defined composition. 
In this way, the medium within the vessel remains adequately 
oxygenated at all times. Fresh medium is continuously pumped into 
the perfusion vessel. Simultaneously, wastes accumulating within the 
vessel are bled away. By adjusting this nbleed-and-feed" rate as the 
culture grows, it is possible to maintain nutrients, wastes, and 
medium pH at concentrations supportive of cell growth. The feed 
vessel is supplied by a large (20 1) medium reservoir. Any medium 
supplements (such as serum) are added to the medium once it has been 
transferred from the reservoir and into the feed vessel. 
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oxygenator (Kinentek, Inc., st. Louis, MO) connected to a tank of 

defined gas mixture (e.g. 5% C02' 20% 02' 75% N2)' prior to reaching 

the bioreactor. Medium flow rates were set between 100 and 150 ml/min. 

Nutrient concentrations are maintained in the perfusion vessel 

using a continuous "bleed and feed" mechanism. Fresh medium is pumped 

into the perfusion vessel while waste medium is continually bled away. 

It is possible to maintain nutrient levels at any desired level with 

adjustment of this "bleed and feed" rate as the cells within the reactor 

grow. Any serum or growth factors desired are added to the 2-3 liter 

feed vessel, which is, in turn, supplied by a larger (20 1) medium 

reservoir (figure 13). 

3. Sterilization and maintenance of bioreactor sterility. All glass 

vessels and tubing in the bioreactor loop were autoclaved at 1210 C for 

30 minutes. Bioreactors, oxygenators, and medium flow meters were 

sterilized with ethylene oxide gas followed by sterile aeration. Once 

the perfusion system was assembled, it was allowed to cycle with medium 

for several days prior to inoculation with cells. This was to insure 

that any toxic remnants from the gas sterilization were rinsed away, as 

well as to serve as a final sterility check prior to the addition of 

cells. 

4. Bioreactor inoculation. Cultures (1-2 1) were grown to a density of 

4 to 6 x 105 cell/ml to supply an inoculation stock of approximately 109 

cells. sterile tubing connects the spinner flask stock to the 

bioreactor inoculation port and is secured with polycarbonate luer 

fittings (figure 14). The peristaltic pump used for perfusion was 
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Figure 14. Inoculation set up. To draw cells into the reactor, a 
peristaltic pump draws medium out of the reactor via the exit port at 
an approximate rate of one liter per hour. The medium entry port is 
clamped shut, and a sterile line of tubing extends from the 
innoculation port to a suspension culture of 2-5 x 105 cell/ml. The 
cell suspension is drawn into the reactor. The cells, which cannot 
cross the fibers, remain trapped within the extracapillary space. 
Excess medium from the suspension culture is pumped into the waste 
reservoir and removed. 
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reversed to draw medium out of the reactor via the exit port. The 

medium entry port was clamped shut. As medium was drawn out of the 

reactor, the cell suspension was drawn in. Medium crosses the fibers, 

is pumped into the perfusion vessel, and bled away. The cells could not 

cross the fibers, and remained trapped in the extracapillary space. 

J. NMR instrumentation and experiments. 

All NMR experiments were performed on a Bruker AMX 400 WB spectrometer 

operating at 161.97 MHz for phosphorus. To monitor cell growth, 3l_p 

spectra were obtained at 6 to 10 hour intervals. These one hour spectra 

were generated with the accumulation of 3600 transients of 14 

microseconds (14 us = 200
) separated by a 1 second delay. The intensity 

of the gamma-ATP peak relative to the system noise or the 2.5 roM 

dimethylmethylphosphonate (DMMP) internal standard was used to indicate 

increases in cell number. 

Saturation-transfer experiments were performed using a DANTE 

saturation pulse train at the spectral frequency to be saturated (Bovey, 

1988). This was comprised of 16,000 60 usec pulses of 40 dB 

transmitter attentuation and a 250 usec inter-pulse delay. This 

presaturation sequence lasted for a total of 5 seconds. An excitation 

pulse of 14 usee and a 0.11 second acquisition time, during which WALTZ 

decoupling (Bovey, 1988) was performed, was used to collect spectra. A 

one second recycle delay was used prior to the application of the next 

presaturation and acquisition seqence. Spectra consisted of 640 

transients and required one hour for collection. 
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Transfer rates were determined using the multisite exchange model 

described by Neeman et al (1987). Upon the saturation of anyone 

resonance (e.g. gamma-ATP) the fractional change in signal intensity 

(AM/Mo , where Mo is equal to the control saturation at equilibrium), is 

proportional to the corresponding rate constant, such that AM/Mo = kTl' 

where k and T1 represent the rate constant and observed spin-lattice 

relaxation time, respectively. 

Spin-lattice relaxation times were determined according to the 

progressive saturation technique (Gadian, 1982; Bovey, 1988), using a 

(900-acquire-td) pulse sequence. This method is appropriate for nuclei 

which have T2 values much smaller than T1' a condition true for most 

biological systems. This sequence is designed such that a series of 900 

pulses establishes a dynamic equilibrium between rf absorption and spin

lattice relaxation. The magnitude of the steady state signal (after 

early signals are discarded) depends on the interval (td) between pulses 

according to the equation: 

Mo-Mt = Moexp(-t/Tl) 

This method is less accurate than the more conventionally used 

inversion recovery (1800 -t-90o ) pulse sequence for the determination of 

Tl values. Since time resolution was important in the bioreactor 

studies of cell growth, throughout which Tl values may be changing, this 

method was chosen over the more generally accepted inversion recovery 

method. 
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III. Results. 

A. Cell growth. 

To determine the serum concentration which best supports EP08F7 

growth in suspension culture, cells were grown using serum supplements 

ranging from 0 to "10 % (figure 15). Following 48 hours in miniwell 

culture, all wells showed increases in cell number. The cell numbers 

produced in response to serum supplementation appeared to plateau at 

approximately 5% Nu-serum supplementation. Relative MAb titers were 

also determined as a function of Nu-serum concentration in the high and 

low density miniwell cultures (figure 16). Antibody yields appeared to 

be independent of the added serum concentration, as well as the initial 

inoculum size. 

To insure that no significant differences existed between cell 

cultures grown using 5%, as opposed to 10% Nu-serum supplements, cell 

growth rates were determined in 5% and 10% Nu-serum cultures (figure 

17). Low density (approximately 104 cell/ml) suspension cultures were 

prepared with 5% and 10% Nu-serum supplements, respectively. Five and 

ten percent cultures were inoculated at the same density and 

determinations of cell number performed in parallel. Cultures were 

counted at 4 to 6 hour intervals and cell number plotted as a function 

of time. In both cases, cell densities were found to double at 16 hour 

intervals. No significant differences were observed among the growth 

curves produced by the 5% and 10% Nu-serum supplements. In addition, 

the two cultures consumed glucose and produced lactate at similar rates 

(figures 18a and b). The initial concentration of medium lactate was 
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Figure 15. Cell number vs. Nu-serum concentration. Miniwell 
cultures were initiated at 104 (open circles) and 105 (filled 
circles) cells/ml. Cultures were prepared and counted as described 
in "Materials and Methods." Increases in cell number are plotted as 
a function of serum concentration. Low density cultures show only 
modest increases in cell number, while the higher density well.s 
demonstrate more dramatic increases as a function of serum 
concentration. In both cases, however, cell numbers appear to plateu 
between 4% and 5 % Nu-serum supplements. 
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Figure 16. MAb yield VB. Nu-serum concentration. Media Bupernatants 
were collected from miniwell cultures as described in the .text. 
ELISA assays (see Materials and Methods) were used to determine 
relative antibody yields. Low and high density cultures,plated at 
104 cells/ml (open circles) and 105 cells/ml (filled circles) 
produced similar MAb yields. MAb titers also appeared to be serum
independent. 
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CELL DENSITY vs. TIME IN CULTURE 
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Figure 17. Cell density VS. time in culture. Cell density was 
determined as a function of time in 5% (open circles) and 10% (filled 
circles) Nu-serum culture. The cell cultures were innoculated at the 
same density and determinations performed in parallel. Growth ra~es 
did not differ appreciably between the two cultures. 
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GLUCOSE/LACTATE vs. TIME IN CULTURE 
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Figure 18. Glucose/lactate vs. time in culture. Glucose and lactate 
concentrations were determined as a function of time in 5% (open 
circles) and 10% (filled circles) Nu-serum cultures, using Sigma 
enzymatic test kits, as described in Materials and Methods. The data 
presented here were obtained from the same cultures as used to obtain 
the information presented in figure 14. cultures were sampled for 
glucose and lactate determinations at the same points as used for 
determinations of cell density. Rates of glucose consumption and 
lactate production do not appear to differ between the two serum 
concentrations studied. • I 
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slightly higher in the 10% Nu-serum culture (figure 18b). This is due 

to lactate present within the serum itself being diluted to a lesser 

extent given the higher serum concentration. Determinations were 

performed using Sigma enzymatic test kits, as described in Materials and 

Methods. _When observed under the microscope,-cells -grot'ln under the-tt-lo----

culture conditions appeared identical, with the reduced serum 

concentration producing no noticeable morphological differences. 

Since the 5% and 10% Nu-serum cultures were identical in all 

respects studied, 5% supplements were used for the maintenance of all 

stock cultures and the production of proliferating cultures for further 

study. Numerous determinations of cell number as a function of time, 

were used to firmly establish the doubling time near 16 (± 2) hours, 

with the cells reaching a maximum density near 106 cells/ml. At this 

point, medium glucose is depleted to approximately 5 roM, the 

concentration of lactate is near 9 roM, and the cells lose viability 

rapidly. Resuspension of the cells in fresh, serum-supplemented medium 

did not prevent this loss in viability. 

B. Non-proliferating cultures. 

In an attempt to produce either slow growing or non-proliferating 

cultures, miniwell cultures were prepared in the absence of serum. Low 

density cultures of 104 cells/ml in serum free RPMI 1640 did not grow, 

and the culture died within 12 hours of inoculation. with an inoculum 

of 105 cells/ml, however, cell growth was noticeable within 4 hours 

(figure 19). The growth of the higher density culture in the absence of 
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Figure 19. Serum-free cell growth. Log phase cells at a density of 
10 were inocculated into miniwell culture and cell number was 
determined by hemocytometer count after 48 hours at 37oC, as 
described in Materials and Methods. 
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serum initially suggested the production of autocrine growth factors by 

the cell mass. 

