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FOREWORD 

This issue of our semiannual report again reflects, but does not completely cover, 

the re search activity of the program in Biology and Medicine. The remarkable visualization 

in depth of organisms is beautifully demonstrated in the scanning electron microscope studies 

of Hayes, Pease, Camp, and McDonald. Further contributions of laminar flow electrophore

sis are reported in the lipoprotein studies of Tippetts, Mel, and Nichols. An elegant new 

method for monitoring red cell life span distribution, which has usefulness in space medicine, 

is reported by Landaw. There are several new contributions in the field of hematology in the 

papers by Winchell, Van Dyke, Price, Anger, Fawwaz, Schooley, Garcia and their associ

ates. New radiobiological studies with high intensity pulsed X rays and high LET radiations 

are reported by Todd and associates and by Dewey and Haynes. Finally, Feola et al. report 

further studies with negative pions, and the role of capillaries in radionecrosis is discussed 

by McDonald and Hayes. 
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Stereoscopic Scanning Electron Microscopy 
of Living Tribolium confusum 

Thomas L. Hayes, R.F. W. Pease and Ann S. Camp 

The scanning electron microscope has been used to produce stereoscopic pictures of 

living Tribolium confusum at magnifications up to 1300. The physiological implications of 

survival in the environment of electron beam scanning are discussed. 

INTRODUCTION 
The scanning electron microscope utilizes a fine, moving beam of electrons (diameter 

as small as 50 A) to probe the spe~imen for a variety of kinds of physical, chemical, and 

electrical information. As the scanning beam is swept across the specimen, the electron 

beam of a standard cathode ray tube is driven in synchrony with it and the brightness of the 

cathode ray beam is modulated by the signal from one of several detectors. The secondary 

radiation produced by the interaction of the scanning electron beam is not imaged but is only 

used to convey information about the particular point being bombarded. The image is a re sult 

of the synchrony between the scanning beam on the microscope column and the beam of the 

cathode ray tube. The refulting 1:1 correspondence of points on the specimen with points on 

the face of the cathode ray tube serves to identify the location of the information seen by the 
/ 

detector£:- The separation of information and localization allows many different kinds of in
/ 

forpation to be gained while utilizing the localization possible with an electron beam. Differ-

ep{ kinds of secondary radiation are produced by the interaction of the electron beam with the 

/specimen and each carries a particular kind of information. For example, visible light may 

( be produced and give information about the molecular structure of the biological material it

/1 self or the location of light-producing stains within the specimen. Operated in this mode, the 

scanning electron microscope could be described as a high resolution fluorescence microscope 

(1). Secondary electrons are another form of radiation produced by the interaction of the 

scanning beam with the specimen. Since production of these secondary electrons is a function 

of the angle between the scanning beam and the surface of the specimen, stereoscopic infor-

mation can be obtained. The scanning electron microscope operated in this mode can be de-

scribed as a high resolution stereoscopic microscope (2). In addition, ultraviolet radiation, 

characteristic X rays, backscattered electrons, energy loss electrons, and specimen current 

are all produced in the specimen and might be used to build up the scanning electron micro

scope image. The principles of the instrument and several of its modes of operation have 

been recently reviewed (3). 

1 



2 STEREOSCOPIC SCANNING ELECTRON MICROSCOPY 

The present paper deals with an attempt to visualize living Tribolium confusum by 

using the scanning electron mic'roscope 'in the secondary ele~tron mode of operation. There 

are several advantages both physiologically and morphologicallx- if the specimen can be viewed 

while it is living. Morphologically, the reduction in the possibility of artifacts and the sim

plicity of sample preparation are important. Physiologically, the possibility of observing 

"on-going" processes would be most valuable. Also, the tiny electron beam may be utilized 

as a microradiation source in radiobiological studies (4). 

METHODS 

The scanning electron microscope used in this study was constructed at the University 

of California, Berkeley. The electron optical column consists of two magnetic lenses which 

focus a demagnified'image of the electron gun crossover on the specimen surface; the focused 

spot so formed has a diameter of about 500 A. The spot is scanned in a rectan~ular raster 

in synchrony with the spot of the display cathode ray tube by means. of magnetic deflection 

yokes which are driven by custom-built scan generators. The magnification is varied by 

changing the size of the scan; on this microscope, magnifications from 30x to 125,000X are 

possible. 

The specimens of Tribolium confusum were obtained from the colony maintained at 

our laboratory for several years for radiobiological studies (5,6). The living insects in the 

egg, larval, pupal, or adult stage were placed in a small aluminum foil boat approximately 

5X3X3 mm and the boat attached to the stage of the scanning electron microscope. The micro

scope column was then evacuated and the specimen viewed using 25 -keV electrons and a beam 
-11 current of about 10 amp. Secondary electron collection provided the signal for image pro-

Viewing time duction and the resulting micrographs were therefore stereoscopic~in ... nature. 
~. , -

"~ 

ranged from 10 min to 1 hr; 
~ ...... , 

When electron microscopy had been completed, the insect was returned to ~''\l 
environmental conditions and checked for survival. The criteria for survival were hatChi\ 

for the eggs, metamorphosis to pupae for the larvae, metamorphosis to the adult for the 

pupae, and return of normal activity for the adult. All specimens were followed for at least 

1 month after electron microscopy to determine long term survival. 

Micrographs were produced by ,Polaroid photography of the display cathode ray tube, 

using Type 42 or Type 55 P-N film. 

RESULTS 
Larval, pupal, and adult forms of Tribolium confusum, as reported previously, are 

capable of surviving the vacuurri and electron beam bombardment .used·for scanning electron 

microscopy (4). Observation times on the order of 1/2 hr were tolerated. 

Figures 1 through 6 are illustrations of scanning electron micrographs of a living 

larva (Figs. 1,2), pupa (Figs. 3,4), and adult (Figs. 5,6). The stereoscopic information and 

large depth of focus are apparent particularly in micrographs of the larval foot (Fig. 2) and 

", \ , 
\ 

\\ 
"'\, 



T. L. HAYES ET AL. 3 

Fig. 1. L eg of living larva . X 200. 
JHL- 6476 

! 

Fig . 2. Foot of living l arva. X 1000. 
JHL-6474 
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Fig . 3 . Head a rea of living p u p a . X 130 . 
JHL- 6 475 

Fig . 4. Surface of pupal head over eye . X 520 . 
JHL- 6472 
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Fig. 5 . Antenna tip of liv ing adult . X 1000. 

F ig. 6. Eye of living adult. 
of spines in the eye. X 1300. 

JHL-6468 

Note hexagonal primitive lattice array 
JHL - 6469 



6 STEREOSCOPIC SCANNI NG E L ECTRON MICROSCOPY 

the pupal head (Fig. 4). The increase in resolution over the light stereomicroscope is demon

strated in the adult antenna tip (Fig. 5) and the adult eye ( Fig. 6). 

DISCUSSION 
The ability of eggs, larvae, pupae, and adults of Tribolium confusum to survive the 

extreme environmental conditions necessary for electron beam scanning illustrates again the 

great physiological adaptability of the insects . The conditions of high vacuum, temperature 

elevation, and radiation dose must be withstood by the organism. 

In order to survive high vacuum the insect must be able to conserve water and forego 

oxygen. Other insects have been shown to survive extremely dry environments. The starved 

mealworm is able to conserve its water for a month against an environment of absolutely dry 

air (7). It has been estimated that 60-700/0 of water loss is through the spiracles and that loss 

through the cuticle takes place mainly at the intersegmental membranes. Under vacuum con

ditions, the spiracles may close very tightly or the diffusion rate of water across the tracheal 

walls may be drastically reduced because of rapid drying of these walls ( 8). 

By weight loss and freezing experiments, we have tested the ability of the adult 

Tribolium to conserve water against a vacuum of 10- 3 mm Hg for short periods of time. 

Adult Tribolium do not suffer any appreciable weight loss during the first few minutes of evac

uation. Death due to freezing, which is probably mediated by water present in the tissue, still 

occurs in adults subjected to a vacuum environment. Since activity increases water loss, the 

fact that the insect does not move while in the vacuum would tend to help conserve water. 

The survival of several insect species after exposure to anaerobic conditions for 1/2 

hr or more has been describe d (9). Such metabolism often results in an oxygen debt which re

quir es some hours to payoff. 
< , 

Local elevation of temperature due to the electron bombardment has been estimat,'d 

to be only 0 .005 °C (4), which should not be troublesome, but the dose rate of ionizing radiation 
7 

may reach 10 rads / sec. Since the radiation is in the form of low energy electrons (25 keV) 

it would seem reasonable to assume that the cuticle can absorb this dose and protect the under

lying tissues. Al though viewing in the scanning e lectron microscope does not inhibit metamor

phosis into the next stage of development, there is a definite shortening of life span once the 

insect has r eached adulthood. This could well be an effect of radiation, and further studies 

using the scanning electron microscope as a micro radiation source are planned. The effect 

of exposure on r eproduc tive capacity is not yet known. 

The great depth of field and stereoscopic information available from the secondary 

e lectron mode allow us to use the scanning electron microscope to produce high magnification 

pictures that compar e quite well w ith expe r ienced vision. The advantage in learning and syn

the sizing information in this form may be considerable. 

\ 
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Scanning Electron Microscopy of Sectioned Tissue 

Larry W McDonald, R. F. W. Pease and Thomas L. Hayes 

Previous reports from this laboratory have pre sented applications of the scanning 

e lectron microscope in several areas of biology and medicine. These applications have in

cluded the stereoscopic representation of human cells and tissue at magnifications up to 

X10,000 (3), for the use of the scanning electron microscope in the cathodoluminescent mode 

(7), and the scanning el ectron microscopy of living ins e cts (8). This present report deals 

with the observation of standard-size light microscopy sections of tissue, the same section 

b e ing v i ewed with the scanning electron microscope and the light microscope. The increased 

information gained by the use of the scanning electron microscope over the light microscope 

includes 3 - dimensional representation and increased resolution. In addition, the size of the 

section that can be examin ed with the t echniques described here is more than 1000 times 

larger in area than the ultrathin sections nece ssary for conventional electron microscopy. 

An application of this method has been mentioned briefly in the paper by McDonald and Hayes 

(5) describing d e layed radionecrosis of brain. It is felt that this technique may add a valuable 

approach to the study of many tissues and organs and that it may d~velop into a useful tool for 

the pathologist. 

METHODS 
Glutaraldehyde was used for vascula r perfusion fixation of th e rabbit brain and kidney. 

It was used as a 5% solution in 0.1 M phosphate buffer at pH 7.4. This fixative was d esc ribed 

by Sabatini, Bensch, and Barrnett (1 0) for fixation by immersion. Its use for fixation of the 

central nervous system by vascular perfusion has been described by Schultz and Karlsson (11). 

Perfusion of the brain was done with the animal under Nembutal anesthesia a nd was continued " 

for 1 hr using approximately 800 rnl of fixative. Thi s procedure is described in d etail in a n-

other paper (5). The kidney was perfused in the same general manner as the brain. The per- " 

fused tissue was r emoved from the animal, dehydrated through graded alcohols, and embedded 

in paraffin w i th the use of the schedule under method 1 in the Manual of Histologic and Special 

Staining Technique s (4). 

Formalin was used as a 4% solution of formaldehyde in a 0.24 M sodium acetate solu

tion at pH 6.9 to 7.0. This fixative was used on a human renal biopsy specimen and a segment 

of coronary artery from autopsy. The tissue was left in fixative for 18 hr and then dehydrated 

through graded alcohols and embedded in paraffin by using the same schedule as for the glu

taraldehyde -fixed tis sue s de sc ribed above. 

8 
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Sections 4 fJ. thick were cut from the paraffin blocks of both the glutaraldehyde - and 

formalin-fixed tissues. These sections were mounted on glass cover slips, the paraffin re

moved with xylene, and hematoxylin and eosin staining used in anticipation of subsequent light 

microscopic histology. The sections were then coated with a thin conducting layer of platinum

palladium alloy deposited by evaporation in a vacuum evaporator at a 90 0 angle to the section. 

This conducting layer of metal prevents charging of areas of the section in the electron beam. 

The cover slips were placed on the stage of the scanning electron microscope with the section 

toward the scanning electron beam and making a 45 0 angle with this beam. After having been 

viewed with the scanning electron microscope, the cover slips were dipped in dry ethanol, 

then xylene twice, and mounted with Permount on glass slides for light microscopy, the tissue 

section being between the slide and the cover slip in the usual manner. 

The scanning electron microscope used in this study was constructed at the University 

of California Electronic s Research Laboratory. The operation of the instrument has been dis

cussed in detail elsewhere (3, 6). In brief, the electron beam spot is scanned in a rectangular 

raster in synchrony with the spot of a display cathode ray tube by means of magnetic deflection 

yokes which are driven by custom -built scan generators . The magnification is varied by 

changing the scan current in the yokes of the microscope column. The current Berkeley in

strument has a spot diameter of about 500 A and is used for biologic materials at magnifica

tions up to about XiO,OOO. All electron micrographs shown in this study were formed by the 

secondary e lectron mode of ope ration. All scanning electron micrographs were Polaroid 

type 42 or PN photographs of the cathode ray display tube. 

RESULTS 
In the sections of irradiated rabbit brain the basement membrane of a small blood 

vessel stands out prominently due to its increased thickness (2,5) and probably also due to its 

increased rigidity which holds it above the depressed adjacent section's surface. These fea

tures are shown in Fig. 1. The height of the blood vessel wall is equal to the thickness of the 

4 fJ. se ction. The observation of ve rtical surfaces in a 3-dimensional aspect is brought out in 

the figure. Red blood cells, both within the vessels and in sites of perivascular hemorrhage, 

show in their 3 -dimensional aspect. The greater resolution of the scanning electron micro

graphs and their 3 -dimensional information, as compared with l ight micrographs, are brought 

out in Fig. 2. 

In Fig. 3 a section of a vasa vasorum of a human coronary artery as seen by scanning 

electron microscopy is shown. The detail in this XiOOO scanning electron micrograph is 

greate r than that whi ch can be obtained with the light microscope, and the 3 -dimensional 

aspect of the partially crenated and compressed erythrocytes can be seen. 

A normal rabbit kidney is shown in Fig. 4. The scanning electron micrograph (Fig. 

4C) shows the depth of the 4 fJ. section and the apparent rigidity of the basement membrane of 

the glomerular capillaries . Also the 3 -dimensional relationship of the capillaries to the 

mesangium is more apparent in the scanning electron micrograph. 
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Fig. 1. A, Light micrograph. 
Area of delayed radiation lesion 
of rabbi.t sensory cortex . The 
tissue was fixed by supravital 
glutaraldehyde perfusion, em 
bedded in paraffin, sectioned 
at 4 fl, mounted on cover s lips, 
stained with hematoxylin and 
eosin, and then platinum
palladium coated as described 
in the text. B, Scanning e lec
tron mi.crograph. Same sec
tion as in Fig. 1A viewed in 
the scanning electron micro
scope showing the section 
thickness and the apparent 
rigidity of the basement mem
brane of the vessel wall. The 
sections were examined in the 
scanning electron microscope, 
and then the cover slips were 
mounted on slides with Per
mount for the light mic roscopy. 
An area of perivascular hemor
rhage is shown. A, X 860; 
B, x 960 . 

JHL 6392 + JHL-6398 

Fig. Z. Erythrocytes (top) by 
scanning electron microscopy 
to show the 3 -dimensional fea
tures and greater detail of the 
wall of a vascular channel. 
X4900. 

JHL - 6401 

'\ 
'\ .... 
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Fig. 3. Vasa vasorum of a 
human coronary artery near a 
d eveloping atherosclerotic plaque 
(not shown) by scanning electron 
microscopy. Partially crenated 
and compressed erythrocytes are 
seen in the lumen (upper two
thirds of field). X1000. 

XBB677 - 3910 

A sclerosed glomerulus of a diabe tic kidney (Fig. 5) shows "adhesions" between cap

illary loops in the scanning e l ec tron micrographs. The material of the mesangial deposits 

fo rming the nodular l es ions in the glomerulus is prominent in the scanning pictures; the sur

faces of the nodules appear rough, indicating a variability in rigidity w ithin the d eposit. This 

is consistent w ith the findings of irregularly shaped deposits seen in ultrathin sections by con

ventional electron microscopy (1). 

DISCUSSION 
The scanning electron microscope has been applied to the examination of sectioned 

tissue. The morphology which has b e en shown by this technique has been known from light 

microscopy and conventional electron microscopy by the examination of many sections and 

( serial sections, but the integrate d, 3 -dimensional picture can now be seen in a single photo-

/ graph . With the scanning e l ectron microscope, we have examined sections of the standard 

( size for light microscopy w ith magnifications ranging from X50 to X5 000. Sinc e the beam 

does not pass through the sections , no troublesome grid bars obscure the view as in trans 

mission e lectron microscopy. When methods are devel oped to etch out differentially cellular 

structures so that they may be seen as diffe r ences in e le vation on the section surface, mag

nifications of X10,000 o r more w ill be useful with sectioned tissue with the use of the present 

instrument. With the technique as presently deve loped, littl e additional information is gained 

w ith magnifications above X5000. At these magnifications, however, the resolution is much 

greater than can be obtained w ith the light microscope. 

The scanning e l ectron microscope may also be used to examine ultrathin sections in 

the elec tr o n transmission mode. In the secondary e l ec tron mode which we have used here, 

there is a limit of approximately 100 A to the r esolution (9). This, however, is not the case 

i n the transmis sion mode whe re the scanning spot size is the main fac tor limiting re solution. 
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Fig. 4. A, Scanning e le ctron mi 
crograph of 4 fJ. section of rabbit 
kidney. B, L ight micrograph. 
C, S c anning e l ectron micrograph 
of same glomerul us as in Band 
slightly above and to left of center 
of A. A, X 50; Band C, X 1000. 

XBB677 - 3911 

, 
\ 
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j 

Fig. 5. A, L ight micrograph and B, Scanning electron micrograph. Sclerosed 
glomerulus from renal biopsy of diabetic kidney. The sclerosed glomerulus is in the 
upper right area. The fold of the edge of the section stands out prominently on the 
right of the scanning electron micrograph. A and B, X500. 

XBB6 77 -3912 

13 



14 SCANNING ELECTRON MICROSCOPY 

For example, the brush border of the proximal convoluted tubule of the kidney has been re

solved with the use of the Berkeley scanning electron microscope in the transmission mode. 

Some of the energy loss of the electron beam can be converted to light when the tissue 

section is penetrated (cathodoluminescence), and this light may also be collected through the 

cover slip to form an image with electron microscopic resolution (7). We are presently ex

ploring the application of the instrument to sectioned tis sue in this manner. 

Still another approach, which is being used by A. V. Crewe and assodates at 

Argonne National Laboratory, Lemont, Illinois,is the formation of different images depending 

upon what energy of transmitted electrons is used to form the image. From the ,energy spec

trum of the electrons passing through an area of the specimen, one can obtain information 

about the chemical composition of the area. 

SUMMARY 
Tissue sections' of the standard size used for light microscopy have 'been successfully 

viewed with the scanning electron microscope at magnifications up to X5000. In addition to 

examining large tissue sections with a resolution exceeding that of the light microscope, the 

micrographs show 3-dimensional aspects of tissue structure'. Other approaches to utilizing 

the full resolution of the scanning electron microscope for the examination of iarge tissue 

sections are discussed. 
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Stable-Flow Free Boundary (Staflo) Electrophoresis: 

Three Dimensional Fluid Flow Properties and 
Applications to Lipoprotein Studies 

Roger D. Tippetts, Howard C. Mel and Alexander V. Nichols 

I. INTRODUCTION 
Previous papers have described the theory and practice of the stable-flow free

boundary (Staflo) method.( 12,13, 14) and the application of Staflo electrophoresis or sedimen

tation to the study of small molecules (10,11,14), proteins (11), an enzyme substrate reaction 

(15), living cells (12,13,14,16), isolated chloroplasts (19,21), and lipoproteins (27). These 

studies used analytical and/or separation processes applied to particles dissolved or sus

pended in a continuously flowing free solution system, in that part of the apparatus called the 

"Staflo chamber." The previous analysis was based on the approximation of vertical plug flow 

within the Staflo chamber, experimentally demonstrated by flow pattern photographs and ob-
-, "-

servations on collection fractions. The possible implications of non':uniform or parabolic flow 

in the horizontal (thickness) dimension for Staflo migration properties were q~scussed, but no 

experimental measurements were available on the true nature of this flow. 

"'--In the present paper we report: (1) detailed measurements on the local fluid floir 

velocities throughout a 3 -dimensional Staflo chamber, revealing (a) the limits of the vertical 

plug flow approximation, particularly near the top and bottom walls (membranes), and (b) the 

parabolic nature of the third-dimensional (horizontal) flow profile away from the inlets and 

outlets; (2) the "3-dimensional" Staflo apparatus, and its implications for 3-dimensional vol

ume flow, its system for establishing a "programmed electric field" in free solution, and a 

slit-lamp technique for viewing the cross section of a sample migration pattern in the flow 

system; (3) the consequences of these flow properties for rate type migration processes, illus-

trated by the electrophoretic migration and separation of serum lipoproteins. This work was 

begun as part of a broader study on lipoproteins. The portion presented here, though includ

ing some new results for lipoproteins, is primarily intended to make the Staflo method a more 

quantitative analytical, as well as a higher resolution preparative tool for biological studies. 

It may also reveal some useful information on a specialized type of laminar fluid flow. 

II. EXPERIMENTAL 
A. THE STAFLO APPARATUS The Staflo. apparatus [as de signed by Mel ( 10, 1.1, 12) 

and modified by Tippetts (27)] consists of a variable -speed multiple channel pump, a multiple 

16 
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collection system, necessary connecting tubing, electrode wash reservoirs and sumps, an 

electrophoretic power supply, associated optical equipment, and a stable-flow free-boundary 

(Staflo) cell consisting of the Staflo migration chamber and the upper and lower electrode 

chambers (see Figs. 1 and 2). 

The present variable -speed multiple -syringe drive pump was designed to drive up to 

12 syringes. These syringes can be of any normal size up to 50 ml. We used polyethylene 

plastic syringes (Plastipak-sterile, disposable plastic syringe, Becton-Dickinson &, Co., 

Rutherford, N. J.) because of their non-fragile nature, noncritical requirements of alignment 

of syringe barrel with syringe piston, and the very great uniformity from syringe to syringe 

within a given lot number. 

The pump is powered by a 1/70 -hor sepower, 0 to 1725 -rpm, shunt-wound electric 

motor (Bodine Electric Co., Chicago, 111.), having a variable-speed power supply (Minarik 

Electric Co., Los Angeles, Calif., model Sh-14). The motor has a shaft projecting from 

each end. The high-speed shaft drives the pump for fast flush of the Staflo chamber and for 

filling the syringes. The low-speed shaft reduces the speed and is used to pump the fluids at 

a slow constant rate during Staflo runs, The pump can also be driven in reverse. 

When 50 ml Plastipak syringes are used, the liquid is pumped at a flow rate of 0.65 

ml/sec on high-speed maximum, and 0.018 ml/sec on low-speed maximum. 

Electrode wash rE~,servoirs are 2000 ml separatory funnels which supply streams of 

the same composition as or different compositions from those of the Staflo chamber streams. 

The flow rate through the electrode chambers is normally larger than that of any 

stream within the Staflo chamber by a factor of about 10. The electrode wash solutions I flow 

-" --/--~ates are measured by floating-ball flowmeters (Fischer &, Porter Co., Holbord, Pennsyl

vania, Tube No. 02-F 1/8-16/5/36). 

The electrophoretic migration power supply (Model 5051 A, transistorized, Power 

Designs Inc., Westbury, N. Y.) supplies 0 to 50 Vdc, 0-1.5 A, with a voltage drift of less 

than 100 millivolts per day at constant ambient temperature. 

The Staflo cell RT II (Fig. 3) is made of a central migration chamber (Staflo chamber) 

which consists of inlet and outlet flow divider pieces sandwiched between transparent plates of 

Lucite, glass, or quartz. The inlet and outlet pieces are made of Lucite, each having 36 

channels arranged in a rectangular array of 3 wide by 12 high. All three inlet channels at 

each level are fed by a single syringe. However, each outlet channel flows into its own in

dividual container within the multiple collection system. Plastic syringe barrels of all the 

same size have proved to be excellent for this purpose. The internal dimensions of the Staflo 

chamber are 30 cm long X 3.0 cm high X 0.8 cm wide. The upper and lower electrode com

partments, made of'Lucite, match the central migration chamber in length and width. Each 

electrode chamber is 0.25 cm high, and contains five platinum electrode segments 0.8 cm 
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Electrode solution sumps 

TOP 
ELECTRODE 

WASH SOLUTION 

FLOW 

I FORCE 

! 

BOTTOM 
ELECTRODE 

WASH SOLUTION 

Fig. 1. Schematic drawing of 
Staflo apparatus. 

MU -36571 

wide X about 5.95 cm long, separated from each other by a gap of about 0.05 cm. These three 

cell parts are clamped together with cellophane membranes (dialysis tubing) between them, 

forming three physically separated chambers: the upper and lower electrode chambers, and 

the central Staflo chamber in which the electrophoretic (or sedimentation) migrations occur. 

B. MATERIALS All experiments described in this paper used a 12-so1ution su

crose density g'radient varying (in steps of 0.40/0 wt/vol sucrose) from 0.00/0 in stream 1 to 4.80/0 
\ 

in stream 12. All of these streams were pumped into the Stafl.o chamber at equal and constant 

rates except in the case of the "thin-sample" technique used in'the lipoprotein experiments'> 

In this technique the sample was pumped at a rate of 0.3 times that of any other stream, and 

under the present conditions assumed a vertical height (thickness) of about 0.3 times that of 

the other streams (see discussion, ref. 27). The upper and lower electrode compartments 

were filled with solutions of the same sucrose compositions as streams 1 and 12, respectively. 

Three sets of additional experimental conditions and techniques were as follows: 

1) For the direct measurement of the fluid velocity profiles: Every stream contained 

human blood diluted 5000 times by volume with 0.90/0 (wt/vol) NaC!. The suspended RBC were 

viewed in dark field with a low-power microscope over an actual field width of 1.6 mm. The 

light from the microscope lamp used for illumination was passed through a water bath of at 

least 11.5 cm thickness to reduce to a negligible value its heating effect upon the solutions 

within the Staflo chamber. The time necessary for the suspended RBC to cross the field of 

view was determined,by a stop watch. 

2) -For the indirect measurements of the fluid velocity profiles: Alternate streams 

contained 0.040/0 (wt/vol) blue dextran (mol wt 3. X 106 ) or colorless dextran (mol wt 6 X 105), 

with the odd-numbered streams being blue. 

3) For the elec trophore sis of human serum lipoproteins: Each stream, including the 

electrode wash streams, contained as buffer LKB 3276-GB High Resolution Buffer Salt; 
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Fig. 2 . Stable -flow free-boundary (Staflo ) apparatus . 
1. Staflo cell. 
2 . Staflo -cell clamp and supporting l eveling stand. 
3. Collection sys t em on leveling t abl e . 
4. Syringe d rive. 
5. Solution pump syringes. 
6. Solution reservoirs . 
7. Syringe drive power supply. 
8 . Electrode was h solution reservoirs (located above pictures). 
9. Electrode wash fl owmeters . 

10. Electrode s olutio n sumps. 
11. Electrophoresis power suppl y . 
12. Ammeter-voltmeter. 
13. Side lights. 
14. Side-lighting power s u ppli es . 

JHL-5217 
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SECTION C-C SECTION A-A 
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Fig. 3. Schematic drawing o f the Staflo cell. 
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1.2 X 10 M tris, 5 X 10 M EDTA, 1.83 X 10 M H

3
B0

4
. The lipoprotein samples were 

dialyzed for at l east 18 hr against this same buffer but at 2/3 the abo:"e ..:oncentration. In all 

lipoprotein experiments only distilled - deionized water was used. Human serum lipoprotein 

samples (ultrac entrifugal fractions Sf 0-10 5 ) were secured by the method of Lindgren, Nichol s 

and Wills (3). Chicken egg yolk lipoproteins we re prepared in a simil ar manner. Befor e 1n

troduction into the Staflo chamber the sampl e IS density was adjusted with solid sucrose to a 

value intermediate between those of the streams immediately above and b e low it. 

c. MANIPULATION At the beginning of a Staflo expe riment it is necessary to re-

move any air bubbles from the inlet and outlet tubing and from the Staflo chamber . This is 

done by tilting the Staflo cell and flushing with degassed water. The appropriate density g r a 

dient solutions are then introduced into the Staflo chamber by one of the following methods . 

(Either method requires the equivalent of about five to six Staflo chamber volumes of liquid . ) 

1) The sol utions are pumped into the Staflo chamber under turbul ent flow conditions for about 

two or three chamber volumes, foll owed by two or three chamber volumes of liquid under 

l aminar flow conditions; or 2) about five to six chamber volumes of liquid are pumped in 

under laminar flow conditions. This latte r method requires a longer time than the former. 

However, both do achieve the same steady state conditions for expe rimentation. 

Initially the fluid within each of the individual containers of the outlet coll ection appa 

ratus should be at the same, or nearly the same, level (12,13,27). When the steady state 

condition has been achi eved, the flow pattern (Fig. 6) is symmetrical from top to bottom. 

The steady state condition 1S conveniently described in terms of the parameter ave r age r esi

~ence time, T av' w hich is the time required to pump a volume of fluid equal to the volume of 

the Staflo chamber. 
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III. MEASUREMENTS OF LINEAR VELOCITY PROFILES 
* Point-to-point linear fluid velocities measured in the central x-y plane of the Staflo 

chamber at various downstream (y) positions are given in Table 1. For experimental tech

niques see Section II B, conditions 2. The smoothed velocity curves for three different down

stream positions are given in Fig. 4A. Point-to-point linear velocity measurements at a 

single downstream position (18 cm) but at several cross-stream (z-direction) locations are 

given in Table 2 with the corresponding smoothed curves shown in Fig. 5. 

A. VERTICAL VELOCITY PROFILES Figure 4Ademonstrates: 1) a point-to-

point vertical plug flow region in the central portion of the 3-cm~high Staflo chamber, and 

2) a variable velocity region occurring as the membranes are approached, characterized by 

higher velocity protuberances or "horns." At the 18 cm downstream position, for example, 

the deviation from plug flow occurs over roughly the top and bottom quarters of the Staflo 

chamber where the peak linear velocities are approximately 170/0 greater than the central plug 

velocity. As the outlet is approached, the width of the "horns" decreases and the positions of 

maximum velocity approach the membranes; i. e., the region of vertical plug flow widens. 

Thus the average linear flow rate does not decrease continuously from the center of the Staflo 

chamber to the upper and lower membranes as in classical laminar flow systems. 

An alternative method of studying Staflo flow properties is the "dye stripe" method, 

previously described (12). Alternating colored liquid streams are pumped at the same con

stant volume flow rate into the Staflo chamber and the "flow pattern" (configuration of the "dye 

stripes") noted or photographed. (See Section II B, conditions 2.) Given the fixed-volume 

nature of the Staflo chamber, under steady state conditions the inlet-outlet volume flow rates 

for each individual stream must be equal. With the simultaneous siphon feature of the collec

tion apparatus each stream exits at its respective outlet (12). 

Gradient and flow conditions are chosen such that even with the small density differ

ences commonly used between adjacent horizontal streams, under the action of gravity, the 

streams remain separate and intact each with an approximately rectangular cross section. t 

Hence the vertical height ("stripe width") of any stream at any downstream position (y) should 

be approximately inversely proportional to the linear velocity for the stream at thai: point, 

averaged over the stream's x-z cross section. Differences in linear velocity between streams 

should therefore manifest themselves by differences in "stripe width." Figure 6 is a close-up 

photograph of the inlet portion of the Staflo chamber. Streams 1 and 12 are seen to be wider, 

while streams 2 and 3, 10 and 11, are somewhat thinner than the central streams 4 through 9. 

Parallax tends to exaggerate the relative thickness of the upper and lower streams, but 

*x-axis: Vertical axis, normal to the length and width of the Staflo chamber, coincides with 
the direction of gravity; positive downward. 

y-axis: Horizontal axis; coincides with the length direction of the Staflo chamber; positive 
in the direction of bulk fluid flow. 

z-axis: Horizontal axis, normal to the face (length direction) of the Staflo chamber, meas
ured from the center, positive direction from front to back. (See Figs. 1, 7, 11.) 

tDeviations from this behavior will be discussed in a subsequent paper. (See also ref. 27.) 
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Table 1. Linear fluid velocities in the center x-y plane, calculated froITl tiITles ··of flight of· 

hUITlan RBC within the Staflo chaITlber, at distances froITl the inlet as indicated. Duplicate 

readings are" given for each position. Average residence tiITle T av = 16.6 ITlin. Velocities 

in units of 10- 2 cITl/sec. 

