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In recent years there has been increased interest in the use of 

NMR to study living cells (1,2). Because the. technique is 

relatively insensitive, cells must be studied at high densities. Thus 

investigators have developed methods of maintaining dense pellets of 

healthy, stable cells in a magnet for long periods of time. In early 

studies of· aerobic cells oxygen was supplied from a bubbling 

apparatus, with no attempt to supply nutrients or remove waste 

products on a continuous basis (3). Recently method~ have been 

developed which allow the study of anchorage dependent cells which are 

on sol;d supports and are continuously perfused with oxygenated media. 

Ugurbil et al (4) allowed cells to attach to Cytodex beads (Pharmacia) 

and perfused the cells with medium while NMR spectra were acquired. 

Spectra have also been obtained from cells grown in commercially 

available Vitafiber Units (Amicon) (5). A disadvantage of these 

appro~ches is that the solid supports occupy most of the 

radiofrequency coil volume and.as a result there is a significant lo;s 

in sensitivity. In addition the devices required ~re not compati~~e 

with conventional NMR probes, which are accessible only from the top. 

Neith~r technique has been used with c~lls which are not anchorage 

dependent. 

We have developed a system which maintains cell suspensions in 

a steady state at densities necessary for NMR experiments and is 

directly compatible with conventional probes. Using hollow fiber 

dialysis tubing to perfuse the cell pellet with oxygenated medium, we 

have obtained 31 P spectra of secondary chicken embryo fibroblasts and 

a free living protozoan, Tetrahymena thermophila. 

Fig. 1 is a schematic illustration of our apparatus. A bundle 

• 
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of cellulose acetate fibers, occupying approximately one sixth of the 
~--:~ 

sample volume is sealed into the eAds of polyethlyen~ tubing using 

water resistant epoxy ( 2 ton epoxy,. Devco). The fibers are then 

inserted into an NMR tube whose tOIJ has been modified so that a 

pressure tight seal can be made around the polyethelene tubing. 

Nutrient rich medium is pumped through the fibers at a rate of · 5 - 10 

mls/minute by a peristaltic pump. The fibers are semipermeable, 

allowing molecules with a molecular weight of less than one thousand 

Daltons to pass in and out of the cell pellet. 

The peristaltic pump generates a pressure difference across 

the walls of the fibers, catising the level of fluid in the sample tube 

to change, even though there are no breaks in the fibers or in the 

epoxy. If the peristaltic pump is used to force fluid into the 

fibers, thus ~roducing a -po'sitive pressure inside the fibers, the 

fluid level inside tile sample tube increases. Alternatively if the 

pump is used to prod~ce a l~wer pressure inside the fibers, the fluid 
,. 

level in the sample tube decreases. Since changes in cell density wi11 

affect Nr-1R results, we devised several methods for kP-eping the fluid 

level constantt' The sample tube i~ hermetically sealed, so that 

as medium 1s ,.pumped -~through the fibers the fluid level incre•1ses 

until a limiting pressure is reached. The limiting pressure wi 11 
/ 

depend on the flow rate, and the number and type of fibers used; our 

apparatus operates at a pressure of .4 psi. The system reaches 

equilibrium at this point, and there is no further increase in fluid 

level or in pressure. To minimize the initial increase in fluid 

level whic~ occurs before the pressure equilibrates, a tightly 

fitting nylon plug occupies most of the empty space inside the tube. 
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The equilibrium pressure is reduced considerably when t!le peristaltic 

. pump 1 s used to equa 1 i ze the input and output pressures, i.e. to push 

on the supply tube and pull on the return tube. 

When fibers with relatively large pores are used {Celanese 

Celgard}, and the pump maintains a low pressure inside the fibers, 

there is a substantial flow of liquid from the cell suspension into 

the fibers. Because the sample tube is airtight there is a 

compensating flow of ~iquid down the vent line and into the sample 

tube maintaining a constant cell density.· This arrangement has the 

advantage of providing a net flow of medium through the pellet. 

Another approach is to imbed the cells in an agar/collagen 

gel which holds the cells in place in the sample tube. The fluid 

level is then allowed to increase without affect-ing cell density while 

excess medium is removed through the vent line. In this mode of 

operation a ~ressure seal is not required so that u~modified NMR tubes 

may be used. 