1. Leucine limitation studies. Since the cells appeared to grow 

in the absence of serum, more severe measures were considered necessary 

to inhibit proliferation. Low levels of an essential amino acid can 

provide the culture with a sufficient concentration to allow the 

synthesis of proteins necessary for cell survival, but not for the 

large increases in protein synthesis required for division. similar 

deprivations have been used to limit culture growth by other 

investigators (Prescott, 1968). For these studies, cells were deprived 

of leucine. 

Cell number was assessed as a function of leucine concentration in 

miniwell culture (figure 20). Cultures were incubated with leucine 

concentrations ranging from 0 to 50 mg/l. Given as little as 0.1 mg/l 

leucine, the cell number remained near the original inoculum size. At 

this density, culture viability was 81%. A concentration of 0.5 mg/l 

produced slight increases in cell number, and the viability increased 

to 84%. None of the cultures showed greater than 87% viability. Given 

concerns as to the viabilities of suspension cultures grown with leucine 

concentrations as low as 0.1 mg/l, 0.5 mg/l was chosen for further 

study. 

Suspension cultures of approximately 5 x 105 cells/ml were 

inoculated into RPMI 1640 with a leucine concentration of 0.5 mg/l. 

Cultures were counted at 2 to 3 hour intervals. In the first cultures 

studied, cell number increased slowly during the first eight hours of 

------------
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Figure 20. Cell number VB. leucine concentration. Cell number was 
determined as a function of leucine concentration following 24 hours 
in miniwell culture (described in Materials and Methods). 
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culture. During this time, the mitotic index of the culture decreased 

from 15% to 6%, while cell viability remained greater than 90%. After 

the eighth hour in culture, the cell number and mitotic index remained 

relatively constant until the 12th hour in culture, when culture 

viability began to decline. By the 14th hour post-inoculation, the cell 

population was only 70% viable. This loss in viability seemed to be due 

to leucine depletion, and could be postponed by the addition of 0.5 mg/l 

leucine at the eighth hour of culture (figure 21). On the basis of this 

information, 0.5 mg/l leucine RPMI was used for the production of slow

growing cultures. Cells were harvested between 8 and 12 hours following 

culture inoculation. Once culture viability dropped below 90%, the 

cultures were discarded. Relative increases in cell number as a 

function of time, accumulated from a large number of experiments, are 

shown in figure 22. Note that the cell number in low leucine medium 

remained relatively stable while there were clear increases in cell 

number in serum supplemented medium. 

2. Serum deprivation studies. To limit the growth of cells hormonally, 

as opposed to using the amino acid limitation discussed, low-serum 

medium was investigated for its ability to produce slow- or non-growing 

cultures. Low-serum (0.2%) medium is traditionally employed to stop the 

growth of cells in culture and/or synchronize the growth response 

(Freshney, 1987). In contrast to the results obtained in miniwell 

culture, however, low-serum suspension cultures ranging from 0.2 to 1% 

Nu-serum content did not grow, but began to lose viability within the 

first four hours following culture inoculation. This was found 
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Figure 21. 0.5 mg/l leucine culture viabilities. cell viabilities 
were determined by trypan blue exclusion. Cells were maintained in 
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observed in both low and high density cultures, inoculated at densities 

of 105 and 5 x 105 cells/ml, respectively. 

When the cultures were counted, and culture viabilities determined 

using trypan blue exclusion (see Materials and Methods, a large number 

of the trypan-blue stained cells were mitotic in appearance. Following 

eight hours post- inoculation, cultures were less than 50% viable. 

These data appear to conflict with the observations of serum-free, 

leucine limited miniwell cultures, in which viability remained high for 

approximately 24 hours. 

Since earlier experiments had suggested the production of 

autocrine factors (e.g. the apparent proliferation of serum-free 

miniwell cultures), supplements of conditioned medium were considered as 

a possible means of slowing growth in suspension. Conditioned medium 

was collected from log phase cells at a density of approximately 5 x 105 

cells/ml. Cells were removed from the suspension by centrifugation (see 

Materials and Methods) and the conditioned medium supernatant decanted 

and stored. Suspension cultures were prepared in serum-free RPMI 1640 

with a 20% supplement of conditioned medium. Cultures were prepared to 

a density of approximately 4 x 105 cells/ml, and cell number determined 

at four to six hour intervals. During the first 16 hours in culture, 

cell number was found to increase slowly. Between 18 and 28 hours in 

culture, the cell number remained relatively stable and the mitotic 

index decreased to 6%. After the 30th hour in culture, however, the 

cells begin to lose viability and the culture died by the 40th hour post 

inoculation. Relative increases in cell number as a function of time 
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are shown in figure 22, where they can be compared to those results 

obtained in proliferating and 0.5 mg/l leucine cultures. 

Cells were harvested for further study between 18 and 24 hours 

following culture inoculation. Cells were counted several times 

throughout this pe"riod, throughout which cell number and culture 

viability remained stable. 

c. Cellular growth rates. 

As shown in figure 17, cell cultures proliferating in RPMI 1640 + 

5% Nu-serum double every 16 (± 2) hours. This translates to a specific 

growth rate of 0.10 (± 0.04) hr-1 , determined from multiple experiments 

similar to those shown in figure 22. In contrast, cells in low leucine 

medium grow only slightly, with a rate of 0.02 (± 0.04) hr-1 • Following 

the 18th hour in conditioned medium, cultures show a similar specific 

growth rate of 0.4 (± 0.04) hr-1 • Standard deviations were determined 

from the sums of squares in the linear least squares determination of 

growth rates. The difference in these growth rates is also reflected in 

their respective mitotic indices of 14% found for proliferating 

cultures, as opposed to the value of 6% determined for both leucine-

limited and conditioned medium cultures. This information is summarized 

in table 1. 

Table 1. Specific growth rates and mitotic indices. 

Condition 

RPMI 1640 + 5% Nu 
0.5 mg/l leucine 
20% condo med. 

*hour-1 

Growth rate* 

0.10 ± 0.04 
0.02 + 0.04 
0.04 ± 0.04 

Mitotic index 

14 ± 3% 
6 ± 3% 
6 ± 4% 
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Figure 22. Cell number vs. time in culture. Data were collected 
from many cultures to assesS the relative growth rates of 
proliferating, leucine-limited and conditioned medium cultures. 
Relative cell numbers (in percent) at the specified times were 
normalized to the density of cells at time o. proliferating cultures 
(open circles) demonstrate significant increases in cell density as a 
function of time while leucine-limited (filled circles) and 
conditioned medium (open triangles) cultures demonstrate only slight 
and perhaps insignificant increases as a function of time. The 
respective growth rates are summarized in Table 1. 
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D. Serum-free cultures. 

Since miniwell cultures were found to proliferate in the absence 

of serum, suspension cultures of 2 x 105 cells/ml were prepared to 

determine cell growth rates in the absence of serum. Following 6 hours 

in serum free culture, however, culture viability had dropped to 60%. 

Culture viability declined slowly thereafter, and the cultures were 

discarded. These data appear to conflict with the observations of 

serum-free, leucine limited miniwell cultures, in which viability 

remained high for approximately 24 hours. 

E. MAb production and protein synthesis rates. 

MAb production levels among leucine-limited and conditioned medium 

cultures are dramatically lower than found among serum-stimulated 

cultures (figures 23a-c). The low leucine cultures demonstrate 

decreased rates of MAb production as a function of time (figure 23a). 

Since the larger yields found among proliferating cultures could have 

been due to increases in cell number, product yields were evaluated as a 

function of culture densities (figure 23b). In addition, specific 

product yields were determined using the amount of product formed with 

respect to the increases in cell number occurring between sampling 

points. In all cases, the specific MAb production was found to be lower 

among the non-proliferating (i.e. leucine limited and conditioned 

medium) cultures. 

MAb production levels among the leucine-limited and conditioned 

medium cultures appear similar when taken as a simple function of time 
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Figure 23. MAb production in suspension. MAb yields were determined 
as a function of time in proliferating (open circles), leucine
limited (filled circles), and conditioned medium (open triangles) 
culture. Medium supernatants were diluted 1:50 in PBS, and the 
diluted samples subjected to enzyme-linked immunosorbant assay 
(ELISA). The amount of F12 in each sample was determined from a 
standard cruve of ng F12 VS. A450 prepared on the same blocked 
microtiter plate (see Materials and Methods). In b, these data are 
plotted as a function of cell number at the time of culture sampling. 
In c, the amount of antibody newly formed in culture between the time 
points between sampling was divided by the time elapsed to yield a 
specific production rate in ug/ml/hour. 
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or cell density. Specific MAb production levels (shown in figure 23c), 

however, differ in that the specific production among the conditioned 

medium cultures decreased steadily, with absolute MAb levels showing 

small decreases as a function of time. This contrasts with the results 

found among leucine-limited cultures, in which the specific antibody 

production as a function of time and cell number was close to zero, 

although MAb levels in the suspension did not appear to decrease. 

Since this difference could be due to differential rates of 

protein synthesis, rates of 14c-Ieucine incorporation into acid

insoluble material were determined in proliferating, leucine limited, 

and conditioned medium cultures (figure 24a and b). These studies of 

protein synthesis were performed over 4 hours, suspending the cells in 

fresh medium. To correct for the differing leucine concentrations in 

the media used, 14C-leucine was added to generate similar specific 

activities between the media. Under these conditions, 14C-Ieucine 

incorporation rates were found to be 4.09 ± 0.71 and 1.06 ± 0.56 cpm/min 

(deviations determined from the sum of the squares) in proliferating and 

leucine-limited cultures, respectively. In a parallel experiment to 

compare the leucine incorporation rates of proliferating and conditioned 

medium cultures, proliferating cultures were found to have an 

incorporation rate of 36.14 ± 1.56 cpm/min, and 20% conditioned medium 

cultures a rate of 14.85 ± 2.31 cpm/min. 

Since these differences in protein synthesis rates could be due, 

in part, to differences in amino acid transport among the 

--------- ------- ---~. 
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Figure 24. 14C-leucine incorporation VS. time. 14c-leucine 
incorporation data (Materials and Methods) were used to compare 
protein synthesis rates in proliferating (filled circles) and 
leucine-limited (open circles) cultures (a) or proliferating (filled 
circles) and conditioned medium (open circles) culture (b). Specific 
activities of radioactivity were the same in all samples studied. 
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cell cultures, 14c-leucine uptake was compared among serum stimulated 

and leucine-deprived cultures (figure 25). 