Distance Inlet-
froITl upper Distance f r· 0 ITl the Inlet ( c ITl ) outlet 
ITleITlbrane streaITl 

(CITl) position 

Top 
29.0 24.0 18.0 12.0 1.0 ITleITlbrane 

0.1 3.33 3.33 2.46 2.35 2.25 2.13 3.13 3.01 3.33 3.33 

0.2 4.44 4.44 4.00 3.90 4.21 4.00 4.00 3.90 5.00 4.84 1 

0.3 5.33 5.33 5.00 5.00 4.84 4.84 4.84 4.57 5.16 4.71 

0.4 5.16 5.16 5.16 5.33 5.16 5.33 5.00 5.00 5.00 5.16 2 

0.5 4.44- 4.70- 5.00- 5.00- 5.16- 5.51- 5.00- 5.00- 5.16- 5.16 

0.6 4.57 4.57 4.70 4.70 5.16 5.16 4.57 4.70 5.33 5.16 3 

0.7 4.57 4.44 4.21 4.21 4.70 4.44 4.44 4.44 5.33 5.33 

0.8 4.57 4.44 4.21 4.21 4.44 4.32 4.10 4.10 4,84 5.00 

0.9 4.57 4.57 4.21 4.10 4.32 4.21 4.10 4.10 4.71 4.57 4 

-1.0 4.57- 4.57- 4.21-4.10- 4.21- 4.21- 4.00- 4.00- 4.71- 4.71 

1.1 4.57 4.57 4.21 4.21 4.57 4.57 3.80 3.90 4.44 4.44 5 

1.2 5.00 4.57 4.32 4.21 4.57 4.32 4.10 4.10 4.44 4.71 

1.3 4.57 4.57 4.10 4.10 4.44 4.44 4.21 4.00 5.00 4.71 

1.4 4.84 4.84 4.00 4.00 4.57 4.21 4.10 4.10 4.21 4.44 6 

-1.5 4.57- 4.84-- 4.21- 4.21- 4.57- 4.44- 4.00- 4.00- 4.21- 4.21 

1.6 4.44 4.57 4.21 4.21 4.57 4.57 4.21 4.21 4.21 4.32 7 

1.7 4.44 4.44 4.21 4.21 4.44 4.57 4.00 4.10 4.32 4.32 

1.8 4.44 4.44 4.10 4.10 4.57 4.57 4.21 4.10 4.44 4.44 

1.9 4.44 4.44 4.10 4.10 4.57 4.44 4.21 4.21 4.71 4.71 8 

-2.0 4.44- 4.44-4.10-4.10-4.44-4.32-4.44-4.21-4.71-4.71 

2.1 4.44 4.21 4.21 4.21 4.44 4.21 5.00 4.57 4.32 4.44 9 

2.2 5.00 4.70 4.21 4.21 4.57 4.44 5.16 5.33 4.57 4.57 

2.3 4.70 4.44 4.10 4.21 4.57 4.57 5.16 5.33 5.00 5.00 

2.4 4.44 4.44 4.57 4.57 4.70 4.84 5.00 5.33 4.57 4.71 10 

-2.5 5.00 -5.00-4.57 -4.57 -5.16 -5.16 -5.00-5.00-5.00-4.71 

2.6 5.00 5.00 4.70 5.00 5.33 5.16 4.10 4.00 4.57 4.57 
11 

2.7 5.00 5.00 4.84 5.00 5.16 5.33 4.10 4.21 4.44 4.21 

2.8 5.16 5.33 4.57 4.44 4.34 4.44 3.13 3.07 3.33 3.47 

2.9 4.44 4.44 3.55 3.47 3.33 3.33 1. 77 2.00 
12 

3.0 0.20 0.16 0.76 0.76 

BottOITl 
ITleITlbrane 
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Fig. 4. Smoothed linear velocity profiles for various downstream (y) positions. 
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A. Vertical profiles measured in the central (x-y) plane of the Staflo chamber for 
T av = 16.6 min (plotted from data of Table 1). 

B. Horizontal profiles, valid for any horizon\;al (y-z) plane. Based on a large num
ber of measurements, many unpublished. (Data for the 18 cm position at all 
level s, for T av = 16.6 min, are given in Table 2; data for the 29 cm position at 
level 7, for T av = 17.9 min, given in Fig. 7.) MUB -13148 
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Table 2. Linear fluid velocity as calculated from times of flight of human RBC measured 18 

cm from the inlet of the Staflo chamber. Average residence time T = 16.6 min. Duplicate 

readings are given for each position. Velocities in units of 10-2 cr::lsec. 

Distance Inlet-
from upper Distance fro m near wall ( mm) outlet 
membrane stream 

(cm) position 

Top 
membrane 

0.0 0.80 0.76 0.76 0.70 < 0.80 

0.1 1.61 0.16 2.00 1.88 2.25 2.13 2 .. 19 2.19 1.28 1.39 1 

0.2 2.66 2.66 3.90 3.80 4.21 4.00 3.80 3.80 2.46 2.58 

0.3 3.13 3.07 4.44 4.57 4.84 4.84 4.32 4.57 

0.4 3.26 3.13 5.00 5.00 5.16 5.33 4.84 5.00 2.71 2.75 
2 

-0.5 3.13 -3.20-4.57 -4.57 -5.16 -5.51-4.57-4.32 -2.66-2.66 

0.6 2.85 2.85 4.70 4.70 5.16 5.16 4.10 4.32 2.62 ·2.62 3 I 

0.7 2.80 2.80 4.21 4.21 4.70 4.44 4.10 4.21 2.35 2.35 

0.8 2.50 2.58 4.21 4.21 4.44 4.32 3.90 4.00 2.22 2.22 

0.9 2.50 2.58 4.10 4.00 4.32 4.2t 3.72 3.72 2.07 2.07 4 

-1.0 2.58 -2.62 -4.00-4.00-4.21-4.21-4.00-4.00-2.02 -2.10 

1.1 2.58 2.58 4.10 4.10 4.57 4.57 3.90 4.00 2.05 2.02 

1.2 2.58 2.58 4.10 4.10 4.57 4.32 3.90 3.90 2.05 2.02 5 

1.3 2.66 2.66 4.00 4.10 4.44 4.44 3.90 3.90 2.00 2.00 

1.4 2.58 2.58 4.10 4.00 4.57 4.21 3.80 4.00 2.05 2.00 6 

-1.5 2.62 -2.58 -4.10 -4.00 -4.5 7 -4.44-4.00-3.90 -2.00 ---

1.6 2.58 2.58 4.bo 4.00 4.57 4.57 3.90 3.90 2.05 7 

1.7 2.62 2.58 4.00 3.90 4.44 4.57 4.00 4.00 2.13 2.13 

1.8 2.62 2.66 4.10 4.00 4.57 4.57 3.90 4.00 2.10 

1.9 2.46 2.42 3.90 4.00 4.57 4.44 3.90 3.90 2.02 1.95 
8 

-2.0 2.50 -,--2.50 -.-4.00 -4.00 -4.44-4.32 -4.10 -3.90 -2.10 -2.07 

2.1 2.46 2.46 3.90 4.00 4.44 4.21 3.90 3.90 2.10 2.07 

2,2 2.58 2.58 4.00 4.10 4.57 4.44 4.00 4.00 2.10 2.10 9 

2.3 2.71 2.66 4.21 4.00 4.57 4.57 4.00 3.90 2.72 2.28 

2.4 2.75 2.66 4.32 4.70 4.70 4.84 4.10 4.00 2.38 2.42 10 

-2.5 2.75 -2.75 -4.70-4.70-5.16-5.16-4.21-4.21-2.46-2.58 

2.6 2.96 2.96 4.70 4.70 5 . .3 3 5.16 4.32 4.57 2.66 2.62 11 

2.7 2.75 2.75 4.44 4.44 5.16 5.33 4.21 4.21 2.66 2.62 

2.8 2.66 2.66 4.00 4.10 4.32 4.44 3.90 3.90 2.28 2.22 

2.9 1.96 1.86 3.20 3.07 3.33 3.33 3.13 3.13 1.60 1.63 
12 

3.0 0.77 0.62 0.89 0.80 0.76 0.76 0.57 0.50 0.62 0.57 

Bottom 
membrane 



ROGER D. TIPPETTS ET AL. 25 

Fig. 6. Close -up view of inlet portion of Staflo 

chamber showing steady state "dye stripe" flow 

pattern; T av = 16.6 min. 
JHL-5238 

nevertheless the qualitative conclusions from the point-to-point velocity measurements about 

relative flow rates (Fig. 4A) are corroborated by the relative stripe thickness. 

Examination of such dye stripe flow patterns for downstr eam regions indicate s that 

as the outlet region is approached, these width differences become smaller, and the widths of 

all streams tend toward that of the central streams. Each entering stripe exits then almost 

entirely through its corresponding outlet after the residence time passage thr ough the Staflo 

chamber, as was previously reported for a different apparatus and different experimental con

ditions (12). This behavior is also consistent with the point-to-point velocity measurements 

and is simply a manifestation of the Staflo flow stability principles of: 1) stable density gra

dients, 2) operation under laminar flow conditions, and 3) the negative hydrostatic -hydrody 

namic feedback which insures regulated (and approximately equal) outflow rates from each 

outlet (12,13). 

In the previous anal ysis of Staflo vertical flow properties, limited to the approxima

tion of ove rall vertical plug flow, no systematic distortion of the vertical flow profile was re

porte d (13). The present measurements, by focusing attention on the near top and bottom re

gions, and by use of a Staflo chamber allowing better visibility of these regions, permit deter

mining the quantitative limits to this approximation. The zero and near-zero top and bottom 

velocity regions (which necessarily must exist in any conduit at the walls) are compensated by 

somewhat higher vel ocity "horns." The quantitative consequences of these deviations from 
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plug flow for vertical migration processes are considered in Section V C. But because they 

are relatively small, and because in an average sense they tend to be self-correcting, the 

average uniform vertical plug flow approximation will generally continue to be satisfactory. 

An analogous horizontal (z) direction plug flow model is far .. from satisfactory, however, as 

will now be seen. 

B. HORIZONTAL VELOCITY PROFILE Plots of the flow velocitie s in the .horizon-

tal (z) direction of the Staflo chamber give parabolas as indicated schematically in Fig. 4B,. 

This is true for all vertical heights, with the possible exception of the regions at the Inern

branes, as can be inferred from the data in Table 2, or from the envelopes of the curves in 

Fig. 5. It was not.possible to investigate the immediate vicfnity'of the membranes sufficiently 

thoroughly to establish an accurate flow profile there because of the difficulty of viewing this 

region with the microscope. According to Murphy (17) and Nikuradse (18), flow is not para'

bolic in such a region, measured in a similarly shaped chamber but without Staflo pr~nciples 

operative. 

In another experiment, horizontal profile measurements were made 18 mm down 

from the upper membrane, at positions close to the outlet.' Average steady state residence 

time was Tav = 17.9 min; all other parameters remained unchanged. At distances greater 

than approximately 1 cm from the outlets, good parabolic flow profiles were obtained. Closer 

than 1 cm, the outlets began to affect the velocity profiles somewhat, causing them to depart 

from parabolic form (Fig. 7). 

IV. . THE "3-DIMENSIONAL" STAFLO APPARATUS AND ITS HORIZONTAL VOLUME FLOW 
RELATIONS 

Consider the fraction of the total volume flow passing through a given fractional width 

of the Staflo chamber, If perfect plug flow existed in the horizontal (z) direction, then for each 

layer 1/3 of the vo1.ume flow would be confi~ed to exactly 1/3 of the chamber width. However, 

since it was shown that the horizontal flow profile is actually parabolic, a different volume 

flow to width relationship must obtain. 

The work reported here was performed with a "3 -dimensional" apparatus having 36 

individual outlet channels arranged in.a 3 wide by 12 high rectangular array. This permitted 

sampling each of the 12 flowing layers at three horizontal positions. With all 36 (uniform) 

collection containers hydrostatically and hydrodynamically unified through the Staflo chamber, 

the same outlet-level feedback control was observed for this outlet array as was observed in 

the original Staflo apparatus having 12 collection containers with a single vertical 12-channel 

outlet array. In this way, a precise boundary condition was imposed, of equal outflow rates 

for each of the three horizontal channels in a given layer, so that each collected exactly 1/3 

of the total volume flow for that l·ayer.In this enlarged· system it was of importance to deter

mine exactly which geometrical portion of the layer was being sampled by each of these three 

adjacent channels. 
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It was experimentally observed that the fluid in the central portion of the Staflo cham

ber did not mix with that near the walls [except for some special types of microconvection 

phenomena which are discussed elsewhere (27)]. This means that in general the center outlet 

for any layer sampled only the central portion of that layer. 

In Fig. 8 is plotted (half of) the z-direction parabolic linear velocity profile. The 

area under thecurv~ is proportional to the total volume flow rate for a layer of infinitesimal 

thickness dx. The area above any portion of the z-axis is then proportional to the volume flow 

rate through the cor'responding portion of the layer. The coordinate z1 is to be computed such 

that 2 X Ar,ea I = 2 X 1/3 (Area I + Area II), or 

Sol ving, we find that 

z 
max 

0.226. 

( 1) 

( 2) 

This result is interpreted to mean that 1/3 of the volume flow passes through the center 22.60/0 

of the chamber width. 

It may be well to underscore here the qualitative differences between the horizontal 

and vertical effects of the outlet-level-control feedback. With the 2 -dimensional array and 

collection system, this control does indeed establish this additional constant horizontal out

flow condition as originally proposed (12); but it does not impose a corresponding horizontal 

plug flow throughout most of the Staflo chamber, as does the analogous control in the vertical 

sense. The existence of (non-plug) horizontal laminar flow (except very near the outlet and 

inlet) is believed to result primarily from the lack of stabilizing density gradients, plus the 

smaller dimension in the horizontal sense. ' 

V. RATE TYPE MIGRA TION PROCESSES: LIPOPROTEIN STUDIES 
, -

Having investigated in some, detail the 3-dimensional nuid flow properties within the 

Staflo chamber, we are in a 'position to consider the effects of these flow properties upon ver

tical migratio'n of sample. ',We will restrict consideration to rate type migrations (14, 27) and 

toelectr'ophoresis,' although the' 'discussion is also pertinent' to other migration processes such 

as gravity sedimentation. Before taking up this discussioniit is pertinent to consider a tech-
- , 

nical innovation called "programmed electric field" which has been used in our experiments 

and which has permitted ,a finer control of electrophoresis' than previously. 

A. THE PROGRAMMED ELECTRIC FIELD A number of authors have discussed 

the problem of interfacial or gradient density stability in nOh-flow and flow gradient systems 

subject to superimposed electrophoretic solute migration (2, 13, 15,22,24,25,26,28). Such 

instabilities were not found to be troublesome in earlier Staflo work, in part because of the 

nature and concentrations of migrating solutes, but also in part because of the geometry of 

the electrode systems employed: either the platinum electrode did not extend all the way to 
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Fig. 8. Linear and volume flow re
lations for a fluid slab of thickness 
dx at any given vertical position (x) 
within the .Staflo chamber (of half 
width zmax)' Only one-half of the 
symmetrical y-z linear' velocity 
profile is pictured. The coordinate 
z'1 is calculated to satisfy the rela
tion: 2 X Area I = '1/3 X 2 X (Areas 
I + It). The areas are proportional 
to the volume flow rates through the 
corresponding fractional portions of 
the Staflo chamber. 

MUB-13149 
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the inlet or a certain fraction of the electrode (up to 40%) was deliberately covered with an in

sulating ITlaterial (11, 19). This perITlitted tiITle for diffusion to stabilize the gradient regions 

and allowed a gradual transition into the region of full electric field for a ITligrating solute. 

When protein experiITlents were started using an apparatus having only a single con

tinuous strip electrode, instabilities sOITletiITles developed if electrophoresis cOITlITlenced just 

beyond the inlet of the Staflo chaITl'Jer. These took the forITl of a visible convectional distur

bance with resulting poor ITligration and reduced resolution of cOITlponents. If the electric 

field were initially reduced or absent while diffusion occurred, stable electrophoretic ITligra

tion could take place under exactly the saITle initial concentration, density, and fluid flow rate 

conditions, though at a downstreaITl position (later tiITle). Thus, this instability appeared to be 

of the above interfacial type wherein the initial density stability was upset by the effect (on 

local solution density) of the rapidly electrophoresing solute (24, 26). For better control over 

this phenoITlenon and over Staflo electrophoresis in general, a convenient and flexible ITlethod 

for varying the electric field and for establishing different fields in different regions of the 

Staflo chaITlber (even with high conductivity fluid present throughout) appeared desirable. 

The first step was the construction of a segITlented electrode systeITl with five sections 

of approxiITlately 6 CITl each (separated froITl each other by a gap of -1/2 ITlITl) replacing the 

original continuous electrode (see Figs. 1 and 3). Depending upon which type of external con

nections was used, it was pos sible to use such an arrangeITlent to lower the electric field in a 

given region of the Staflo cell in two basically different ways: 1) the electrode( s) in that region 

could be left unconnected or floating; and 2) the electrode( s) could be left unconnected to the 

electrophoresis power supply but shorted [top electrode( s) to bottOITl electrode( s)]. Experi

ITlentally, arrangeITlent 1) was found to behave in a fashion interITlediate between the earlier 

"no electrode" arrangeITlent and arrangeITlent 2). 

ArrangeITlent 2) has proved to be particularly effective for iITlproving electrophoretic 

ITligrations because it reduces the effective electrical field between the electrodes to a value 

approxiITlating zero. FurtherITlore, this is accoITlplished without introducing undesirable side 

effects that ITlight be expected to occur, such as shorting out the power supply, draining off 

too ITluch current in the shunt circuit, or providing too ITluch extraneous heat. This results 

froITl the fortunate experiITlental fact that extreITle polarization occur s at the SITlall gap between' 

the electrophoresis electrodes and the shorted electrodes. The sITlall gas bubble which is 

forITled and ITlaintained in the gap acts as a very high resistance and reduces the shorting cur

rent to a few percent of the total current. During steady state operation of the Staflo appara

tus, the total and shorting currents are nearly constant. Taking the cOITlITlonly ITleasured 

shorting currents (-S -10 ITlA) with the ITleasured external shunt resistance (-1 ohITl), one cal

culates an electric field strength between the shorted electrodes of less than 0.1% of the elec

trophoresis field strength. 

The use of several electrode segITlents also perITlits variant forITls of electrophoresis. 

Different,voltages can be iITlpressed across the Staflo chaITlber at various places along the 

length of the cell, and the polarity can be reversed froITl 'place to place. Thus it becoITles 



30 STAFLO ELECTROPHORESIS: FLUID FLOW AND LIPOPROTEIN STUDIES 

possible to "prograIn" the electric field to suH the needs of any particular experiInent. A 

siInple application of a prograInIned electric field is illustrated in Fig. 12. 

B. THE LIPOPROTEINS HUInan serUIn lipoproteins are rec ognized to play an iIn-

portant role in norInal InetabolisIn and in disease. Few free-solution analytical electropho

retic ,data are available for these substances (1,7), _and a preparative electrophoretic separa

tion Inethod is also lacking. It is alInost a requireInent that, because of their tendency ~o ad

here to surfaces, electrophoretic studies on these species be carried' out by free solution 

Inethods, and for preparative separations ,zonal Inethods are strongly indicated. For these 

reasons Staflo electrophoresis (a free solution analytical and preparative zonal Inethod) ap

peared particularly proInising. A brief introduction to these substances is'given here, as a 

preliIninary to the subsequent discussion of their Inigration behavior (Section V D). 

The lipoproteins are cOInplex InacroInolecules consisting priInarily of lipids and pro

teins (6). They are found in the serUIn of all norInal InaInInals. Elevated (or lowered) con

centrations of specific ultracentrifugal classes of lipoproteins have been closely correlated 

with certain pathological conditions including coronary disease and obesity (4). Lipoproteins 

contain between 1% and 99% lipid by weight and have estiInated hydrated densities varying be

tween 1.32 and 0.95 g/Inl. Their Inolecular weights range froIn about 7 X 10
4 

to 10 1 t. but 

Inost of those present in the blood serUIn range in Inolecular weight from about 2 X 105 to 10
7 

and contain between 400/0 and 95% lipid respectively. The lipid Inoieties are cOInposed of vary

ing quantities of cholesterol esters, cholesterol, glycerides, unesterified fatty acids, and 

phospholipids (9). The relative aInount of these particular lipids change froIn one lipoprotein 

class to another, as do their aInino acid cOInpositions. FroIn the available data the lipopro

teins appear to have electrophoretic Inobilities which vary with the aInount of unesterified 

fatty acids present in any class of lipoprotein (5, 8, 20). Chicken egg yolk lipoproteins' have 

also been used in this investigation because of their abundance and ease of study. They appear 

siInilar in Inany respects to hUInan serUIn lipoproteins though they are clearly not identical. 

As this study progressed it becaIne clear that we had'an incoInplete understanding of 

the fluid flow properties of the Staflo apparatus and also that the existing versions of the appa

ratus were liInited in their applicability for the particular experiInental conditions found use

ful for the study. On the other hand these serUIn lipoproteins collectively possessed Inany 

propertie s which favored their use for a study of the Inigration properties of an electropho

resing saInple within the Staflo chaInber. SOIne of these are: 1) densities near that of water, 

2) reasonable solubility, 3) relatively high electrophoretic Inobilities at the pH and ionic 

strengths used in the work, and 4) sufficient size to scatter visible light efficiently. This last 

property has Inade it possible to evaluate directly and instantaneously the electrophoretic Ini

gration of the lipoprotein saInple. 

C. EFFECT OF VERTICAL FLOW PROFILE The experiInental data of Section 

III A developed the picture of a systeInatic deviation froIn idealized plug flow for the vertical 

flow profiles. FurtherInore, the actual profile was seen to vary froIn point to point within the 

Staflo chaInber. Since we are priInarily interested in Staflo processes involving vertical 
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m.igration of solutes (e. g., electrophoresis or sedimentation), the cogent question to ask is: 

what are the quantitative consequences of these deviations from vertical plug flow on the mi

gration path of one or more solutes? This kind of question also bears on considerations of 

analytical and preparative resolution of the Staflo method to be discussed in detail in a later 

paper. We will answer this question by considering the residence time 7 for the various 

parts of the Staflo chamber and for various hypothetical migration behavior, as compared 

with the residence time 7 1 valid for the vertical plug flow region. 
pug . * 

1. Any kind of migration through the central plug flow reglOn. By definition, in 

this region 7 = 7 plug' 

2. Individual sample particles migrating across ~ whole "horn. " The area integrated 

across a whole "horn" closely approximates the area under an equivalent width of the plug flow 

region, so we can expect that 7 '" 7 1 . pug 
3. Entire sample stream, components ~ zero mobility. In this closed system, for 

streams remaining intact, with Staflo feedback operative, the average stream's residence 

time is proportional to the reciprocal of its volume flow rate or to the reciprocal of its aver

age vertical thickness. Computations from the flow rate data as well as analysis of the dye 

stripe patterns, indicate that (for the average over each whole stream): for streams 4-9, 

7 = 7 1 ; for streams 3 and 10, 7 = 0.91 7 1 ; for streams 2 and 11, 7 '" 0.87 7 1 . For 
p~ p~ p~ 

streams 1 and 12, adjacent to the membranes, the average 7 appears to be about 1.2 7plug' 

with a possible continuous variation from 0.9 7 1 to a value which approaches infinity at the 
pug 

membrane. 

4. Sample stream, migration starting in position corresponding to maximum velocity 

of horn, t components of non-zero mobility. Since in any normal experiment we would avoid 

causing to migrate towards the membrane a sample entering near the membrane, we will con

sider only migrations across the "horn" toward the central plug flow region. Several sub

cases can be considered. 

a) Particles of high mobility moving soon into the plug flow region: 7 '" 7 1 • 
pug 

b) Particles of nearly zero mobility (similar to case #3): 7'" 0.87 - 0.91 7 1 . 
pug 

c) Particles of intermediate mobility such that they electrophorese just to the begin-

ning of the plug flow region by the time the outlet is reached (see data in Table 1): 

min 7 '" 0.85 7 plug' 

d) Full thickness sample stream, particles of the same intermediate mobility as in 

c); average for the whole stream: 7'" 1/2 (7 1 + min 7) or 7 = 0.92 7 1 . pug pug 

We may generally summarize these consequences of the vertical flow profile experi

ments as follows: 

(i) For almost any useful rate migration, with samples migrating through streams 3 

and 10, to a very good approximation 7 = 7 1 . Thus the average vertical plug flow assumption 
pug 

>I< 
"For simplicity, consideration of the variation of 7 with z position is deferred until Section 
V D. It should be evident that (7 1 ) = 7 . pug av av 
t Note that because of the diffusion time generally allowed before starting electrophoresis (see 
Section V A), if the sample enters the position of maximum "horn" velocity at the inlet (e. g., 
- stream 3), by the time the field commences, the position of "horn" maximum will have 
moved up and out of stream 3 approximately to stream 2 (see Fig. 4A and Table 1). 
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will continue to be adopted for most experiments. 

(ii) The maximum deviation of 7 from 7 plug' for a full width migrating stream will 

usually be less than about 10%; for the thinnest streams maybe up to about 17%. With care

fully controlled conditions it is possible to see differences in 7 of this magnitude, as changes 

* in slope of the migration pattern. 

Since this analysis and statements 1 to 4 follow from the data of Tables 1 and 2, the 

quantitative.·,conclusions depend on the .particular (though typical) conditions .of the experiments. . . 

D. EFFECT OF HORIZONTAL FLOW PRQFILE· Using the data from Section III B, 

let us now calculate the steady state sample distribution profile in the vertical x-z plane at 

the outlet for a thin sample initially distributed uniformly throughout the x-z cross section· of 

the sample layer, undergoing only vertical electrophoresis. The following additional condi

tions are. assumed or have been shown to hold: 1) constant electr.ic field strength is assumed; 

2) the electr.ophoretic mobility of each species is taken as constant; 3) the entire liquid system 

is considered as non-convective and non-turbulent; 4) the horizontal fluid flow velocity profile 

within the Staflo chamber (Section III B) is given by: 

v=v 
max 

( 3) 

where v is the linear velocity at any horizontal z position, z is measured from the ,center 

of the Stafl.o chamber, zm~is the half-width of the Staflochamber, andk is a constant; and 

5) vertical plug flow is ·assumed. 

Before proceeding with the derivation, some additional.definitions are necessary. 

All primed (I) symbols refer to the region where electrophoresis actually occurs. Thus L is 

the length of the Staflo chamber, LI the length of the (unshorted) electrophoresis electrode. 

For the experiments l;eported here, 

LI = 0.6 L. ( 4) 

(See Fig. 11.) The residence time. 7, the time that any infinitesimal volume element spends 

within the Staflo chamber, is related to the flow velocity by 

L 
7 = - • 

v 
(5) 

Because of the parabolic nature of the horizontal profile, the average residence time for an 

infinitesimal volume element is' related to the minimum residence time by 

7. 2/3 7 av mln 
(6) 

and similarly 

7 1 . = 2/3 7
1 

• mln av 
( 7) 

An obvious consequence of equations 3 and 5 is. the existence of a variety of residence times. 7 

as a function of z. From equations 4 and 5 for all electrophoresis times' 7 1 (in any' given x-y 

* ., For certa:in experiments (e. g., cell' sedimentation s'eparations), the deviations from verti'cal 
plug flow could be (and have been) Jsed in such a way that they lead to slightly increased pre-
parative resolution. . . 
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plane), 

0.6 T. ( 8) 

The basic equation of electrophoresis is 

A=f.1ET', (9) 

where A (ClTI) is the distance elect::ophoresed, f.1 (clTI!sec)!(volt!ClTI) is the electrophoretic 

lTIobili ty, and E (volt! ClTI) the (he re constant) electric field strength. COlTIbining equations 3, 

5, and 9: 

Z II E T' zZ 
r av lTIax 

Z Z 
3(zlTIax - z ) 

( 10) 

It is also very useful to have equation 10 expressed in terlTIS of lTIobility, an ilTIportant physi

cal chelTIical property of any species. Solving for f.1 gives 

3 A.(zZ _ zZ) 
lTIax 

Z 
Z E T av zlTIax 

( 11) 

Equation 10 is the equation for the salTIple lTIigration profile in the x-z plane at the 

outlet and gives a curve having the general forlTI of an arch (see Figs. 9 and 10). Since the 

equation holds for any T', it can also be considered to apply at positions other than the outlet. 

The lTIinilTIulTI lTIigration distance, A. . , occurs when z = ° and after a tilTIe interval of 2!3 
lTIln 

T' • 
av 

The lTIigration distance theoretically increases without bound as the wall is approached 

(i. e., z - z ). Thus the curve for the electrophoretic 
lTIax 

lTIigration distance A. does not 

intersect the wall but approaches it aSYlTIptotically. 

This theoretical result has been tested by cOlTIparing actual photographs of salTIple 

lTIigration profiles (as revealed by a slit-lalTIp illulTIination technique discussed in Section V E) 

with the theoretical lTIigration curve s calculated frOlTI equation 10, using the lTIeasured value s 

of AlTIin. One such cOlTIparison is shown in Fig. 10. The calculated curves are seen to coin

cide very well with the actual experilTIental profiles. This gives us SOlTIe confidence in the 

assulTIptions outlined at the beginning of this section and which underlie the derivation of equa

tion 10. 

A 3 -dilTIensional representation of a salTIple lTIigration pattern corresponding to x-z 

profiles of the type shown in Figs. 9, 10, and 13 is given in Fig. 11. This figure also indi

cates schelTIatically the operation of "shorted" and "electrophoresis" electrodes and an illus

tration of a progralTIlTIed electric field (Section V A). Note that a straight-on side view of such 

a lTIigration pattern would show an apparent widening of the initial thin (rectangular) salTIple 

strealTI during the electrophoresis. We refer to this phenolTIenon as "lalTIinar defocusing. " 

The effective widening lTIay appear to the eye and lTIay actually be considerably slTIaller than 

lTIight be expected frolTI a photograph such as Fig. 10, because of the saturation properties of 

the fillTI. Thus, in Fig. 10, there is probably a considerably lower concentration (hence a 

relatively slTIaller alTIount) of lTIaterial in the downward-extending "arlTIS" than in the principal 
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central portion. Evidence for this is given by the relatively narrow band of light-scattering 

material extending to the right {upstream} in Fig. 10. 

An electrophoretic migration pattern for a low-density human serum lipoprotein 

{Sf 0_10S} is shown in Fig. 12. The sample enters through inlet #3, flows through a 12 cm 

region of no electric field, then electrophoreses downward during the remaining 18 cm passage. 

In reality this sample contained a second, slower migrating electrophoretic component which 

is invisible in this photograph since it scatters light much less effectively. The constant mi

gration slope, a quantity which depends upon flow rate, field strength, and mobility, as well 

as on pH and ionic strength of the solution, is evidence for the constancy of these parameters. 

From equation 11 [and using the applicable experimental conditions 3} Section II B, with pH 

8.8, E = 7 volts/cm; T' = 1224 sec; >"2 . = 1.38 cm] we calculate the approximate minimum 
av mIn 

electrophoretic mobility for the particular Sf 20 _10 5 class of lipoproteins to be 

fJ. = 2.4 X 10-
4 

{cm/sec}/{volts/cm}. 

This is an example of an analytical application of the Staflo method. 

Figure 13 ·is an example of Staflo electrophoresis of a chicken egg yolk lipoprotein 

sample which contained three fractions by ultracentrifugal criteria. Migration conditions were 

similar to those in the experiment of Fig. 12; Section AA is an enlarged photograph of the mi

gration profile also seen by scattered light -using the slit-lamp technique {Section V E} just be-
- -

fore the outlet, and indicates separation of at least three {and probably more} electrophoretic 
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Fig. 10. E xperimental Staflo e l ectr ophoreti c m i gration pattern in the v e rtical x - z p l a n e at the 
outl e t. T he sampl e i s a 0 . 30/0 (wt/vol ) human se r um l ipoprote i n fraction, introduced as laye r 6. 
Enl a r ge d (fo r eshor t ened) photograph made b y the slit -lamp technique. Overlay : theo r eti cal 
mig ratio n profil es, calcul ated accordi ng t o equation 10. 

JHL -5257 and D5 -4771 
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fractions. For the two faster fractions, the migration profiles are in good qualitative agree

ment with the theory of Section V D. 

It should be pointed out that the various lipoprotein classes as defined by ultracentrif

ugal flotation methods are not single species but are populations having small, continuous vari

ations in density (23). Such populations might also be expected to exhibit a range in electro

phoretic mobilities. This in fact appears to be the case as can be seen from Figs. 10 and 13, 

where a given "separated" electrophoretic fraction (defined by its limiting arch-shaped enve

lopes, as e. g., 11.2 . and 11.3 . in Fig. 10) is considerably wider, at the z = ° position, than 
=R =n ~ 

is the initial sample.' From the magnitude of the. final fraction thickness relative to the ver-

tical spacing for the 2-dimensional outlet arrays in this Staflo cell (and in other, presently 

available higher resolution cells), two to four subfractions could be preparatively collected 

from a single fraction such as the bottom one in Fig. 10. 

E. THE SLIT-LAMP TECHNIQUE The technique for viewang and photographing 

sample migration profiles such as those shown in Figs. 10, 12, and 13 is as follows. A thin 

vertical plane of light, formed by projecting the image of a thin slit with a slide projector, is 

directed normaHy to and focused approximately at the central x-y plane of the Staflo chamber. 

When the chamber is viewed obliquely at an angle of about 45 0
, the images seen are those 

given in the three figures. That is, those parts of the sample unilluminated remain invisible 

and the sample's cross section stands out in bold contrast to them. Because of the oblique 

angle of viewing, the photographs are not straight..,on cross sections but foreshortened ones. 

(This foreshortening does not enter into the previous analytical calculations.) In order for a 

sample profile to give rise to such an image, it must either scatter light or fluorescence. 

Since most macromolecular and all cell samples do one of these to some extent at least, the 

method is of quite general utility. 

After discovery of this observation method, a search of the literature of other fields 

revealed that a similar slit-lamp technique has long been employed for ophthalmological pur

po ses (3). 

VI. SUMMARY AND CONCLUSIONS 
Staflo apparatus-previously unpublished features. Operation is described for a: "3-dimen

sional, " 36 -channel Staflo cell having a 2 -dimensional (3 wide by 12 high) outlet array. A new, 

segmented, "programmable" electrode system adds considerable flexibility to electrophoresis 

capabilities. An optical technique, based on the use of a focused luminous slit, permits view

ing cross-sectional sample migration profiles. 