The data in Fig. 2 demonstr~te the ability of the fibers to 

tran;.,ort glucose, lactate, oxygen and protons. The rate of glucosP 

and lactate trans~crt can be as high as 20 mgs/hour. Oxygen reache~ 

equilibl'ium much mo;·e rapidly than do the other sorutes, presumably 

because i~, is carried by water so that the rate of oxygen transport is 

the same as the rate of flow of water across the fiber membranes. The 

equilibration of pH is slow compared to that of oxygen transport (Fig. 

20}7 indicating that hydronium ions are transported more slowly than 

water. In general the rate of equilibration of pH may be strongly 

influenced by the permeabilities of the protonated forms of weak bases 

{i.e. phosphate and lactate) which are present in solution. The rates 

l,j 
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of transport are strongly dependent on the size·of the concentration 

gradier.ts across the hollow fiber membranes. We maintain large 

gradiP.nts by changing the perfusate at frequent intervals, and 

bubbling oxygen into the reservoir. When the glucose concentration in 

" the perftJsate is kept at its normal level (1 mg/ml) the rates of 

transport are in excess of what is required to satisfy the needs of 

"·=" ... 

..• 

our cells;· confluent CEFs on culture dishes use 15 ugms of glucose 

1 ten to the sixth cells/hour, and they secrete lacta~e at a similar 

rate. When the level of glucose in the perfusate is very high it may 

·be necessary to use more fibers in order to remove the lactate which 

the cells produce. Fig~ 3 shows the response of the cells as glucose 

is delivered through the fibers. When the perfusate contains no 

glucose the cells do not produce ATP; when glucose is added to the 

perfusate the ATP level increases within 20 min~s,. Once th.e maximum 

ATP level is achieved, it can be maintained for up to 48 hours. 

Tetrahymena thermophila consume oxygen at high rates (4.2 

umoles/min/ g:!! wet weight) and thus providP us with a ~ood test of the 

fibers• ability to deliver oxygen. The inset to Figure 4 shows the 

oxygen ten~ion of a susp~nsion of Tetrahymena ~t densities necessary 

---for. good senS-1-ti-vi.ty in an NMP. ~~~~rimer.t.- ,~~s .::n oxygenated solution 

is pumped through the fibers, the Oxygen 1evel rises from zero and 

achieves a steady state within minutes. The spectra in Fig.4 show 

that ATP levels detected by NMR rise as oxygen is delivered to the 

cells from the dialysis fibers, reaching levels· equal to those 

obtained by bubbling oxygen directly into the cell pellet. 

In conclusion, we are able to maintain cells 
~ 

at high 

densities for long periods of time in a superconducting magnet. The 
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levels of oxygen and othEr nutrients are kept at adequate levels and 

waste products are removed continuously. As a result the cells can be 

maintained in homeostasis or modulate~ during lengthy NMR experiments. 

This method is particularly useful for cells whose growth is not 

anchorage dependent (i.e. protozoa, virally transformed cells, 

lymphocytes, etc.) although a combination of the fiber system with 

cells attached to beads is a possibility. 

We are using the technique described here to study regulation 

of glycolysis in normal and virally transformed chicken embryo 

fibroblasts, and rates of ATP turnover in Tetrahymena thermophila • 

.. 

Acknowledgements 

We thank Jill Hatie for her assistance in growing cells and for 

many hours of advice and patient instruction. The Tetrahymena were a 

gift Jf Dr. Elizabeth Blackburn. Carla Fulton provided excellent 

technical help with the biochemical assays. The dialysis fibers wer~ 

gifts of the Dow Cordis Corporation (Concord, Ca.) and Ceianese 

Corporation (Charlotte, N.C.). Dr. John Kokko suggest~d the use cf 

the hollow fibers to one of the authors (M.W.W.). 

This work was supported. by the Office of Energy Research, 

Office of Health and Environmental Research, Health Effects Research 

Division of the U.S. Department of Energy under Contract DE-AC03~76SF00098. 



7 

REFERENCES 

1) O; Hollis, "Biological Magnetic Resonance Vol. 2", Berliner and 

Reuben, Chapter 1, Plenum Press, New York and Londo~ (19C~) 

2) G.K. Radda and P.J. Seely, Annu.Rev.Phys. 41, 749 (1979) 

3) G. Navon, s. Ogawa, R.G. Shulman, and T. Yamane, Proc. Nati. Acad. 