Leucine-limited cultures were found to take up much less 14c _ 

leucine than the serum-stimulated cultures (figure 25 and table 2). The 

decreased availability of intracellular leucine may, therefore, have 

effects on amino acid availability which may at least partially explain 

the differences observed in protein and MAD synthesis. Conditioned 

medium cultures, however, showed no significant difference in leucine 

uptake when compared to the proliferating cultures maintained in RPMI 

1640 + 5% Nu-serum (figure 25), and a different explanation must be 

found for the differences observed in protein and MAD synthesis levels. 

Table 2. 14c-leucine incorporation and uptake.* 

Condition cpm incorporated cpm uptake 
(x 10-3 ) 

RPMI 1640 + 5% Nu 4.09 ± 0.71 1333 + 108 
0.5 mg/l leucine 1.06 ± 0.54 920 ± 29 
20% condo med. 1.68 ± 0.26 1490 ± 125 

*Relative levels determined from the experiments presented in figures 24 
and 25. 

F. Energy distribution among suspension cultures. 

1. Inhibitor studies. Inhibition of cellular pathways critical to cell 

growth and survival was used to assess the distribution of cellular 

energy in proliferating and leucine-limited cultures. To determine the 

best inhibitor concentrations, protein, DNA, and RNA synthesis levels 

were determined in the presence of varying concentrations of ouabain, 

cycloheximide (CHX), thymidine, and DFB, respectively. 

--- -------------------- ------ ---- --------------
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Figure 25. 14c-leucine uptake. Leucine uptake, in terms of total 
CPM taken into cells but not used for the synthesis of proteins, was 
compared among proliferating and growth limited cultures as described 
in the text. Leucine-limited cultures appear to incorporate 
significantly less of the amino acid, while no significant difference 
exists between the uptake of proliferating and conditioned medium 
cultures. These data are summarized in table 2. 
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14c-leucine incorporation into acid insoluble material was 

determined as a function of CHX concentration (figure 26). 

94 

Incorporation drops to baseline levels at a CHX concentration of 25 uM. 

DNA synthesis was' assessed using the incorporation of 3H-thymidine as a 

function of the excess thymidine concentration (figure 27). In the 

cell, excess thymidine is phosphorylated by thymidine kinase. The 

distal product of the kinase, thymidine triphosphate, serves as a 

feedback inhibitor for the kinase, the rate determining step in DNA 

synthesis (Bresnick et ai, 1964). Since the inhibitor concentration 

differed among the samples studied, 3H thymidine incorporation, as a 

function of thymidine concentration was studied within samples of 

similar specific activity. Thymidine incorporation was found to drop to 

baseline levels when cells were given an excess thymidine concentration 

of 1 roM. In figure 28, 3H-uridine incorporation into RNA was used to 

assess the inhibition of RNA synthesis as a function of the DFB 

concentration. DFB is a relatively specific inhibitor of messenger RNA 

synthesis (Campisi and Pardee, 1984). 3H-uridine incorporation reaches 

its minimum levels above the baseline values observed previously, 

possibly due to the synthesis of other forms of RNA. This minimum 

incorporation occurs when cells are given 60 uM DFB. One millimolar 

ouabain is generally accepted as an inhibitor of Na+/K+ exchange (Shank 

and Smith, 1972). To insure that 1 roM ouabain produced maximum 

metabolic inhibition, oxygen consumption studies were performed in the 

--- --------_. __ ._----_._. _ .. -_ ...... _--------
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Figure 26. l4c-leucine incorporation vs. cycloheximide 
concentration. Protein synthesis was assessed using l4c leucine 
incorporation into acid insoluble material, as described in Materials 
and Methods. 106 cells were incubated with CHX concentrations 
ranging from a to 200 uM CHX

i 
and leucine incorporation plotted as a 

function of concentration. 4C leucine incorporation drops to low 
levels at CRX concentrations as low as 25 uM. 100 urn CHX was used in 
all inhibition studies. 
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3 
H-THYMIDINE INCORPORATION vs. THYMIDINE CONCENTRATION 
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Figure 27. 3H-thymidin~ incorporation vs. thymidine concentration. 
Experiments were performed as described in Materials and Methods. 
CPM 3H-thymidine incorporated into DNA was determined as a function 
of the excess thymidine concentration. DNA synthesis appears to drop 
off, with CPM values being very close to the baseline values 
determined among radioactivity blanks, at a concentration of 1 mH. 2 
mH thymdidine was used in all inhibition studies. 
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Figure 28. 3H-uridine incorporation vs. DFB concentration. 
Experiments were performed as described in Materials and Methods. 
Relative RNA synthesis levels were extrapolated using values of 3H_ 
uridine (CPM) incorporated in RNA. RNA synthesis decreases and 
stabilizes near a concentration of 60 uM DFB. Since DFB is believed 
to be a relatively specific inhibitor of hn RNA synthesis (Campisi 
and Pardee, 1984), the residual radioactive counts incorporated are 
believed to arise from the synthesis of other forms of RNA. 
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presence of 1 roM and 2 roM ouabain (figure 29). The respective degrees 

of inhibition were not significantly different between the two 

concentrations studied. 

All subsequent studies of inhibitor-induced changes in metabolism 

were performed using concentrations of 100 uM cycloheximide, 100 uM DFB, 

2 roM thymidine, and 1 roM ouabain. 

Control experiments were performed to ensure that the inhibitors 

used did not affect mitochondrial oxygen consumption directly. Oxygen 

consumption was monitored in crude mitochondrial suspensions (see 

Materials and Methods). The inhibitors discussed were added once the 

oxygen level had reached 40-50% of its original concentration. As shown 

in figure 30, these additions did not affect oxygen consumption rates 

significantly, and any inhibition occurring was no greater than that 

observed when the inhibitor solvent (DMSO) was added alone. 

2. Oxygen consumption studies. Proliferating cells consumed oxygen at 

a rate of 3.4 x 10-15 mol/min/cell. This compares to rates of 0.8 to 

8.0 x 10-15 mol/min/cell determined for other mammalian cells in culture 

(Miller at al, 1987). This rate decreased immediately on the addition 

of inhibitors, examples of which are presented in figure 31. Oxygen 

consumption values are summarized in table 3. The values presented in 

table 3 represent the mean of multiple determinations. Inhibiti"on of 

protein, DNA, and RNA synthesis reduced 02 consumption by 29, 25, and 

30%, respectively. Inhibition of the Na+/K+-ATPase reduced oxygen 

consumption by 29%. The sum of these values is over 100%, and could, 
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INHIBITION OF OXYGEN CONSUMPTION 
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Figure 29. Inhibition of oXY2en consumption. To insure that 1 roM 
ouabain maximally inhibits Na /K+transport (as was determined by 
comparing the decrease in oxygen consumption produced by inhibition) 
oxygen consumption was compared among cells incubated with 1 and 2 roM 
ouabain, respectively. oxygen consumption did not differ between the 
two oaubain concentrations used. 
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MITOCHONDRIAL OXYGEN CCNSUMPTION vs. TIME 
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Figure 30. Mitochondrial oxygen consumption vs. time. Oxygen 
concentration was determined as a function of time in crude 
suspensions of rat liver mitochondria (see Materials and Methods). 
When the oxygen concentration had reached 40-50% of its original 
saturating value, inhibitors (see Materials and Methods) were added 
to assess their effects on mitochondrial oxygen consumption alone. 
None of the inhibitors added was seen to exert any significant 
effect. 
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Figure 31. Cellular oxygen consumption vs.time. Oxygen consumption 
measurements, determined from the decrease of the medium dissolved 
oxygen concentration as a function of time (see Materials and 
Methods). All measurements shown are examples of 02 consumption 
observed in proliferating cultures maintained in RPMI 1640 + 5% Nu
serum. All cells were harvested from stocks in the log phase of 
growth. Inhibitors were dissolved in DMSO prior to addition to the 
cell suspension. DMSO alone had no effect on oxygen consumption. 
Cycloheximide (CHX, 100 uM), ouabain (ouab, 1 roM), thymidine (thy, 2 
roM), and dichlororibofuranosyl benzimidazole (DFB, 100 uM) each 
resulted in a decreased rate of oxygen consumption (summarized in 
table 3). Similar results were found among non-proliferating 
cultures, although pre-inhibition rates of oxygen consumption 
differed, as did the degrees to which oxygen consumption was altered 
by the inhbiitors. 
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therefore, account for all of the cell's energy requirements if there 

were no significant cross-talk between the pathways. 

Cycloheximide, ouabain, and thymidine were added in pairs to 

assess the degree to which inhibition of anyone pathway affects the 

energy consumption of others, or the degree of "cross talk" between the 

pathways studied. Simultaneous inhibition of protein synthesis and 

+ + Na /K transport reduced oxygen consumption 38%, as compared to the 58% 

expected from each inhibitor when used alone. This 20% discrepancy 

could indicate a significant degree of cross talk between protein 

synthesis and Na+/K+ transport. Simultaneous inhibition of DNA 

synthesis and Na+/K+ exchange reduced oxygen consumption 42%, as 

compared to the 54% expected on the basis of the single-inhibition data. 

Simultaneous inhibition of protein and DNA synthesis reduced 02 

consumption by only 37%, as opposed to the expected decline of 54%. Due 

to the rather large confidence limits associated with this data, these 

discrepancies must be considered insignificant. 

-15 
Leucine-limited cultures consumed oxygen at a rate of 2.1 x 10 

mol/min/cell, 38% more slowly than the actively proliferating cultures 

(see table 3). Inhibition of protein synthesis reduced oxygen 

consumption 34%, while inhibition of DNA or RNA synthesis did not 

reduced oxygen consumption. Inhibition of the Na+/K+-ATPase, reduced 02 

consumption 21%. This distribution differed dramatically from that 

observed among proliferating cultures, with the individual inhibitions 

totalling only 55%. 
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DNA and RNA syntheses in leucine-limited cultures consumed a 

smaller proportion of the total oxidative energy. Protein synthesis 

consumed a larger proportion, although this translated into a smaller 

value in terms of absolute ATP consumption. + + Inhibition of the Na /K -

ATPase reduced oxygen consumption to approximately the same degree as 

observed in proliferating cultures. This may indicate a relatively 

constant role of the transporter in terms of the fraction of cell energy 

it needs to drive cellular processes. Again, however, due to the 

decreased levels observed for oxidative ATP production among leucine-

limited cultures, the absolute amount of energy consu~ed by the 

transporter is less than that observed for the proliferating cultures. 