Hydrodynamic properties of the "3-dimensional" Staflo system. Detailed local flow velocity 

measurements in the Staflo chamber show that the assumption of average vertical plug flow is 

good for almost all practical experiments. Horizontal (cross stream) flow profiles, however, 

l,'The argument can be made that this widening is not an artifact, re sulting from such factors 
as local non-uniform resistivity, if. the envelopes calculated from equation 10 fit the experi
mental profiles. 
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Fig. 11. Schematic perspective drawing of a Staflo electrophoretic migration pattern for a 
monodisperse thin sample. (The rays are shown only for the front half of the pattern). 
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are found to be parabolic almost everywhere throughout the 3-dimensional volume. The exper

iments reported here were performed under specific (though typical) experimental conditions 

of flow rate, solution densities, viscosities, etc. Similar quantitative measurements should 

eventually be made over a wide range of values for such variables. (Since one cannot exclude 

the possibility of a major functional dependence of these Staflo properties on particular appa

ratus parameters, it will also be eventually desirable to make additional measurements of this 

type using Staflo chambers of different dimensional characteristics. However, from operation 

of a large number of other Staflo chambers, having differences in overall dimensions, flow 

divider design, inlet and outlet spacing, total number of channels, etc., there is no present 

reason to expect major qualitative differences from the behavior reported here.) 

Sample migration behavior. This has been investigated for "rate type" migrations of thin-

slab samples initially distributed uniformly across the Staflo chamber cross section, and sub

ject only to vertical migrations. As a result of the parabolic (cross stream) flow profiles, an 

arch-shaped cross-sectional sample migration profile is calculated theoretically and verified 

experimentally. The equation derived provides a more refined analytical expression for deter

mination of (electrophoretic) mobilities in Staflo experiments than was previously available. 

A mobility determination is given for a sample of low density human serum lipoproteins, and 

a preparative electrophoretic separation described for a multicomponent egg lipoprotein sam

ple. The value of the "3-dimensional" Staflo cell for higher resolution preparative separations 

following this type of migration is clearly evident. 

Migrations of the above type actually constitute only a portion of the total spectrum of 

useful Staflo migrations. For non-rate-type migrations [e. g., where solutes are concentrated 

by "conductivity barriers" or at their isoelectric points in a pH gradient (14)] the sample 
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Fig. 12. Stead.>5 state Staflo electropho r etic migration pattern for a sample of low density lipo
protein (Sf 0-10 ) viewed by scattered light. Note the effect of the p r ogrammed elec tric field, 
with 40% of the electrodes shorted (right end) . The electrolysis bubbles in the l eft 600/0 of the 
electrode chambers are flushed out sufficiently rapidly so as not to affect adversely the overall 
electrophoretic migration. (The numbers on the flow dividers are upside down but the migra -
tion is down as shown.) JHL -5 2 42 

A .... ·.J 

Fig . 13. Schematic drawing of an actual Staflo - e lectrophoretic separation of a "3 component" 
chicken (egg-yolk) lipoprotein sample with the first 40% of the electrodes shorted. The photo
graph (Section AA) made by the slit -lamp technique shows clearly the "laminar defocussing" 
phenomenon ( Section VD) for a multicomponent sample . 

JHL-6587 
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spreading tendency ("laminar defocusing") is effectively controlled by other opposing tenden

cies, so the simpler "2-dimensional" type analysis for overall average sample migration be

havior can still often be used effectively. Furthermore, a variety of interesting phenomena 

of a different class has been observed or can be postulated in other experiments which will be 

reported and analyzed in a later publication. These involve some movement of sample in a 

horizontal (cross stream) as well as in a vertical direction, leading to a nonuniform distribu

tion of sample across the Staflo chamber cross section. This can result in a drastic altera

tion of the arch-shaped sample migration profiles even for pure "rate type" migration pro

cesses, as for example in phenomena of "central sharpening" (27). For preparative separa

tions involving these other types of migrations the original simpler (1 by 12 type vertical out

let array) Staflo apparatus may continue to be the apparatus of choice, on practical grounds of 

convenience. 

In conclusion, it seems worthwhile to call attention to a certain aspect of the inter

disciplinary nature of this study. As pointed out in the text, a principal motivation for com

mencing this work was the biological interest in lipoproteins themselves. It soon became 

apparent that these substances possessed a number of physical properties suiting them par

ticularly well for investigating the interaction between general sample migration behavior and 

fluid flow properties in Staflo experiments. Thus there developed an interplay between the 

biological interests of the sample under study and the particular method used for the study. 

This interplay has given us a better knowledge of the Staflo apparatus and lays the groundwork 

for more definitive studie s of the lipoproteins as well as of other biological (or non-biological) 

samples. 

VII. GLOSSARY 
Symbol 
or term 

Flow pattern 

Flow profile 
(horizontal) 

Flow profile 
( vertical) 

E 

k 

L 

L' 

Laminar 
defocusing 

Sf 

Sample migration 
pattern 

Meaning 

The overall face-on appearance of the free boundary 
streams flowing from inlets to outlets in the Staflo 
chamber. (Fig. 6 is the inlet portion of a dye -stripe 
flow pattern. ) 

Linear fluid flow velocity profile in Staflo chamber, in 
any y-z plane; normally parabolic in shape (see Figs. 
4B and 7). 

Linear fluid flow velocity profile in Staflo chamber in 
any x-y plane (see Figs. 4A and 5). 

Electric field strength 

Apparatus parameter in laminar flow equation 

Length of Staflo chamber 

Length over which electrophoresis takes place 

The vertical widening of a sample stream migrating 
vertically according to rate type migration principles, 
re sulting from the horizontal (z -direction) laminar 
flow profile. 

Ultracentrifugal flotation coefficient 

The overall face-on appearance of a continuously 
flowing sample migrating vertically in the Staflo 
chamber (see Figs. 12 and 13 right). 

Units 

V/cm
2 

(cm/ sec)/cm
2 

cm 

cm 

svedbergs 
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Symbol 
or term 

Sample migration 
profile 

Staflo 

Staflo cell 

Staflo chamber 

v 

v max 
V 

x 

y 

z 

z 
max 

A-

A- . 
mIn 

7 

7 av 

7 . mIn 
7' . 

mIn 
7 plug 

VIII. REFERENCES 

Meaning 

The appearance or shape of a migrating sample's 
cross section (see Figs. 9, 10, 11, 13 left). 

Short for "stable -flow free -boundary" 

Consists of upper and lower electrode chambers and 
Staflo chamber 

Chamber in which electrophoretic or sedimentation 
migrations occur 

Linear fluid flow velocity within Staflo c~amber 

Maximum v; occurs for z = ° 
Volts 

Vertical height coordinate 

Horizontal length coordinate 

Horizontal width coordinate 

Half horizontal width of Staflo chamber 

Electrophoretic migration distance 

MinimumA-; occurs at z = ° 
Elec trophoretic mobility 

Residence time; the time any given volume element 
resides in the Staflo chamber. 

Average residence time; time required to pump a 
volume of fluid equal to the volume of the Staflo 
chamber 

Minimum re sidence time; occur s for z = ° 
Minimum residence time for electrophoresis 

Residence time at any z position in the vertical 
plug flow region; (7 1 ) = 7 av' pug av 

Units 
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cm/sec 
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cm 

cm 

cm 

cm 

cm 

cm 
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Studies of RBC Lifespan Distribution Using 
Endogenous 14CO Production 

Stephen A. Landaw 

Considerable interest has centered upon the determination of red blood cell (RBC) 

lifespan in normal and disease states. Although some information concerning RBC lifespan 

can be obtained from studies of the reticulocyte count, daily fecal stercobilin excretion, and 

the endogeneous production of non-labeled carbon monoxide (1), it is only with the use of 

tracers that detailed information can be obtained for quantitative definition of the parameters 

describing the distribution of RBC life spans in the circulating blood. 

The previously available tracer methods for determination of these parameters have 

been adequately reviewed elsewhere (2,3,4,5). It has been stated (2) that most of the meth.ods 

in current use suffer from one or more defects. The ideal method should have most, or all, 

of the following characteristics: 

1. The time delay in the appearance of the material at the site of sampling, following its 

production, must either be minimal or readily measured. 

2. The procedure should introduce minimal or no interference with normal physiology. 

3. Uptake of the label into circulating RBC should approximate a "pulse" label, and con

tinued availability of the label should be minimal. 

4. Continuous collection of the material under study should be possible. 

Recently a method was introduced for the in vivo detection and quantitation of endog

enously produced 14Cb in the expired air of mammals, following injection of glycine_2_
14

C 

(6). The number two carbon atom of glycine is incorporated into the heme moiety of circulat

ing RBC hemoglobin, and is the "unique source of the 4 methene bridge carbon atoms of heme 

(7). When RBC are destroyed in the body, the heme ring is opened at the alpha-methene bridge 

carbon atom, with the oxidation of this carbon atom to carbon monoxide (8,9). Thus, one mole 

of carbon monoxide is produced per mole of heme catabolized. Correspondingly, one mole of 

14CO is produced per mole of "labeled heme" catabolized. The 14CO thus produced is ex

creted rapidly and quantitatively in the breath, without oxidation to 14C02 (10, 11). Therefore, 

the excretion rate of 14CO in the breath reflects the destruction rate of labeled heme in the 

body. Since most of the 14CO produced in animals after the first week arises from degrada

tion of hemoglobin heme, RBC destruction can be studied continuously, without recourse to 

venesection or collection of other body fluids. In this paper, a kinetic analysis of RBC produc-
14 

tion and destruction in the mouse and rat will be presented, using analysis of CO appearance 

43 
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in expired air following administration of glycine_2_
14

C. The method will be discussed in 

terms of the characteristic s outlined above .. 

MA TERIALS AND METHODS 
Animals used were 300-400 gram, male buffalo rats, and 17-26 gram, female LAF 1 

mice. Rats were studied individually, following intravenous injection of 50 fJ.Ci of glycine-2-

14C, under light ether anesthesia. LAF 1 mice were studied in groups of 5 animals, each 

mouse receiving 10 fJ.Ci of the labeled glycine intravenously, without anesthesia. Labeled CO 

was detected and quantitated as described elsewhere (6). 

Uptake of the labeled glycine into heme of circulating RBC was studied in three nor

mal rats. Following injection of the labeled glycine, small aliquots of peripheral blood (less 

than 0.15 ml each) were removed via tail vein puncture at 1, 2, 3, 6, and, 10 days. The total 

amount of blood removed from each animal was less than 50/0 of the calculated total blood vol

ume. RBC were washed three times in saline, and hemin was extracted and crystallized by 

the method of Labbe and Nishida (12)~ The hemin crystals were dissolved in pyridine, and 

hemin concentrations were determined spectrophotometrically. Hemin activity was determined 

by counting aliquots of the hemin solutions by liquid scintillation, in a toluene -PPO solution, 

with suitable standardization for the color quenching caused by the hemin. Duplicate deter

minations of hemin specific activity (dpm/mg) agreed within 2%. Uptake of .the 14C label.. into 

circulating RBC was analyzed in the usual fashion, u~ing semilogarithmic paper, and a visual 

best fit to the data points. 

The corrected data points for 14CO excretion rate were fitted to appropriate mathe

matical formulae with a variable metric minimization ( "V ARMIT ") least- square s fitting pro

gram (13). This is an iterative gradient method which determines local minima of differen

tiable functions with up to 40 dependent variables. This program, as modified by E. R. B,eals, 

Lawrence Radiation Laboratory, Berkeley, was run on a CDC -6600 digital computer. 

RESULTS AND DEVELOPMENT OF MATHEMATICAL MODELS ,Figure 1 compares 

the results obtained with this method with the labeling pattern of circulatiI).g rat RBC hemo

globin. In the period 10-40 day.s after injection of the labeled glycine, there is little change 

in hemoglobin activity, and excretion of labeled CO is minimal. In the period 40-99 days 

after injection, when there is a great decrease in hemoglobin activity, production of 14CO is 
. 14 . 

maximal. These findings suggested that the curve of excretion rate of CO versus time after 

injection of labeled glycine would be approximated by the first derivat~ve of the ,corresponding 

heme activity curve. 

Mathematical treatment of heme activity. curves has been adequately presented by 

others (2,3,4) •. The simplest formula" applied to the senescent destruction of circulating 

labeled cells produced following a pulse label, is. derived from the Verhulst-pearl growth 

curve, and has the form: 

F(t) c 
1 + ea(t-T) , 

( 1) 
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F'(t) = ~ [F(t)] ( 2) 

where C is the maximum specific activity of heme, T is the mean potential RBC lifespan for 

senescent death, t is the time after injection of the labeled precursor, and O! is the coeffi

cient of uniformity of life spans about T. Using a set of values for the parameters T, C, and O! 

in equation 1, and representing the 14CO excretion rate curve as equation 2-the first deriva

tive of equation 1-the results shown in Fig. 2 were obtained. The curve of 14CO excretion 

rate versus time is seen to be symmetrically distributed about T, with a shape that is roughly 

gaussian. Both alpha of equations 1 and 2, and sigma of the gaussian are measures of distri

butions about a mean. Sigma, the standard deviation, increases as the sprea::l around a mean 

increases, while alpha is greater the smaller the spread. Since we are more or less accus.,. 

tomed to the concept of spread embodied in sigma, an attempt was made to equate a value of 

sigma in a gaussian distribution to every value of alpha from functions similar to equations 1 

and 2. By properly equating the gaussian with equation 2, the following relation was obtained: 

(alpha) X (sigma) = 1.701 (3 ) 

In this simplification, it is seen that alpha and sigma are inversely related, and we may obtain 

an approximate value for sigma from every value of alpha. An example of the close similarity 

between the two functions can be seen in Fig. 3. It is shown that 69% of the total area under 

equation 2 lies between the values ± 1 sigma, 94% between ± 2 sigma, and 99% between ± 3 

sigma. The corresponding values for the gaussian are 68%, 95%, and 99.7%. 

Equation 1 does not adequately describe the heme specific activity curve following 

injection of labeled glycine because: 

1. It does not take into account random destruction (hemolysis) of labeled cells. 

2. It does not take into account the time taken for the labeled cells to appear in the circula

tion. 

3. It does not correct for the continuous availability of label in the glycine pool. 

Allowance for random hemolysis can be introduced into equation 1 by replacing C with 

the expre ssion Ce -kt, where k is the fraction of labeled cells in the circulation that are de

stroyed by random processes per day (3). Allowance for delayed appearance of the labeled 

cells in the circulation can be made by studying the incorporation of labeled glycine into heme 

of circulating RBC. Shemin and Rittenberg (14) studied this phase in man, and concluded that 

the portion of the hemin specific activity curve 0-30 days after ingestion of labeled glycine can 

be adequately approximated by a single exponential uptake of the form 

Hemin S.A. - >..t =C(1-e) 

(30 '" t '" 0) . 

( 4) 

Lambda is the fraction of labeled cells appearing in the circulation per unit time. In man, 

these authors found a value for >.. of 0.11 per day, which corresponds to a mean labeling time 

(1j>..) of 9.1 days. Results in three normal rats in this laboratory confirmed that the early 
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Fig. 1. Labeling pattern of 
RBC Hgb (closed circles, left 
ordinate) and breath CO (open 
circles, right ordinate) follow
ing injection of glycine-2- 14C 
in normal buffalo rats. Only 
the downslope portion of. the 
"early peak" for 14CO pro
duction is shown. ' 

MUB-1i283 

Fig. 2. Computer output 
showing theo,retical labeling 
pattern for RBC hemin and 
breath CO from equations 1 
and 2, using an arbitrary set 
of values for C, T, and alpha. 
Hemin specific activity has 
been stated in terms of 
dpm/mg, normalized to a 
maximum of 5000, for graph
ical purposes only. See text 
for discussion of parameters 
used. 

DBL672-1546 
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portion of the heInin specific activity curve could be approxiInated by equation 4, with an aver

age value of A. of 1.19, or a Inean labeling tiIne of 0.9 day. 

It can be appreciated that the non-instantaneous appearance of label in the circulating 

RBC causes an error in the deterInination of the true potential RBC lifespan on the order of 

the Inean labeling tiIne. The true potential RBC life span (T ') can be approxiInated by: 

T 1 = T - 1/X. . (5) 

In the rat, this correction is less than 1 day, while in Inan it is ten tiInes larger. SheInin and 

Rittenberg introduced another InatheInatical forIn for this correction. They treated RBC de

struction by exaInining the first derivative of the heInin specific activity curves. The tiIne at 

which the first derivative was InaxiInal was taken as the Inean potential RBC lifespan (T). The 

first derivative, corrected for delayed appearance of label in the circulating RBC, was ob

tained by adding the correction factor 

d d 1 
- CIt [HeIne (t)]corr = crt [HeIne (t)] + X" 

d 2 
- [HeIne (t)] . 
dt2 

( 6) 

The peak of this corrected first derivative was taken as the corrected Inean potential RBC life

span (T '). In the exaInple given in their paper, this gave a value of T 1 of 127 days, whereas 

the uncorrected data gave a value of T of 133 days. It should be noted that equation 5 yields 

a value for T' of 124 days, only slightly different froIn the value obtained using the InatheInati

cally deterInined correction factor of equation 6. 

Berlin, Hewitt, and Lotz ( 15) supplied a correc tion for the continuous availahility of 

label in the glycine pool, by studying th~ specific activity of urinary hippuric acid, in Inan, 

following ingestion of non-labeled benzoic acid. Their results suggested that the continuous 

availability of label in the glycine pool cause s a significant change in the descending portion 

of the heInin specific activity curve. While this cOInponentwas not specifically corrected for 

in our experiInents, its effects contributed to the eInpirical correction inherent in equation 4. 

With these corrections in Inind, equation 1 can be iInproved by the following function: 

_ (1 - e -x.t)Ce -kt -At 
HeIne (t) ::; (1 - e ). G(t). 

- 1 + ea(t-T) 
(7) 

The appropriate forIn of the 14CO excretion rate, the first derivative of G(t) is 

-G'(t) . ( 8) 

With the SheInin-Rittenberg correction, equation 8 becoInes 

CO(t) = _[GI(t) + 1. dG'(t)] 
corr X" dt 

(9) 

Figure 4 presents curves generated froIn equations 7 and 8, using a given set of val

ues for C, k, T, a, and x.. Note that these curves approxiInate the shape of the curves 
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Fig. 4. Computer output 
showing theoretical labeling 
pattern for RBC hemin and 
breath CO from equations 7 
and 8, using an arbitrary set 
of values for C, T, alpha, K, 
and lambda. Note again that 
hemin specific activity is nor-
malized to a maximum of 5 000 
dpm!mg. The similarity be-
tween this figure and Fig. 1 
should be noted. 

XBL672-541 
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obtained from actual data in the rat, as shown in Fig. 1, in the period 20 -90 days following 

injection of the labeled glycine. In the period before 20 days, there is another process which 

causes the production of labeled CO, the so-called "early peak, " which has been described fqr 

labeled bilirubin (16), fecal stercobilin (17), and breath CO (6, 18). This early peak is partly 

associated with erythropoiesis, and partly associated with the turnover of non-hemoglobin 

hemes, especially the heme enzymes of the liver (19,20). Only the downslope portion of this: 

early peak is shown on Fig. 1, but it can be seen that its contribution to 14CO production is 

considerable in the first few weeks a~ter injection of labeled glycine. Labeled CO can, in 

actuality, be detected for more than 80 days in the hypertransfused (plethoric) mouse, in 

which erythropoiesis has been totally abolished. This is shown in Fig. 5, in which the 14CO 

excretion rate following injection of labeled glycine is compared in one set of normal LAF 1 

mice and one set of hypertransfused LAF 1 mice. Note that the late production of 14CO, due 

to the destruction of labeled RBC, is entirely absent in the plethoric mice. However, the 

early. peak is still quite prominent. In addition, 14CO production can be seen to continue at a 

low, but significant, level from the end of the downslope of the early peak to more than 80 days 

after injection of the label. 

In an attempt to account for this component of 14CO production, it was assumed that 

the downslope portion of the early peak could be approximated by a single exponential function. 

The downslope of the 14CO curve s were plotted on semilogarithmic paper. For almost all of 

the rats and mice the data points could be connected by a single exponential regression line in 

the period between 3 and 14-21 days after injection of the label. This single exponential re

gression line was then continued up to 100 days, as the component of 14CO production due to 

the. processes responsible for the early peak. This correction probably underestimates the 

contribution from these processes. As discussed by Berlin, Hewitt, and Lotz (15), the con

tinuation of these processes probably reflects the continued availability of label in the glycine 

pool as well as the processes responsible for the early peak. 

The data points of 14CO eXG;retion rate were corrected for the above processes by 

subtracting the corresponding points of the single exponential extrapolation of the downslope 

of the early peak. Since most, or all, of the 14CO production during the first 2 -3 weeks was 

encompassed by this correction factor, it was impossible to determine the survival of labeled 

RBC less than about 20 days old by this method. Therefore, only the corrected data points 

obtained more than 20 days after injection of the labeied glycine were submitted for computer 

analysis. In an effort to obtain data on the survival of RBC less than 20 days old, cross

transfusion studies were performed in two rats. Two normal donors were given labeled gly

cine in the usual fashion. One animal was sacrificed 24 hr after injection of 100 fJ.Ci of labeled 

glycine, while the other was sacrificed 14 days after injection of 50 fJ.Ci of the labeled glycine. 

Approximately 2-3 ml of washed RBC were transfused intravenously into normal compatible 

hosts. In this manner, the only radioactivity in the hosts resided in the transfused RBC, and 

the components of 14CO production due to the turnover of non-hemoglobin hemes and continuous 

availability of label in the glycine pool were absent. In only one host were there enough early 

data points to attempt a formulation of RBC survival in the period between: 3 and 20 days after 

injection of the label. Results from these studies are presented in the subsequent section. 
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In summary, then, one factor for correction of 14CO production related to the early 

peak was obtained for each animal from the downslope of the early peak obtained in that par

ticular animal. This probably represents a minimal correction for the components of 14CO 

production due to the turnover of non.;.hemoglobin hemes, 14CO production associated with 

erythropoietic activity, plus the continuous availability of label in the glycine pool. The other 

factor for correction of the delayed appearance of labeled RBC in the circulation, lambda, 

was determined separately in three normal rats, and the resulting average value was used 

for all the normal animals in this series. The corrected data points obtained more than 20 

days after injection of the label were then submitted for the least-squares best fit to equation 

8, the output of which gives the parameters alpha, C, k, and T. Sigma is then estimated from 

equation 3. The corrected mean potential RBC lifespan (T ') is obtained from equation 5, or by 

applying the best-fit parameters from equation 8 to equation 9. A second program is now in 

process for fitting the corrected data points directly to equation 9. The output of this program 

yields the parameters alpha, C, k, and T '. Preliminary, unpublished results indicate that 

this latter program does not give a significantly better fit to the data points. 

RESULTS OF THE DIGITAL COMPUTER ANALYSIS OF DATA IN RATS AND MICE 

Complete data were available for 3 normal rats, 10 normal mice, and 2 cross-transfused rats. 

Partial data were available from 3 other rats in which early peak determinations were not 

performed. An example of results obtained in the normal rat is shown in Fig.' 6, and in a 

group of 5 simultaneously-injected mice in Fig. 7. In both cases the best-fit curve for the 

downslope of the early peak is shown as a dashed line. The best fit to equation 8 for the un

corrected data points is. shown as curves labeled "A, " while .the best fit for the corrected data 

points is shown as curves labeled "B." The parameters T, sigma, andk obtained for each of 

the two methods arealso shown on the figures. It can be noted that the main difference is in 

the best-fit value for k, the parameter for random hemolysis. Uncorrected values for k 

averaged 1.180/0/day, while the corrected values averaged 0.660/0/day, in the rat. The cor

rected value agrees well with the value of 0.48"i'o/day obtained by Belcher and Harriss, using 

59 Fe in the rat (21). 

Figure 8 shows results obtained in one of the cross-transfused rats. Data points are 

shown as solid circles, and the least-squares best fit to equation.s is shown as a solid line. 

The excellent fit of the data points to the equation used can be seen for all points after 20 days. 

Before 20 days, the data points are all lower than the theoretical curve, suggesting that the 

cells are not as liable to random destruction at this period of time. These early data points 

fit, with some precision, a single exponential build-up of the form shown in equation 4, with 

a mean time of approximately 8 days·. Experiments are now in progress to further delineate 

this "aging" function. 

Mean RBC lifespans for the combined modes of death (random hemolysis and senes

cent death) were estimated by the use of three different models for the survival of RBC less 

than 20 days old. In one method, mean survival. of all cells surviving more than 20 days was 

calculated (Tm20). This is clearly an overestimation, since the cross-transfused animals 

showed RBC death before 20 days. In the second method, mean survival was calculated by 
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Fig. 5. 14CO excretion rate 
in normal and hypertransfus·ed 
LAF 1 mice. Note that the 
"late peak" of 14CO produc
tion' due to the destruction of 
labeled circulating RBC, is 
entirely absent in the hyper
transfused mice. However, 
the "early peak" is still pres
ent, although diminished in 
magnitude, followed by per
sisting, low level excretion of 
14CO. 
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Fig. 6. 14CO excretion rate 
in a normal buffalo rat follow
ing injection of labeled glycine. 
Only the downslope portion of 
the "early peak" is shown, the 
extrapolation of which is shown 
as the dashed line. The least
squares best fit to the uncor
rected data points is shown as 
curve A. The best fit to the 
corrected data points is shown 
as curve B. The best-fit pa
rameters for each are also 
shown in this figure. 
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Fig. 7. 14CO excretion rate' 
in a group of five normal 
LAF 1 mice following injection 
of la15eled glycine. See legend 
of Fig. 6 for explanation, ' 
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Fig. 8. 14CO excretion rate 
in a normal buffalo rat trans
fused with washed, labeled 
rat RBC. The labeled cells 
were obtained by sacrificing 
a donor rat 24 hr after injec
tion of labeled glycine. Data 
points are shown as closed 
circles. The least-squares, 
best fit to equation 8 is! shown 
as a solid line. 

XBL672-542 
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assuming that random hemolysis was initiated at day 0 at the same rate as that found after day 

20 (T
mO

)' This mean is probably an underestimation, since most of the labeled cells do not 

appear in the circulation until 2 -6 days after injection of the label. The third mean was de

rived from results obtained in the cross-transfused rat shown above, with a single exponential 

form for the data points from equation 8 before 20 days. This mean (Tm) seems to represent 

the best estimate of the true mean survival, although T m20 is the only measure obtained with

out data extrapolation. In all cases mean survival was determined from the definition of the 

mean: 
120 

L CO(t) . t 

T t=O ( 10) 
120 

L 
t=O 

CO(t) 

(t = 0,1,2,3, ..• 120). 

The final results for mJce a.nd rats for the parameters T', sigma, k, and Tm are 

shown in Table 1. The number of animals studied for determination of each parameter is 

shown in parentheses, and the standard deviation about these means is shown when this cal

culation was possible. 

DISCUSSION OF COMPUTER PROGRAM RESULTS The results shown in Table 1 

for the buffalo rat agree closely with values reported by others for the mean potential RBC 

lifespan (T'), random hemolysis (k), and distribution of life spans about the mean (sigma) 

(21-25). The value obtained for the mean overall RBC lifespan (Tm) is also in the range of 

reported value·s, although the methods previously used to determine Tm are not similar to 

the one used here. 

Belcher and Harriss (21) discussed the determination of mean overall RBC lifespan, 

and presented an integral equation for the determination of this mean. This formula, however, 

does not take into account the time taken for the labeled cells to enter the circulation, and 

leaves in question the survival of cells less than 2-3 weeks old, since this information may be 

lost in the uptake portion of the hemin curves. At this time there is not enough data to fully 

describe the survival of the RBC produced less than 20 days after injection of labeled glycine. 

The da:ta points shown in Fig. 8 were obtained in a cross -transfused animal, in which the 

handling of blood may have caused artifacts in the survival of these cells. However, the val

ues obtained for T, K, and alpha in the two cross-transfused rats we·re not significantly differ

ent from those obtained in normal rats, so· that manipulation and host factors did not cause 

significant changes in the survival patte·rn of these cells. 

Since the values obtained for random hemolysis (k) in the cross-transfused rats agreed 

with the corrected values for k in the normal animals, and not with the uncorrected values 

(cross-transfused = 0.51, corrected normals = 0.66, uncorrected normals = 1. 180/0/day), it 

was concluded that the form of the correction for the early peak 14CO production was an 
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Table 1. Summary of results for parameters of RBC destruction in the buffalo rat and LAF 1 

mouse. The number of animals used for each determination is shown in parentheses. The 

standard deviation about these average values is shown whenever this calculation was possible. 

The average value for C is not shown in this table. 

Animal Corrected mean 
potential life span 

T' 

Buffalo rat 64.8 ± 1.5 

LAF 1 mouse 

( 7) 

52.8 

( 10) 

Standard deviation of 
potential life span 

a 

8.4± 1.3 

(8) 

10.5 

( 10) 

Random hemolysis 
k 

0.0060 ± 0.0020 

(5) 

0.0064 

( 10) 

Mean overall 
RBC lifespan 

T 
m 

56.2 

( 7) 

47.3 

( 10) 

adequ'ate approximation. These corrected values also agree with two other, independent esti

mates of random hemolysis obtained in this laboratory (26). 

Since the glycine does not act as a true "pulse" label, it may be argued that the values 

of alpha and sigma obtained are in error, since labeled cells enter the circulation over a pro

longed period of time. In this case, alpha values would be too small (3), and sigma values too 

large. This phenomenon is not corrected for in equation 8, but is specifically corrected for 

in equation 9. We were able to estimate the limits of the error involved in using equation 8 

instead of equation 9 in the following manner: In those rats given 50 f.lCi of labeled glycine 

directly, the average value for sigma was 8.4 days; in the rat cross-transfused with "14-day 

old" cells, sigma was 8.2 days; in the rat cross-transfused with "24-hour -old" cells, sigma 

was 9.5 days. It can be noted that there is no significant trend in the best-fit value for sigma 

with decreasing labeling time. Thus, either the method employed is insensitive to these 

changes or they are not significant in comparison with the other errors inherent in this system. 

Parameters of RBC destruction obtained for the LAF 1 mouse do not agree closely with 

reports in the literature. Burwell, Brickley, and Finch (27) reported a mean lifespan of 20-30 

days in the mouse, using 59 Fe , andnoted that few cells seemed to survive after the 40th day. 

Their results also seem to show that RBC destruction occurred almost exclusively by random 

hemolysis. Using DFp32, van Putten (24) found a mean potential RBC lifespan of 40.7 days, 

and concluded that the labeling pattern was strongly suggestive of a true lifespan without'ran

dom hemolysis. The results obtained by Edmondson and Wyburn (25) were similar to those 

reported by van Putten, with a mean potential RBC lifespan of 42 days, using DFp32 Although 

these two latter articles reported that the loss of activity with time was linear, inspection of 

the curve s illustrated in both article s sugge sts that the be st fit through the data points would 

be an exponential and not a straight line, which would imply a small component of random 

hemolysis, or elution of the DFp32 label. Ehrenstein (28), using glycine_2_ 14C as a hemin 
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label in mice, found a mean corrected potential RBC lifespan of 40-43 days in normal male 

TE mice, and 46 days in normal male C3H mice. The author found no evidence of random 

hemolysis in either group. Since in the present study, the shape of the 14CO curves obtained 

in the LAF 1 mice was similar to those obtained in rats, it was concluded that the component 

of random hemolysis in this mouse strain is of the same order of magnitude as in the buffalo 

rat. Indeed, the average value for k was approximately the same in both species. 

The value s herein reported for T' and T may be in error due to the fact that the 
m . 

values for lambda and the time-dependence of "random hemolysis" necessary for these deter-

minations were obtained in normal rats. Although it is possible that these factors may be 

different in the mouse, this cannot have a great effect on the results obtained for T', since 

incorporation of glycine into mouse RBC is even faster than in the rat. The calculated values 

for the mean overall RBC lifespan were: T m20 = 50.0, Tm = 47.3, T mO = 45.1 days. It 

should be noted that, although the average values for mean potential RBC lifespan obtained by 

the DFp32 method (24, 25) and the glycine_2_
14

C method (28) were in the range of 40-46 days, 

a few normal mice were found by van Putten to have RBC lifespans of 50-59 days, in closer 

agreement with the values herein reported. 

The value reported for sigma, 10.5 days, is greater than that obtained for individual 

rats. It is possible that this value is excessive due to the fact that the mice were studied in 

groups of five. If each animal were to have a different value for T' and/or sigma, this would 

result in a wider peak of 14CO production, with a greater value of sigma being obtained. 

However, as can be seen in Fig. 5, no individual peaks can be detected in the averaged peak 

obtained. 

The values obtained for the parameter C, not shown in the figures or in Table 1, 

represent the maximum incorporation of the labeled glycine into the alpha-methene position 

of circulating RBC heme. Since glycine is the precursor for 8 carbon atoms of heme (8), 

the total amount of labeled glycine incorporated into RBC heme is 8 times greater. Knowing 

C, and the amount of activity originally injected, this amount can be calculated, and averaged 

0.30% of the injected dose in the rat, and 0.350/0 in the mouse, not greatly different from the 

values reported by Robinson et al. (29). 

SUMMARY 
14 

By studying the appearance of endogenously produced CO 

.. . fl' 2 14C ' f h' . lnJechon 0 g YClne- - ,a conhnuous measure 0 t e ;;:. ~ rate 

in the breath following 

of destruction of labeled 

heme can be obtained. By suitable analysis of such data, parameters of RBC destruction can 

be defined in a physiologic manner, without recourse to venesection or examination of other 

body fluids. A mathematical model for such analysis is presented, along with application to 

data obtained in the buffalo rat and LAF 1 mouse. In the rat, the corrected mean potential 

RBC lifespan was found to be 64.8 days, with a component of random hemolysis of 0.60%/day. 

The standard deviation of life spans about the mean averaged 8.4 days, and the mean overall 

RBC lifespan was estimated as 56.2 days. In the mouse, the mean corrected potential RBC 

lifespan was 52.8 days, with random hemolysis of 0.64%/day, and a standard deviation of 
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life spans about the mean of 10.5 days, with an estimated mean overall lifespan of 47.3 days. 

Since the model presented is generally applicable, it is entirely suitable for' the determination 

of parameters of RBC destruction in other animals, including man, in normal and disease 

states. 
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Erythrokinetics in the Dietary Hypercholesteremia 
of Guinea Pigs 

William K. Yamanaka, H. Saul Winchell and Rosemary Ostwald 

Hemolytic anemia has been reported in association with dietary hypercholesteremia 

in rabbits (6, 14, 16,5) and guinea pigs (10,11, 12), hyperlipemia and alcoholism in man (22, 7), 

and hypocholesteremia of a-beta-lipoproteinemia in man (15). 