Sci • USA 74, 888 ( 1977) 

4) K. U9urbil, D.L. Guernsey, T.R. Brown, P. Glynn, N. Tobkes, and 

I.S. Edelman, Froc. Natl. Acad. Sci. USA 78, 4843 (1980) 

5) R. Gonzalez-Mer.dez, D. Wemmer, N. Wade-Jardetzky, 0. Jardetzky, 

Biochim. Biophys. Acta 720, 274 (1982} 

6) M.J. Bissell, R.C. White, C. Hatie, J.A. Bassham, Proc. Natl. Acad. Sci. 

USA 70, 2951 (1973) 

/ 



8 

FIGURE CAPTIONS 

Figure 1 

ThP. NMR sample holder is a glass tube, 13.5 mm I.D., epoxied to a 

nylon top. Three polyethylene tubes enter _the sample holder; one 

carries medium flowing into the fibers, one carries medium leaving the 

fibers, and one is a vent tube. An 0 ring is placed around each tube, 

between two pressure plates. A threaded top screws down on the 

pressure plates, compressing the 0 rings and creating a seal at the 

point at which the polyethylene tubes enter the sample holder. At the 

same time, the bottom pressure plate compress~s a fourth 0 ring 

creating a seal around the circumference of the sample holder. 

Dialysis fibers, which are epoxied into the polyethylene tubes, are 

distributed evenly throughout the two ml sample volume. 

Figure 2 

Transport properties of dialysis fibers: a) Glucose transport; 

fluid i~ pumped from a 75 ml reservoir of Medium 199 with 5mM glucose 

through fibers in a te~t tube containing 10 mls of Med 199. Graph 

shows conc~ntration of glucose in the test tube. b) lactate trans~ort; 

fluid is pumped from a 75 ml reserYoir of Medium 199 through fibers 

immersed in 25 mM lactic acid. Graph shows concentration of lactic 

acid in reservoir. c) Oxygen transport; fluid from an air saturated 

reservoir is pumped through fibers immersed in a test tube containing 

5 mls of 02 depleted water. Graph shows 02 tension in the water. d) 

Equilibration of pH; Phosphate buffer at pH ~.8 is pumped through 

fibers in a test tube with 10 mls phosphate buffer at pH 4.9. Graph 

shows pH in test tube. 

,. 
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Figure 3 

Effect of glucose on metabolism of CEFs. Cells were grown a:i 

previously described(6), removed tram culture dishes using trypsin 

and pelleted at 200 xg. 31P. spectra were taken at 109 MHz using 45 

degree pulses _ and a reycle time of 200 Msec. Each spectrum is the 

average of 3000 free induction decays and an exponential filter of 20 

Hz was applied. a) CEFs perfused with glucose free Medium 199. b) 5 

mgs/ml gluco~e added to the perfusate. Peak assiqnments are: 1) 

glucose-6-phosphate and fructose- 6-phosphate 2) inorganic phosphate 

3) gamma NTP 4) alpha NTP 5) beta NTP. 

Figure 4 

Effet of· perfusing Tetrahymena with Tris buffer (pH 7.2) 

equilibrated with 100~ oxygen. Tetrahymena thermophilia BIV 1868 were 

grown to mid-log phase at 30deg. then harvested by centrifugation at 

-f., 200 xg at 4oog. The resulting pellet was transferred into the flc~_.o~ 

cell for NMR or a duplicate chamber containing both fibers and a 

Clarke type oxygen electrode (YSI). 31P spectrd were obtain~d at 

109Mhz at 25deg using a 45deg pulse and a 206Msec delay bet~een 

pulses. a) Spectrum obtained before btJffer: __ js pass.ed thro.u.gh _fibers. 

b) Spectrum obtained 10 min. after the pump ___ has been switched on. 
/ 

Peaks shown are 1) Methylene Diphosphonic Acid (pH 9), contained in an 

external capillary 2) inorganic phosphate 3) gamma NTP 4)alpha NTP, 

NAD{H) S)beta · NTP • 

The inset shows the effect perfusion has on the oxygen tension of the 

ce 11 pe 11 et .• 

..; . 
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