The oxygen consumption data obtained under conditions of 

simultaneous inhibition of pathways in leucine-limited cultures were 

variable. Inhibition of protein synthesis and Na+/K+ transport reduced 

oxygen consumption to the same degree as the inhibition of protein 

synthesis alone. When protein and DNA synthesis were inhibited 

simultaneously, the decrease in the oxygen consumption rate was not 

different from the decrease observed with cycloheximide alone. The 

observed decrease in oxygen consumption observed in response to the 

inhibition of DNA synthesis and Na+/K+ was not different from that 

observed in response to the inhibition of Na+/K+ transport alone. Since 

all of these experiments have been performed under acute conditions, 

more complex interactions have been discounted. 

Twenty percent conditioned medium cultures were found to consume 

oxygen at a rate of 3.8 x 10-15 mo.l/min/cell. This rate is not 
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significantly different from that determined for proliferating cultures. 

Inhibition of RNA synthesia and Na+/K+ transport reduced oxygen 

consumption by 35% and 26%, respectively. Inhibition of protein and DNA 

synthesis did not reduce oxygen consumption significantly. 

The use of combined inhibitors again produced unexpected results 

(see Table 3). The effects were not additive, and the observed 

decreases are not significantly different from the decreases observed 

under conditions in which single inhibitors were used. 
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Table 3. Oxygen consumption measurements. 

Complete medium oxygen consumption* C.L. ATPox* % decrease 

control (37) 3.4 +/- 0.3 0.1 20 
100 uM CHX (6) 2.4 +/- 0.3 0.2 14 29 
1 roM ouabain (6) 2.4 +/- 0.2 0.1 14 29 
2 roM thy (6) 2.6 +/- 0.2 0.1 16 25 
100 uM DFB (4) 2.4 +/- 0.2 0.2 15 30 

CHX + ouab (4 ) 2.1 +/- 0.1 0.2 13 38 
CHX + thy (7) 2.2 +/- 0.5 0.3 13 37 
ouab + thy (4 ) 2.0 +/- 0.3 0.4 12 42 

Leucine-limited medium 

Control (28) 2.1 +/- 0.4 0.1 13 
100 uM CHX (6) 1.4 +/- 0.4 0.3 8.7 34 
1 roM ouab (4 ) 1.6 +/- 0.2 0.2 10 21 
2 roM thy (3 ) 1.9 +/- 0.2 0.4 12 NS 
100 uM DFB (4) 1.8 +/- 0.4 0.5 11 NS 

CHX + ouab (4 ) 1.4 +/- 0.4 0.7 8.7 31 
CHX + thy (4 ) 1.6 +/- 0.1 0.2 9.7 24 
ouab + thy (4) 1.7 +/- 0.2 0.2 10 19 

20% conditioned medium 
Control (30) 3.8 +/- 0.7 0.3 23 
100 uM CHX (4) 3.2 +/- 0.1 0.2 17 NS 
1 roM ouab (4) 2.8 +/- 0.8 0.6 19 26 
2 roM thy (4) 3.3 +/- 0.7 0.6 20 NS 
100 uM DFB (4 ) 2.5 +/- 0.7 0.5 15 35 

CHX + ouab (4) 2.9 +/- 0.4 0.6 17 26 
CHX + thy (4) 3.0 +/- 0.2 0.3 18 21 
ouab + thy (4) 2.8 +/- 0.4 0.7 17 26 

* fmol/min/cell 

C.L.-Confidence levels determined using the student's t test at a 
95% confidence level. 

Numbers in parentheses represent the number of determinations. 
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3. Glucose consumption and lactate production. Proliferating cultures 

of EP08F7 cells consumed glucose and produced lactate at rates of 10 x 

10-15 and 17 x 10-15 mol/min/cell, respectively (see table 4 and figure 

32a and b). If it is assumed that all lactate formed arises from the 

incomplete oxidation of glucose, then approximately 85% of the available 

cell glucose was converted to lactate. Rates of glucose consumption 

were generally lower in the presence of metabolic inhibitors (data 

summarized in table 4). Inhibition of protein synthesis, RNA synthesis, 

and Na+/K+ transport each reduced glucose consumption rates by 27% to 

35%. Inhibition of DNA synthesis reduced glucose consumption by 27%. 

The simUltaneous addition of inhibitors again reduced glucose 

consumption and lactate production much less than would be expected, 

based on the inhibition caused by each inhibitor alone. 

Leucine-limited cultures consumed glucose much more slowly than 

the proliferating cultures, with average rates of 4.0 x 10-15 and 5.5 x 

10-15 mol/min/cell for glucose consumption and lactate production, 

respectively (see table 4 and figure 32b). If it is again assumed that 

all lactate produced arises from glycolysis, here only 69% of the 

glucose consumed is converted to lactate. In the presence of metabolic 

inhibitors, any changes in glucose consumption and lactate production 

(table 4) were insignificant, as determined from the student's T test. 

The conditioned medium cultures also glycolysed more slowly than 

the proliferating cultures, with rates of 5.4 x 10-15 mol/min cell for 

glucose consumption and 4.4 x 10-15 mol/min cell for lactate production. 
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Figure 32a and b. Glucose/lactate concentration VS. time. Glucose 
and lactate concentrations were determined in suspensions of 
approximately 2 x 10 7 cells/ml, using a YSI Instruments 
glucose/lactate analyzer, described in Materials and Methods. Rates 
were determined in proliferating (open circles), leucine-limited 
(filled circles), and conditioned medium (open triangles) cultures. 
Proliferating cells were metabolically more active. Respective rates 
of glucose consumption and lactate producticn are summarized in table 
4. 
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These values are again much less than those observed in proliferating 

culture, but do not differ significantly from the rates determined among 

leucine-limited cultures. In this case, however, only 40% of the 

consumed glucose was observed to be converted to lactate. Evaluation of 

glucose consumptibn and lactate production throughout the 40 hours from 

culture inoculation to culture death, however, revealed an increase in 

glucose consumption and lactate production that lasts until 

approximately the 18th hour post-innoculation. At this point, glucose 

consumption decreased to a rate comparable to that found among the 

leucine limited cultures. The inhibition data suggested that protein 

and DNA synthesis consumed 22% and 27% of the energy derived from 

glycolysis, respectively. Glucose consumption was unaffected by the 

inhibition of RNA synthesis, while inhibition of the Na+/K+-ATPase 

decreased glucose consumption approximately 22~. In all cases in which 

inhibitors were added in pairs, lactate production rates (on which 

glycolytic ATP production rates were based) are again seen to decrease 

less than would be expected on the basis of the single inhibition data. 

The apparent decreases in the glucose consumption rates, were, however 

larger than expected given the sums calculated from the single 

inhibition data. It must be emphasized, however, that these observed 

decreases can only be suggested, given the fact that the standard 

deviations and confidence limits determined are relatively large. 
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Table 4. Measurements of glucose consumption and lactate production. 

Complete medium glu* C.L. lac* C.L. ATPgly % change 

control (21) 10.2 1.0 17.4 2.0 17 
100 uM CHX(5) 7.0 0.8 10.8 1.9 11 . -38 
1 roM ouab (5) 6.2 1.7 11.0 4.0 11 -38 
2 roM thy (6) 7.4 1.9 13.6 3.3 14 -22 
100 uM DFB(4) 7.4 1.7 11.7 0.7 12 -33 

CHX + ouab(4) 5.5 0.4 10.4 0.4 10 -40 
CHX + thy(3) 6.9 0.9 12.7 0.6 14 -21 
ouab + thy(3) 6.4 0.1 12.4 0.8 12 -28 

Leucine-limited medium 

control(10) 4.0 0.8 5.5 1.0 5.5 
100 uM CHX(4) 4.2 1.0· 7.9 2.7 7.9 +44 
1 roM ouab(4) 4.9 0.8 8.0 2.3 8.0 +46 
2 roM thy(4) 5.4 0.5 9.0 0.7 9.0 +65 
100 uM DFB(4) 5.9 1.4 10.3 1.7 10.3 +88 

CHX + ouab(4) 4.6 0.3 7.3 0.1 7.3 +34 
CHX + thy (4 ) 4.1 0.3 7.8 0.2 7.8 +43 
Ouab + thy(4) 4.0 0.5 6.6 0.3 6.6 +20 

20% conditioned medium 

Control (10) 5.4 1.4 4.4 0.9 4.4 
100 uM CHX(4) 5.0 1.1 3.4 1.1 3.4 -22 
1 roM ouab (4) 4.2 0.5 2.8 0.1 2.8 -35 
2 roM thy (4) 5.8 0.3 3.2 0.6 3.2 -27 
100 uM DFB(4) 5.4 0.3 4.3 0.3 4.3 NS 

CHX + ouab(4) 3.6 1.3 3.2 1.1 3.2 -26 
CHX + thy (4) 4.1 1.5 4.1 0.6 4.1 NS 
ouab + thy(4) 2.7 0.5 3.5 0.3 3.5 -19 

* fm6l/min/cell 

C.L.-Confidence limits determined using the student's t test at a 
95% confidence level. 

Numbers in parentheses represent the number of determinations. 
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4. Extrapolated rates of ATP production •. In proliferating cultures, 

the total rate of ATP production (as calculated from measurements of 

glycolytic flux and oxygen consumption) decreased dramatically upon the 

addition of metabolic inhibitors (see table 5). The largest changes 

were observed under conditions of cycloheximide inhibition of protein 

synthesis and ouabain inhibition of Na+/K+ transport, each inhibiting 

ATP production by 34%. Inhibition of RNA synthesis decreased ATP 

production by 31%, and inhibition of DNA synthesis by 23%. The sum of 

the individual inhibitor-induced decreases in energy production was over 

100%. 

The total ATP production of leucine-limited cultures, depending on 

the inhibition imposed, was seen to increase, decrease, or remain 

unchanged. Due to the apparent increases in glycolytic flux, increases 

in ATP production were suggested upon inhibition of nucleic acid 

synthesis, while inhibition of protein synthesis did not decrease ATP 

production. Ouabain inhibition of the Na+/K+-ATPase did not appear to 

change the overall rate of energy production. The simultaneous addition 

of inhibitors did not change ATP production significantly. This cannot 

readily be reconciled with single-inhibition data or those results 

obtained in proliferating cultures. 

In all cases studied, the addition of inhibitors to conditioned 

medium cultures resulted in decreases in the total ATP production. 

Inhibition of protein and DNA syntheses produced decreases in ATP 

production much less than those observed within proliferating cultures. 

Inhibition of RNA synthesis and the Na+/K+-ATPase, however, both 
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produced decreases comparable to those observed in proliferating 

cultures. These apparant decreases must again, however, be called into 

question due to the rather large confidence limits calculated. The sum 

of these individual inhibitor-induced decreases in energy production 

does, however, approach 100%. 