Pinter and Bailey (14) in their study of dietary hypercholesteremia in rabbits, have 

presented evidence for an intracorpuscular defect ca,using hemolysis in such animals. How

ever, it was not clear from this work whether significant extracorpuscular factors were also 

operative. 

Definition of the erythrokinetics involved in the hemolytic anemia of guinea pigs is 

the subject of the present communication. The survival of circulating red cells in normal and 

anemic guinea pigs was determined by the use of both 2_ 14C-glycine and DF32p. The results 

for normal guinea pigs are discussed in relation to data in the literature and are compared 

with those in the anemic, hypercholesteremic guinea pig. Evidence is presented indicating 

that both intracorpuscular and extracorpuscular defects are operative in the hemolytic anemia 

of the hypercholesteremic guinea pig. The results are interpreted in terms of a possible 

mechanism which may also be operative in the anemia associated with the diverse abnormali

ties in lipid metabolism mentioned above. 

MA TERIALS AND METHODS 
ANIMALS Young male guinea pigs, weighing about 250 g carne from the same colony 

(Dependable Animal Supply, Martinez, California) but were not inbred. They were fed a semi

synthetic diet containing 300/0 casein, 100/0 cottonseed oil, and amounts of vitamins and miner

als adequate for normal growth with or without addition of 10/0 cholesterol (13). Development 

of the anemia was monitored by periodic blood counts. When the blood count had fallen from 

a normal of 5 -6 mill/mm3 to less than 4 mill/mm 3 the animals were considered sufficiently 

anemic for labeling experiments. 

LABELING OF RED BLOOD CELLS (RBC) Di-isopropylfluorophosphate-
32

p 

(DF
32

p) (New England Nuclear Corp. i Boston, Mass., 1 mg/ml sterile propylene glycol), 

containing 250 flCi/mg DFP, and glycine_2_ 14C (same source, 1.7 mg in 10 rn1 sterile saline), 

containing 250 flCi/mg glycine, were used for labeling RBC in vivo. 0.2 rn1 of DFP solution 

was administered into the exposed jugular vein of the animal under ether anesthesia. This 
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procedure was necessary because of the inaccessibility of conveniently located veins of suffi

cient size in the guinea pig. The procedure was well tolerated with amounts up to 0.4 ml of 

solution. Glycine was administered by IP injection at a dose of 15-20 f.Lci/100 g body wt. 

Blood samples were obtained from one of the larger ear veins 24 hr after administra

tion of the label and subsequently 2-3"time/wk. Approximately 0.2 ml of blood was obtained 

at each sampling, and an estimated additional 0.05 ml was lost from the body at that time. 

Each blood sample was added to 9 ml saline. Red blood cells were separated by centrifuga

tion, washed three times with saline, and resuspended in saline. A microhematocrit of the 

final suspension was obtained. 100 f.L1 of the RBC suspension, in the case of the DFP-labeled 

cells, or of the hemolysate, in the case of the glycine -labeled cells, were counted on a gas

flow counter (Nuclear Chicago Gas-Flow Counter with a micromil window of surface density 

of less than 150 f.Lg/cm 2). All samples from a given animal were counted at the same time. 

Total sample counts ranged from 250-8000 with corresponding background count during the 

same time interval of 100-150. Less than 15% of the samples had total sample counts below 

500, with most of these occurring at the end of the RBC-survival curves. 

CROSS TRANSFUSIONS To provide satisfactory controls, one donor and two re-

cipient animals were used for each set. Thus both cholesterol-fed (C-fed) and control donors 

supplied blood for one C-fed and one control animal. 3 to 6 ml of blood were withdrawn from 

the exposed jugular vein of the donor animals under ether anesthesia, by means of a heparin

ized syringe. While the needle was still in the vein, the syringe was detached, and the with

drawn blood was replaced from another donor. In two of the donors (C-6 and A-3) the with

drawn blood was replaced with 3 ml of blood and 3 ml of saline. The labeled blood was then 

administered to a similarly prepared recipient animal (i. e., one from which an equivalent 

volume of blood had been withdrawn before administration of the labeled blood). Total blood 

volume was therefore not materially altered in either of the donor or the recipient animals, 

a condition necessary for the evaluation of counting data. The time between labeling and 

transfusion was 24 hr for DF32P-Iabeled cells, in order to be as short as possible and still 

allow the donor animal to recover from the surgical trauma connected with the labeling pro

cedure. In the case of glycine-2- 14C-Iabeled cells, the period was 2-3 days, the time found 

to yield the maximum number of labeled cells (see Figs. 2 and 3). 

EVALUATION OF DATA Survival of the circulating red cells randomly labeled with 

DF32p was estimated by plotting the radioactivity as a function of time after labeling, on both 

linear and semilogarithmic paper. When the radioactivity decreased in a linear fashion, the 

data were fitted to a function of y.. = ~ +~, where y.. = 32p activity in red cells, ::2. = slope of 

the linear regression curve, and ~ = zero time intercept. This zero time intercept was taken 

as "100%" value in the subsequent calculations. The uncorrected mean red-cell survival time 

was then taken as the ratio ~m. When the radioactivity decreased in an exponential fashion, 

the data were fitted to a function of the form y.. = ae -rt, where ~ = zero time intercept and 

r = slope of the curve. The mean life span of the red cells in this case was taken as 1 IE.. In 

both cases a digital computer program was used to obtain the least-squares best fit of the 

data to the regression form used. The size of each blood sample removed for counting 
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(estimated total volume 0.25 ml) represents a sufficiently large fraction of the total blood vol

ume to require a correction when calculating survival times of circulating RBC. This was 

accomplished for the cells labeled with DF32p by subtracting the fractional turnover rate of 

labeled RBC, due to blood sampling, from the total measured fractional turnover rate. The 

fractional loss of red cells from the animals due to blood sampling was taken as equal to the 

averaged daily loss of blood divided by the estimated blood volume calculated on the basis of 

body wt; 

The survival time of circulating red cells, labeled as "cohorts" of similar age by 

means of 2_ 14C_glycine, was similarly estimated. The shape of the curve relating radio

activity and" time after labeling was used to judge whether or not marked random hemolysis 

was present. When significant random hemolysis did not appear to be present, the mean sur

vival time (MST) of the cohorts of cells was estimated as the time interval between the points 

at which 50% of the plateau value s was reached on the ascending and on the descending limbs 

of the curve (1). When marked random he"mulysis was present, the MST was estimated to be 

/ 
-rt 

1 E.' where r = slope of the curve fitted to the function I. = ae -. 

RESULTS 

When circulating red cells of normal guinea pigs are randomly labeled with DF32p, 

their survival can be approximated by a linear regression line (y = mx + b) (see Fig. 1). 

When a cohort of these red cells is labeled with 2_ 14C_glycine, -;he funct~n describing the 

number of 14C-Iabeled cells remaining in the circulation versus time is consistent with linear 

survival and" hemolysis due to "senescence (Fig. 2). The lack of a definite hemolytic compo

nent in normal 14C-labeled cells transfused into a normal recipient (Fig. 2) further suggests 

that the degree of random hemolysis in the' guinea pig must be fairly small. 

The MSTof normal guinea pig red cells, as estimated from DF32P_labeling, varied 

from 54-60 days.(3 animals with a mean of 59 days). When estimated by 2_ 14C-glycine label

ing, it was sirnilar-57-70 days (4 animals with a mean of 63.5 days) (Table 1). 

Random labeling of the red cells of anemic guinea pigs with DF32p revealed a pattern 

of survival which could best be fitted by a function of the form I. = ae ~rt. The results demon

strated a markedly shortened mean red-cell survival time and a pattern consistent with ran

dom hemolysis (Fig. 1, Table 1). 

When 2_ 14C-glycine was administered to anemic animals, the maximum number of 

14C -labeled cells in the circulation was reached within 2 -4 days and then diminished rapidly 

in an exponential fashion (Fig. 3). This result suggests that hemolysis of.circulating cells in 

anemic hypercholesteremic guinea pigs is random in the sense that not only the older cells in 

the population are liable to time -independent, probabilistic hemolysis but also the young, 

newly formed cells. 

To determine whether intracorpuscular defects or extracorpuscular factors or both 

were ope"ratingin these animals, the survival of labeled red cells in cross -transfusion 
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Fig. 1. Left: survival of DF 32P-labeled red cells in a normal control and an anemic, hyper
cholesteremic guinea pig. The abscissa is expressed in days following intravenous injection 
of DF 32p, the ordinate, as percent of the zero intercept value for each set of data. In the 
case of the data for the control animals, the zero intercept value of b is taken from the linear 
regression equation, y = mx + b, and in the case of the anemic animal, .the zero intercept 
value is taken as a from the exponential regre ssion equation, y = ae -.E.!. For both the linear 
and exponential regression functions, the best fitting parameters were obtained by minimiza
tion of least squares of differences, by means of the digital computer. Right: a semilogarith
mic plot of the data in the anemic animal. T = survival time of labeled red cells. 
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Fig. 2. Survival of glycine-2- 14C-Iabeled red cells in a normal control donor, in a cross
transfused, normal recipient and in a cross -transfused, anemic, hypercholesteremic recipient 
guinea pig. For the normal, control animals the ordinate values are expressed as percent of 
the averaged 14C-activity during the plateau phase. For the anemic animal the ordinate values 
are expressed ·as percent of the value obtained by extrapolation to the time of cross -transfusion. 
The method for estimatioy of mean survival of cells dying from senescent hemolysis is de
scribed in the text. The 4C-activity of normal red cells transfused into an anemic recipient 
are plotted both on Cartesian (left) and semilogarithmic (right) coordinates. From 0 to 18 
days, the data fit a regression function of the form y = ae-.E.!. Subsequent to 18 days, the 
curve take s on a sigmoidal shape. T = as in Fig. 1.- -
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Table"f. Mean survival time of red blood cells from 

cholesterol-fed anemic and normal control guinea pigs. 

Animal Body wt at RBC at time Label 
No. time of of labeling, 

labeling, g X 106/mm3 

C-1 ' 500 Nt DF32p 

C-2 621 N DF32p 

C-3· 648 N DF32p 

C-4 500 N Glycine -2 _HC 

C-5 616 N GlyCine -2 _14C 

C-6 850 N Glycine -2 _14e 
C-7 845 N Glycine -2 _14C 

A-1 664 4.14 DF32p 

A-2 620 2.60 
' 14 

Gl ycine -2 - C 

A-3 457 3.07 Glycine -2 _HC 

A-4 624 4.20 Glycine -2 _14C 

*' 'MST in cross-transfused animals are given in Table 2. 

t Mean survival time. 

tBlood counts over 5 mill/mm3. 

,~ 

MST, t 
days 

64 

59 

54 

57 

62 

70 

65 

22 

5 

7 

10 

experiments was studied. The results of thes,e experiments are summarized in Table 2, and 

examples are shown in Figs. 2, 3, and 4. When a cohort of newly formed red cells from a 

normal control animal was transfused into another normal recipient, the subsequent survival 

pattern obtained was consistent with senescent hemolysis with normal MST (Fig. 2). This 

result suggests that in the strain of guinea pig used, cross-transfused cells survive normally 

in a recipient animal. When labeled cells from the same normal control donor were transfused 

into an anemic recipient, the number of 14C-labeled cells in the anemic recipient's circulation 

diminished rapidly in a biphasic pattern. The initial, slow component indicated a markedly 

abnormal random destruct!on of approximately 2.6% of the cell population per day. At about 

the 18th day following the cross-transfusion, the rate of destruction of labeled cells in the 

anemic recipient markedly increased. If we consider the group of cells involved in the second, 

fast component of destruction as being victims of premature senescence, we can estimate 

their survival as described in the methods section. In the example shown in Fig. 2, this value 

was approximately 21 days. Other examples of biphasic patterns of red cell survival are listed 

in Table 2 (animals A-5, A-6, and A-7). These results indicate that normal cells are de

stroyed in an abnormal fashion in a hypercholesteremic anemic guinea pig. ' The pattern of 

survival appears to have two components, one related to increased random hemolysis and the 

other consistent with premature senescence. Iso-immunization as a cause of the biphasic' 

pattern of destruction of transfused blood cells cannot be absolutely excluded on the basis of 

the experimental results. It appears to be unlikely, however, because no acceleration of cell 

removal was observed in other cases of transfusions (see Figs. 2 and 3, animals C-6 - C-7, 
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Fig. 3. Survival of glycine _2_14(; -labeled red cells in an anemic, hypercholesteremic donor, 
in a cross -transfused, anemic recipient and in a cross -transfused, normal control recipient 
guinea pig. The ordinate values are expressed as percent of the value obtained by extrapola
tion of the function ae -2:! to zero time. The data points before the time of maximum labeling 
of cells were not used.. In all three cases, survival of 14C-labeled red "cells subsequent to 
the time of maximum labeling fit well a single exponential function consis tent with the pre s
ence of random hemolysis. The slightly decreased rate of random hemolysis in the anemic 
recipient animal as opposed to that in the anemic donor animal reflects the less severe de
gree of anemia in the recipient as compared with the donor. T = as in Fig. 1. 
Left: Cartesian coordinates; right: semilogarithmic coordinates. 
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Fig. 4. Survival of DF 32P-Iabeled red cells in an anemic, hypercholesteremic donor and in 
a cross -transfused, normal control recipient guinea pig. Ordinate and abscissa units are the 
same as those used in Fig. 1. The survival of 32P-labeled red cells in the anemic donor and 
the normal rec ipient are plotted both on Carte sian (left) and semilogarithmic (right) coordi
nates. The curves shown are those obtained with the least-squares best fit of the data to the 
form y. = ae -..E.!. T = as in Fig. 1. 
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Table 2.. Mean survival times for red blood cells from 

chole sterol-fed, anemia and normal control guinea pigs 

after cros s-transfusions. 
" 

Animal Treatment .' RBC, Label MST, * 
No. .X 106/mm3 days 

C-2 Control donor Nt DF32p 59 

A-5 Anemic recipient 3.70 DF32p 4t 

C-3 Control donor N DF32p 54 

A-6 Anemic recipient 4.50 DF32p 22t 

C-5 Control dono r N Glycine -2 _14C 62 

A-7 Anemic recipient 4.60 
:.' .' ' 14 

Glycine -2 - C 19 t 

C-6 Control donor N Glycine -2 _14C 70 

C-7 Control recipient N Glycine -2 _14C 65 

A-S Anemic recipient 4.70 Glycine -2 _14C 21, §39 

A-:-1 . Anemic donor ·4.14 DF32p 22 

C.:S Control recipient N DF32p io 

A-9 Anemic donor 3.0·7 
14' 

.Glycine-2- C ,~* 

C-9 Control recipient N Glycine _2_ 14C 31 

A-2 Anemic donor 2.60 Glycine -2 _14C 5 

C-10 Control recipient N Glycine -2 _14C 9 

A-3 Anemic donor 3.07 Glycine -2 _14C 7 

A-4 Anemic. recipient 
.' 
4.20 Glycine -2 _14C 10 

C-11 Control recipient N Glycine -2 _14C 21 

:.:c 
Mean survival time. 

t . 3 
Blood count over 5 mill/mm • 

tOverall:MST. , 

§Fast compon:ent 21 days, 700/0 of cells (days 15 -35); slow component 39 days, 300/0 of 

cells (days 0-1S). 
** , Died soon a-fter labeling. 

A-3 - A-4, and A-3 - C-11; Table 2 animals A-1 - C-S and A-2 - C-10). Smith and McKinley 

(17), using inbred as well as different strains of guinea pigs,observed no differences of sur-
51 vival of Cr-labeled autologous and isologous RBCand only a slightly increased rate of dis- . 

appearance of homologous cells, 'and they cc)nc1uded that the survival·curve of such homologous 
. . 

cell~ showed rio evidence of "immune clearance. " 
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Figures 3 and 4 (as well as the pair A-2 - C-10 in Table 2) show the effects of a 

"normal" environment on the survival of anemic cells labeled with 14C and 32p , respectively. 

In all cases the survival of these cells was well below a normal 59-64 days, indicating an 
32 

intracorpuscular defect of the anemic cells. In the case of DF P-labeled cells, which repre-

sent a random group of cells of all ages, the survival times in the anemic donor and in the 

control recipient were approximately the same. The survival of the glycine-2- 14C-labeled 

cells in a control recipient, although not normal, was greater than in either the anemic donor 

or an anemic recipient. These cells represent a cohort of cells of uniform age. They had 

been exposed uniformly to the effects of the extracorpuscular hemolytic surrounding for only 

1-2 days before transfusion into the control recipient. Consequently, their survival in a "nor

mal" environment was determined by the "intracorpuscular" defect only, while the survival of 

those cells remaining in an anemic circulation was influenced by both the intracorpuscular 

defect and extracorpuscular factors. 

DISCUSSION 
CIRCULATING RED-CELL SURVIVAL TIME IN NORMAL GUINEA PIGS Previous 

measurements of MST of circulating RBC in normal guinea pigs yielded values of 83 days with 

59Fe (2), 60-70 .days and 80-90 days with 51Cr (4,17). The value of 83 days for the life span 

of guinea pig red cells reported by Everett and Yoffey (2) was obtained under the assumption 
59 that the rate of new blood-cell production was equal to the rate of appearance of Fe -labeled 

cells in the circulation following administration of the tracer. Evidence has been obtained 

which suggests that this is not a valid assumption because of the presence of a bone marrow

red blood cell pool the members of which are not significantly assimilating plasma radioiron. 

[See review, H. S. Winchell, 1967 (20).] 

Smith and McKinley (17) estimated the MST by fitting an equation of the form 

(1-~1!2~-~2~ to the survival of 51Cr-labeled cells. ~1 was identified with "the constant 

daily change in the proportion of surviving cells" (e. g., loss due to senescence) and ~2 was 

identified with the random loss of 51Cr from elution and from random hemolysis. From their 

data the authors calculated an extrapolated extinction time of 112 "days (1/~1) for autologous 

guinea pig RBC. They questioned the reliability of the extrapolation, however, because of 

the wide (95%) confidence interval (74-230 days) and suggested an "estimate" of 80-90 days 

for survival of guinea pig RBC. This value was obtained by an estimate of the "extinction" 

value of the asymptotic curve past the last measured point of 70 days, and is therefore open 

to que stion. 

Our data indicate a MST of circulating RBC of 59 days when measured with DF32p 

and of 64 days when measured with 2_ 14C_glycine. This agrees well with a.maximum life 

span of 60-70 days reported by Gronroos (4). If it is present, random hemolysis must be 

small, judging from the linearity of the survival curves of DF 32P-labeled cells and the lack 

of a random hemolytic component in the survival curve of 14C -labeled cells from blood of a 

normal animal transfused into a normal recipient. 
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RED-CELL. KINETICS IN ANEMIC GUINEA PIGS In anemic hyperchole steremic 

guinea pigs the marked shortening of red-cell survival time is associated with random hemol

ysis. The course of the anemia appears to be related to a progressive increase in the rate of 

random hemolysis and incompletely increased, compensatory erythropoiesis. 

The increased hemolysis of hypercholesteremic guinea pigs appears to be due both 

to intracorpuscular defects and extracorpuscular factors. The presence of intracorpuscular 

defects is evidenced by shortened survival of labeled cells from anemic donors in normal re

cipients. These defects are associated with obvious morphological abnormalities (Fig. 5) 

similar to those seen in hypercholesteremic rabbits (16) and in man with acanthocytosis of a

beta-lipoproteinemia (18). In the latter condition, hemolysis is mild, variable, or even ab

sent, in contrast to the hypercholesteremic guinea pig and rabbit. 

We have previously shown a markedly abnormal lipid composition of the red cells 

and bone marrow of hypercholesteremic, anemic guinea pigs (12, 13). Such abnormalities have 

also been shown in RBC membranes of hypercholesteremic rabbits (5) and in acanthocytes of 

man (15, 19). The importance of a normal lipid composition for the integrity of the red-cell 

membrane seems well established (8). It therefore appears that the abnormal composition of 

red cells is at least an important component of the intracorpuscular defects that lead to mor

phologicalabnormalities and shortened cell survival of hypercholesteremic rabbits and guinea 

pigs and to certain diseases of man. 

The presence of extracorpuscular factors that cause hemolysis in hypercholesteremic 

guinea pigs is suggested by the diminished survival of normal red cells in such animals, ap

parently caused by a hemolytic milieu of the host. Although not reaching the same conclusion, 

Pinter and Bailey (14) obtained similar results in their cross-transfused hypercholesteremic 

rabbits. They showed that 51Cr-Iabeled cells from normal rabbits had an abnormal pattern 

of survival in hypercholesteremic rabbits. They found that the 200/0 of labeled cells remaining 

in the circulation by the 14th day was removed at an abnormally accelerated rate. The most 

consistent interpretation of their data would seem to be that the accel~rated destruction of that 

portion of transfused normal cells which had been circulatirig in the anemic host for an ex

tended period of time was the result of some extracorpuscular factor in the host. 

It is known that the lipid constituents of the red cells exchange with lipid components 

of plasma. For instance, cholesterol of human red cells has been shown to have a turnover 

time of 8-24 hr (9). This is also suggested by the results of Frezal et al. (3) who showed that 

within 24 hr of replacement of 80% of the RBC mass in a patient with a-beta-lipoproteinemia, 

most of the cells were morphologically altered. It is thus possible that reconstitution of the 

lipid content of red cells is abnormal in the presence of abnormal plasma lipids. Since we 

have previously shown an abnormal lipid composition of the plasma in the hypercholesteremic, 

anemic guinea pig (12), an abnormal remodeling of the Circulating !lBC membrane in the pres

ence of an abnormal plasma lipid milieu could well account for the results presented in this 

paper. According to this view, the abnormal plasma lipid composition induced by dietary cho

lesterol produces its effects on RBC kinetics in guinea pigs by inducing abnormal proportions 
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o 
Fig. 5. Morphology of circulating red cells of an aneTIlic, hypercholestereTIlic guinea pig. 
P eriphe ral blood STIlear. Wright-GiTIlsa stain. Magnification X1860. Note pasophilic stippling, 
a norTIloblast, and "horny " cell s siTIlilar to those s een in acanthocytosis. 

XBB677-4144 

of lipid constituents in the r e d-cell TIleTIlbrane during the forTIlation of the cell (resulting in an 

"intracorpuscular defect") and during the reTIlodeling of the lipid portions of the cell TIleTIlbrane 

in the c ir culation (resulting in "extracorpuscular factors"). 

Present data are insufficient to rul e out other contributing factors. The spleens of 

aneTIlic guinea pigs are greatly enlarged due to erythropoietic proliferation, red-cell conges

tion' and fatty infiltration (12, 21). SplenectoTIlY has, however, been shown not to alter the 

heTIlolytic aneTIlia associated with dietary cholesterol in this species. H eTIlolysis secondary 

to lipid TIlicroangiopathy or the presence of h emolytic constituents in plasTIla are other possible 

causative factors. Such heTIlolytic agents have been suggested in the heTIlolysis and hyper

lipeTIlia attendant on Zieve's syndroTIle in TIlan (7) and in chylous lyTIlph. The latter, however, 

is hemolytic on contact, whil e the cholesterol - induced aneTIlia devel ops slowly over a pe riod 

of 8-12 weeks . O ccasional meTIlbers of our aneTIlic, hypercholesteroleTIlic guinea pig p opula

tion showed r ed-cell inclusion bodie s which could possibly r e present heTIlobartonella. How

ever, neither inclusion bodies nor aneTIlia was noted in six control and two cholesterol-fed 
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pre-anemic animals from the same colony within 1 month following splenectomy. Thus, while 

some parasitic destruction of red blood cells cannot be ruled out, it probably was not signifi

cant. 

SUMMARY 
Dietary hypercholesteremia in guinea pigs leads to a hemolytic anemia. In order to 

define the erythrokinetics, the survival of circulating red cells" in normal and cholesterol-fed 

anemic guinea pigs was determined. The MST of RBC from normal guinea pigs was found to 

be 59-64 days. The linearity of survival indicated little random hemolysis. The MST of RBC 

from anemic guinea pigs was decreased to5 -20 days. The pattern of their survival was con

sistent with random hemolysis. A marked reduction of MST of normal cells when transfused 

into an anemic rec}pient suggested the presence of an extracorpuscular, hemolytic factor in 

the anemic guinea pig. The MST of cell s from an anemic animal transfused into a normal re

cipient remained well below normal indicating an intracorpuscular defect of these cells. It is 

sugge sted that both the intracorpuscular defect and the extracorpuscular factor are the re sult 

of an abnormal lipid composition of the RBC membrane secondary to abnormal ,proportions of 

plasma lipids. 
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Similarity in Distribution of Skeletal Blood Flow 
and Erythropoietic Marrow 

.,:- # 

Donald C. Van Dyke 

When studies were first begun on the use of radio-fluoride as an indicator of bone 

blood flow (1) and radioiron to map the distribution of erythropoietic marrow (2), the striking 

similarity between the distribution of blood flow and the distribution of marrow in the skeleton 

became apparent. This was true both in normal man and animals and in a variety of pathologi

cal conditions. These results clearly demonstrated a close relationship between bone blood 

perfusion rate and marrow growth and indicated that marrow proliferates only in those parts 

of the skeleton most richly supplied with blood, or that the growth of hematopoietic marrow 

induces a high blood perfusion rate in the surrounding bone. 

The relationship between bone and hematopoietic marrow is one of the mysteries of 

biology. The fact that in fetal life and in disease erythropoiesis and granulopoiesis can occur 

outside the medullary cavity doe s not alter the fact that in the normal adult man hematopoietic 

marrow grows not only near bone, but only when surrounded by bone. In the fetus, erythro

poiesis migrates from liver to the skeleton as soon as true calcified bone formation is estab

lished. 

The fact that pathologically produced ectopic bone formation may be accompanied by 

the formation of a central cavity filled with hematopoietic marrow (3) emphasizes the myste

rious connection between these tissues, but brings us no closer to an understanding of the 

special factor which a surrounding of bone provides to make the center attractive to primitive 

marrow precursor cells which migrate constantly through the circulation (4). 

If one accepts the fact that there is something special about the medullary cavity for 

the growth of marrow, there is then the problem of why marrow growth in the adult is restrict

ed to the cavities of certain bones or parts of bones. Why does hematopoietic marrow leave 

the bones of the extremities during maturation to become concentrated in the central part of 

the skeleton in the adult? What is mis sing from the adult tibia, which make s it no longer an 

attractive site for the growth of marrow? When marrow is .. forced by disease to expand into 

the peripheral skeleton, the pattern is generally not one of progressive centrifugal growth but 

is often irregular (5). What are. the regional differences in the skeleton which account for 

such irregularities in growth pattern? 

70 
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The object of this report is to demonstrate the remarkable correlation between dis

tribution of skeletal blood flow and erythropoletic marrow and to speculate on the importance 

of skeletal blood perfusion rate as a controlling factor in marrow proliferation. 

MA TERIALS AND METHODS 
THE POSITRON.~CINTILLATION CAMERA The scintillation camera is a nonscan-

ning electronic instrument for making pictures of the distribution of gamma-ray and positron

emitting nuclides in vivo (6). It contains an 11-1/2 in. diameter by 1/2-in. -thick sodium io

dide crystal viewed by a hexagonal array of nineteen 3 in. diameter photomultiplier tubes. 

Scintillations produced in the crystal by gamma rays are displayed on an image -readout oscil

loscope as bright flashes of light that correspond in position with the original scintillations. 

The flashes are recorded over a period of time, usually on Polaroid film where the 1000 -

10,000 or more dots that appear on the developed film form an image of the radioactive subject. 

Pulse height selection is used so that only those scintillations that fall within a narrow 

range of brightness are reproduced in the image readout oscilloscope. With this system most 

background dots from stray and scattered gamma rays are eliminated. 

Images of positron emitters are produced by detecting in coincidence the gamma-ray 

pairs that come from positron annihilation. The patient is placed as close to the image de

tector as possible and "collimation" is achieved by the positron focal detector located below 

the patient (2, 6). The focal detector has a single 9 X 1-1/2 in. crystal viewed by seven photo

multiplier tubes. 

The method of preparation of 18F has been described elsewhere (7). The distribution 

of 18 F in the skeleton is determined by taking positron camera pictures 1 hr after intravenous 

administration of the trace r in the f~:>rm of sodium fluoride. At this time uptake by the skele

ton is maximum, and the blood level has fallen sufficiently so as not to interfere. 

Because of its 2 hr half-life, 18F delivers a relatively small radiation dose to the 

patient. Half of the administered dose is normally excreted via the urine. Assuming an intra

venously administered dose of 200 fLCi, and urine output at the normal rate of 1500 rnl/day, 

and that the bladder is empty at the time of administration (the condition that results in the 

highest radiation dose), the integral radiation dose to the bladder is about 0.5 -1 rad. The 

average dose received by the rest of the body, excluding bone, is less than 20 millirads. 

Areas of bone that concentrate 18 F receive a higher dose that is difficult to estimate. How

ever, assuming an extreme case where 1/10 of the administered dose is taken up by 10 g of 

bone, the radiation dose is still below 1 rad. These estimates are similar to those of Blau 

etal. (8). 

For the animal studies, adult rats, dogs, rabbits, monkeys, and an opossum were 

given 18F intravenously and 1 hr later pictures were taken with the animal under barbiturate 

anesthesia. 
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The method of preparation of 52Fe has been described in the literature (9). Iron-52 

has an 8.2 hr half-life and decays 57% by positron emission and 43% by electron capture to 

the radioactive daughter (metastable) 52Mnm. The,daughter decays 100% by positron emis

sion with a half-life of 21.3 minutes. The scintillation camera detects annihilation radiation 

from both nuclides, and there is no method of discriminating between them. This is a pos

sible 'source of ambiguity in the pictures if the 52Mnm becomes free and able to travel about 

the body~ However, there is no evidence that the 52 Mnm does indeed become free. 'Manga

nese ion is removed from blood in the liver, but most patients examined by this method show 

no radioactivity in the liver. Those with known abnormal retention of iron in the liver have, 

shown the' expected uptake. The tentative conclusion has been made that the 52 Mnm stays in 

the vicinity where it was formed by 52 Fe decay, or at least does not concentrate in any spe

cific organ. 

The upper limit of radiation dose to the bone marrow of a normal adult has been cal

culated to be 2.5 R for a 100 f1Ci dose, if immediate uptake of the 52Fe in 1500 g of marrow 
52 m is assumed, and if it is assumed thatMn decays in the marrow. The irradiation is deliv-

ered almost entirely by positrons before they are converted to gamma-ray pairs. The aver

age range of the positron is a few millimeters in soft tissue. Therefore the fat associated 

with marrow is irradiated, and its mass is included in the dose calculations. 

A small amount of 55 Fe (approximately 5 f1Ci) is produced when 100 f1Ci of 52Fe are 

made by bombardment of natural chromium. The half-life of 55 Fe is 2.6 years, but it decays 

entirely by electron capture and emits only 5.5 keV X rays. This radiation is not detectable 

by the scintillation camera. The permitted continuous body burden of this isotope is 1 mCi 

(10), so the fe,w microcuries administered are of no practical consequence. 

52 F e, 

Pictures are taken about 16 hr after intravenous administration of 50 to 150 f1Ci of 

when its uptake in marrow is maximum and its concentration in the blood is low. The 

field of view of the scintillation camera shows the marrow distribution in an area 20 cm in 

diameter with each exposure. Ten-minute exposures are taken of the areas where marrow 

may be found. To provide orientation, the pictures are cut out and glued to a drawing of a 

typical skeleton. For this purpose, plate 21 of Vesalius I Fabrica is used. 

These studies of the similarity in distribution of skeletal blood, flow and erythropoietic 

marrow required that the patient come, one afternoon and the following morning. After com

pletion of the 18F bone blood flow study, 52Fe was given and erythropoietic marrowdistribu

tion recorded the following morning. 

Wheneyer possible a complete hematological work-up including iron kinetics, studies 

and as say of the red cell-stimulating hormone, erythropoietin (11), were done at the Donner 

Laboratory clinic. 

RESULTS 
Development of the positron camera has made it possible to rapidly obtain pictures 



DONALD C. VAN DYKE 73 

of the distribution of radioactive 18F in the living aniITlal or hUITlan being. The initial uptake 

of fluoride occurs by exchange with the two calciuITl phosphate constituents of bone (12). The 

distribution of 18 F adITlinistered intravenously as fluoride ion is uneven in the norITlal skeleton. 

FurtherITlore, it is ITlarkedly altered in pathological conditions and accuITlulates at fracture 

sites, tUITlor sites, areas of osteoITlyelitis, in the lesions of Paget's disease, etc. The initial 

uptake of fluoride in bone is dependent on the rate of delivery of the isotope to each bone (blood 

perfusion rate) and the extraction efficiency of that bone. Evidence has been presented indi

cating that fluoride distribution in the skeleton is deterITlined by differences in blood perfusion 

rate to the various bones rather than differences in extraction efficiency (1). We feel that 18F 

distribution is an indicator of blood flow to bone. 

DevelopITlent of the positron caITlera has also ITlade it possible to, record the distribu

tion of erythropoietic ITlarrow in hUITlarr subjects, using a dose of 52Fe that is within that per

ITlitted for diagnostic purposes (2, 13). FroITl such studies it has becoITle apparent that. wide 

variations in the distribution of ITlarrow occur and that expansion and atrophy of the ITlarrow 

ITlay be classified into several characteristic patterns, but with considerable variation in de

tail (5). 

In the norITlal adult hUITlan being, ITlarrow is concentrated in the spine, pelvis, ster

nUITl, ribs, and proxiITlal portion of the extreITlities. There are also variable aITlounts in the 

skull. The changing pattern during ITlaturation has not yet been studied. 

When the ITlarrow of the hUITlan being is called upon to produce red cells at a rate 

sOITlewhat in excess of norITlal, hypertrophy of erythroid.ITlarrow occurs at the expense of fat. 

within those areas of the skeleton that contain ITlarrow norITlally. Under such circuITlstances 

the gross distribution of erythroid ITlar·row reITlains norITlal, as shown in Fig. 1B. 

When the need for hypertrophy is greater than can be accoITlITlodated by replaceITlent of 

fat, or when the usual sites are occupied by other eleITlents, such as tuITlor or fibrous tissue, 

ITlarrow expands into the bones of the extreITlities. 

Marrow characteristically expands centrifugally, but there are great variations in 

detail (5). In SOITle patients the bones of the legs will be ITlore involved than those of the arITlS 

and vice versa. Heavy concentrations of ITlarrow ITlay extend to the distal ends of the feITlur 

without extension of ITlarrow into the tibia. The tibia ITlay be densely filled, with little or no 

ITlarrow in the distal feITlur. The erythropoietic ITlarrow is not always distributed with COITl

plete bilateral sYITlITletry even in the absence ·of any known bone injury or disease. A given 

bone ITlay be filled quite unevenly; i. e., the distal end of the feITlur ITlay contain large aITlounts 

of ITlarrow with little in the shaft, or the shaft ITlay be filled evenly down to the lower 1/4 where 

it stops abruptly. Within an otherwise cOITlpletely filled feITlur or hUITlerus there ITlay be local 

areas devoid of ITlarrow. In one case a cOITlpletely isolated "hot spot" of erythropoietic ITlarrow 

was found (11). Even in childhood or in the presence of ITlassive ITlarrow hypertrophy and pe

ripheral extension in the adult, the caudal half of the sacrUITl rarely contains either erythro

poietic or reticuloendothelial ITlarrow (5). The local factors favoring or inhibiting the growth 
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of hypertrophied marrow are as obscure as are the factors determining the centripetal distri

bution of marrow in the normal adult subject. 

It is known that the hemopoietic marrow is widely distributed throughout the skeleton 

in children and becomes centralized as the individual becomes mature (14). What variation 

there is in the age at which the mature pattern is established has not been determined by this 

method as no normal children or teen-agers have been studied, but the mature centralized 

pattern seems to be established by the age' of 25 years. 

Figure 1 compares the characteristic distribution of 18F (bone blood flow) and 52Fe 

(erythropoietic marrow) in adult human beings. The patient in Fig. 1A had multiple skeletal 
18 metastases from mammary carcinoma which were not associated with a change in F uptake, 

and the patient in Fig. 1B had polycythemia secondary to congenital heart disease, but the dis

tribution of isotope in the two cases was characteristic of the pattern seen in normal subjects. 

Comparison of the two figures shows that distribution of the two isotopes is identical except 

that normally the bones adjacent to the knee have a significant fluoride uptake but do not nor

mally harbor hematopoietic marrow. Note the absence of uptake of either fluoride or iron in 

the caudal half of the sacrum. 

Figure 2 compares bone blood flow and marrow distribution in a case of primary 

erythrocytosis in a 4-year-old girl. Extensive investigation revealed no evidence of cardiac, 

pulmonary, renal, or central nervous system pathology. Her hemoglobin was 18.5 g and he

matocrit was 560/0. The total circulating red cell volume was 59 ml/kg (normal children: 

25 -33 ml/kg). Typical of primary polycythemia, erythropoietin was not detectable in a 72-hr 

urine samplec'oncentrated by collodion adsorption (11). Note the heavy concentration of both 

fluoride and iron in the knee and ankle. The bright spot in the pelvis in Fig. 2A is excreted 

18F remaining in the bladder. 

Figure 3 compare s bone blood flow and marrow distribution in the case of a 45 -year

old woman with pernicious anemia and early myelofibrosis. Note the heavy uptake of 18F in 

the distal femora and the similar distribution of erythropoietic bone marrow, 52Fe . The in

creased uptake of fluoride in the elbow and wrist was not associated with erythropoietic mar-

row. 

Figure 4 compares bone blood flow and marrow distribution in a 19-year-old girl 4 

months after a midfemoral fracture. Note the increased uptake of fluoride in the femur distal 

to the fracture and the similarly distributed increase in erythropoietic marrow. Fluoride-18 

is seen in the bladder in Fig. 4A. 

Figure 5 shows 18 F uptake and 52Fe distribution in a patient with hemolytic anemia 

of 3 years duration. There was an abnormally high bone blood flow in the knee, ankle, and, 

elbow; Fig. 5A, corresponding to the pattern of peripheral extension of marrow, Fig. 5B. 
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A B 

Fig. 1. Characteristic distribution of bone blood flow (A) and e r ythropoietic marrow (B) in 
adult human beings. 
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XBB677-4113 and XBB677-4114 

Figure 6 shows abnormal extension of erythropoietic marrow into the extremities of 

a patient with far-advanced Paget's disease. Figure 6A shows the characteristically high 

blood flow to the diseased parts of the skeleton, and Fig. 6B shows peripheral distribution of 

marrow corresponding exactly to the distribution of the disease. 

Figur e 7 shows another case of far-advanced Paget's disease in which the diseased 

tibia with its high perfusion rate, Fig. 7A, has been invaded by erythropoietic marrow. Note 

that portions of the central skel eton which normally contain marrow lose most of their marrow 

when they become involved in the disease process (right shoulder, right side of pelvis, and 

two vertebral bodies). This is presumably because of obliteration of the marrow cavity by 

hypertrophied bone. 
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Fig. 2 . Comparison of distribution of bone bl ood fl ow (A) and erythropoietic marrow ( B ) in a 
4 - year -old girl w ith primary e rythrocytosis. 

XBB677-4115 and XBB677 - 4116 

Figur e 8 compares the distribution of skeletal blood flow with the distribution of 

e rythropoietic marrow in an adult monkey (A), rabbit (B), opossum (C), and dog (D). In each 

case 18 F is to the l eft and 52 Fe is to the right . In the monkey, rabbi t, and opossum, the dis

t r ibution of bone blood flow and marrow is so similar that one cannot easil y tell from the pat -
18 52 . 

t er n whether F or F e had been used ln the study. 

Ther e was divergence of distribution of the t wo isotopes in the dog, there being active 

uptake of 18 F in the feet (left) without marrow being pre sent (right) . 
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Fig . 3 . Comparison of dis tribution of bone b l ood flow (A) and e rythr opoie t ic marrow (B) in 
a 45 - year - old woman wi th pernicious anemia and ear l y myelofibrosis . 
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XBB677-4117 and XB B677-411 8 

DISCUSSION 
No amount of e rythropoietic stimulation (bleeding, h ypoxia, or c obal tous c hloride) 

will induce h ematopoietic marrow to g row in the ve r teb r ae in the e nd of the adult rat ' s tail , 

and yet Huggins and Blocksom (1 5 ) have shown that abdominal implantation of the tip of th e 

tail results in repopulation of the ver t ebr a l cavities w ith hematopoietic marrow. Thus abdom 

inal implantation alters the local environment from a completely unsuitable site to an i d eal one 

for marrow g r owth. The a uthors attributed this effect to an increase in temperature which 

they point out is accompanied by an increase in vascul arity. They conclude that "there a r e 

two ways in which a physiological e levation of temperature may affect the bone mar row, 

namel y a primary effect on tissue metaboli sm and a secondar y vasomotor effect . Whil e both 

effects are presumably operative, no evidence could b e de rived from thes e experiments as to 
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A B 

Fig . 4 . Comparison of distribution of bone b l ood flow (A) and erythropoietic marrow ( B) in 
a 19 - year - old girl 4 months a ft e r a mid - f e moral fracture . 

XBB677 - 4119 and XBB677 - 4 120 

the m ec hanism by which an e l evation in temp e ratur e facilitated h emopoiesis . 11 Efforts t o dem

onstr ate directly a t empe r ature gradient explanation f o r the distribution of marrow in r a ts, 

mice, a nd humans have been unsuccessful (16,17). Using 1 8 F we have shown that abdominal 

implantation of the rat's tail is accompanied by a 3 - fold inc rease in bone blood flow in the im

p l anted segment. Thi s suggests that the primary factor in the induction of hemopoiesis in th e 

i mplanted segment is the increased bone blood flow whi c h occurs secondary to the increased 

t empe rature . This, plus the finding in patients of e r y thropoiesis in the peripheral l esions of 

Paget 's disease ( Figs . 6 and 7) and occasionally adjacent t o fracture (Fig . 4), conditions well 

known to be associated with increased bone b l ood flo w, provides evidence that a high bone 

blood pe rfusion rate may be a n important factor in th e g r owth of marrow. Centralization of 

the skeletal blood supply during maturation may account for the centripetal migration of the 

marrow from childhood to adult (Fig. 2) . As suggested by Askanazy ( 18), this apparently 
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A 8 

Fig. 5. Comparison of distribution of bone blood flow (A) and erythropoietic marrow (B) in 
a patient w ith hemolytic anemia of 3 years duration. 

XBB677-4121 and XBB677 - 4122 

norma l physiological migration may in fact r e present an early form of vascul ar senescence 

w ith subsequent lipomatous involution of the ma r row. 
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In cases of extreme erythropoietic demand resulting in peripheral extension of marrow, 

the associated increase in bone b l ood flow, Fig. 5., appears most likely to be due to, rather 

than the cause of, marrow growth in the area. Cause and e ffect cannot be determined i n such 

cases, but in t h e best - controlled exp erimental situation, the abdominally implanted r at tail, 

an increase in bone blood flow certainly prec eded marrow growth. Also i n the occasional case 

w h e re an increase in marrow acti vi ty occur s adjacent to fracture, Fi g . 4, it seems r easonabl e 

to conc.lude that the fracture results in hyperemia of the bone and that marrow growth occurs 

secondarily. 
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Fig . 6. Positr on camera pictures showing similarity in distribution of bone bl ood flow (A) 
a nd e r ythropoietic marrow ( B) in a patient with far - advanced P aget ' s d i sease . 

XBB677-4123 and XBB677 - 4124 

Of fundamental importance to these considerations is whether the high bone blood per 

fusion rate associated with active marrow is simpl y a reflection of active blood flow i n the 

marrow cavity or whether it is the high bone blood flow itself which is important . Until m e th

ods are de veloped for direc t measurement of mar row blood flow, one can only specul ate. It 

i s well known that stimulated marrow is much mo r e vascul ar than marrow of l ow activity (19) , 

and it may well be that because bone and marrow share a common blood supply, the increase 

is seen in the adjacent bone. On the other hand, it has been shown that a portal system exi sts 

between the b l ood supply of bone and marrow, Fig. 9 . Brookes has presented evidence sup 

porting the concept of a centrifugal blood flow in bone co rtex ( 20). However, Branemark (19) 

states that "capillaries stemming from marrow arterioles ente r the Haver sion canals to sup 

ply endosteal parts of diaphyseal bone. The capillaries then swing back into the marrow to 

empty i nto sinusoids or directly into collecting venul es ." H e rt and Liskova(21) state that 
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Fig. 7. Positron camera pictures showing distribution of bone blood flow (A) and e rythro
poietic marrow (B) in a patient with far - advanced Paget 's disease. 

XBB6 77 -41 25 and XBB6 77 -4126 

8 1 

"blood flow through the compact bone has not a one - way, centrifugal direction; the venous 

blood returns a l ong the correspondent arteries, by preference into the bone marrow." It is 

attractive t o speculate on the possibility that a significant fraction of the fl ow is from bone to 

marrow and that this bone - bone m a rrow portal system may be a k ey to the fundamental ques 

tion as to why marrow grows best in bone. 

P e trakis (17) concludes : " This constant intimate r elationship between bone and mar

row suggests that the tissue environment associated with bone may provide essential substances 

for differentiation and function of h ematopoi etic stern cells . The mechanism whereby this re

sult a ris es is not understood. The vascularity of the body tissue may be an important factor 

whi c h promotes marrow development, as noted by Huggins and Blocksom and Noonan. H e ma

topoiesis occurring in the portion of the tail in the abdominal cavity might result from the 
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Fig. 8 . Comparison of distribution of skeletal blood flow w ith the distribution of erythro 
poietic marrow in an adult monkey (A), rabbit (B), opossum (C), and dog (D). In each case 
18F is to the l eft and 52Fe is to the right. 

Medullary 
artery "7 -............... . 

Cortical 
·····capillaries 

L-1~=W1~~ ............................... Endosteal 

3ap.~,:~~:~~ 
. .... ) venous sinus 

XBB677-41 2 7, 4128, 4129, 4130 

Fig. 9. The blood vascular or 
ganization of diaphyseal tubular 
bone represented diagrammati
cally in transverse section (from 
Brookes, ref. 32). 
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effects of an increased blood supply to the implanted vertebrae, resulting in the activation of 

dormant marrow stem cells, colonization of the marrow spaces by circulating stem cells, or 

both. " 

Failure of hematopoietic marrow to repopulate an area of the skeleton having received 

therapeutic doses of irradiation is an example of importance of local environmental factors in 

marrow proliferation. If all the marrow cells were destroyed, it should require only days or 

weeks for such a rapidly dividing tissue to repopulate the area from circulating stem cells, 

and yet it characteristically takes many months before marrow will re-establish itself in the 

area, typical fatty marrow having taken its place (22). By what mechanism has irradiation 

rendered the site unsuitable? Bone is there but its special ability to attract active marrow is 

gone. It is comparable at this stage to the bones of the extremities of the human or the tail of 

the rat. Whatever special influence bone exerts on marrow would appear to be enhanced by 

heating and abolished by irradiation. It is reasonable to assume that large doses of irradia

tion may seriously injure the vascular supply of bone or marrow or both. The literature on 

the effect of therapeutic irradiation on the blood supply of bone is contradictory. Ewing (23), 

Gratzek et al. (24), and Hinkel (25) found impairment of bone blood supply following heavy 

therapeutic irradiation, whereas Bonfiglio (26) and Carlson et al. (27) found no evidence of 

morphologic change. The 18F method for bone blood flow measurement has not been applied 

to studies of irradiation effect. The permanent damaging effects of large dose of irradiation 

on the characteristic and essential sinusoidal microcirculation of the marrow itself have been 

presented recently by Knospe et al. (28). 

It seems worthwhile to consider the possibility that the relationship between bone and 

marrow is comparable to the relationship between hypothalamus and anterior pituitary, i. e., 
where stimulating substances produced in the hypothalamus are carried to the pituitary via 

the hypothalamic -pituitary portal vessels. Hemopoietic -stimulating factors produced or acti

vated in bone may be carried directly to the marrow via the bone -bone marrow portal vessels, 

or an inhibitor might be removed by passage through bone. It may be that marrow grows best 

in that blood which has just passed through bone. 

Although the tissue of origin of the red cell-stimulating hormone, erythropoietin, has 

not been conclusively established (29), its long biological survival (30) and predominant effect 

on erythropoiesis do not implicate it in this system. However, a host factor essential for 

stem-cell colony formation, as demonstrated by McCulloch et al. (31), would fit the system 

proposed. 

McCulloch et al., studying isologous hemopoietic grafts in the mouse, have shown 

that the controlled behavior of mammalian hemopoietic tissue depends on interactions between 

blood-forming cells and their environment. They have shown that at least two genetic loci 

control functions essential for successful colony formation, and that the site of action of one 

is intrinsic to colony-forming cells, while the site of action of the other is a host factor extrin

sic to colony-forming cells, a factor specific for the progenitors of erythrocytic, myelocytic, 
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and lTIegakaryocytic cells. The influence 'of this factor lTIust.extend ,beyond the borders of a . 

cell, and a diffusable substance must be r'equired for transfer of this information. 

SUMMARY 
Recently developed methods for visualization of the distribution' of blood 'flow to the 

skeleton and distribution of erythropoietic lTIarrow within the skeleton have delTIonstrated a 

remarkable similarity bet'ween bone blood flow and marroW' distribution. It is postulated.that. 

marrow grows best in blood which hasjust.passed·through bone .. The ,relationship. between 

bone and lTIarrow may be comparable to the relationshi'p between pituitary and. hypothalalTIus, 

i.e., that stilTIulating factor(s) produced in bone are carried directly·to the marrow via bone

bone marrow portal vessels. 
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Differences in Distribution of Erythropoietic and 
Reticuloendothelial Marrow in Hematologic Disease 

Donald C. Van Dyke, Carol J. Shkurkin, David C. Price, 

Yukio Yano and HalO. Anger 

In norITlal aniITlals and ITlan, reticuloendothelial cells are a constant constituent of 

red bone ITlarrow. The ratio of phagocytic cells to heITlatopoietic cells is relatively constant, 

so that the skeletal distributions of ITlyeloid, erythroid, and reticuloendothelial eleITlents in 

norITlal aniITlals are the saITle (1). Since knowledge of the distribution of the active ITlarrow 

ITlay be needed in investigative work on the ITlar'row (2) and ITlay be helpful in the care of pa

tients whose treatITlent or priITlary disease involves the bone ITlarrow (3), tracer ITlethods for 

visualizing the distribution of active ITlarrow have been developed. The reticuloendothelial 

eleITlents can be·labeled with radiocolloids (4,5), and the erythropoietic eleITlents.can be la

beled with radioiron (6). Then their distributions can be determined with an isotope scanner 

or scintillation caITlera. There is at present no ITlethod to effectively label the granulocytic 

precursors in the bone ITlarrow for clinical scanning. 

In norITlal aniITlals or hUITlan beings, similar ITlarrow distribution patterns can be ex

pected by either 9f the above scanning ITlethods. However, since it is not in the norITlal sub

ject that such inforITlation is most needed, and since the various cOITlponents of the ITlarrow 

may be quite differently affected by treatment or disease, the two methods of labeling (phago

cytic and heITloglobin synthesis) ITlay give quite different distributions, each providing useful 

but different inforITlation. Since, few direct cOITlparisons of the two ITlethods have been ITlade 

in abnorITlal subjects (3), the present study was undertaken. All patients on whom a ITlarrow 

distribution study was indicated were investigated siITlultaneously with 99TcITl_sulfur colloid 

and 52 Fe • The results .of the, cOITlparison ar'e presented here. 

MA TERIALS AND METHODS 
For labeling the erythropoietic portion of the ITlarrow, the best results are obtained 

with the short-lived (T-1/2, 8 hr) positron-eITlitting isotope 52 Fe . The distribution of activity 

is recorded with the positron scintillation caITlera (6) ·or with the whole-body scanner" Mark II 

(7). 59Fe ITlay be used in place of 52Fe, but scanners specially designed for high-energy 

gamITla-ray emitters must be used, and the iITlages obtained so far are not as satisfactory. 

The reticuloendothelial portion of the ITlarrow can be labeled with any colloid of the 

proper particle size (4,8); The ITlost satisfactory at present, because of availability, cost, 
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and low radiation dose to the patient, is the short-lived (T-1/2, 6 hr) 99Tcm_sulfur colloid 

(9). After labeling with this colloid, the marrow, liver, and spleen can be visualized with a 

conventional radioisotope scanner or with the gamma-ray mode of the scintillation camera. 

The scintillation camera, a nons canning electronic instrument for making pictures 

of the distribution of gamma-ray and positron-emitting nuclides in vivo, has been described 

in detail in a previous publication ( 10). 

The Donner Laboratory whole -body scanner, Mark II, has 64 scintillation counters, 

each with a 1 X i-in. sodium iodide crystal, in a massive lead shield (7). The length of the 

array of counters is 27 in., wide enough to cover the width of the body. The patient lies on 

87 

a table that moves at a constant rate over the counters. With a single sweep of the table, a 

64-line scan of the subject results. Nine feet above the patient is a 500 mCi source of amer

icium-241 which emits 60 keV gamma rays. By detecting these rays and displaying them, 

one gets a transmission picture of the body outline of the patient. The final readout is ob

tained with a Polaroid scope camera. The patient table and the film cassette are mechani

cally coupled together, so that the photographic film moves up or down in synchrony with the 

patient table. Flickering points on the cathode-ray tube screen become lines of varying den

sity on the final image. The usual scanning time for either 52Fe or 59 Fe is 5 -15 min for 

head-to-toe pictures. For 99 Tc m the scanning time is 0.75 -3 min. 

In our laboratory the Mark II whole-body scanner and the positron scintillation cam

era are located in the same area so that a quick whole -body scan can be taken first to be used 

as a guide in taking the smaller but more detailed positron camera pictures. 

The radiation dose s to the bone marrow in a 70 kg man for the three isotopes used 

have been estimated to be as follows: 2.5 rads to bone marrow for a 100 f.1Ci dose of 52Fe (6), 

1.0 rad for a 20 f.1Ci dose of 59 Fe (11), and 0.09 rad for a 3 mCi dose of 99Tcm_sulfur colloid 

( 12). 

The methods of preparation of 52Fe and 99Tcm~sulfur colloid have been described in 

the literature (13,9). 

All patients were evaluated by members of the Donner Laboratory medical staff, and 

in most cases therapy and long-term followup we:re managed through the Donner Laboratory 

outpatient clinic. Complete records were kept of all procedures and therapy performed else

where, throughout the entire course of the patient's disease. All patients with polycythemia 

rubra vera were in the early stages of the disease, classes I and II as defined by Pollycove 

etal. (14). 

METHOD OF MARROW LABELING When using radioiron, pic ture s of the bone mar-

row must be taken at the time of maximum marrow uptake, after the iron has cleared the 

plasma and before it has passed from the marrow to the peripheral blood. For most patients 

this means 10-24 hr after intravenous administration of 52Fe (15). The patient is injected 



88 DISTRIBUTION OF ERYTHROPOIETIC AND RETICULOENDOTHELIAL MARROW 

in the afternoon with 100-150 fJ-Ci 52 Feas ferric citrate and pictures are taken the following 

morning. The specific activity of the 52Fe was 0.5 fJ-Ci per fJ-g in the earlier .studies, subse

quently improved to 12. fJ-Ci per fJ-g. 

When using a colloidal preparation of sulfur labeled with 99 TC
m , most of the colloid 

localizes in the liver, spleen, and hemopoietic marrow within five minutes. Picture-taking 

can be begun very soon after intravenous administration of the labeled colloid and the study 

completed during a single visit. In the present studies, 2.5-3.0 mCi of 99Tcm_sulfur colloid 

were given. 

In each study, scintiphotos of 52Fe distribution are made first with the camera in the 

positron mode, taking 5 -10 min per 9 -in. -diameter: field. At the completion of the 52 Fe pic

ture' the technetium colloid is injected, and 10-15 min later the same areas are photographed 

with the scintillation camera in gamma mode, using a thin-septum multichannel collimator, 

an appropriate narrow energy window, and exposures of 1 minute or less. 

RESULTS 
Direct comparison of the distributions of erythropoietic and reticuloendothelial mar

row in patients with diseased marrow demonstrates a range from identical to totally dissimilar. 

Table 1 summarizes the results and gives an indication of the degrees of correlation between 

the distributions of'the two marrow functions in 25 patients studied to date. Arbitraryesti

mates of correlation, ranging from "no correlation" to "identical" are given in the table to pro

vide. an indication of the frequency of marked or minor differences in results using the two 

techniques. Examples of the different categories are given in the figures. 

Figure 1 (#23 in, .the table) shows identical distribution of hemoglobin synthesis and 

phagocytic activity in the marrow of a patient with polycythemia associated with renal.vascular 

anomalies and an increased. erythropoietin production. Urinary excretion of erythropoietin 

was 10 times normal and easily measurable concentrations of erythropoietin were found in 

plasma (16). Except for slight extension down the humerus, the pattern is that found in nor

mal adults. 

Figure 2 shows a perfectly normal marrow distribution pattern as judged by 99 Tc m _ 

sulfur colloid in a 20-year-old patient (#1 in the table) with congenital absence of erythropoi-

t ' I k" d 52F' d' h d 1 b f e IC marrow .. ron lnetlcs an e pOSItron ca,mera, stu les s owe comp ete a sence 0 

erythropoiesis. A summ~ry of this case has beep published elsewhere (3). 

Figure 3B s.hows hypertrophied, peripherally extend.ed marrow as seen with 99 Tc
m 

in a middle -aged man with severe idiopathic hypoplastic anemia (patient #2 in the table). 

Virtual absence of erythropoietic marrow is demonstrated in the radioiron scintiphotos (Fig. 

3A), although a very faint ,outline of residual peripheral erythropoiesis is, seen ·in the femur 

and humerus. 
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Patient nUITlber 

1 

.2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 
17 

18 

19 

20 

21 

22 

23 

24 

25 

Table 1. Correlation of erythropoietic and reticuloendothelial 

ITlarrow distribution in heITlatologic disease. 

Diagnosis 

Congenital red cell aplasia 

Hypoplastic aneITlia 

Treated Hodgkin's disease 

Treated Hodgkin's disease 

PolycytheITlia vera 

COITlbined irradiation and cheITlotherapy 

Myelofibro sis 

Aplastic aneITlia 

Hypoplastic aneITlia 

PolycytheITlia vera 

PolycytheITlia vera 

PolycytheITlia vera 

Hypoplastic aneITlia 

Pancytopenia 

Hypoplastic aneITlia 

Unexplained aneITlia 

Hypoplastic aneITlia 

PolycytheITlia vera 

Chronic ITlyelocytic leukeITlia 

Chronic aneITlia 

Secondary polycytheITlia 

Acu te heITlol ytic aneITlia 

Secondary polycytheITlia 

Hypoplastic aneITlia 

PolycytheITlia vera 

EstiITlate of correlation 

No correlation (Fig. 2) 

Markedly different (Fig. 3) 

Markedly different (Fig. 4) 

Different (Fig. 5) 

Different 

Different 

Different 

SiITlilar 

SiITlilar 

SiITlilar 

SiITlilar 

SiITlilar 

SiITlilar 

SiITlilar 

SiITlilar 

SiITlilar 

Identical 

Identical 

Identical 

Identical 

Identical 

Identical 

Identical (Fig. 1) 

Identical 

Identical 

Figures 4 and 5 have been selected to illustrate various degrees of difference in func

tional distribution. Figure 4A shows the erythropoietic ITlarrow (52 Fe) in a patient with long

standing Hodgkin's disease treated with irradiation and cheITlotherapy (patient #3 in the table). 

Erythropoietic marrow was widely, but irregularly, distributed throughout the skeleton. The 

irregularities are attributed to the presence of tuITlor and previ01.is irradiation therapy. Fig

ure 4B shows the uptake of 99TcITl_sulfur colloid by the reticuloendothelial cells of the saITle 

patient on the saITle day. Splenic and hepatic uptake of ITlost of the colloid is deITlonstrated 

with rather poor uptake by the ITlarrow. COITlparison of Figs. 4A and B shows siITlilarities in 

the distribution in the knees and dissiITlilarity in the shoulders and elbows. The patchiness 

apparent in the erythropoietic pattern in the pelvis and right arITl and leg was not apparent in 

the phagocytic pattern. 
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B 

Fig . 1. Distribution o f e rythropoietic marrow (A) and phagocytic marrow (B) in a patie nt with 
inc r eased red cell production due to increased erythropoietin productio n. 

XBB677 - 413 1 a nd XBB677 -413 2 

Figur e 5 compares the distributions of h emoglobin synthesis and phagocytic activity 

in the marrow of a second patient with long-s tanding Hodgk in ' s dis ease treated with a combi 

nation of irradiation and che mothe rapy (patie nt #4 in the table ). In this case distribution of 

the t wo e l e ment s is essentially the same except in the fe et and ankl es wher e phagocytic activ 

ity was unassociated with e rythropoiesis . Free t echn e tium exc r e t ed into the bladder can be 

seen. As can be seen in Figs . 5C and D, the Mark II w hol e - body scanner can give an a d e qua t e 

assessment of isotope distribution. Howeve r, fine and often important d etail may be missed. 

DISCUSSION 
In normal subjects the skeletal distribution of r adi oir on and radio - coll oid is identical 

a nd corresponds to the distribution of hematopoietic marrow as determined by autopsy exam 

ina tion (17). Erythropoietic and reticulo endothelial marrow are invariably found throughout 
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Fig. 2. Distribution of erythropoietic mar·row (A) and phagocytic marrow (B) in a patient with 
congenital absence of erythropoietic marrow. There was no medullary uptake of 52Fe, all the 
iron being deposited in liver and spleen. Uptake and distribution of colloid in marrow, liver, 
and spleen was normal ( B). 

XBB677-4133 and XBB677 -4134 

the central portion of the skeleton (ribs, spine, pelvis, scapula, and clavicle), with the ex

ception of the caudal half of the sacrum. In the extremities some marrow is a l ways found in 

the head of the humerus and the area of the l esser trochanter of the femur. There is consid

erable individual variation in the amount of marrow in the skull, and in the extent to which it 

extends down the shafts of the humerus and femur. Marrow is usually confined to the proxi

mal 1/ 4 of the humerus and femur in the adult, and extension beyond the proximal 1/3 is con

sidered abnormal. 
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F ig. 3. Distribution of erythropoietic marrow (A) and phagocytic marrow (B) in a patient with 
idiopathic hypoplastic anemia. Hypertrophied and peripherally extended m arrow is seen with 
th e 99Tc m -sulfur colloid, whe r eas the e rythropoietic marr ow is essentiall y absent except for 
slight residual activity in the femur and humerus . 

XBB677-4135 and XBB677 -41 36 

Marrow charac t eristically expands peripherally on increased demand for red cell s 

(1 8 ), but there are great variations in d etail (3). The bones of the legs may be more involved 

than those of th e arms, or vice versa. H eavy concentrations of marrow may extend to the 

distal ends of the femur without extension of marrow into the tibia. Conversely, the tibia may 

be densel y fill ed, with little or no marrow in the distal femur. The marrow is not always dis 

tributed with complete bilateral symmetry, even in the absence of any known bone injury or 

disease. A given bone may be filled quite unevenly; e . g ., the dista l end of the femur may 

contain large amounts of marrow with littl e in the shaft, or the shaft may be filled evenly down 
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Fig. 4. Distribution of erythropoietic marrow (A) and phagocytic marrow (B) in a patient with 
Hodgkin's disease treated with irradiation and chemotherapy. 

XBB677-4137 and XBB677-4138 

to the lower 1/4 where it stops abruptly. Within an otherwise completely filled femur or 

humerus, there may be local areas devoid of marrow (3). 

99Tcm_sulfur colloid used to label the reticuloendothelial portion of the marrow has 

the advantage of being inexpensive and readily available. It delivers an extremely low dose of 

irradiation to the patient, and it has the added advantage that rapid uptake by the reticuloendo

thelial system makes it possible to compl ete the study during a single visit. 

Major disadvantage s of the use of colloid to visualize the marrow are that one does 

not label the usually clinically important marrow functions by this method, and that 96% of the 

dose goes to liver and spleen (1,19), making it impossible to visualize the large fraction 
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XBB677-4139 and XBB677-4140 

Fig. 5 . Positr on scintillation camera 
pictures of distribution of erythropoietic 
marrow (A) and phagocytic marrow (B) 
in a patient with Hodgkin's disease 
treated with irradiation and chemo 
therapy. Figures 5C and D show Mark 
II whole-body scanner pictures of 52 Fe 
(C) and 99 Tc m_ sulfur colloid (D) taken 
just prior to th e more detailed camera 
study. In Figs. C and D the patient's 
right is to the right of the photograph. 

XB B6 77 -4141 and XBB6 77 - 4142 
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of the marrow in the spine behind these organs. Loss of marrow from the spine, even in the 

presence of peripheral extension, may be an important finding of any individual study (18). 

Since granulocytopoiesis and erythropoiesis are almost always accompanied by phago

cytic cells, the colloid method is useful in demonstrating marrow extension within the skeleton 

(4). Phagocytic activity may persist in the presence of partial or complete failure of erythro

poiesis, however. Therefore, the colloid method is not suitable for the study of patients with 

hypoplastic or aplastic anemia. 

52 Fe, on the other hand, must be produced in a cyclotron and is not widely available. 

Because of this and its short half-life, it can be used in few locations for scanning of erythro

poietic marrow. Invariable correlation of reticuloendothelial and erythropoietic marrow 

would make the 99Tcm_sulfur colloid the ideal agent for bone marrow scanning. Unfortunately, 

the present study demonstrated that these two marrow functions do not always coincide. 

SUMMA.RY AND CONCLUSIONS 
Although reticuloendothelial cells are an invariable component of normal marrow, 

the distribution of phagocytic activity mayor may not correspond to the distribution of erythro

poietic activity in the presence of disease affecting the marrow. A direct comparison of the 

distributions of reticuloendothelial marrow (using 99 Tc m -sulfur colloid) and erythropoietic 

marrow (using 52Fe ) in patients receiving treatment for various diseases affecting the bone 

marrow has been made. In the presence of hematologic disease, the correlation between the 

distributions of these two marrow functions has varied from identical to totally dissimilar. 

Unless one is studying normal subjects, knows ~ priori that marrow composition is 

normal, or is specifically studying the reticuloendothelial component of the marrow, one must 

be cautious in equating marrow distributions obtained with colloidal material to erythropoietic 

marrow distribution. 
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First-Pass Hepatic Deposition of 
Intestinally Absorbed Iron in Patients with 
Low Plasma Latent Iron-Binding Capacity 

Rashid A. Fawwaz, H. Saul Winchell, Myron Pollycove 
and Thornton W. Sargent 

Wheby and Jones demonstrated that rats, whose plasma iron-binding capacity was 

saturated by an acute intravenous infusion of iron, deposited a large fraction of intestinally 

absorbed iron in the liver during the first pass of portal venous blood through this organ (1). 

Subsequently Wheby and Umpiere demonstrated similar results in normal human subjects in

fused with sufficient iron to acutely saturate their plasma iron-binding capacity (2). Our re

sults in patients with chronic spontaneous low plasma latent iron-binding capacity agree with 

those obtained by Wheby and Umpiere. 

The present results were obtained by using a new triple radioiron-isotope technique 

(3) which allows for simultaneous measurement of the fraction of orally administered iron 

absorbed into the body during a 2 -week period, the fraction of orally administered iron appear

ing in the systemic circulation over a 6 -hr period, the fraction of orally administered iron 

absorbed and deposited in the liver during this 6 -hr period, and the fraction of iron initially 

deposited in the liver and then released into the systemic circulation during the subsequent 

2 weeks. This technique further allows for visualization of the distribution of iron in the in

testinal tract and the remainder of the body while intestinal absorption is occurring. 