Some of the inhibitors seem to differentially affect glycolytic 

and oxidative production of ATP (see tables 3 and 4). Among 

proliferating cultures, cycloheximide inhibition of protein synthesis 

reduced the extrapolated glycolytic ATP production by 35%, while 

oxidative ATP production decreased by only 21%. Similar results are 

obtained from ouabain inhibition of Nn+/K+ transport. Inhibition of DNA 

and RNA synthesis appeared to affect glycolytic and oxidative ATP 

formation equally. These data imply that glycolytic metabolism was more 

sensitive to alterations in protein synthesis and ion transport 

mechanisms than is oxidative metabolism. The two mechanisms appear to 

have equal sensitivity with respect to DNA and RNA synthesis. Due to 

the apparent anomalies among inhibitor-induced glucose consumption 

values in leucine-limited cultures, it is difficult to perform a similar 

analysis of the data. Among conditioned medium cultures, however, 

oxygen and glucose consumption appear equally sensitive to the 

inhibition of protein synthesis, while glucose consumption is most 

sensitive to the inhibition of DNA synthesis or Na+/K+ transport. 

Oxygen consumption appeared to be most sensitive to the inhibition of 

RNA synthesis, while glucose consumption was not affected significantly. 



Table 5. Extrapolated ATP production rates. 

Control 
100 uM CHX 
1 roM ouab 
2 roM thy 
100 uM DFB 

CHX + thy 
CHX + ouab 
ouab + thy 

Complete 
." 

ATP % change 

37 
25 -34 
25 -34 
30 -36 
29 -31 

23 -39 
27 -29 
24 -35 

." 
fmol/min cell 

G. Bioreactor cultures. 

Deficient 
." 

ATP % change 

20 
18 
18 NS 
21 NS 
21 NS 

16 NS 
18 NS 
17 NS 

Conditioned 
ATP'" %change 

27 
20 -18 
22 -26 
23 -15 
19 -30 

20 -18 
22 -33 
21 -22 

1. Cell growth. 31p spectra of cells growing in bioreactor culture 
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demonstrate significant increases in the ATP resonances as a function of 

time. When inoculated with a relatively low cell number of approxmately 

108 cells, cell growth begins after a 1-2 day lag period, and the cell 

number appears to increase with a doubling time of approximately 30 

hours (figure 33a). This rate appeared to decrease slightly as the cell 

number increased (figure 34a). 

The data presented in figures 33a and 34a represent a bioreactor 

inoculated with approximately 108 cells and allowed to grow continuously 

until growth spontaneously stopped at a global ATP concentration of 1.2 

roM. In this case, cell growth had stopped due to the visible plugging 

of fibers within the reactor such that the cell mass could not obtain 

the nutrients required for continued growth. The reactor represented in 

figures 33b and 34b was inoculated with a higher (approximately 
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Figure 33. Cell growth in bioreactor culture. The integral of the 
gamma-ATP resonance (relative to the 2.5 roM DMMP standard) is plotted 
as a function of time in order to visualize culture growth rates 
(data from spectra similar to those shown in figure 36). The 
bioreactor in (a) was innoculated with a relatively low number 
(approximately 108 ) of cells and allowed to grow continuously until 
reaching its peak density near 1.2 roM ATP (see text). The bioreactor 
in (b) was innoculated with a higher number (approximately 4 x 10

8
) 

of cells. At fifteen hours, cell growth was stopped with a 20% 
conditioned medium supplement. At 40 hours, growth was allowed to 
resume with the readdition of 2.5% Nu-serum. 
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Figure 34. Log ATP vs. time in bioreactor culture. The data 
presented in figure 33 were logarithmized in order to linearize the 
respective growth rates. 
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4 x 108 ) number of cells. After 20 hours (between the 3rd and 4th data 

points in the figure), the bioreactor feed was changed to serum-free 

RPMI with a 20% conditioned medium supplement, in hopes of slowing or 

stopping cell growth. Further increases in the gamma-ATP signal did not 

occur until the 50th hour of culture, when the 2.5% Nu-serum supplement 

was replaced, and cell a slight amount of growth was found to occur 

(figures 33b and 34b). 

During cell growth, increases in bioreactor glucose consumption 

and lactate production parallel increases in cell number. To ensure 

that the bioreactor cultures had a sufficient nutrient supply at all 

times, the medium "bleed and feed" rate was increased as the cells grew. 

Given these increases in the bleed and feed rate, glucose levels were 

maintained above 5.5 roM at all times. Under these conditions, medium 

lactate never rose above 8.5 roM (data not shown). Bioreactor cultures 

were found to convert 72 ± 10% of their available glucose to lactate, 

even when the culture medium was oxygenated with 60% 02. 

3. MAb production. MAb production in bioreactor culture did not 

correlate with growth or increases in cell density, but with periods in 

which the culture was stimulated with 2.5% Nu-serum (figure 35). This 

treatment does not necessarily correspond with growth. Serum readdition 

took place at 50 hours post-innoculation, and peak MAb production was 

observed after the 70th hour, when further increases in the global ATP 

concentration were not observed. This implies that it is not growth, 

but perhaps a specific serum factor, which is reponsible for MAb 
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Figure 35. MAD production in bioreactor culture. MAD concentrations 
were determined in the perfusate collected from the bioreactor 
represented in figures 33b and 34b. The perfusate was diluted 1/100 
in RPMI 1640 and ELISA assays performed as discussed in Materials and 
Methods. MAD yields appear to increase with increasing cell density 
and growth rate. 
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production. Overall, however, MAD production levels were much lower 

than those observed in suspension (figure 23). 
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4. Spectroscopic studies. Immediately following inoculation with 

approximately 108 cells, it was difficult to obtain meaningful 31p_NMR 

spectra. Within 2 days, however, the alpha-, beta-, and gamma

resonances of ATP increased to visiblA levels and continued to increase 

throughout growth (figure 36). The relative intensity of the inorganic 

phosphate (Pi) peak increased as the ratio of intra- to extracellular 

volume in the reactor increased. This suggests that the intracellular 

Pi concentration is greater than 1 roM. 

a. Magnetization transfer. Magnetization transfer experiments 

were performed as described in Materials and Methods, moving the 

transmitter frequency to selectively irradiate the frequency of 

interest. Since the resonances of interest (those to be saturated) were 

separated by a frequency difference of approximately 1200 Hz, control 

spectra were accumulated by placing transmitter frequencies 1200 Hz 

downfield of the gamma-ATP resonance and 1200 Hz upfield of the Pi 

resonance, respectively. spectra in which the transmitter frequency was 

placed downfield of the ATP signal were used a controls for the Pi

saturated spectra, while the 1200 Hz upfield (of Pi) spectra were used 

as controls for the gamma-ATP saturations. In most cases, however, the 

control spectra did not differ significantly from each other. 

Tl values were determined by the method of progressive saturation, 

as described in Materials and Methods. This method was chosen over the 

more universally accepted inversion-recovery method because it offered a 
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Figure 36. 31p_NMR spectral changes associated with growth. Figures 
a-c represent spectra accumulated from bioreactors at various 
densities, demonstrating the increased spectral intensities that can 
be correlated with growth. Spectra "a" and "b" were acquired 66 and 
100 hours, respectively, post-inoculation of the bioreactor whose 
growth data is presented in figure 33a. spectrum "c" was acquired 
from the bioreactor presented in 33b, 40 hours post-inoculation. The 
key resonances indicated are: DMMP, dimethylmethyl phosphonate, a 
chemical shift and concentration standard, added to a conentration of 
2.5 roM; Pi' inorganic phosphate; and the alpha-, beta-, and gamma
resonances of adenosine triphosphate (ATP). 
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more rapid means of Tl determination. To insure that no significant 

differences existed between Tl values determined by this method, the Tl 

of inorganic phosphate (Pi) was determined in a cell-free bioreactor 

(although one containing dead-cell debris) using both methods. The Tl 

determined via progressive saturation (3.72 ± 0.30 seconds) was not 

significantly different from that determined via inversion recovery 

(3.96 ± 0.74 seconds), and was well within the margin or error (as 

determined from the standard deviation) generated using the inversion 

recovery method. 

To further establish the validity of the progressive saturation 

technique for this application, a data sample generated from a 

progressive saturation experiment is presented in figure 37. The 

magnetization (Mt) vs. tau (t) data demonstrates a logarithmic recovery 

of Mt with increasing tau values. Some scatter is apparent within the 

data, but this scatter is no greater than that observed in an inversion 

recovery experiment performed on a bioreactor containing cells (data not 

shown). When -In(l-Mt) is plotted as a function of t, a straight line 

is generated (figure 37b). The slope of this line is equal to I/Tl. 

Using this method, it was possible to perform Tl determinations in less 

than 4 hours, collecting 2 sets of T1 data per saturation transfer 

experiment. T1 values thus determined were averaged prior to 

calculating the exchange rates of interest. The more conventional 

determination of T1 values by inversion recovery (assuming that the same 

number of tau values were used) would require 12 hours, decreasing the 

total amount of data that could be acquired in any given period of time. 
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Fiaure 37. T1 determinations by progessive saturation. In order to 
establish the validity of this method for the determination of Tl 
values in bioreactor culture, a sample of magnitization vs. tau-value 
data is presented for a typical progressive saturation experiment 
(a). Open circles represent data obtained for the gamma-resonance of 
ATP, and filled circles data for the inorganic phosphate resonance. 
In (b), -In (1 - Mt) has been plotted to generate a straight line. 
The slope of this line is equal to 1/Tl. 
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In all saturation transfer experiments performed, saturation of 

the Pi resonance was observed to transfer the gamma-resonance of ATP and 

vice versa (shown in figure 39). According to the rate analysis of 

Neeman et al (1987), the fractional changes in signal intensity (A M/Mo) 

occurring in response to saturation are proportional to the 

corresponding rate constants such that AM/Mo = kT1' where k is the rate 

constant of the exchange under consideration and T1 is the apparent 

(measured) spin-lattice relaxation time of the saturationed resonance. 

The transfer rates (k) thus determined were normalized to account for 

changes in viable cell number by dividing by the ATP concentration (in 

roM) determined by comparison with the D~~P standard. saturation 

transfer data and the corresponding rate constants determined are 

presented in table 6. AM values under conditions of Pi saturation 

represent the millimolar change in the observed intensity of the gamma

ATP peak and vice versa. Throughout bioreactor growth, the T1 

determined for the gamma resonance of ATP remained relatively stable, 

near 1.2 (± 0.2) seconds. This value, therefore, was used in all 

determinations of k. The T1 of Pi' however, decreased steadily as the 

bioreactor filled with cells. In this case, the T1 values determined at 

the time of each saturation transfer experiment were used in the 

calculations performed. 