MA TERIALS AND METHODS 
Intestinal iron absorption was studied in four normal subjects and six patients with 

low plasma latent iron-binding capacity: three with hemochromatosis (studied over 3 months 

after cessation of phlebotomy therapy), two with sideroblastic anemia, and one with prophyria 

cutanea tarda. The kinetics of intestinal iron absorption was studied by oral administration of 

40 f.lCi of 52Fe and 1 f.lCi of 59 Fe in 4-mg carrier ferrous sulfate, following an 8-hr fast. Con

current with the administration of the above isotopes, plasma iron turnover was measured by 

administering intravenously 60 f.lCi of 55 Fe as ferrous ammonium citrate (specific activity 

1 f.lCi per 1 fJ.g) which had been incubated for 1/2 hr with 10 ml of autologous plasma. ' Plasma 

samples for radioiron activity were obtained at 15 - to 30-min intervals for the initial 6- to 

8-hr period. A blood sample for red cell radioiron activity was obtained on the 14th day. 
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Radioiron absorption from the gastrointestinal tract following its oral administration 

was calculated by three separate methods: 

1) The percent of orally administered 59 Fe absorbed into the body over a 14-day 

period was calculated by utilizing the whole -body counter (4). 

2) The percent of orally administered 59 Fe absorbed as calculated by red cell in

corporation at the 14th day was determined according to the method of Saylor and 

Finch (5). 

3) The rate at which orally administered 52Fe appeared in the systemic circulation 

over a 6-hr period was calculated using the method of Hallberg and Solvell (6). 

The total amount of iron absorbed and appearing in the systemic circulation was 

taken as the integrated rate of absorption over this time interval. 

The 52 Fe activity was separated from the 59 Fe activity by immediate counting of the 

plasma samples by using a thallium-activated sodium iodide, well-type, scintillation counter, 

and similarly recounting them after 7 days, at which time the 52Fe (T 1/2 = 8.2 hr) had decayed 

to a negligible level. The 55 Fe plasma and red cell activity was determined by counting the 

samples in a gas-flow counter under beryllium filters a~d correcting for activity due to 59 Fe 

( 7). 

The distribution of orally administered 52Fe in the subject was visualized throughout 

h d b . h A' ( 3) S' " . f th 52F t e stu y y USIng t e nger pOSItron camera . emI-quantltahve eshmates 0 e e 

deposition in the liver were obtained from external coincidence counting rates over the liver, 

expressed as a fraction of the total external coincidence counting rate of the entire 52Fe bolus. 

In one .patient (P. G. ) with a plasma latent iron-binding capacity of 9 f.Lg per 100 ml, 

the plasma volume determined by using 1311 albumin was compared with that determined in 

two different, fashions, using 59 Fe • In this patient radionuclides were used to determine 

plasma volumes by the following metho.ds: 

1) One f.LCi of 59 Fe a,s ferrous ammonium citrate, specific activity 10 f.LCi per 1 f.Lg, 

and 10 f.LCi of 1311 albumin were simultaneously incubated for 1/2 hr with 250 ml 

of the patient's blood and reinjected intravenously. 

2) One f.LCi of 59 Fe as ferrous ammonium citrate, specific activity 10 f.LCi per 1 f.Lg, 

and 10 f.LCi of 1311 albumin were simultaneously incubated with 5 ml of normal 

donor plasma and injected intravenously . 

. Hemoglobin concentration, .serum iron, and plasma latent iron-binding capacity were 

determined on the initial blood sample of each patient. Serum iron was determined by the 

method of Peters (8), while the plasma latent iron-binding capacity was determined by the 

method of Tauxe (9). All patients had plasma volumes determined with 1311 albumin. 

RESULTS 
Figure 1 correlates the location of the 52Fe in the gastrointestinal tract with its rate 

of absorption into the plasma at various times after its oral administration to a normal sub

ject (H. B.). It is seen that there is no detectable radioiron over the liver area. 
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Fig. 1. Correlation of the location of the 52Fe in the gastrointestinal tract with its rate of 
absorption into the plasma at various times after its oral administration to a normal subject 
(H. B.). The percent 52Fe absorbed and appearing in the systemic plasma during 1!2 -hr 
intervals is plotted above each photoscan. The shaded areas of the graphs represent the 
time at w hich the corresponding photoscan was tak en. Note that no radioiron is d e tectable 
in the liver area at any ·time during the study. 
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Close agreement was obtained in the t wo normal subjects in whom the iron absorption 

calculated by using total body retention of 59 Fe (whole-body counter) was compared with that 

calculated using doubl e isotope incorporation into r e d cells (Tabl e 1). In the four normal sub

jects, between 40 to 800/0 of the total r adioiron absorbed appeared in the systemic plasma dur

ing the first 6 hr of the study. A discrepancy was obtained in the four patients having low 

plasma latent iron-binding capacity in whom the iron absorption calculated by using total body 

retention of 59 F e ( whol e - body counter) wa s compared to that calculated by using double isotope 

incorporation into red cells. The iron absorption calculated by double isotope incorporation 

into red cells was less than 120/0 of that calculated by total body retention of 59Fe . In the six 

patients with low plasma l atent iron-binding capacity, less than 160/0 of the total radioiron ab

sorbed appeared in the systemic plasma during the first 6 hr .of the study. 

Figure 2 correlates the locati on of the 52 Fe in the gastr oint es tina l tract with its rate 

of absorption into the systemic plasma at various tilnes after its oral administration to a pa

ti e nt (A. F.) with hemochromatosis and a low plasma l atent iron-binding capacity. This study 

was performed 10 months after an initial course of 120 phlebotomies. It can be seen that 
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Table 1. Summary of results of i-ron-absorption studies obtained on four normal subjects and 

six patients with low plasma latent iron-binding capacity. Note that in patients with low plasma 

latent iron-binding capacity there is a discrepancy between the percent radioiron absorbed into 

the body at 2 weeks (whole -body counter) and the percent radioiron absorbed as calculated by 

red cell incorporation at the 14th day. In these patients there also is an abnormal discrepancy 

between the percent radioiron absorbed into the body at 2 weeks and the percent radioiron ab

sorbed and appearing in the systemic plasma during the first 6 hr (H. B., P. G., and S. C. 

are female, the remaining subjects are male). 

Diagnosis 

Normal 

S.A. 

H.B. 

M.S. 

J. B. 

Hemoglobin 
concentra

tion, 
g/100 ml 

14.2 

12.9 

13.4 

14.8 

Hemochromatosis 

A.F. 15.0 

P.G. 12.9 

J. R. 14.4 

Porphyria 
cutanea tarda 

A.E. 14.4 

Sideroblastic 
anemia 

S.C. ii.O 

.C.S. 10.0 

Fasting 
serum 
iron,' 

fLg/1-00 ml 

ii6 

126 

72 

130 

210 

229 

193 

230 

290 

160 

Fasting 
latent 
iron

binding 
_capacity, 
flg/100 ml 

295 

227 

216 

308 

15 

9 

46 

13 

20 

66 

0/0 59 
Fe 

absorbed 
into body at 
2 weeks ( 1) 

12.0 

28.9 

7.5 

16.0 

73.0 . 

29.0 

56.0 

21.8 

12.0 

45.0 

%59 Fe 
absorbed 
and incor-

porated 
into red cell s 
at 2 weeks (2) 

Not done 

26.2 

8.0 

Not done 

8.2 

Not done 

6.2 

1.2 

Not done 

5.0 

%52 Fe 
absorbed 
and appearing 
in the plasma 
over 6 hr (3) 

6.1 

23.6 

3.1 

8.2 

8.7 

4.5 

8.1 

1.5 

1.1 

3.9 

within 2 hr after the initiation of the study, considerable orally administered 52Fe was depos

ited in the liver. At 6 hr,8.20/0 of the radioiron was absorbed and appeared in the systemic 

plasma, and an estimated 40% of the ingested 52Fe was deposited in the liver. Thus four

fifths of the radioiron absorbed from the gastrointestinal tract during the first 6 hr was depos

ited in the liver. Similar results were obtained in the five other patients with low plasma 

latent iron-binding capacity. 

Patient (A. F.) was studied again 3 months after completion of a second course of 10 

phlebotomies. His plasma latent iron-binding capacity at this time was 180 fLg per 100 ml. 

Fi-gure 3 compares the photoscans taken following an oral radioiron dose administered at this 

time (scan on the right) as compared with the initial study when the plasma latent iron-binding 

capacity was 15 fLg per 100 ml (scan on the left); It can be seen that after 5 hr of radioiron 
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Fig. 2. Correlation of the location of the 52Fe in the gastrointestinal tract with its rate of 
absorption into the plasma at various times after its oral administration to a patient (A_ F _ ) 
with hemochromatosis and low plasma latent iron-binding capacity. The percent 52Fe 
absorbed into the plasma during 1/2 -hr intervals is plotted above each photoscan. The 
shaded areas of the graphs represent the time at which the corresponding photoscan was 
obtained. Note the early and significant radioiron deposition in the liver. 
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ingestion a conside rable amount was deposited in the liver when the plasma latent iron-binding 

capacity was low , but none was detectable in the liver when the plasma l atent iron-binding 

capacity was normal. 

Figure 4 represents two different plasma radioiron clearance studies performed on 

patient (P. G.), a hemochromatotic with a plasma latent iron-binding capacity of 9 flg per 100 

rnl. The ordinate is exp r essed as the percent of the administered dose present in the plasma 

and is calculated on the assumption that the 1311 albumin plasma volume represents the true 

plasma volume. When the radioiron was incubated with normal donor plasma prior to its in

travenous administration, its initial distribution volume was identical to that obtained with 

1311 albumin. However, a rapid initial phase of plasma radioiron clearance with a resulting 

spuriously low zero-time extrapol ate was obtained when radiorion was previously incubated 

with 250 rnl of autologous blood. In each instance the slope of the plasma radioiron clearance 

after 15 min was consistent w ith r emoval of transferrin-bound radioiron from the plasma. 
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Fig. 3. Total body scans obtained 5 hr after an oral dose of 52 Fe , in a patient with hemo
chromatosis (A. F.). The scan on the left was obtained subsequent to an initial course of 
phlebotomy at a time when his plasma late nt iron - binding capacity was 15 !-1g percent. The 
scan on the right was obtained 4 months after a second course of phlebotomy at which time 
his plasma latent iron-binding c apacity was 180 !-1g percent. In both instances total body 
absorption of iron ( whol e -body counter ) was 730/0 of the orally administered 4-mg dose. 
Note the deposition of radioiron in the liver when the latent iron-binding capacity is low, 
and its absence from the live r when the latent iron-binding capacity is normal. 

JHL-6490 

DISCUSSION 
Our results in the patients with spontaneous chronic low plasma latent iron-binding 

capacity were similar to those obtained by Wheby a nd Umpie r e in normal human subjects in 

whom the plasma transferrin was acutely saturate d. As shown in Table 1, in our patients 

with low plasma latent iron-binding capacity, the fraction of orally administered iron absorbed 

into the body, calculated by utilizing double isotope inco rporation into red cells, was much 

lowe r than that calculated by utilizing total body retention of r adioi r on ( whole - body counter). 

Correspondingly , the fraction of orally administe r ed iron absorbed and appearing in the sys

temic plasma during the initial 6-hr period was also abnormally low in patients with low plas

ma latent iron-b inding capacity. Clearly, in these patients a large fraction of the iron ab

sorbed from the gastrointestinal tract into the portal ve in did not reach the systemic circula

tion. Photoscans of patients w ith low plasma latent i r o n-binding capacity d emonstrated that 

there was significant deposition of iron in the liver within 2 hr of its oral admini stration 



RASHID A. FA WW AZ 

100 ~o--~~~~~-----'r-----' 

:: ~ '\. I \:,; .1 PLASMA' ,'" ALBUMIN 

o 
o 

o x 
~~ 
o E - "-a. :E 
Q) Q.. 

-=u-u 
c: Q) 

x ti 
Q) >-

70 

60 

50 

-> 

Q) 

E c: 40 

ti 
o 
o 

-u 
o 

~ 

o :E 
> Q.. 

o U 
E 
." ... o 

C a. 
~ M ... 
Q) 

Q.. 

30 

20 

o 

'. '. '. 

"0~5ml DONOR PLASMA + Fe$9 

o (0.1 ft9 CARRIER IRON) 

~250ml BLOOD + Fe S9 0,,- (O.lft 9 CARRIER IRON) 0" 0" o 

30 60 90 120 150 

Minutes after i.v. administration 

103 

Fig. 4. Clearance of radionuclides 
from the plasma in patient (P. G. ) 
with hematochromatosis and a low 
plasma latent iron-binding capacity 
(9 fJ.g per 100 ml) following the intra
venous administration of (1) 10 ml of 
the patient's plasma incubated for 1/2 
hr with 1311 albumin, (2) 5 m1 of donor 
plasma (normal plasma latent iron
binding capacity) incubated for 1/2 
hr with 59Fe ferrous ammonium 
citrate (0.1 fJ.g carrier ferrous am
monium citrate), and (3) 250 m1 of 
the patie~t's blood incubated for 1/2 
hr with 5 Fe ferrous ammonium 
citrate (0.1 fJ.g carrier ferrous am
monium citrate). 
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(Fig. 2). At 6 hr an estimated four-fifths of the total iron absorbed from the gastrointestinal 

tract is deposited in the liver. Thus, in these patients with spontaneous chronic low plasma 

latent iron-binding capacity, a major fraction of the iron absorbed from the gastrointestinal 

tract into the portal vein was deposited in the liver without prior appearance in the systemic 

circulation. Moreover, such hepatic iron was not released to any considerable extent during 

the subsequent 2 weeks, as evidenced by the marked discrepancy between calculations of total 

radioiron absorption at 2 weeks, measured by the whole -body counter, and the iron absorption 

measured by double isotope incorporation into red cells 2 weeks after the initiation of the study 

(Table 1). 

That this initial rapid radioiron deposition in the liver is related to the transferrin 

saturation with iron is demonstrated in patient (A. F.) with hemochromatosis. This patient 

showed the characteristic hepatic iron deposition within 2 hr after its oral administration at 

a time when the plasma latent iron-binding capacity was low, but hepatic iron was not detect

able when the plasma latent iron-binding capacity was normal (Fig. 3). 

To elucidate the mechanism by which intestinally absorbed iron is deposited in the 

liver in patients with low plasma latent iron-binding capacity, studies were performed on 

hepatic uptake of intravenously administered radioiron. In patient (P. G.), a hemochromatotic 

with a plasma iron-binding capacity of 9 fJ.g per 100 ml, the initial distribution volume of 

radioiron incubated with normal donor plasma agreed well with the initial distribution volume 
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(plasITla voluITle) of 131I al bUITlin (Fig. 4), indicating no initial rapid cOITlponent of hepatic iron 

deposition. However, in studies on this patient where' radioiron was adITlinistered intrave

nously as ferrous aITlITloniuITl citrate subsequent to incubation with 250 Inl of auto~ogous blood, 

initial rapid clearance of radioiron froITl the plasITla was noted, and an abnorITlally high dis

tribution voluITle was obtained (Fig. 4). In both studies' the' rate of plasITla clearance of radio.

iron after 15 ITlin was consistent with the slow reITloval of transferrin-bound radioiron froITl 

the pl~,sITla(Fig~ 4). These ,results suggest that in this patient with low plasITla iron-binding 

capacity, iron incubated with a large voluITle of autologous plasITla existed in two forITls when. 

it rea<;:hed the liver: a) bound to transferrin in a norITlal fashion, resulting in a· subsequent 

relatively slow rate' of plasITla clearance of. such iron; and b) either not bound to transferrin 

or abriorITlally bound, resulting in a relatively rapid initial plasITla clearance of s).lch iron con

sequent t'o its rapid deposition in the liver. 
. , 

As previously postulated by Wheby and Jones (1) and Wheby and UITlpiere (2), weITlay 

explain our intestinal absorption results in patients with spontaneous chronic low la:tent iron

binding capacity by postulating that iron absorbed froITl the gastrointestinal tract is not initially 

bound to transferrin. When the plasITla latent iron-binding capacity is low, ITluch of the intes

tinally absorbed iron either does not becoITle bound to transferrin or is abnorITlally bound, and 

is reITloved by the liver on the first pass of portal venous blood through this organ. 

SUMMARY 
In patients with spontaneous chronic low plasITla latent iron-binding capacity, a large 

fraction of the intestinally absorbed iron is deposited in the liver without prior appearance in 

the sy,steITlic plasITla. Such hepatic iron is not released to any large extent during the subse

quent 2 ""eeks . 

. Our results are consistent with the hypothesis that iron absorbed froITl the .intestinal 

tractis not initially bound to transferrin. When the plasITla latent iron-binding capacity is 

norITlal, iron binds to transferrin prior to reaching the liver; when the plasITla latent iron

binding capacity is low, a portion of the iron reaches the liver either unbound or abnorITlally 

bound to transferrin, re sul ting in its iITlITlediate hepatic deposition. 
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Decreased Thymidine Synthesis and 
Increased 3H-Thymidine Incorporation into DNA 
by Human Bone Marrow Cultured with Aminopterin 

Serene L. Vimokesant, H. Saul Winchell, Myron Pol/ycove and Matthew B. Fish 

De novo synthe sis of thymidine is dependent upon the enzyme dihydrofolic acid reduc

tase' which has been demonstrated to be inhibited by extremely low concentrations of 4-amino 

analogues of folic acid such as aminopterin, amethopterin, pyrimethamine and 2, 4, 7-

triamino -6 -phenyl-pteridine (Triamterin) (i). While addition of such 4-amino analogue s of 

folic acid has been shown to inhibit de ~ synthe sis of thymidine in bacteria and animal tis

sues (2), apparently their effects on utilization of preformed nucleic acid in DNA synthesis 

has not been established. The simultaneous effect of aminopterin on thymidine synthesis, as 

estimated by 14C incorporation into DNA thymidine from L-serine-3 _14C, and the incorpora

tion of thymidine into DNA, as estimated by 3H-thymidine incorporation, in short-term nor

mal human bone marrow culture is reported in this paper. 

MA TERIALS AND METHODS 
Heparinized bone marrow was obtained by aspiration from the iliac crest of seven 

normal subjects. Each individual sample was well mixed in order to obtain a homogeneous 

suspension. Two ml aliquots were taken from each sample and suspended in five incubation 

tubes containing media and various additives. Previous experiments in dogs indicated that 

the number of marrow cells present in each aliquot of the same subject was consistent 

(±r1 = 2.80/0). Incubation was done in Gey's balanced salt solution at pH 7.6 (Grand Island 

Biological Co.) under nitrogen. Five microcuries of L-serine-3- 14C (Nuclear Chicago, 

20.4 mCi/mmole) and 20 microcuries of thymidine-CH
3

- 3H (New England Nuclear, 2.02 

Ci/mmole) were added to each incubation tube. The total concentration of added thymidine 

( 10 -8 M ) was shown in preliminary experiments with bone marrow from dogs to be insufficient 

to influence the rate of de novo thymidine synthesis from L-serine-3-
14

C. Aminopterin (Cal 

Biochem) was added to the fir st tube at 10 -4M concentration. The second tube served as con

trol and received no additives. Bi2 coenzyme (5' deoxyadenosyl cobalamine) (3) was obtained 

through the courtesy of Dr. H. A. Barker of the Department of Biochemistry, University of 

California, Berkeley, and was added to the third tube at a final concentration of 1. 7 mflg/ml 

(1.04 X iO-9 M). Deoxyuridine, deoxycytidine, deoxyguanosine, deoxyadenosine, and uridine 

were obtained from Nutritional Biochemical Corporation. The deoxyriboside s were added to 

106 
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the fourth tube at a final concentration of 10 -8 M each. Uridine was added to the fifth tube at a 

final concentration of 10-8 M. Gey's balanced salt solution was added to each tube to obtain 

4 ml final volume. After 3 hr of incubation in a Dubnoff metabolic shaker at 37° C, all tubes 

were removed and placed in ice. Cells were spun down and washed three times with ice-cold 

Gey's balanced salt solution. DNA was isolated by using the technique of Kay et al. (4) adapted 

for small samples. The isolated DNA was then hydrolyzed in formic acid at 175'C for 35 min 

in a sealed tube free of air (5). One hundred microliter aliquots were taken and spotted on 

Whatman paper #1 and thymine was separated by paper chromatography in an isopropyl: hydro-

chloric acid: water solvent system (6). 

eluted from the paper with 0.01 N HCl. 

liquid scintillation counter for 14C and 

The thymine spot was located under UV light and was 

Aliquots were taken and counted in a Nuclear Chicago 

3H . Total thymine was estimated in a Beckman DU 

spectrophotometer by using UV absorption at 264 mfl. The fraction of thymidine synthesized 

by utilizing 14C from L-serine-3- 14C added to the culture was calculated by dividing the flCi 

of 14C per mole of DNA thymidine by the specific activity of the L-serine-3_ 14C added to the 

culture. The fraction of thymidine incorporated into DNA was calculated by dividing the flCi 

of 3H per mole of DNA thymidine by the specific activity of 3H-thymidine added to the culture. 

Results were expressed as 10-4 moles of thymidine synthesized from L-serine-3- 14C added 

to the culture, or thymidine added.to the culture, which were incorporated into DNA per mole 

DNA thymidine. 

RESULTS 
Table 1 gives the fraction of DNA thymidine synthesized from L-serine-3- 14C added 

to the bone marrow cultures from seven normal subjects. It is seen that aminopterin exerts 

a profound inhibitory effect on such de novo synthesis of thymidine. On the other hand, in the 

presence of aminopterin there is a simultaneous significant (P < 0.005, Table 2) and consistent 

(r = 0.945) increase in the incorporation into DNA of the 3H-thymidine added to the culture. 

At the concentration used, no effect was observed of added B12 coenzyme, deoxyribosides, or 

uridine on such thymidine synthesis on the incorporation of 3H-thymidine into DNA. The total 

DNA thymine isolated from each of the cultures derived from a given subject were found to be 

comparable. The fraction of thymidine added to the culture which was incorporated into DNA 

was calculated and found to be less than 0.05. 

DISCUSSION 
Since 70% of "1 C" fragments is normally derived from the number 3 carbon atom of 

L-serine (7), one may estimate de novo synthesis of thymidine from 14C labeling of DNA thy

midine following incubation with L-serine -3 _14C. Thus, diminution in 14C concentration in 

DNA thymidine in the experiments described utilizing aminopterin may be interpreted as addi

tional evidence for suppres sion of thymidine synthe-sis in the presence of aminopterin. 

The presence of increased incorporation of 3 H - th;midine into DNA while de ~ syn

thesis of thymidine is diminished secondary to inhibition of tetrahydrofolic acid (THF) forma

tion by aminopterin can be explained by postulating either: 1) increased utilization for DNA 

synthe sis of nucleic acids pre sent prior to inhibition of THF synthe sis, or 2) diminution of 

either intracellular or extracellular thymidine pool size, resulting in increased specific 
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Table 1. Effect of aminopterin on the synthe sis of 14C thymidine from L-serine -3 _14C. 

Subjects 

JH 

JS 

BT 

RH 

DL 

MK 
HA 

Mean ± S. E. 

Aminopterin 

( 10-4 M) 

1.0 

0.0 

1.5 

0.8 

1.0 

3.1 

0.0 

1.1±0.4 

Control 

6.1 

9.2 

5:7 

5.7 

4.4 

7.1 
4.4 

6.1±0.6 

B12 coenz. 

(1.04X 10-9 M) 

5.6 

7.0 

7.2 

5.3 

2.8 

7.5 

4.6 

5.7±0.6 

d-ribosides 

( 10-8 M) 

5.2 

7.4 

6.9 

4.8 

3.9 

8.3 

4.6 

5.8 ± 0.6 

Uridine 

(10 -8 M) 

4.7 

2.5 

5.1 

4.1±0.8 

, 14' ,', 14 ' 
Table 1 summarizes results of the synthesis of C thymidine from L-serine-3 - C added 

to the cultures of normal human bone marrow. Each column represents values obtained 

from short-term tissue culture containing the additive heading each column. The vaiues 

presented are expressed as the fraction X 10-4 of DNA thymidine which was synthesized 

during the time of incubation, utilizing the L-serine -3 _14C added to the culture. 

Table 2. Effect of aminopterin on the incorporation of 3H-thymidine into DNA. 

Subjects Aminopterin 

( 10-4 M) 

JH 27.2 

JS 35.5 

BT 14.9 

RH 28.4 

DL 27.0 

MK 55.4 

HA 16.5 

Mean ± S.E. 29.3±5.1 

Control 'B
12 

coenz. 

(1.04 X 10-9 M) 

18.4 18.6 

26.8 15.7 

8.8 11.1 

19.9 16.4 

18.7 14.4 

36.3 38.7 

18.5 17.8 

21.0 ± 3.2 19.0±3.4 

d-ribosides 

( 10-8 M) 

22.5 

23.7 

9.6 

18.3 

17.2 

39.7 

21.5 

21.8±3.4 

U'ridine 

( 10-8 M) 

14.4 

18.6 

18.2 

17.1± 1.3 

Table 2 summarizes results of 3H-thymidine incorporation into DNA in cultured normal 

human bone marrow. Each column represents values obtained from short-term tissue 

culture containing the additive heading each column. The values pre'sented are expressed 

as the fraction X 10 -4 of DNA thymidine which was incorporated during the time of incu

bation, from thymidine added to the culture. 
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activity of 3H-thymidine involved in DNA synthesis. This latter possibility appears improb

able since the size of the intrac~llular thymidine pool in normal bone 'marrow cells at any' 

instant is normally quite small (8) in relation to the total thymidine added to the culture, so 

that its diminution subsequent to decreased synthesis of thymidine would not be expected to 

significantly alter the specific activity of the 3H-thymidine pool. While a diminution in the 

pool size of the extracellular thymidine pool could result from diminished catabolism of DNA, 

such a process does not appear to be a function of aminopterin. Moreover, the total quantity 

of thymidine incorporated into DNA from the 3H-thymidine pool represented a small fraction 

of this pool (0.05). 

The lack of effect of addition of deoxyribosides, uridine, or excess B 12 coenzyme on 

either the de novo synthesis of thymidine or the incorporation of thymidine into DNA indicates 

that such syntheses are independent of increases in pool sizes of these materials under these 

experimental conditions. These results further suggest that the increase in 3H-thymidine in

corporation into DNA'with the use of aminopterin was not related to increase in DNA polymer

ase activity induced by moderate increase in deoxyribosides concentration (9). 

SUMMARY 
When incubated with normal human bone marrow cells·in the presence of L-serine-

3_ 14C and 3H-thymidine, aminopterin decreases synthesis of 14C-thymidine to 16%, while in

corporation of 3H-thymidine into DNA is increased to 140%, of control values. These results 

are interpreted as evidence for increased utilization of preformed nucleic acids in DNA syn

thesis in the presence of aminopterin. 
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A Summary of Some Studies on Erythropoiesis 
Using Anti-Erythropoietin Immune Serum 

John C. Schooley, Joseph F. Garcia, Linda N. Cantor 
and Virginia W. Havens 

Several years ago Schooley and Garcia (1) demonstrated that serum obtained from 

some rabbits· immunized with human urinary erythropoietin could neutralize the biological 

effects of erythropoietin. Lange and co-workers (2) confirmed this observation and produced 

immune serum after immunization with sheep plasma erythropoietin. The present paper sum

marizes various studies from this laboratory on the preparation and properties of the anti

erythropoietin .serum and some examples of the usefulness of this immune serum in investiga

tions of the .physiology of erythropoiesis. 

PREPARATION OF THE IMMUNE SERUM Young male New Zealand rabbits of about 

5 to 6 lb have been immunized with concentrates of human urine containing erythropoietin (ESF) 

by various schedules (3). Immune sera having the highest titers have generally been obtained 

after immunization with alum-precipitated human urinary ESF, but'this method of immuniza

tion requires rather large amounts of ESF. We have utilized the. following immunization sched

ule with fair success. Multiple subcutaneous injections at weekly intervals were made of about 

2 ml of a 1:1 mixture of complete Freund's adjuvant and 10 mg of human urinary ESF in saline 

(about 200 cobalt units). Some rabbits have detectable anti-erythropoietin (anti-ESF) titers 

after 3 or 4 weeks, i. e., after the injection of 30 mg or 600 cobalt units of ESF. The time of 

harvesting serum from immunized rabbits, regardless of the schedule of immunization used, 

is critical. We have previously noted (3) that rabbits having high anti-ESF titers were anemic 

and it was demonstrated that· the immune serum could neutralize rabbit ESF (4). However, if 

the rabbit becomes too severely anemic as a result of neutralization of its own ESF, a marked 

increase in ESF production is triggered which is more than sufficient to combine with the anti

body produced as a result of the immunization. Some rabbits have been observed to alternate 

between periods of detectable antibody production and periods of excessive production of endog

enous ESF. Therefore, it is important to follow the hematocrit and reticulocyte levels of im

munized rabbits and harvest the immune ser.um when these parameters just begin to become 

depressed. 

It is important to realize that some sera containing anti-ESF as tested in polycythemic 

mice are toxic if injected in the larger amounts necessary for experiments with non-polycythe

mic mice. Such toxicity often disappears if the sera are stored frozen for several months. 

110 
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Also of practical significance is the observation that many rabbits will produce very low-titer 

anti-ESF that is impossible to use in most experiments. In such cases isolation and subse

quent concentration of the y -globulin yields a more potent antibody preparation. 

Garcia and Schooley (4) previously demonstrated that the biological activity of eryth

ropoietins found in serum or plasma of mice, rats, sheep, humans, and rabbits can be neu

tralized by anti-ESF obtained from rabbits immunized with human urinary ESF. Other inves

tigators have shown that the erythropoietic activity of renal cyst fluid (5, 6) as well as cere

bellar hemangioblastoma cyst fluid (5) is neutralized by anti-ESF. It is evident.that the eryth

ropoietins obtained from these different sources are similar. Of interest is the fact that in 

one immunized rabbit the cyclic relationship between anti-ESF and ESF levels was evident 

during the early stages of immunization but not after prolonged immunization. Serum obtained 

from this rabbit after prolonged immunization, when the rabbit was not anemic, was able to 

neutralize human and sheep ESF but not rabbit ESF (7). This suggests that although the 

erythropoietins of different animals are similar, they are not necessarily identical. 

The fact that in most rabbits a severe anemia results as a consequence of immuniza

tion with human urinary ESF suggests that an auto-immune state has been experimentally pro

duced. Similar auto-immune inhibitions of erythropoiesis undoubtedly occur clinically. 

Jepson and Lowenstein have quite recently (8) presented evidence for an inhibitor of erythro

poiesis in patients with erythroblastopenia which exhibits a biological behavior similar to that 

of anti-sera against ESF. 

PROPERTIES OF THE IMMUNE SERUM Injection of anti-ESF into polycythemic 

mice at the same time as injection of exogenous ESF completely prevents an erythropoietic 

response. Injection of anti-ESF into polycythemic mice 1 or 2 days after the initiation of a 

wave of erythropoiesis by injection of ESF has little or no effect on the magnitude of the eryth

ropoietic response (3). The magnitude of the erythropoietic response depends upon the dose 

of ESF injected and the time of anti-ESF injection (3). Injections of anti-sera against cerulo

plasmin, transferrin, orosomucoid, Cl'1 -acid glycoproteins, human urinary proteins, bovine 

serum albumin, bovine growth hormone, hog renin, and sheep interstitial-ceIl-stimulating 

hormone do not inhibit the erythropoietic response of polycythemic mice to injections of ESF. 

The neutralizing ability of anti-ESF sera was not affected by absorption with kidney, spleen, 

or liver of normal, polycythemic, cobalt- nor phenylhydrazine-injected mice, nor with normal 

mouse serum nor human urinary proteins. The addition to anti-ESF of ESF previously inac

tivated by acid hydrolysis only slightly decreased the subsequent ability of the anti-ESF to com

bine.with biologically active ESF. Biologically active ESF is the only one of all the proteins 

that have thus far been used which blocks the neutralizing ability of anti-ESF (3). 

The neutralizing ability of the immune serum is associated with the y-globulins (3). 

Electrophoresis in agar and immunodiffusion studies of the purified y-globulin using goat anti

rabbit y-globulin have recently confirmed the purity of the isolated y-globulin. Studies of 

fractions of the immune serum prepared by ultracentrifugation in sucrose gradients indicate 

that the neutralizing ability of the immune serum is associated with. the 19S y -globulins. 
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Further eviderice of the im.portance of Y'"globulin in the neutralization reaction was 

obtained in the following experim.ent. The am.ount of goat anti-rabbit y-globulin (goat ARGG) 

required for m.axim.tim. precipitation of the y -globulin in one anti-ESF preparation was deter

m.ined. The am.ount of that anti-ESF required to neutralize a given am.ount of ESF was deter

m.ined by bioassay, since no precipitate result's from. the reaction between ESF and anti-ESF. 

Equal aliquots of ESF, anti-ESF or normal rabbit serum., and goat ARGG were m.ixed in dif

ferent sequence s. In the fir st sam.ple, ESF and anti -ESF were m.ixed, incubated overnight, 

and then goat ARGG was added; in the second sam.ple, anti-ESF was replaced by norm.al rabbit 

serum.. In the third sam.ple, the goat ARGG was added to the antl-ESF, incubated overnight, 

and then the ESF was added. The precipitates fbrm.ed after the goat ARGG additions were re

m.oved by centrifugation and the etythropoietic activity of the supernatarit was determined, 

after suitable dilutions, in hypertransfused polyc'ythem.ic m.ice by procedures previously de

scribed (3). The results, as shown'in Table 1, indicate that if the y-globulin' of the im.m.tine 

serum. is rem.oved by precipitation with goat ARGG prior to the addition of ESF,no neutraliza-' 

tion of the ESF occurs. Since ESF is neutralized if the goat ARGGis added afte r the m.ixiri:g 

of anti-ESF and ESF, the neutralization reaction m.ust have occurred prior to the addition of 

the goat .ARGG. This shows that although the evidence for neutralization requires an in vivo 

biological assay system. the actual com.bination between ESF and anti'-ESF can occur in Vitro. 

These experim.ents all support the view'that the' neutralization of ESF by anti-ESF 'is the re

sult of an antigen-antibody reaction. 

Sam.ple 

1 

2 

3 

4 

Table 1. 

(ESF + anti-ESF) + goat ARGG 

(ESF + norm.al rabbit serum.) 
+ goatARGG . 

(Anti-ESF + goat ARGG) + ESF 

Norm.al rabbit serum. 

*Standard error of the m.ean. 

Percent 59 Fe uptake 
( 72 hr) in RBC of 
polycythem.ic m.ic~ 

0.25 ± 0.08'~ 

5.25 ± 0.62 

7.61±0.96 

O.13±O.01 

The availability of this im.m.une serum. provides a potent tool for investigating m.any 

problem.s of the regulation of erythropoiesis and stem. cell kinetics. In the second portion -of 

this paper we will briefly describe various published and unpublished experim.ents of Schooley, 

Cantor and Havens 'using anti-ESF. 

ERYTHROPOIESIS IN NORMAL ADULT MICE We have em.phasizedpreviously that 

injections of adequate am.ounts of anti-ESF into norm.al m.ice can essentially abolish erythro

poiesis, although granulocytopoiesis and m.egakaryocytopoiesis are little affected (9). In Fig. 

1 a section of the spleen of an anti-ESF injected m.ouse (B) is com.pared with a section of the 

spleen of a m.ouse injected with norm.alrabbit serum. (A). Sections of the bonem.arrow from. 
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Fig. 1. A comparison of sections of spleens of normal mice ( A ) injected with normal rabbit 
serum and ( B) injecte d with anti-erythropoietin. 

XBB677 -41 06 
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the same mice are shown in Fig. 2. The mice were injected s,ubcutaneously with 0.25 rnl of 

either of the two sera daily for 4 days and killed on the 5th day. It is obvious that nucleated 

erythroid cells have been virtually eliminated in the anti-ESF injected mice (B of Figs. 1 and 

2). This observation seems to us to be the best evidence currently available that ESF is nec

essary for the normal regulation of erythropoiesis even though its presence cannot be demon

strated in the blood of normal mice by current assay procedures. 

ERYTHROPOIESIS IN TESTOSTERONE INJECTED POLYCYTHEMIC MICE The in-

jection of testosterone into the polycythemic mouse is followed by a wave of erythropoietic 

activity observable several days later than thai caused by injection of ESF (10). It has been 

further demonstrated by several groups of investigators (11-14) that plasma taken from sev

eral animal species after injections of testosterone stimulates erythropoiesis in the polycy

themic rn.ouse. This stimulation has been generally assumed to be due to the presence of ESF 

in the plasma taken from the testosterone -injected animals; however, as Fried and Gurney (13) 

have stated, it is equally possible that a ,metabolic product of testosterone is responsible for 

the stimulation. Schooley (15) has recently shown that the injection of anti-ESF completely 

abolishes the erythropoietic response observed in the polycythemic mouse after testosterone 

injections. These results support the view that the erythropoietic stimulation resulting from 

testosterone injection is mediated by the production of ESF. 

ERYTHROPOIESIS IN WWV MUT ANT MICE Russell and co-workers (16) have 

studied extensively the W-series mutant mouse ·which suffers from a severe inherited macro

cytic anern.ia which is weil established at birth. The fact that transplants of hemopoietic tis

sue from normal ww mice can restore erythropoiesis in WWV mice indicates that the genetic 

defect in the WWV mouse occurs in the hematopoietic cells themselves (16). McCulloch et al. 

(17) presented evidence that the genetic defect occurs in spleen colony-forming cells; other 

evidence suggests that the colony-forming cell corresponds to the hematopoietic stem cell (18). 

Keighley et al. (19) found that WWV mice failed to respond with increased erythro

poietic activity to injections of exogenous ESF although they did respond erythropoietically 

when exposed 'to simulated altitude. It was therefore of interest to study the role of ESF in 

the regulation of erythropoiesis in .WWV mice by using anti-ESF. 

Male mice of the WWV and normal ww genotype, 4 to 5 months of age, obtained from 

the Roscoe B. Jackson Memorial Laboratory, Bar Harbor, Maine, were injected intraperi

toneally with 0.25 rnl of anti-ESE' or normal rabbit serum daily for 4 consecutive days. On 

the 5th day, 0.5 f.lCi of 59Fe as iron citrate (specific activity approximately 10 f.lCi/mg) was 

injected intravenously, and 24 hr later blood was taken by cardiac puncture. A rn.easured 

amount of blood was washed with saline and the 59 Fe uptake determined. The 59 Fe uptake is 

given as the percent 59Fe in the calculated blood volume; the blood volume was assumed to be 

5.5% of the body weight, according to the data of Keighley et al. (19). Hematocrits were 

measured and smears of the bone marrow made. The percentage of reticulocytes in the 

peripheral blood and the percentage of erythroid cells present in the marrow were determined. 
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AI 

Fig. 2. A comparison of sections of bone marrow of normal mice (A) inj e cted w ith normal 
rabbit serum a nd ( B) injected with anti-erythropoietin. 

XBB6 77 -4107 
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The results are shown in Table 2. A marked decrease in the hematocrits of the WWV 

mice injected with anti-ESF was observed, as well as a decrease in percentage of erythroid 

cells in the bone marrow, number of reticulocytes in the peripheral blood, and 59Fe uptake 

in the peripheral blood. We conclude that erythropoiesis in the WWV mouse, as in the normal 

mouse, is regulated by ESF. Keighley has also demonstrated some inhibition of erythropoie

sis after injections of anti-ESF (20). 

Table 2. Effect of anti-erythropoietin on erythropoiesis in WWV and ww mice. 

WWV ww 

NRS Anti-ESF NRS Anti-ESF 

Weight (g) 35.3 ± 1.29 
~~ 

34.8 ± 0.88 33.6 ± 0.37 33.7±0.77 

Hematocrit (0/0) 37.1±0.40 31.1±0.94 44.4 ± 0.72. 40.4 ± 0.63 

24-hr 59Fe 37.7±1.74 0.63±0.21 40.0 ± 1.58 0.38 ± 0.06 
uptake (%) 

Erythroid cells 12.2 ± 0.82 <0.4 12.5 ± 0.84 <0.4 
in marrow (%) 

Reticulocyte s 4.12±0.31 <0.00 2.54±0.11 <0.00 
in blood(%) 

*Standard erro r of the mean. 

In a similar experiment, spleens from WWV mice injected for 4 consecutive days 

with anti -ESF or norrnal rabbit serum were removed, pooled by sex, and a single cell sus

pension was prepared in medium 858. The spleen suspension was diluted with the medium to 

20 X 106 cell~/rn1, and 0.5 rn1 (10 7 cells) was injected into heavily irradiated host ww, Ww, 

or WVw mice of the sarne sex as the donor. The number of macroscopically visible colonies 

on the spleen was determined 10 days after irradiation and transplantation. The total colony

forrning cells from WWV rnice injected with normal rabbit serum was 1.36 ± 0.31 per 10
7 

cells 

in 44 recipient mice and from WWV mice injected with anti-ESF was 2.13 ± 0.37 per 10 7 cells 

in 47 recipients. The total number of colony formers in the spleens of these mice is less than 

1% of that obser.v.ed in non-muta~t mice. Thus, in agreement with McCulloch et al. (17), we 

found very few colony formers in the spleens of the WWV mice. Interestingly, the suppression 

of erythropoiesis for this period of time in these WWV mice did not change significantly the 

number of colony-formers per spl~en. 

ERYTHROPOIESIS IN NORMAL MICE EXPOSED TO SIMULATED ALTITUDE 

During acc·1imatization to altitude a marked increase in the red cell volume occurs and in

creased levels of ESF are found in the blood soon after exposure to altitude. The effect of 

anti-ESF on the erythropoietic response of female C
3

H mice, 5 to 6 weeks of age, exposed 

to a simulated altitude was investigated. Two groups of six mice each were placed in an alti

tude chamber at a sirnulated altitude of 18,000 feet for 5 days. The altitude chamber was re

turned daily to normal atmospheric pressure for approximately 15 minutes and one of the 

groups of rnice was injected intraperitoneally with 0.25 rn1 of anti-ESF each day for 5 days. 
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Another group of mice, not exposed to altitude, was used as a control. On the 4th day of ex

posure to altitude 59 Fe was injected intravenously and 24 hr later blood was obtained by car

diac puncture. A measured amount of blood was washed with saline and the 59 Fe uptake de

termined. The 59 Fe uptake is given as the percent 59 Fe in the blood volume; the blood vol

ume was assumed to be 5.5% of the body weight. Hematocrits were measured and the per

centage of reticulocytes in the blood was determined. The spleens of the mice from each 

group were pooled and a single cell suspension was prepared by using a modified Eagle's 

medium without calcium. The total number of nucleated cells per spleen was determined and 

the suspension was injected, after suitable dilution, into heavily irradiated isologous mice. 

Smears of the injected spleen cell suspension were examined for the presence of erythroid 

cells. The total number of spleen colonies was determined 10 days after transplantation; the 

total number of colony-forming cells per spleen was then calculated. The results are shown 

in Table 3. 

Table 3. Effect of anti-erythropoietin on erythropoiesis and 

on the content of colony-forming cells in the spleens of 

hypoxic mice. 

Hypoxic for 5 days 

Control-
non Non- Anti-ESF 
hypoxic injected injected 

Weight (g) 20.3±0.31 * 18.5 ± 0.41 16.9±0.69 

Hematocrit (%) 40.5 ± 0.43 51.2±0.99 39.4±0.71 

24-hr 59Fe 22.5 ± 0.94 43.8 ± 0.57 4.97± 1.12 
uptake (%) 

Reticulocytes (%) 4.56 ± 0.87 17.2±1.00 1.24±0.33 

Cells/spleen 182 X 106 313 X 106 144 X 106 

CFU/spleen 5366±300 3100 ± 393 1111± 100 

% Decrease 42 79 

*Standard error of the mean. 

It is evident both on the basis of 59 Fe uptake and the reticulocyte levels that a marked 

stimulation of erythropoiesis occurred in mice following exposure to simulated altitude as 

compared to the non-hypoxic mice. This erythropoietic stimulation did not occur in hypoxic 

mice injected with anti-ESF. In fact, the erythropoietic response in these animals was almost 

75% lower than in the normal non-hypoxic animals, but it was not decreased to the extent that 

one would obse"rve in non-hypoxic mice injected with the same amount of anti-ESF. Presum

ably this is due to the fact that the amount of anti-ESF injected was not sufficient to neutralize 

all of the ESF produced as a result of the hypoxic exposure. 

The changes in the total number of colony-forming cells in the spleens of hypoxic 

mice and hypoxic mice injected with anti-ESF compared to the spleens of normal mice is of 
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particular interest because of the current concepts of the interrelationship between colony

forITling cells and erythropoietin-sensitive cells. Bruce and McCulloch (21) observed a pro

gressive decrease in the total nUITlber of colony-forITling cells in the spleens of ITlice exposed 

to hypoxia, but no decrease in the colony-forITling cells in the. ITlarrow. They interpreted 

their results as indicating that ESF did not act directly on the colony-forITling cell. Schooley 

(22) observed that the overall doubling tiITle of colony-forITling Cells after transplantation into 

heavily irradiated polycytheITlic ITlice was not altered by the injection of exogenous ESF. In 

addition, it was found that the daily injection of ESF into polycytheITlic hosts did not decrease 

the total nUITlber of spleen colonies observable on the host spleen 10 days 'after transplantation 

froITl the levels found in the non-ESF injected control ITlice. 

The changes in the total nUITlber of cells and colony-forITlers in the spleens of poly

cytheITlic host ITlice following heavy irradiation and transplantation with 2 X 106 bone ITlarrow 

cells was cOITlpared in ESF and non-ESF injected ITlice (23). This inoculuITl of bone ITlarrow 

contained 420 colony-forITlers. In both groups, 4 days after transplantation there were 250 

colony-forITlers detected in the spleen and by the 6th day there were 1000. However, during 

this saITle tiITle interval there was an increase of about 30 X 106 nucleated cells in the spleens 

of the ITlice given erythropoietin, whereas there was only a slight increase in the nUITlber of 

nucleated cells in the spleens of the ITlice receiving no ESF. Differential counts of the nucle

ated cells in the ESF-injected ITlice indicated that at least 25 X 106 erythroid cells were pro

duced in the spleens in this 2 -day interval. What was the source of these erythroid cells? 

AssuITling a generation tiITle of 8 hr, it would beiITlpossible to produce the nUITlbers of nucle

ated erythroid cells found in the spleen, even if all the colony-forITlers in the ITlouse, not only 

in the spleen but in the rest of the body, were stiITlulated to differentiate into erythroid cells. 

It is obvious that if all the colony-forITlers were stiITlulated to differentiate, the replication of 

colony-forITlers theITlselves should either be abolished or ITlarkedly inhibited, yet the growth 

curve indicates a significant increase in colony-forITlers in the spleen during this tiITle of in

creased production of nucleated erythroid cells. These observations suggest that the nucle

ated erythroid cells produced during, this 2-day interval are not the result of the action of ESF 

directly on colony-forITling cells, but the result of the action of ESF on ITluch larger nUITlbers 

of erythropoietin-sensitive cells present either in the bone ITlarrow at the tiITle of transplanta

tion and/ or produced froITl colony-forITling cells during the first 4 days after transplantation. 

This possibility, that ITlany of the colony-forITling cells which initially settle in the spleen 

after transplantation becoITle ESF-sensitive cells, ITlay explain both the initial decrease and 

the lag observed before the transplanted colony-forITling cells enter an exponential stage of 

growth. Therefore it is concluded, in agreeITlent with Bruce and McCulloch (21), that ESF 

does not act directly upon the colony-forITli'ng cell, but upon SOITle ESF-sensitive progeny of 

the colony-forming cell. The presence of this pool of cells sensitive to differentiative agents 

could explain the observation that colony-forITling cells, or steITl cells, can"ITlaintain theITl':' 

selves even when differentiative pressures are ITlarkedly increased. 
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If the above interpretations are valid, nUInerous questions arise regarding the prop

erties of the progeny of colony-forming cells that are capable of responding to differentiative 

agents such as ESF. What regulates the movement of colony-forming cells into ESF-sensitive 

cells? What is the size of the ESF-sensitive pool of cells? Are all of the ESF-sensitive cells 

actually able to respond to ESF at anyone time? Are ESF-sensitive cells continuously derived 

from colony-forming cells in the absence of ESF? If so, what is the fate of these cells? Does 

the pool of ESF-sensitive cells increase exclusively by the movement of colony-forming cells 

into ESF-sensitive cells or are ESF-sensitive cells capable of a limited proliferative capacity? 

Do ESF-sensitive cells simply die if not triggered within some limited time period to differ

entiate? Is the radiation sensitivity of ESF-sensitive cells different from that of colony-form

ing cells? Are ESF-sensitive cells pluripotential, i. e., can they also upon appropriate stimu

lation differentiate into granulocytic, megakaryocytic, or perhaps even lymphoid cells ? Can 

ESF-sensitive cells after transplantation into heavily irradiated hosts settle in the spleen, 

proliferate, and give rise to macroscopic spleen colonies? The answers to these questions 

are of considerable importance in interpreting experiments on the colony-forming cell. Some 

experimental data is available which allows reasonable speculation about at least some of these 

questions. 

Utilizing the technique of injecting ESF into polycythemic mice and limiting the time 

of action by subsequent neutralization with anti-ESF, Schooley (24) has presented evidence 

suggesting that the ESF-sensitive cell is able to respond to ESF only at some limited period 

of its individual life cycle. 

The fact that mice kept polycythemic for 1 month do not have an increased response 

to ESF compared to the response observed when the same dose of ESF is injected into mice 

kept polycythemic for one week suggests that large numbers of ESF-sensitive cells do not 

accumulate in the absence of erythropoietic stimulation (unpUblished observations). We have 

observed that the total number of colony-formers in the spleens of polycythemic mice is con

sistently higher than in non-polycythemic mice, which suggests that the movement of colony

formers into ESF-sensitive cells is decreased in polycythemic mice where ESF stimulation 

is minimal, and therefore there are increased numbers of colony-forming cells. 

After 5 days of exposure to hypoxic conditions the total number of colony-formers in 

the spleens of mice injected with anti-ESF decreased by about 800/0 of normal as compared to 

about a 400/0 decrease in the control hypoxic mice (see Table 3). This suggests that in the hy

poxic mouse the colony-forming population is stimulated to replace the ESF-sensitive cells 

which have matured in response to increased ESF production, and the colony-forming cell pool 

is therefore depleted. An even greater decrease in the colony-forming population occurs when 

the ESF in hypoxic mice is neutralized by anti-ESF, indicating that it is not the presence of 

increased levels of ESF which regulate s the movement of colony-forming cells into ESF-sen

sitive cells, but that either hypoxia or some agent other than ESF produced as a result of the 

hypoxic condition is responsible for the regulation. It seems unlikely that the size of the ESF

sensitive cell pool itself is involved in this regulation since a considerable increase in the 
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size of the pool should occur in the hypoxic mice injected with anti-ESF, unless the cells' life 

cycle is very ·short. 

There is some evidence which suggests that the ESF-sensitive cell is itself capable 

of division. The number of endogenous spleen colonies in a group of heavily irradiated mice 

was 3 to 4 times greater than normal if the mice 'were exposed to hypoxia after irradiation. 

The number in the normal mice was 1.23±0.39 as compared to the hypoxic value. of 4.67± 1.20. 

Since the total number of colony-forming cells which can be extracted from the. spleens of hyp

oxic mice is decreased from normal, as shown in Table 3, itis rather surprising to find that 

in hypoxic mice the number of· observable endogenous spleen colonies is increased over con

trol non-hypoxic mice. These data suggest that some ESF-sensitive cells survive the irradia

tion and proliferate sufficiently to give rise to a detectable spleen colony. Bruce and. 

McCulloch (17) found that the number of endogenous colonies in mice irradiated after a 10-day 

exposure to hypoxia was significantly less than that found in non-hypoxic controls. We 'suggest 

that in their experiments the available pool of ESF-sensitive cells is extremely low at the time 

of irradiation because of the previous hypoxic exposure, and therefore very few ESF-sensitive 

cells are present to produce colonies. The colonies that are observed are presumably derived 

from colony-forming cells. 

On the basis of mature cell types in any given colony, numerous investigators have 

classified colonies as exclusively one cell type or as mixtures of granulocytic, erythroid, or 

megakarocytic cells. We find after the transplantation of normal bone marrow cells that about 

60% of the colonies can be classified as exclusively erythroid. It is our impression, however, 

that following the transplantation of regenerating hematopoietic tissue almost all of the colo

nies are mixed. We have studied the cellular composition of spleen colonies in heavily irra

diated polycythemic mice on the 10th day after transplantation of bone marrow when ESF has 

been injected on either the :8th or 9th day, and have observed that foci of as many as 20,000 

erythroid cells are found within obvious granulocytic colonies as well as in areas beneath the 

splenic capsule where no other mature hematopoietic cells are present. The possibility that. 

ESF-sensitive cells themselves have a proliferative capacity sufficient to form distinct colo

nies may explain the observed cellular compositions. 

The failure of some accumulations of cells within the spleen to become granulocytic 

or megakaryocytic in the absence of ESF (23) and the observations that other accumulations 

of cells within granulocytic colonies can become erythroid in the presence of ESF (23), sug

gests that the ESF-sensitive cell is only capable of stimulation into the erythroid series; i. e., 

it is not a pluripotential cell. This view would propose that the colony-forming cell is a pluri

potential cell which gives rise to progeny which are unipotential. If this interpretation is cor

rect, the speculations concerning the behavior of ESF-sensitive cells would apply equally to 

cells capable of differentiation into the granulocytic and megakaryocytic series. 

To summarize, we feel, on the basis of the evidence presented above, that it is prob

able that not all of the colonies. observed on the surface of the spleen are derived directly from 

colony-forming cells, but some colonies are derived from cells which are sensitive to 

\ 
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differentiative agents and have a limited proliferative capacity adequate to give a detectable 

colony. Thus, a rigorous definition of a colony derived from a colony-forming cell should 

perhaps include the requirements: (1) the colony is mixed and/or (2) retransplantation of the 

colony gives rise to mixed colonies. 

ERYTHROPOIESIS IN MICE AFTER 200R IRRADIATION Temporal changes in the 

precursor cell populations which give rise to spleen colonies and which respond to ESF were 

measured in polycythemic mice before and at various times after 200R whole-body 60Co irra

diation (22). The results are shown in Fig. 3. Immediately after irradiation, the responsive

ness of the mice to the intravenous injection of 1 cobalt unit of ESF was depressed to about 

750/0 of normal; by the 5th day after irradiation the response approached normal and during 

the 9th to 12th day the response was slightly above normal. These data of ESF sensitivity 

essentially agree with the data of Alexanian et al. (25), Gurney et al. (26) and Gurney (27). 

The total number of spleen colony formers in the spleen and femurs was depressed to about 

20-300/0 of normal; this depression continued for at least 13 days after irradiation. The num

ber of colony-formers in the spleen by the 15th day after irradiation increased to about 4 times 

the normal level; the marrow colony formers by the 20th day increased to but did not rise 

above the normal level. Till (28) has reported that the recovery of colony-forming cells in 

the marrow after 155 rads follows a pattern similar to that shown above, and he has also in

dicated that following 400 rads, the colony-formers in the spleen recover much more rapidly 

than we have shown after 200R. Therefore, the increased responsiveness of these irradiated 

mice to ESF occurs at a time when the number of colony-formers in the spleen and bone mar

row is far below normal and no greater than that observed immediately after irradiation, when 

the response to ESF is very low. Blackett et al. (29) have also observed that the recovery of 

erythropoiesis in rats irradiated with 200R occurs before the recovery of the repopulating 

ability of the marrow. This repopulating ability is presumably a measure of the number of 

stem cells (or by definition, colony-forming cells) in the recovering bone marrow. Other 

data (22), using the mitotic poison, vinblastine, according to the technique of Becker (30), 

show that a large proportion of the colony-forming cells are actively dividing soon after ex

posure to 200R. Since the number of colony-formers does not increase at this time, it seems 

probable that the colony-forming cells imInediately move into a population of cells sensitive 

to ESF or other differentiative agents. 

If 1 cobalt unit of ESF is injected into a polycythemic mouse and 6 hr later enough 

antibody against ESF is injected in the mouse to neutralize all the ESF which has not acted, 

a small but measurable erythropoietic response occurs. During the 9th to 12th days after 

200-R irradiation, if ESF acts in the polycythemic mouse for only 6 hr, an erythropoietic 

response of about 4 times that observed in the non-irradiated polycythemic mouse occurs, 

as shown in Fig. 4. These results suggest that 4 times the number of ESF-sensitive cells 

exist in the irradiated polycythemic mouse at this time than in a non-irradiated polycythemic 

mouse. It is unlikely that these ESF-sensitive cells could have been produced by division of 

the available colony-forming cells or ESF-sensitive cells in 6 hr. 
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Days after irradiation 

Fig. 3. A comparison as a function of time of erythropoietin sensitivity and colony-forming 
cells in the bone marrow and spleens of polycythemic mice irradiated with 20.0-R whole -body 
60Co gamma rays. Standard errors of the mean are shown. 
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ERYTHROPOIESIS IN THE NEWBORN RAT 

Fig. 4. Effect of limiting 
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on the responsiveness of 
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Jacobson et al. observed several years 

ago (31) that transfusion of a pregnant m.ouse resulted in suppression of erythropoiesis in the 

m.other but not in the fetuses. Schooley and Giger (unpublished observations) confirm.ed 

Jacobson's observations and, in addition, found that after injection of anti-ESF into pregnant 

mice, erythropoiesis was significantly suppressed in the m.other and in some but not all of 

the fetuses. 

The effect of anti-ESF on the erythropoiesis of newborn rats was investigated. Sev

eral litters of rats were used; half of each litter received injections of 0.1 rril of anti-ESF each 

, d 'f 6 dOh 5 h d f b' h 0 5 C' 59 F " d ' m.ornlng an evenlng or ays. n t e t ay a ter lrt, • f.l. 1 e was lnJecte lntra-

peritoneally and 24 hr later blood was taken by cardiac puncture. The 59 Fe uptakes were 

determ.ined and the re suits expre s sed as the pe rcentage of the injected 59 Fe in the blood vol

um.e; the blood volum.e was as sum.ed to be 70/0 of the body weight, according to the data of 

Garcia (32). Hem.atocrits were m.easured, sm.ears of the femoral marrow were made, and 

the spleen and liver fixed in Bouin's fixative for histologicalexam.ination. The results are 

shown in Table 4. It is evident that a m.arked suppression of erythropoiesis on the basis of 
59 Fe uptake occurred. : Nucleated erythroid cells were rarely observed in the spleen and bone 

m.arrow, and the erythropoietic foci present in the livers of the control m.ice were absent in 

the anti-ESF injected m.ice. Very few reticulocytes with well developed reticulum. were ob

served in the anti-ESF injected anim.als. 
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Table 4. Effect of anti-erythropoietin on 

erythropoiesis in newborn rats. 

Control- Anti-ESF-
uninjected injected 

No. of rats 14 18 

Weight (g) 11.0±0.25* 10.6 ± 0.19 

Hematocrit (0/0) 30.2 ± 0.48 17.2±0.48 

24-hr 59 Fe ,51.0 ± 2.64 3.77 ± 0.47 
uptake (0/0) 

* ' Stahdard error of the mean. 

The erythropoietic activity of 1 ml of plasma obtained from '5 -day old rats was 

assayed in the polycythemic mouse. The percent 59 Fe uptake in the- assay mice was 0.54 ± 0.05, 

compared to O.11±O.01 when adult rat serum was injected. This difference is highly signifi

cant (P < 0.001), indicating that detectable amounts of ES,F occur in the newborn rat. 

Lucarelli et al. (33) have recently demonstrated that erythropoiesis is little affected 

by nephrectomy in newborn rats. They concluded that erythropoiesis in the newborn rat is 

controlled independently of a renally produced ESF. Our experiments with newborn rats indi

cate that ESF does control erythropoiesis at this age, but they provide no information about 

the organ producing the hormone. The inhi~ition of biological activity of ESF in ,both newborn 

and adult animals by anti-ESF does not neces,sarily indicate that the entire ESF molecule is 

identical at-the two ages but suggests that identical sites are -involved in the neutralization 

reaction. 

SUMMARY 
In the first section of this paper we have discussed current information on the prep

aration and properties of anti-erythropoietin immune serum and presented new evidence indi

cating-that:the neutralization of erythropoietin by the immune serum depends on the presence 

of '{ -globulin. The available evidence supports the concept that the neutralization of the bio

logical-activity of erythropoietin by the immune serum is the result of an antigen-antibody 

reaction. 

In the remainder of this paper we have illustrated the usefulness of anti-erythropoie

tin in various studies on the regulation of erythropoiesis. We have shown that erythropoiesis 

in normal adult mice, in WWV mutant mice, in normal mice exposed to hypoxia, and in_new

born rats is either completely abolished or markedly inhibited by the injection of anti-ESF. 

,The behavior of colony-forming cells in hypoxic mice, injected with anti-erythropoie-' 

tin, in polycythemic mice irradiated with 200R, and in heavily irradiated mice given a bone 

marrow transplant supports the concept that erythropoietin does not act directly upon the 

colony-forming cell but upon a population of erythropoietin-sensitive cells derived from the 

J 
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colony-forming cell population. Some speculations regarding the characteristics and behavior 

of the erythropoietin-sensitive cell have been presented. 
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Erythropoietin Therapy in the Renoprival Patient 

Donald C. Van Dyke, Myron Pollycove and John H. Lawrence 

On the basis of considerable evidence indicating that the kidney may be the major 

site of production of erythropoietin, Jacobson (1) originally and many others (2-4) subse

quently have proposed that inability to produce adequate amounts of erythropoietin may be a 

contributory factor in the anemia which accompanies severe renal disease or the renoprival 

state. It is known that the anemia as sociated with chronic renal di sease and marked azotemia 

is hemolytic as well as aregenerative (5 -8), a form of uncompensated hemolytic anemia. In

ability to compensate adequately may be the result of 1) an inability to increase erythropoietin 

production, which may involve absence of the renal erythropoietic factor (9), or 2) a decreased 

re sponsi vene s s of the marrow to erythropoietin. 

If the anemia which accompanies renal disease could be treated by erythropoietin 

administration, the considerable cost, the risk of hepatitis, the risk of additional injury to 

the kidney from transfusion reactions would be eliminated. Erslev (10) found that the erythro

poietic tissue of uremic rabbits failed to respond in a normal manner to the administration of 

serum containing erythropoietic factor. Naets (11), using dogs, and Reissmann (12). using 

rats, have shown that although erythropoietin will stimulate erythropoiesis in the nephrecto

mized animal, the response obtained is considerably less than that obtained in normal controls. 

Reissmann has shown that a similar decrease in response occurs in rats made uremic by mer

cury poisoning. However, Fisher (13) concluded that nephrectomy did not alter the response 

of rats to sheep erythropoietin. 

Having determined the dose of human urinary erythropoietin needed to stimulate 

erythropoiesis in normal human volunteers (14), it was decided to investigate the effect of 

such a dose in a patient with moderate anemia secondary to chronic glomerulonephritis. 

MA TERIALS AND METHODS 
The patient was a 65-year-old white, male printer with chronic glomerulonephritis 

in the terminal stage and rheumatic heart disease. He had scarlet fever as a child and per

sistent albuminuria from the time of first discovery at age 18 years. He was asymptomatic 

until age 42 when he developed ankle edema, malaise, and weakness. Subsequently he devel

oped increased ankle edema, dyspnea on exertion,greater fatigue, and intermittent nausea. 

Examination at the time of this study revealed' pallor, cardiomegaly and complete heart block 

with a grade-3 pansystolic murmur maximal at the lower left sternal border and apex and 
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3+ bilateral pretibial and ankle edema. Laboratory examination showed 3+ albuminuria with 

" a few hyaline and granular casts and microscopic hematuria. Th"e hemoglobin was 8 g/100 ml 

with an hematocrit of 230/0. Serum chemistries were as follows: sodium, 139 mg/l; potassium, 

5.0 fig/I; chloride, 105 mg/l; NPN, 106 mg%; and creatinine, 8.0 mg%. The blood pressure 

was 170/70 and the body weight was 170 lb. The diagnosis was 1) chronic glomerulonephritis, 

2) secondary uremia and anemia, and 3) rheumatic heart disease. 

Treatment consisted of low protein and low sodium diet, digitalis, and occasional 

transfusions. He had not been transfused for 3 months prior to start of this study. 

The erythropoietin was obtained from the urine of a patient with complete red cell 

aplasia (15) who had developed thrombocytopenia by the time the erythropoietin for these 

studie s was collected. The. erythropoietin .concentrate was prepared by adsorption, on c 0110-

dion, precipitation in ether -alcohol, and alcohol fractionation,. as previously described (16). 

The potency of the preparation was determined by using the starved rat 59Fe red cell incor

porat~on assay of Fried et al. (17). 

Hematocrit, hemoglobin concentration, .reticulocyte, platelet, leucocyte, and differ

ential counts were determined .daily before, during, and following erythropoietin administra

tion. A complete in vivo iron kinetics study and blood volume det.ermination were done before· 

and after erythropoietin administration. 

Human urinary erythropoietin with an activity of 51 IRP* units/mg was given as a 

single subcutaneous injection (82 mg in 1 ml) daily for 3 days. 

RESULTS 
The patient was given the equivalent of 4180 IRP units (body weight: 77 kg) or 54 

units per kilogram daily for 3 days. ,The concentrated but impure human urinary erythro

poietin preparation used caused considerable local and systemic reaction in this patient. 

Tenderness, redness, and .swelling occurred at the injection site within a few hours and per

sisted for 36 hr. The local reaction was accompanied by mild fever and malaise which were 

maximum 8 hr after injection. 

Daily hematocrit, hemoglobin concentration, reticulocyte, platelet, leucocyte, and 

differential counts done for 10 days prior to erythropoietin administration showed no change. 

During and for 16 days following erythropoietin administration there was no change in hemato

crit, hemoglobin concentration, reticulocyte, or platelet count. There was a: transient rise".' 

in total leucocyte count occurring during and for 2 days following erythropoietin administra

tion. Differential counts showed the increase in total leucocyte count to be entirely due to an 

incre"ase in granulocytes. 

*International Reference Preparation, obtained from Medical Re search .council of Great 
Britain. 
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A complete ferrokinetic study completed just prior to erythropoietin administration 

showed a high normal rate of hemoglobin synthesis (1.6 gil blood/day; normal range: 1.0-1.6), 

with a moderate reduction in red cell survival (49 days; normal range: 102-132) (18). 

Although the absolute rate of hemoglobin synthesis was normal, it was markedly subnormal 

relative to the usual compensatory increase (> 7X) in rate of hemoglobin synthesis occurring 

normally in response to a chronic.anemia of 8 g Hb/100 ml (7). These findings were similar 

to one of the cases reported by Nathan et al. (19). A second ferrokinetic study started 4 days 

after the last erythropoietin injection showed no significant change from the pre -treatment 

study (Hb synthesis: 1.7 gil blood/day; RBC survival: 41 days). 