Transfer rates determined in the low and high density bioreactor 

cultures are plotted as a function of specific growth rate (figure 38). 

Overall, increases in the transfer rate appear to correlate with 



----
I 
~ 

E 
I 

u 
OJ 
en ......... 

0... 

~ 
"-~ 

UNIDIRECTIONAL APPARENT ATPase RATE CONSTANTS 

vs. GROWTH RATES 

0.25 

0.20 
A 

0.15 
A 

0.10 • • 
0.05 

• 
0.00 

0 2 4 6 8 10 12 14 

(dATP /dt)/ATP 

Figure 38. Unidirectional apparent ATPase rate constants vs. growth 
rates. Pi to gamma-ATP transfer rates have been plotted as a 
function of specific growth rate in low (triangles) and high 
(circles) density bioreactor culture. Increases in the Pi to gamma
ATP transfer appear to correlate with observed increases in the 
specific growth rate, while the gamma-ATP to pi transfer appears 
unaffected by the growth rate of the bioreactor culture (see text). 
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increases in the growth rate, with the noticeable exception of two 

points which indicate ahigh transfer rate during periods of low growth. 

These points, however, were obtained from the bioreactor in which the 

fibers were visibly plugged, and may, therefore, represent an artifact 

created by this condition. 

Table 6. 

48 

55 

75 

85 

100 

Pi 
ATP 
Pi 

ATP 
Pi 

ATP 
Pi 

ATP 
Pi 

ATP 

* saturation transfer data • 

0.26 
0.31 
0.38 
0.34 
0.21 
0.31 
0.20 
0.48 
0.13 
0.17 

0.18 1.2 
0.16 5.9 
0.20 1.2 
0.17 5.4 
0.12 1.2 
0.15 4.9 
0.11 1.2 
0.21 4.3 
0.07 1.2 
0.08 4.3 

0.15 
0.027 
0.17 
0.032 
0.10 
0.03 
0.092 
0.049 
0.058 
0.019 

k/ATP (dATP/dt) /ATP 

0.10 
0.019 
0.09l 
0.017 
0.057 
0.016 
0.053 
0.022 
0.030 
0.094 

8.8 

12.8 

5.8 

5.6 

3.2 

* M represents the change in the Pi or -ATP peak intensity (relative 
to the DMMP standard) oberved on application of a saturating pulse 
sequence to the -ATP (in the case of Pi) or Pi (in the case of -ATP) 
resonance 

T1 represents the spin-lattice relaxation time. 

k is the rate of transfer from the irradiated to the observed nucleus. 

k/ATP is the specific transfer rate in units of sec-1mmATp- l . This is 
the transfer rate normalized to the amount of ATP visible within the 
reactor (proportional, in turn, to the number of cells within the 
reactor. 

(dATP/dt)/ATP represents the specific growth rate determined at the time 
of the saturation transfer experiment, equal to the millimolar change in 
ATP per hour and normalized to the average ATP concentration determined 
throughout the experiment. 



a DMMP 

/ 1 ,,.-br 
11 ';i 

UJJ 
1~\ I~ - I" • 0 

t :i! .s N 

I pp. k .,----.------.--.- , o -20 

c 

_ \0 • C> 
Ii 0 
• It] 

5 N 

1 

I!\ 5\ 

b 

1 

_\0 
i ~ 151 

I I I I~r-' 

~ ~ 0 ~ 

d 

! 
I \~ ~\ 

I I I I I I I 
~ ~ 0 4 ~ ~ 0 ~ 

Figure 39. Representative 3lp - NMR saturation transfer spectra. Spectra were acquired with the 
application of a DANTE presaturation sequence (see Materials and Methods) at the positions 
indicated by the placement of the arrows in spectra a-d. For determinations of phosphate 
transfer rates, (a) served as a control for (b) and (C) served as a control for (d). In most 
cases, however, control spectra (a) and (c) were found not different. ~ 

N 
~ 



125 

IV. Discussion. 

A. Cell culture. 

1. Serum-supplemented growth. Maximal growth of EP08F7 cells occurred 

with 5% Nu-serum supplementation. No obvious differences in cell growth 

rates or macroscopic cellular appearances were observed between EP08F7 

cells cultured in 5 and 10% Nu-serum. This is a relatively low 

concentration compared to other cell types, such as EAT or 3T3 cells, 

which are traditionally cultured with 10% fetal bovine serum (FBS), or 

some human and mouse cell lines which require 20% serum supplements 

(Sanford et ai, 1948; Hayflick and Moorhead, 1961). This low 

concentration requirement, as well as the fact that cells which 

generally grow in 5% FBS require 10% Nu-serum, suggests that EP08F7 

cells are at least partially capable of autonomous growth support, 

perhaps due to the synthesis of autocrine growth factors. 

The high and low density miniwell cultures demonstrate identical 

behaviors with respect to serum concentration (figure 15). The cell 

densities produced in response to serum addition plateau with a 5% Nu

serum concentration, after which no further dramatic increases are 

observed. 

Serum-supplemented cultures have a cell doubling time of 16 hours 

(figure 17). This period is relatively short compared to many other 

cell lines routinely cultured, such as 3T3 cells and EAT cells with 

doubling times ranging from 18 to 36 hours (Todaro and Green, 1963). 

In suspension culture, cells reach a maximum cell density of 

approximately 106 cells/ml (figure 17). Upon reaching this density, the 
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medium glucose concentration is reduced to approximately 5 mM, and 

medium lactate has accumulated to a concentration of approximately 9 mM 

(figures l8a and b). Initially, it was believed that upon reaching the 

peak cell density, cultures had depleted the medium of glucose and 

glutamine, energy sources essential for growth. Other investigators 

have found cultures limited by low concentrations of either glucose or 

glutamine to respond to increases in medium nutrient concentrations with 

increases in the culture growth rate (Miller et al, 1989a, b). EP08F7 

cultures, however, once having reached near-maximal density, do not 

resume growth when harvested and resuspended in fresh medium. In 

contrast, they lose viability within several hours. 

2. Serum-free growth. Suspension cultures inoculated at a 

density of approximately 104 cells/ml into fresh, serum-free medium fail 

to grow, and begin to lose viability after several hours in culture. 

Higher density cultures, inoculated at a density of 2 x 105 cells/ml 

also begin to lose viability within 6 hours post-innoculation. 

This result contrasts to those results initially found in miniwell 

culture, in which slight growth occurred among the higher density serum 

free cultures (figure 19). Due to the small, relatively localized 

volume of the miniwell culture, any autocrine factors produced by the 

cell mass may have been more immediately available to support the growth 

and survival of the cells, most of which had settled to the bottom of 

the miniwell. At the lower miniwell culture inoculum, these factors may 

not be produced at concentrations sufficient to promote growth. 
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3. Leucine deprived cultures. Leucine, an essential amino acid, was 

chosen as the subst:t"ate to deprive cells of, and thus, inhibit cell 

growth. The medium leucine concentration was decreased to 0.5 mg/l, 

10% of that found in normal RPMI 1640 (Freshney, 1987). The effect of 

this limitation was initially studied for its ability to slow growth yet 

maintain a viable culture. 

During the first 8 hours following inoculation into the 0.5 mg/l 

leucine culture, the mitotic index decreased steadily from 14% to 6%. 

Throughout this time, cell viability remained high (>90%). After the 

12th hour in culture, the viability began to decrease due to extreme 

medium depletion. This loss in viability could be postponed with the 

re-addition of leucine at the 8th hour of culture (figure 21). 

Leucine limitation, therefore, appears to reversibly limit or slow 

the growth of cells in suspension culture. After longer periods of 

leucine-deficient culture, however, re-addition of leucine is required 

to sustain culture viability. 

These observations contrast with those experiments performed in 

serum-free suspension culture, in which cells lost viability after six 

hours in culture. Although serum-free suspension cultures lose 

viability rapidly, serum-free leucine deprived cultures retain their 

viability for as long as 12 hours. Leucine deprivation, therefore, may 

prevent cell entry into the mitotic cycle, effectively blocking mitosis 

at the "restriction point" of the cell cycle (Pardee, 1974). 

Alternatively, cell metabolism may be slower in the absence of leucine, 

thus, it would take longer for a cell to detect the absence of serum. 

--_. -------------- ---
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Analysis of cell number vs. time data obtained from multiple 

experiments (figure 22) demonstrates that cell number does not increase 

appreciably following inoculation into 0.5 mg/l leucine medium. The 

consistent decreases observed in the culture mitotic index indicate that 

significant changes are occurring within the culture. changes in the 

mitotic index stabilize near the seventh or eighth hour of culture. 

Therefore, the cultures were not used for determinations of glycolytic 

flux or oxygen consumption rates until this time. 

Although the cultures demonstrate a mitotic index near 6%, no 

further significant increases were observed in cell number. This low 

rate of mitosis may serve to replace cells which die as a result of the 

deprivation conditions, such that the cell number does not change over 

time. Cell viability does decrease slightly (from approximately 97% to 

90%) during the deprivation. The deprivation may, therefore, have some 

unknown effects on cells at critical stages of the cell cycle. Since 

relatively few trypan blue-stained (dead) cells appear to be mitotic, 

the leucine deprivation may exert its most damaging effects on cells 

entering or undergoing the synthetic portions of the cell growth cycle. 

4. Serum deprivation studies. Leucine deprivation is not necessarily 

the best means of l~iting cell growth. More traditionally, arrest of 

cell growth is produced with a reduced serum concentration of 0.2% 

(Freshney, 1987; Prescott, 1968). Serum limitation is likely to more 

closely resemble physiological conditions, and would therefore be 

optimal for these types of studies. Due to the growth initially 

observed among serum-free miniwell cultures, however, this avenue was 

--- ----- --------- ----_ .. _--- -.-
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not explored immediately, due to the success of the leucine deprivation 

experiments. 

When low-serum (0.2-1%) medium was investigated for its potential 

ability to slow or stop growth in suspension, the cell cultures under 

study lost viability within four hours post-inoculation. surprisingly, 

a large number of the dead cells (as determined from trypan blue 

exclusion) were mitotic in appearance. This finding disagrees with 

Pardee's restriction point hypothesis (Pardee, 1974), which suggests 

that once cells pass a restriction point commiting them to division, the 

subseqent removal of division-promoting factors will not effect the 

progression of those mitotic processes already initiated. 

Since experiments in miniwell culture had suggested the possible 

production of autocrine factors supporting cell growth, 20% conditioned 

medium supplements were added to serum-free RPMI 1640 in hopes of 

producing a slow-growing culture. Following 18 hours in culture, cell 

growth slowed and the mitotic index dropped to six percent. The culture 

remained greater than 90 percent viable until the 28th hour of culture, 

after which it lost viability rapidly. The survival of cells post

inoculation could not have been due to serum factors remaining in the 

medium. If the 20% supplement still contained its original 5% Nu-serum 

content, the Nu-serum concentration of the final culture would be 1%, a 

Nu-serum concentration which was found not to support culture viability. 

5. MAb production. contrary to the original hypothesis that non- or 

slow-growing hybridoma cultures would demonstrate a greater degree or 

more efficient MAb synthesis, MAb levels were lower among non-growing 
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(leucine limited and conditioned medium) cultures (figures 23a-c). This 

contrasts with the data presented in figures 15 and 16, where low serum 

concentrations produce low growth, although MAb levels remain high and 

appear to be serum-independent. Under the low-leucine conditions, 

therefore, leucine may not be present in concentrations sufficient for 

any syntheses other than those required for cellular repair. This is 

supported by leucine uptake and incorporation data, which demonstrate a 

lower rate of protein synthesis as well as amino acid uptake within the 

deprived cultures. Conditioned medium cultures, however, demonstrated 

low MAb synthesis levels even though all necessary medium components 

were present at their normal concentrations. This could imply that the 

presence of either serum or serum factors is required (regardless of a 

culture's proliferative state) in order for MAb synthesis to occur. 

B. Energy distribution in suspension. 

1. Rationale of inhibitor studies. In order to estimate the amount of 

glycolytic and oxidative energy consumed by cellular pathways, specific 

pathways were chemically inhibited and the resulting rates of glucose 

consumption, lactate production, and oxygen consumption determined. If 

ATP is produced in steady state, and only as needed, inhibition of any 

cellular pathway will reduce the total cellular energy consumption. 

This reduced energy need should be reflected in decreased rates of 

glycolytic flux and oxidative metabolism. The amount of energy 

otherwise consumed by an inhibited pathway should be approximately equal 

to the difference between cellular energy production rates determined 

pre- and post-inhibition. Since these experiments were performed under 
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acute conditions (within 30-60 minutes) the long-~erm effects of complex 

interactions among pathways would not be observed. 

2. Oxygen consumption rates. Within proliferating cultures, oxygen 

consumption rates decreased immediately in response to any of the 

chemical inhibitions imposed (figure 30). Inhibition-induced 

alterations in oxygen consumption are summarized in table 3. Protein 

synthesis and Na+/K+ transport each consumed 21% of the energy produced 

from oxidative metabolism, while DNA and RNA synthesis consumed 25% and 

30% of this energy, respectively. 

The oxygen consumption rate of leucine-limited cultures was 

significantly less than their proliferating counterparts. Oxygen 

consumption rates decreased further in response to pathway inhibition. 

In some cases studied, the degrees of these decreases differed from 

those observed in proliferating cultures. The inhibition of protein 

synthesis reduced the oxygen consumption rate by approximately 30% of 

the total in each case (see Table 3). Since the to~al oxygen 

consumption, and therefore the total oxidative ATP production, was 

reduced among the leucine-deprived cultures, this 30% actually represent 

a smaller absolute decrease in ATP produ~tion than observed in 

proliferating cultures. Inhibition of Na+/K+ transport, also produced a 

decrease in oxygen consumption similar to that observed among the 

proliferating cultures. This may indicate a relatively constant role of 

the ion transporter which remains somewhat independent of the cell's 

proliferative state. The scalar differences in oxygen consumption due 

+ + to Na /K transport, however, reflected a decreased activity of the 
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transporter and perhaps a reduced requirement for transport-associated 

Na+ influx. 

Inhibition of DNA or RNA synthesis within the leucine-limited 

cultures did not effect oxygen consumption. Since non-proliferating 

cells have little or no need to synthesize DNA, this result is 

reasonable. Such cells should, however, synthesize a small amount of 

RNA to allow for the synthesis of required proteins. It may, therefore, 

be speculated that either the degree of RNA synthesis is too small to 

have significant contribution to the overall oxygen consumption rate, or 

that due to the medium deprivation of leucine, a substrate required for 

the synthesis of proteins, RNA synthesis is being inhibited by an 

unknown mechanism. 

Inhibition of RNA synthesis and Na+/K+ transport in conditioned 

medium cultures produced decreases in oxygen consumption very similar to 

those observed in proliferating cultures. Inhibition of protein and DNA 

synthesis, however, were found to have no significant affect on oxygen 

consumption rates. 

3. Glucose consumption studies. The inhibition-induced decreases in 

glucose consumption in proliferating cultures differed significantly 

from those observed among the oxygen consumption data. Inhibition of 

protein synthesis and the Na+/K+-ATPase produced larger relative 

decreases in glycolytic than oxidative ATP synthesis rates. This seems 

to imply that these pathways preferentially utilize the ATP generated 

via glycolysis. This may be due, in part, to the fact that both are 

------ - -----
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cytoplasmic processes, as is glycolysis, and ATP generated by glycolysis 

may be more readily available. 

The possibility that Na+/K+ transport may be directly coupled to 

glycolysis has previously been suggested by Lynch and Balaban (1987a, 

b), who also observed glycolysis to be more sensitive to ouabain 

inhibition than is oxygen consumption. Thus, they hypothesized a 

specific coupling between glycolytic enzymes and the transporter. 

When inhibitors were combined, the corresponding decreases in 

glucose consumption were not additive, and much lower than expected. 

This cannot be readily explained, unless glucose is being consumed for 

processes other than energy production, and the rates of these processes 

increase in response to metabolic inhibition. 

The inhibition-induced changes in glucose consumption among 

leucine-limited cultures are more difficult to evaluate, since the 

addition of inhibitors appeared to result in increased rates of glucose 

consumption. This is not a logical result and may be an artifact of the 

rather large confidence limits determined for the data. The addition of 

inhibitors to conditioned medium cultures, however, consistently 

produced decreased rates of glucose consumption, as would be expected. 

The inhibition of Na+/K+ transport produced a decrease in glucose 

consumption similar to that observed in proliferating cultures, again 

pointing to the central role of this pump in cell function. Inhibition 

of protein synthesis reduced glucose consumption less than observed in 

proliferating culture, while inhibition of RNA synthesis had no 
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significant effect on glucose consumption or glycolytic ATP production 

rates. 

4. Extrapolated ATP production rates. Glucose and oxygen 

consumption data suggested that approximately one-half of the 

proliferating cells' energy orj,ginates from glycolysis. This could 

imply that the cells are oxygen limited or that glycolysis is not 

properly regulated by cellular control mechanisms. Since the cells are 

aerated, it can be concluded that glycolysis is not properly regulated, 

running at a rate faster than required to feed the TCA cycle to meet the 

cellular ATP demand. Thus, only a small amount of the pyruvate formed 

is utilized by the TCA cycle, and the remainder is converted to lactate. 

This may partially explain the large lactate production of EP08F7 

cultures. 

Leucine-limited cultures generate only approximately 40%of their 

total ATP from glycolysis. This implies that the cells need 

proportionateiy less of their total energy from glycolytic sources, 

perhaps due to the decreased demand by pathways which preferentially 

utilize glycolytic energy. 

Conditioned medium cultures generate even less, approximately one

fifth of their total energy, from glycolysis. This could again be due 

to a reduced energy demand by pathways utilizing glycolytic energy. 

Alternatively, the conditioned medium supplement may lack a serum factor 

or factors serving to upregulate glycolysis past the energy demand of 

the cell. Interestingly, these cells also convert glucose to lactate at 

a rate approximately half that of proliferating cultures, further 
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suggesting a hormonal mechansim for the regulation of glycolysis in this 

cell line. 

Extrapolated total ATP production rates were significantly higher 

in proliferating than non-proliferating cultures, as shown in table 5. 

In proliferating cultures, ATP production rates decreased in response to 

all inhibitions imposed. On the basis of. studies performed under 

conditions of multiple inhibition, metabolic cross-talk was significant 

between all pathways studied. The relative degrees of cross-talk were 

similar in each case studied, and can be considered indicative of cell 

metabolism. For example, the inhibition-induced decrease in cellular 

ATP demand observed on the simultaneous inhibition of protein synthesis 

+ + and Na /K transport (39%, as opposed to the 68% expected from the 

single-inhibition data) may demonstrate the importance of the 

transporter in maintaining the Na+ gradient to allow Na+-coupled amino 

acid transport, and ultimately protein synthesis. A similar coupling is 

observed between protein synthesis, without which enzymes are 

unavailable, and nucleic acid synthesis. The apparent cross-talk 

between inhibition of Na+/K+ transport and DNA synthesis is more 

difficult to understand. Inhibition of Na+ transport could exert long-

term effects on DNA synthesis via its effects on protein and enzyme 

synthesis. These experiments, however, were performed within a 

relatively short time frame in which it would not seem possible that 

such complex interactions could be observed. 

Inhibition-induced changes in ATP production rates among leucine-

limited cultures are skewed by the apparent increases observed in 
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glucose consumption rates in response to the addition of inhibitors. 

These changes, however, prove insignificant after a statistical T test 

and analysis of confidence limits. Even with the apparent increases in 

glucose consumption, inhibition of protein synthesis appeared to 

decrease ATP production slightly. This could be reasonably expected for 

a non-proliferating culture. Experiments in which inhibitors were 

combined demonstrate slight to no decreases in energy production. 

Nevertheless, given the anomalies found among glucose consumption data, 

no real conclusions can be drawn from these results. 

The large variations found among the glucose consumption data in 

low-leucine cultures present a special problem. The standard deviations 

and confidence limits determined for these data lie in the same ranges 

as determined for the proliferating cultures. Since the absolute rates 

are significantly lower, however, these deviations amount to a larger 

percentage of the mean. This could possibly be overcome with a larger 

number of samples. Alternatively, these deviations may reflect a 

limitation of the methods used. 

With the exception of DFB inhibition of RNA synthesis, all 

inhibitions imposed on the conditioned medium cultures produced a 

decrease in the extrapolated rates of ATP production which were lower 

than those observed for the proliferating cultures. The DFB-induced 

decrease in ATP production was not significantly different from that 

observed in proliferating cultures. This could indicate that even 

though the cultures have down-regulated their energy production levels 

and have slowed division, they continue to synthesize proteins required 
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within the cell. Combined inhibitor studies are seemingly anomalous in 

that the decreases observed in response to multiple inhibition were no 

greater than those observed when single inhibitors were used. 

5. MAD synthesis with respect to protein synthesis and energy consumed 

in protein synthesis. MAb synthesis rates in leucine-limited and 

conditioned medium cultures were only 14% of that determined in 

proliferating cultures. In contrast, for the leucine-limited cultures, 

protein synthesis rates and levels of 14c-leucine transport are 25 and 

69% of the rates determined in proliferating cultures, respectively 

(table 2). Protein synthesis rates in conditioned medium cultures were 

40% of that determined in proliferating culture, while leucine uptake 

levels were not significantly different. As determined from 

measurements of metabolic flux, approximately 13 x 10-15 , 2 x 10-15 , and 

-15 5 x 10 mol/min/cell of ATP were consumed for protein synthesis in 

proliferating, leucine-limited, and conditioned medium cultures, 

respectively. These ratios (approximately 20-50 % of the amount 

determined in proliferating culture) approximate the ratio of MAb 

production rates. 

c. Bioreactor culture. 

1. Culture growth rates. The relatively slow growth rate and extended 

cell doubling times of bioreactor cultures, suggested that the 

availability of nutrients to the cell mass may have been insufficient to 

promote the maximal growth rates observed in suspension. One potential 

suggestion for eliminating this problem would be to increase the number 

of fibers in the capillary bed so that individual cells within the 



138 

reactor could be assured of the nutrients required for growth. A 

shorter reactor would also insure that any possible nutrient gradients 

within the reactor were minimized. such modifications would reduce the 

number of cells that could be housed within a reactor, but the 

efficiency of these studies would be improved through decreasing the 

rather large amount of medium required under present conditions. 

Unfortunately, the smaller cell number would also affect the quality of 

the NMR signals obtained. This might prove acceptable, however, if the 

signals obtained were indicative of a more healthy cell population. 

The loop presented in figures 33a and 34a steadily increased in 

density (as determined by the intensity of the gamma-ATP signal) until 

near the 200th hour post-inoculation, at which time the bioreactor 

fibers had become visibly plugged such that nutrients required for 

growth could no longer reach the cell mass at levels sufficient to 

promote growth. At this point the medium was acidified slightly in 

hopes of resolving the intra- and extracellular components of the Pi 

resonance. The two components were not resolved, and the intensity of 

the gamma-ATP resonance decreased dramatically. At this point, the 

experiment was terminated. 

Since preliminary experiments suggested that saturation-transfer 

experiments would not yield meaningful results within a reasonable 

period of time (determined for these purposes to be one hour per 

spectrum), the loop presented in figures 33b and 34b was inoculated at a 

much higher cell density. The cells within the reactor demonstrated a 

lag period of slightly less than one day. Once growth became apparent 



139 

(approximate!y 20 hours post-inoculation) the bioreactor feed was 

switched f.rom RPMI + 2.5% Nu-serum to serum-free RPMI with a 20% 

conditioned medium supplement. The cell number appeared to increase 

dramatically over the first few hours following the switch to 

conditioned medium, but further increases were not observed following 

the 28th hour post-inocculation. The conditioned medium treatment was 

continued for another 20 hours, and the 2.5% Nu-serum supplement re

added. A small amount of growth was observed, but no further increases 

occurcd following the 70th hour in culture. Additional saturation

transfer data was acquired, although no further attempt was made to re

initiate growth. At this point, the perfusate was being oxygenated with 

60% oxygen, and the medium flow rate through the reactor was 

approximately 100 ml/min. A further increase in this flow rate to 150 

ml/min. may have been sufficient to permit further growth. 

2. Magnetization transfer studies. Saturation of the Pi resonance was 

repeatedly observed to induce measurable changes in the gamma resonance 

af ATP, and vice versa. This conflicts with the observations of Neeman 

et al (1987), who did not observe this transfer, citing estimations of 

the first-order rate constant as being too small relative to the ATP 

relaxation rate to induce any measurable change in magnetization. 

Overall, increases in the Pi to gamma-ATP rate constant were 

observed to correlate with increases in the rate of growth. This 

observation suggests a regulatory mechanism which ties the growth rate 

to the enzymatic rate constant for ATP synthesis. If the data presented 

in figure 38 is used to extrapolate a rate constant under conditions in 
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which no growth is occuring «dATP/dt)/ATP = 0), one finds a specific 

rate constant (k/ATP) equal to approximately 0.03. This would 

correspond to the culture "maintenance energy," or the amount of energy 

required to sustain a cell population in the absence of division, as 

postulated by Pirt in 1965 (Pirt, 1965). 

The V -ATP to Pi rate constants were less informative. The rate 

constants determined did not seem to correlate with increases in the 

specific growth rate and were consistently lower than the Pi to ATP 

rate. The ratio of kATP/kPi (after both have been normalized to cell 

number by dividing by the gamma-ATP signal intensity) was equal to 3.9 ± 

1.2. This suggests that the Pi to ATP transfer is approximatly four 

times that of the ATP to Pi transfer rate. This could occur if ATP were 

involved in reactions other than energy-generateing hydrolysis, such as 

substrate-level phosphorylation (M. Weiner, personal communication). 

The V-ATP to Pi transfer rate (as presented here, determined from 

the saturation ofVATP) is difficult to determine. The observed Pi peak 

represents the intracellular, as well as the extracellular pool of 

inorganic phosphate. Under physiological conditions, the pH gradient 

across the cell membrane is insufficient to resolve the resonances. In 

addition, the two components have different relaxation times, as 

demonstrated by the decreasing Tls determined with increasing cell 

density. The ratio of AM/Mo must be used for the calculation of 

transfer rates. The intra- and extracellular Pi pools cannot, however, 

be separated out of this value. The rate of Pi disappearance, 

therefore, cannot be measured reliably under these conditions. The 
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removal or reduction of medium phosphate could potentially allow the 

determinations of the Pi transfer rate, although it is unknown whether 

cells could be maintained or grown under these conditions. 

3. MAb yields. MAb production levels were significantly lower among 

bioreactor cultures than in suspension (figures 35 and 23). These low 

MAb yields may be related to the decreased growth rate of the bioreactor 

cultures compared to cells in suspension. Alternatively, low MAb yields 

may reflect limitations of the bioreactors themselves, such that the 

cell mass cannot obtain the nutrients or growth factors required for 

optimal MAb production. 

Increased MAb production levels appeared to correlate well with 

increased periods of culture growth, indicating that, in the case of 

EP08F7 cultures, MAb production in bioreactor culture was also optimal 

under conditions of cell growth. 



v. Conclusions. 

A. Proliferating VB. growth-limited EP08F7 cultures. 

proliferating and growth-limited EP08F7 cultures demonstrate 

differing rates of metabolism, as determined from measurements of 

glycolytic flux, oxygen consumption, and relative magnetization 

transfer rates determined using saturation transfer NMR. The energy 

distributions determined for these culture conditions could 

reasonably be expected of proliferating and non-proliferating 

cultures. Non-proliferating, leucine-limited cultures not only 

consume less glucose and oxygen to produce less total ATP, but they 

show proportionately less energy to be consumed in synthetic pathways 

essential to division. Non-proliferating cultures in 20% conditioned 

medium consume oxygen at approximately the same rate as proliferating 

cultures, although the glucose consumption and lactate production 

rates are much lower and of the magnitude of those rates determined 

for leucine-limited cultures. 

A comparison of the reductions seen in glycolytic and oxidative 

energy production produced in response to various metabolic 

inhibitors (notably cycloheximide and ouabain) suggests that specific 

pathways may preferentially utilize energy derived from glycolysis. 

This hypothesis has been suggested by other investigators (Lynch and 

Balaban, 1987b), although it currently remains unsubstantiated. 

Growth-limited cells in suspension, as well as in bioreactor 

culture, also produce dramatically lower MAb yields than their 

proliferating counterparts. This may be a characteristic specific to 
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EPOBF7 hybridoma cells and does not necessarily suggest that all 

proliferating hybridomas secrete higher levels of monoclonal 

antibodies than if they were in a non-proliferating state. Since 

each MAb-producing hybridoma is the result of a discrete fusion 

event, it is =easonable to assume that different fusion products may 

retain differential regulatory mechanisms for growth as well as 

protein synthesis. 

B. Bioreactor cultures. 

Bioreactor cultures demonstrated lower growth rates than 

observed in suspension. This decreased rate of growth may be 

indicative of the inavailability of essential nutrients and growth 

factors such that the cell mass in the reactor is unable to grow 

maximally. Such a problem could be overcome by increasing the fiber 

density of the capillary bed such that interfiber distances were 

smaller and the cells between the fibers would be more likely to be 

adequatley nourished. This would reduce the maximum number of cells 

that could potentially be housed within the reactor. This reduction, 

however, could be offset by the fact that any cells within the 

reactor would be healthier, and perhaps more representative of the 

true physiological state. 

1. Magnetization transfer studies. Transfer of magnetization was 

observed to occur between Pi and the gamma resonance of ATP (and vice 

versa), and this transfer rate does appear to correlate with the 

growth rate of cells in bioreactor culture. The Pi to gamma-ATP 

transfer rate is substantially larger than the ATP to Pi transfer 
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rate, possibly indicating the existence of other pools to which the 

ATP can donate its terminal phoshpate, such as occurs in substrate

level phosphorylation reactions (Lehninger, 1965). 

c. Future directions. 

Magnetization-transfer NMR shows promise as a means of 

investigating cell metabolism in bioreactor cultures. The high cell 

densities produced in such-systems allows the measurement of transfer 

repeatedly and reproducibly. In the study presented here, Pi to ATP 

transfer rates are clearly correlated with the rate of culture 

growth. The bioreactor systems used in this study appear to provide 

an excellent means of growing and maintaining cells for NMR study. 

Future studies utilizing this sytem should include the 

investigation of how fiber densities affect cell growth, metabolism, 

and product yields. 

The potential future uses for these systems are virtually 

limitless. Since phenotypically homogeneous populations of cells can 

be maintained for study, in contrast to the mixtures of cells 

encountered in tissue, it is conceivable, for example, that the 

effects of drugs or anti-tumor agents could be evaluated as the their 

differential metabolic effects of cancerous and normal cell types. 
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