DISCUSSION 
In a previous study (14) using normal human volunteers, it was concluded that "the 

minimum dose necessary to produce reticulocytosis in a normal human being is approximately 

20 (IRP) units/kg/day for a period of several days. The dose necessary to produce an unques

tionable increase in total circulating red cell volume is estimated to be approximately 50 

units/kg/day for 7-14 days. " 

The uremic patient in this study received 54 IRP units/kg/day for 3 days without evi

dence of increased red cell production as judged by percent reticulocytes or by repeated ferro

kinetic studies. This one patient with anemia associated with chronic renal disease and ure

mia appears to have been less responsive to erythropoietin than a normal human being. This 

result is in agreement with the results of Erslev (10), Naets (11), and Reissmann et al. (12), 

who found that the nephrec tomized animal's re sponse to erythropoietin was c6nsiderably le s s 

than that obtained in the normal controls. Reissmann et al. (12) state that erythropoietin in

jections increased reticulocytes and iron incorporation significantly in the renoprival animals, 

but a comparison with the effect of erythropoietin injection in the ureter-ligated or control 

group shows the limited extent of this response. They also showed that the daily injection of 

8 times the dose of extract which produced a significant response in non-uremic controls was 

required to produce a response in the uremic animals. 

The study of this one patient would seem to indicate that, as in the nephrectomized 

rabbit, dog, or rat, the defect in red cell production in man which accompanie s uremia sec-

0ndary to chronic renal disease (glomerulonephritis) is at least to some extent the result of 

a decreased responsiveness to erythropoietin. Inability to increase erythropoietin production 

sufficiently to compensate for the shortened red cell survival may also be a factor. If one 

accepts the evidence that the uremic subject is less responsive to erythropoietin and at the 

same time makes a normal number of red cells (the anemi~ being associated with a reduced 

red cell survival), one must assume that erythropoietin production has been inc·reased in order 

to maintain the normal produc tion rate. If one as sume s that the uremic subject, like the ure

mic rat, requires 8 times the dose of erythropoietin to obtain a normal response, then one 

may assume that the subject was producing erythropoietin at 8 times the normal rate in order 

to maintain the high normal rate of erythropoiesis. An assay of the patient's serum by the 

hypertransfused mouse assay failed to demonstrate a measurable titer of erythropoietin. 

However, on the basis of the estimate of 0.003 unit of erythropoietin per ml in normal human 
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beings (20), an 8-fold increase would be 0.025 unit/rnl, which is still well below detectable 

levels by presently available assay methods [0.05 unit (21)]. 

In spite of the apparent diminished sensitivity to erythropoietin, evidence that the 

patient had partially compensated by increasing his erythropoietin titer in response to the 

anemia was shown by the high-normal daily hemoglobin synthesis and by the persistent slight 

reticulocytosis (2.20/0). 

Although other possibilities are not eliminated, the anemia in a case such as the one 

presented could be explained predominantly on the basis of diminished responsiveness to 

erythropoietin. It has been shown that the rate of erythropoietin production is a function of 

the degree of anemia (15), so that a given degree of anemia serVes as the stimulus for a 

given increase in erythropoietin production. Chronic hemolysis producing an anemia of 

8 g Hb/100 ml would thus stimulate an 8 - to 12 -fold inc rease of erythropoie sis (7). In the 

presence of a decreased responsiveness to erythropoietin,' the normal increase in erythro

poietin titer is insufficient to produce increased erythropoiesis, and a new steady state Cane

mic) develops. 

It is predicted that successful treatment of the anemia which accompanies renal dis

ease in man may require a dose in the range of 200 units per kg/day, or 14,000 units per day. 

The only currently feasible approach to determining the therapeutic possibilities of erythro

poietin is the infusion of highly active urine or plasma. The highest activity found so far in 

unmodified urine has been 14 units/rnl (15). If the above estimate of 14,000 units per day is 

realistic, this would mean the intravenous infusion of 1000 rnl of unmodified urine daily for a 

test period of 10 days, which would be a heavy 1.oad of excretory products. If water-loading 

diuresis could be induced in the donor without reducing erythropoietin concentration in the 

urine, and if the urine could be pre-dialyzed, administration of 14,000 units per day might be 

feasible. 

Limited therapeutic trials may be possible by using human urinary erythropoietin 

extracted from the urine of patients severely anemic from hookworm infestation (22). The 

only currently organized serious collection program yields approximately 500,000 units of 

crude hormone per year. If the entire collection were allocated to the study of anephric man, 

the .first requirement would be to purify the material sufficiently to be tolerated by the patients. 

If adequate purification could be achieved with a 300/0 recovery of activity (150,000 units), 

there would be enough hormone to treat only one patient for, 10 days. 

The human erythropoietin collection center in Argentina occasionally encounters pa

tients whose erythropoietin is as high as 14 units/ml of unmodified urine. The plasma con

centration is usually higher than that of urine and may be 5, 10, or 20 times higher. Pre

sumably some of the hookworm-infested donors may have plasma concentrations in'the neigh

borhood of 150 units/rnl. The daily requirement for therapeutic trial in the 'renoprival patient 

has been estimated to be 14,000 units, which could mean as little as 100 ml of plasma per day. 

For the study of non-uremic patients, the requirements would be 1/10 of the above: 10 ml of 
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plasma per day or 50 ml for a 5 -day test period. The difficulty in obtaining large amounts of 

plasma from severely anemic patients is obvious. 

If the dose estimates given above are correct, the only practical approach to thera

peutic trials at present is to use sterilized, dialyzed, but otherwise unmodified (undenatured) 

active urine. Efforts should be made to collect the most active urine possible, to collect it 

into pyrogen-free bottles in as clean a way as possible, and to investigate methods of dialysis 

which will remove as much material as possible, leaving erythropoietin behind, and which do 

not involve denaturation of the residual proteins. In other words, to provide a highly active, 

sterile, non-toxic urinary extract of liter amounts of urine which can be tolerated intrave

nously by the renoprival patient. 

It is not known whether the non-dialyzable portion of normal human urine would con

tain the symptom-producing toxins which are so detrimental to the renopri val patient. If not, 

the administration of non-dialyzable normal urinary products in amounts sufficient to test the 

responsiveness of such patients I marrow might be done with impunity. 

If further investigation demonstrates that the renoprival patient is equally as sensi

tive to erythropoietin as normal animals and man, the problem of erythropoietin therapy be

comes easier by an order of magnitude: 100 ml of active urine a day would be needed and the 

erythropoietin collection agency could provide material for testing in 10 patients. The answer 

to dose require ments will depend on further te sting which should be based realistically on the 

more pe s simistic estimate s. 

SUMMARY 
~t has been proposed that inability to produce adequate amounts of erythropoietin may 

be a contributory factor in the uncompensated hemolytic anemia which accompanies severe 

renal disease or the renoprival state. However, several investigators have shown that although 

erythropoietin will stimulate erythropoiesis in nephrectomized animals, the response is ap

proximately 1/10 that obtained in normal controls. Such results suggest that the inability of 

the uremic to compensate for the shortened red cell survival may result primarily from a 

decreased responsiveness of the marrow to erythropoietin, rather than an inability to increase 

erythropoietin produc tion. 

Administration of erythropoietin to a patient with moderate anemia secondary to 

chronic glomerulonephritis produced no evidence of erythropoietic stimulation as judged by 

reticulocyte count or iron kinetic studies done before and after treatment. The dose of eryth

ropoietin (54 IRP units/kg/day for 3 days) was thought from previous studies to be more than 

adequate to produce a significant reticulocytosis in normal human subjects. 

It is suggested that the uremic patient, like nephrectomized rats and dogs, may re

quire on the order of 10 time s the normal amount of erythropoietin. It is predic ted that suc

cessful treatment of the anemia which accompanies severe uremia in man may require a dose 

of erythropoietin in the range of 200 IRP units/kg/day. Until much. more abundant sources 
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and more efficient methods of concentration of erythropoietin become available, administration 

of highly active urine unmodified except for thorough dialysis and sterilization by passage 

through a bacterial filter, or highly active plasma, seems to be the only currently available 

method for flirther therapeutic trials in the renoprival patient. 
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Pulsed High Intensity X Rays: 

Inactivation of Human Cells Cultured in vitro and 
Limitations on Usefulness in Radiotherapy 

Paul W. Todd, H. Saul Winchell, Jose M. Feola and Gary E. Jones 

The suggestion that neoplastic cells are frequently more hypoxic than their normal 

counterparts (1), in conjunction with the observation that hypoxic cells are partially protected 

from effects of ionizing radiation (2), has stimulated efforts to seek radiation the action of 

which is independent of the presence of oxygen. Some decrease in the "oxygen effect" with 

the use of high intensity electron beams has been observed in chemical systems (6) and in 

bacteria (3) and with high intensity proton beams in water (7). Decreased incidence of chro

mosome breakage at high radiation dose rates has also been reported (5). 

If the reduced oxygen effect noted in these early experiments with high intensity radi

ations are to be applicable in clinical radiotherapy, such effects must be present within the 

appropriate dose range for human treatment. In addition, therapeutic applicability requires 

the use of radiation with adequate penetration. The recent availability of linear accelerators 

for the production of high energy, high intensity photons sugge sted experiments to determine 

the dose dependency of radiation-induced inhibition of colony formation by cultured human cells 

under aerated and anoxic conditions. Our experimental results define the limitations of such 

high intensity radiation in human radiotherapy. 

MA TERIALS AND METHODS 

Human kidney cells, line T1 originally obtained from Barendsen (1), used in these 

experiments were serially propagated in Eagle's "Minimum Essential Medium" (4) and 100/0 

fetal bovine serum. We irradiated 6- to 8-hr single-cell cultures growing in 35 mm plastic 

petri dishes on day-old "feeder layers" of 5 X 104 irradiated (4000 rads) cells per 35 mm dish. 

We used 10 MVp X rays generated from a Physics International (2700 Merced St., 

San Leandro, Calif.) pulsed electron accelerator in the dose rate range of 10 12 to 10 13 

rads/min. Each total dose was delivered in a single pulse of 3 X 10- 8 sec duration. For 

comparison we used 60Co gamma rays at a dose rate of 150 ± 10 rads/min. For both radia

tions, the dose delivered to each group of exposed cultures was determined by LiF thermo

luminescence -a method found to be dose -rate -independent in the range used. Dosimetry cap

sules and cultures were simultaneously exposed to each dose. Both radiations were filtered 

by 1 in. of polyethylene. 

133 



134 PULSED HIGH INTENSITY X RAYS 

The petri dishes containing the cells to be irradiated were mounted in a Mylar-film

faced aluminum exposure wheel (8). Medium was removed from the petri dishes just prior to 

irradiation, and the dishes were exposed vertically so that they were perpendicular to the in

cident radiation beams. In those experiments in which oxygen was removed, high-:purity ni

trogen was passed over the cultures for 20 min prior to exposure. Subsequent to exposure, 

medium was replaced, and the cultures were incubated at 37'C and fed with fresh medium 

every 5 days until visible colonies developed (:::: 2 weeks). Surviving fractions were deter

mined on the basis of colony counts in exposed and control cultures. 

RESULTS 
60 Survival curves· for cells exposed to pulsed X rays and Co gamma rays under aer-

ated conditions are presented in Fig. 1. Vertical error bars represent the standard errors 

of mean survival propagated from the relative errors of the mean colony counts on control 

and irradiated plates. Horizontal error bars represent standard deviations of doses deter

mined by the multiple (9 or more) LiF dosimeters used in measuring the dose at each individ

ual dose point. The dose rate in rads/sec at each dose of pulsed X rays was different and was 

equivalent to the dose at that point divided by 3 X 10-8 sec. The highest dose :tate represented 

in this graph is approximately 3 X 1011 rads/sec. The two curves of Fig. 1 do not differ sig

nificantly, considering the experimental conditions. 

The survival curve for cells exposed to pulsed X rays while in a nitrogen atmosphere 

is presented in Fig. 2 and compared with that obtained under aerated conditions. The results 

suggest that fully anoxic conditions were not achieved in the experiment, since the ratio of 

doses in nitrogen to those in air required for equivalent survival is less than that anticipated 

under complete anoxia (8). However, it can be concluded that the effect of oxygen at atmo

spheric. pressure did not disappear at these radiation intensities. 

DISCUSSION 
Shalek and Bonner (7), using hydrogen peroxide formation in pure water as their end

point at total proton doses in excess of 10 7 rads, found that the difference between yields in 

air-saturated water and helium-saturated water disappeared at dose r~tes greater than 108 

rads/sec. These published observations suggest that all ionization produced at intensities 

greater than 108 rads/sec is equally effective in eliminating the oxygen effect. If the mech

anism whereby high intensity reduces the oxygen effect is the "use-up" of available intracel

lular oxygen at a rate greater than the diffusion of available oxygen into the irradiated volume, 

then the minimum dose rate (10 8 rads/sec, obtained by Shalek and Bonner) is a measure of 

the rate of oxygen diffusion into the irradiated volume. 

Dewey and Boag (3), using dose rates in excess of 108 rads/sec (actually about 10
10 

rads/sec) found that doses greater than 13,000 rads were adequate for eliminating the effect 

of 1% oxygen in nitrogen in irradiated cultures of the bacterium Serratia marcescens. If we 

take the value of 13,000 rads as representing the minimum dose required for "use-up" of 

intracellular oxygen at this partial pressure (about 7.6 mm Hg), then one would anticipate a 

• 
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Fig. 1. Survival curves for 
cultured hurcan kidney cells 
exposed to °Co gamma rays 
at 150± 10 rads/min (open 
circles) and pulsed 10 MYp 
X rays with the total dose 
being delivered in 3 X 10-8 
sec (solid circles), both 
under aerated conditions. 

XBL672-571 

Fig. 2. Survival curves for 
cultured human kidney cells 
exposed to pulsed 10 MYp 
X rays. The "In Air" curve 
differs in that purified nitro
gen was passed over the cells 
for 15 min prior to irradia-
tion. 

XBL672-572 



136 PULSED HIGH INTENSITY X RAYS 

,required dose of 260,000 rads (20 X 13,000) to "use up" intracellular oxygen at atmospheric 

pressure (about 152 mm Hg). 

It is therefore not surprising that the experiments we describe in this work did not 

demonstrate a reduced oxygen effect under aerated conditions at dose rate:s oC10 11 to '10 12 

rads/sec and in the dose range of 200 to 1050 rads. 

On the basis of the quantitative considerations just pre'sented, an estimation may be 

made of the required partial pressure of oxygen in tissue tO,allow complete oxygen "use-up" 

by therapeutically usable radiatioIt doses. If we assume 2000 rads to be the largest single 

acceptable therapeutic dose, then a high-intensity radiation pulse (delivered at more than 108 

rads/sec) cif this magnitude would require that the oxygen partial pressure in the irradiated 

tissue be less than 1.1 mm Hg to insure "use -up" of the residual oxygen with resultant elim

ination of the oxygen effect. Therefore, in order to utilize in radiotherapy the diminished 

oxygen effect seen in high-intensity radiation experiments, it would be necessary to reduce 

the partial pressure of oxygen in the target-are'a tissue to about 1.1 mm Hg for the duration 

of the radiation pulse. Such a procedure is limited by considerations of the human physio

logical effects of temporary extreme hypoxia. 

SUMMARY AND CONCLUSIONS 
Pulse 10 MVp X rays administered at dose rat~s of'1011 to 10 12 rads/sec and in the 

total dose range of 200 to 1050 rads/pulse did not differ significantly from60Co gamma rays 

in their ability to inactivate aerated cultured human cells. 

It is estimated that a total dose of 260,000 rads delivered at dose rates greater than 

10 8 rads/sec is necessary to eliminate the oxygen effect in aerated cells. Assuming that a 

total single dose of 2000 rads is the maximum acceptable in therapeutic procedures, it is 

estimated that at dose rates greater than 108 rads/sec the partial pressure of oxygen in tissue 

would have to be reduced to less than about 1.1 mm Hg prior to irradiation to eliminate the 

oxygen effect. 
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Sensitivity of Micrococcus radiodurans 
to Densely Ionizing Radiations 

David L. Dewey and Robert H. Haynes 

INTRODUCTION 
The non-sporulating tetracoccus Micrococcus radiodurans is the most radioresistant 

organism known to exist: a million rads of X or '( radiation are required to reduce its via

bility by 50% (1-3). It is similarly resistant to ultraviolet (UV) radiation, though its thermal 

resistance is not unusually high (2, 3). Several hypotheses have been put forward to account 

for the high X-ray and UV resistance of this bacterium, but there is still no general agree

ment as to whether a single or several different mechanisms might be involved (3-6). Its 

high resistance to ionizing radiation has been attributed both to the presence of a high intra

cellular concentration of radical trapping materials (5) and to' the existence of an unusually 

efficient enzymic _r_e.p_air_s-y-sJe.m_which-s.e.r_v-e.s-to-el.i.=.i-nate_l'-adiation-i-nduc·ed-st-ruc-tu-ral-defects----

from the cell's DNA (3, 6). Its high UV resistance is m.ost easily explained in terms of the 

well-known DNA repair system. which excise s UV -induced pyrimidine dimer s and replace s 

the damaged nucleotide segments through the proce s s of repair replication (4). 

The X-ray dose-survival curve under normal oxygenated conditions, for M. radio

durans is sigmoidal in shape. It is characterized by a large initial shoulder that extends to a 

dose of about 500 krads with no detectable loss of viability; survival is reduced to the 50% 

level at a dose of 1 Mrad and the final exponential portion of the curve has associated with it 

an LD90 of about 200 krads. Any possible changes in the characteristics of this dose-survival 

curve with increasing linear energy transfer (LET) of the radiation could not be predicted 

from pre -existing data. A transition from a sigmoidal to a near -exponential survival curve 

with increasing LET has bee'll observed in many types of cells, including Aspergillus spores 

(7), Artemia eggs (8), and mamm.alian cells in culture (9, 10). In contrast, the survival 

curves for diploid yeast remain sigmOid even at the highest values of LET available (11). In 

the experim.ents to be reported here we pre sent further evidence in support of the view that 

the radioresistance of M. radiodurans may, in large part, be attributed to its possession of 

an unusually efficient repair system. Furthermore, essentially no reduction in the extent of 

the survival curve shoulder was found for high-LET radiations; this suggests that M. radio

durans, like diploid yeast, is able to repair high-LET radiation damage. 

MA TERIALS AND METHODS 

The radiation source used in these experim.ents was the Berkeley Heavy Ion Linear 

Accelerator (Hilac). The beams used were fully stripped nuclei of helium, lithium, boron, 

carbon, oxygen, and neon and partially stripped argon nuclei. Particles were accelerated 
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to approximately 10 MeV per nucleon, so that the proportion of energy dissipated as [) rays 

was constant for all particles. After passing through the end window foil, the energy at the 

bacterial surface was calculated to vary between 8.0 and 9.9 MeV per nucleon, depending on 

the type of particle. 

Various subcultures of M. radiodurans were obtained from C. J. Dean of the Chester 

Beatty Research Institute, and B. E. B. Moseley of Cambridge University. The cells were 

grown overnight on a nutrient agar slope at 37°C and were then harvested by washing into 

phosphate buffer at pH 7.0. The suspensions were agitated with a vortex mixer to break up 

any clumps that might be present. The resulting suspensions consisted of particles of 4 cells 

(tetrads) each. The tetrads are not further dispersed by this procedure. The resulting sus

pensions contained approximately 108 tetrads per ml. Using a micrometer syringe, 20 f.ll 

samples were placed at the center of gelatine -agar laminated disc s which were 13 mm in 

diameter and 1.5 mm thick; the bottom layer consisted of a 2% agar gel and the top layer a 

20% gelatine gel. The cell suspensions were spread evenly over the upper gelatine surface 

with the aid of a fine glass spreader. About 30 minutes was required for the suspending solu

tion to diffuse into the discs, leaving the cells on the gelatine surface. The discs were trans

ported to the Hilac in sterile petri dishes resting on crushed ice. The bacteria were kept cold 

at all times except during the actual period of irradiation. During irradiation the discs were 

supported in a closed chamber in front of the Hilac exit window. The chamber was flushed 

with oxygen before and during irradiation. 

After irradiation the discs were dropped into test tubes containing 10 ml of phosphate 

buffer at 37°C to dissolve the gelatine and return the cells to a uniform suspension of tetrads. 

The cells were re -chilled and plated by using appropriate dilutions on nutrient agar, and also 

on nutrient agar containing 20 f.lg/ml of acridine orange. All the dilution and plating proce

dures were carried out in dim light to avoid possible photodynamic effects on the plates con

taining acridine orange. The plates were incubated at 37°C in the dark for 2 days before 

counting colonies. 

RESULTS 
The effect of irradiation at high LET on the colony -forming ability of M. radiodurans 

is shown in Figs. 1 and 2. The main effect on survival curve shape of increasing the LET 

from 100 to 1000 MeV-cm2/g (helium to boron) is to increase the apparent limiting slope of 

the curves; the extent of the shoulder is not significantly altered. The maximum sensitivity 

was obtained with boron. As the LET of the radiation was increased beyond 1000 MeV-cm2/g, 

there was both a reduction in the limiting slope and an increase in the extent of the shoulder. 

These changes in shoulder and slope with increasing LET are shown in Fig. 3. The limiting 

slope was taken to be that of a line linking the best fit by eye through the points lying in the 

final "exponential" portion of the curve s. The shoulder was measured in terms of the dose 

associated with the back extrapolation of the apparent limiting slope on the abscissa. 

The bacteria from each dilution tube were plated both on nutrient agar and on nutrient 

agar containing 20 f.lg/ml of acridine orange. There was no effect of acridine orange on the 
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unirradiated control cells, nor on those samples which had received only small doses of radi

ation. The design of the Hilac target chamber allowed for ten sam,ples plus controls at one 

loading. After preliminary experiments had shown virtually no killing at low doses, these 

low -dose points were omitted from the later experiments whose results are plotted in Fig. 4. 

The effect of including acridine orange in the plates is shown in Fig. 4. There is quite clearly 

a decrease in the extent of the shoulder ,without any change in the apparent limiting slope. Un

fortunately, no inferences can be drawn from the relative amounts of shoulder reduction by 

acridine orange for the various heavy-ion irradiations shown in this figure, because the salt 

concentration in the plates was not the same in each case and this parameter is known to 

affect the uptake of acridine orange, by the cells. 

DISCUSSION 
The effect of acridine orange on the shoulder of the survival curves in Fig. 4 further 

supports the view that the radioresistance of M. radiodurans arises at least in part from its 

ability to repair radiation damage to its own DNA. This inference is made plausible on the 

basis of the following facts: first, acridine orange is a basic dye that binds to nucleic acids 

and is known to inhibit the excision of UV -induced photoproducts from bacterial DNA ( 12); 

second, acridine dyes inhibit other reactivation and recovery processes in irradiated bacterio

phages (13), anthrax spores (13), E. coli (14) and diploid yeast (15). Thus, it is reasonable 

to conclude that the reduced shoulder of the survival curves obtained from the acridine plates 

is due to partial inhibition of repair in M. radiodurans (16, 17). 

If one allows that the resistance of M. radiodurans arises from its ability to repair 

radiation damage with an unusually high efficiency, then'the inability of high-LET radiations 

to reduce the survival curve shoulders (Figs. 1-3) suggests that this repair system (s) re

sembles more the liquid-holding recovery process in diploid yeast than the reactivation mech

anism of E. coli B/r. This conclusion is based on the fact that in E. coli the differential 

sensitivity between Blr and the repair-deficient mutant B
S

_
1 

decreases with increasing LET 

(17, 18)-thus indicating that high-LET radiation damage cannot be repaired in B/r-whereas, 

in diploid yeast neither the survival curve shoulder nor the magnitude 6f liquid-holding re

covery is reduced at high LET (19). Unfortunately, the biochemical basis of liquid-holding 

recovery in yeast is unknown and so this analogy cannot at present be pursued any further. 

One further general point can be made on the basis of the various inactivation studies 

of M. radiodurans that have been reported here and by other workers. This concerns the rela

tive efficiency of repair of ionizing and UV radiation damage in E., coli Blr and M. radio

durans. In the latter case the very broad shoulder observed for all ionizing radiations as well 

as for UV suggests that its repair processes deal with both classes of damage with essentially 

1000/0 efficiency even at relatively high radiation doses. On the other hand, only UV damage 

is repaired with 100% e£ficiency-and this only at very low doses-in E. coli B/r. However, 

it may still be nece ssary to invoke a number of different repair systems with differing prop

erties in order to account for the unusually high apparent limiting slope of the M. radiodurans 

radiation survival curve. 
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SUMMARY 

(1) The radiation dose-survival curves for M. radiodurans were measured for a num

ber of 10 MeV/amu heavy-ion beams produced by the Berkeley Hilac. All the curves, even 

for the highest LET available, were found to have a broad shoulder approximately 1 Mrad 

long. 

(2) For values of LET up to about 1000 MeV-cm2/g(i.e., the helium, lithium, and 

boron beams), the apparent limiting slope of the curves increases by about a factor of 3, but 

there is little change in the magnitude of the shoulder over this range of LET. 

(3) For values of LET greater than 1000 MeV-cm2/g (i.e. the carbon, oxygen, neon, 

and argon beams), the shoulder increases and the slope decreases, indicating a general de

crease in the relative biological efficiency over this range of LET. 

(4) Addition of acridine orange to the plates used to assay survival serves to increase 

the apparent sensitivity of the cells for all values of LET used. This may be taken as further 

evidence that the resistance of M. radiodurans is due to its possession of a very efficient DNA 

repair mechanism, and further, that even the damage produced by high-LET radiations can be 

repaired in this organism. 
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Effect of Negative Pions on the Proliferative Capacity 
of Ascites Tumor Cells (Lymphoma) Grown in vivo 

Jose M. Feola, Chaim Richman, Mudundi R. Raju, 
Stanley B. Curtis and John H. Lawrence 

We have atternpted to deterrnine the relative biological effectiveness (RBE) of nega

tive pions in the Bragg-peak region as cornpared to the plateau region and to garnrna rays. 

We irradiated LAF 1 rnice, bearing 5-day-old lyrnphorna ascites turnors, in the peak and pla

teau regions of a 90-MeV pion bearn for 40 hr in ternperature-controlled holders. The ani

rnals were then sacrificed; lyrnphorna cells were withdrawn and titrated into adult fernale 

LAF 1 rnice. The proliferative capacity of the irradiated turnor cells was evaluated after 8 

weeks by observing the percentage of anirnals developing ascites turnors. Surviving fractions 

were then calculated frorn LD50's of control and irradiated anirnals. Radiation doses in the 

plateau region were rneasured with LiF dosirneters calibrated against bOCo '{ rays. We cal

culated peak doses frorn those at the plateau, using a rneasured average peak-to-plateau ion

ization ratio of 1.5. Doses in the plateau region ranged frorn 145 to 250 rads; doses in the 

peak region ranged frorn220 to 380 rads. The survival curve for cells irradiated in the peak 

region gave a DO of b5 ± 15 rads. The plateau points were not reliable. A replicate experi

rnent was perforrned using bOCo '{ rays, yielding a survival-curve DO of 350±50 rads. If the 

'(-ray DO is taken as a baseline, an RBE of 5.4± 1.8 is obtained for negative pions in the peak 

region, based on the ratio of peak-region DO to bOCo DO' 

INTRODUCTION 
It has been suggested (1-5) that negative pions (-rr- rnesons) rnight have applications 

in radiotherapy if a bearn of sufficient intensity could be rnade available. Negative pions have 

the unusual property of being captured by atornic nuclei when they corne to rest in rnatter. In 

tissue, pion capture by the light elernents (carbon, nitrogen, and oxygen) results in nuclear 

disintegration and a yield of short-range but highly ionizing charged particles, rnostly a par

ticles and protons. This additional energy enhances the high ionization density produced by 

the Bragg peak at the end of a charged particle's range. Furtherrnore, by choosing pion 

energy properly, we can stop pions at a preselected distance within the volurne to be treated. 

In the following discussion, the initial low-ionizing portion of the pion's path will be called 

the "plateau" region and the increased ionization at the end of the pion's range will be called 

the "peak" re gion. 
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Studies of the the-rapeutic possibilities of neg~tive pions have been carried out in this 

Laboratory (3, 4). The results indicate that further investigations, of increased refinement, 

should be made. The proliferative capacity of murine lymphoma cells grown and irradiated 

in vivo and in vitro has been investigated in this Laboratory for a number of years with X rays, 

cr particles, and various heavy ions, under various conditions of oxygenation (6,7). The study 

of this system has progressed to a stage where an attempt can be made to estimate quantita

tively the effects of pions in tissue despite the low dose rates now available. Initial work in 

this Laboratory (8,9), on the lymphoma cell system in mice; demonstrated'a peak-to-plateau 

difference in the cytological effects produced by negative-pion beams. These experiments 

were later extended (10) by using a plant-cell system. Vicia faba roots were exposed to a 

negative-pion beam, and significant peak-to-plateau differences were found for growth rate 

of the roots after irradiation, for anaphase abnormalities, and for cells containing micro

nuclei. These results, coupled with improved dosimetry (11), stimulated the experiments 

reported here. 

MA TERIALS AND METHODS 
Four types of experiments were performed: A) Pion effects in vivo with environ

mental control; B) 60Co replication of Experiment A; C) Pion effects in vivo without environ-

mental control; and D) Acute X_-ray irradiation in vivo. 

Experiment A: Pion effects in vivo with environmental control. 

Full descriptions of the apparatus associated with the 184-inch synchrocyclotron, 

and methods of using it to produce the 90 MeV pion beam, have already been reported (3, 4, 5). 

The beam-transport system consists of a small quadrupole focusing magnet, a beam-bending 

magnet, and a.large quadrupole focusing magnet that delivers' the beam from the cyclotron 

tank to the me son cave. In the se experiments, the final focusing magnet was made part of a 

second shielding wall placed in the cave to protect the counting equipment from ambient neu

trons. The complete experimental setup is shown in Fig. 1. 

Two wooden boxes with Lucite ends provided environmental control, one for the mice 

to be irradiated in the beam, and the other for control mice. The temperature of the air cir

culating through the boxes -was continuously recorded, and kept at 21.5 ± 0.5·C by a thermostat 

with heater and blowers. 

-The mice were placed in Lucite holders, each built to hold 8 mice. The dimensions 

of the holders were 54X98X 106 mm; the mice were placed'in cylindrical holes 24 mm in 

diameter and 75 mm long, with-small lateral holes for ventilation. One group of 8 mice was 

placed in the plateau region of the negative -pion beam, one group in the peak region, and one 

group was used as a control. The mice were of the LAF 1 strain, 15 weeks old, from Jackson 

Laboratory, Bar Harbor, Maine. They-were fed wet food during irradiation and had four 

equally spaced 1-hr rest periods for drying, eating and drinking at will. Figure 2 is a photo

graph of the arrangement inside the temperature -c·ontrolled irradiation box. The negative

pion beam entered from the right and passed first through the gas ionization-chamber monitor 

(96% argon + 40/0 CO
2

); then through 3 in. of Lucite absorber and holder to the "plateau" mice. 



.' 

JOSE M. FEOLA ET AL.· 

Meson cove 

Mice in plateau 

Mice in "Bragg" peak 

Temperature 
controlled box 

Lucite absorbers Ionization 
chamber 

Control~. 
mice ~ 

Temperature controlled box 

147 

/---r----
, 

MeV 

b~~ 
Cyclotron 

Fig. 1. Schematic view of apparatus for production and focusing of the 1r beam. The position 
of the ionization chamber, Jordan dosimeter, and mice holders can be seen in the meson cave. 

MUB-7905 

After pas sing through 4 more inche s of Lucite, the beam entered the "peak" holder. This 

thickness was determined with a lithium-drifted silicon detector (12). The Jordan dosimeter 

was placed behind 1/2 in. of Lucite adjacent to the last holder and served as a second monitor 

and dose-rate meter. This monitor was frequently checked from the control room via closed

circuit television. The holder with the control mice is also shown in Fig. 2. In the actual 

experiment, this holder was in a separate, temperature -controlled box away from the beam. 

Five days before beginning irradiation, all the mice were injected intraperitoneally 

with L#2 lymphoma cells, whose tumor -forming ability has not changed in the last three years. 

The total irradiation time, excluding the 1-hr rest periods, was 40 hr. At the end of 

the irradiation, the animals were sacrificed and peritoneal ascites fluid with lymphoma cells 

was withdrawn. In this part of the study, five plateau-region mice and five peak-region mice 

were used. The cells were counted and injected intraperitoneally at various dilutions into 

710 healthy adult female LAF 1 recipient mice. Cells from four control mice were pooled 

from two groups of two animals each, and handled in the same way as the experimental mice. 

The remaining experimental mice were used for cytological studies (13). The recipient mice 
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were dividedinte greups 'Of ten animals each, and each member 'Of a greup received an identi

cal injectien. Each greup, hewever, received a different cencentratien 'Of cells. We evalu

ated the cells' proliferative capacity at the end 'Of 8 weeks by neting the percentage 'Of animals 

de vel 'Oping ascitic tumers in each greup. The LD
50 

(the number 'Of cells necessary te preduce 

tumers in 50% 'Of the animals) and 95%-cenfidence intervals were calculated by the methed 'Of 

Litchfield and Wilcexen (14). Finally, surviving fractiens were calculated by ferming the 

ratie 'Of LD
50 

'Of the centrel mice te that 'Of each 'Of the irradiated mice. 

Radiatien deses were measured with LiF desimeters (bOCe calibratien), distributed 

in frent and in back 'Of the meuse helder in the plateau regien. Since the LET 'Of the piens in 

the plateau region is less than 1 ke:v /f.Lm LiF desimetry was applicabl~. Thesituatien in the 

peak regien was mere cemplicated (11, 12). Here the pien beam was a ~ixture 'Of high- and 

lew-LET r,adiatiens. Peak-regien deses were calculated r'rem these in the ,plateau 'regie'n, 

using an average peak-to-plateau ienizatien ratio 'Of 1.5. This ratie' was esti'mated frem meas

urements made threugh the peak and plateau regiens with a silicen detecter. 'Seme uncertain

ties in the measurement 'still exist and are being investigated, but we believe that ienizatien 

in the peak regien is adequately measured by the silicon detecter. 'The tetaldeses in the pla

teau regien ranged frem 145 te 250 rads, and the deses in the peak regien ranged frem 220 te 

380 rads. 

Experiment B: bOCe replicatien 'Of Experiment A. 

Since it is difficult te perferm a parallel experiment with X rays because 'Of the leng 

irradiatien times required, an experiment was dene by using bOCe gamma rays. Twe dese 

rates were used: 5 and 12.5 rad/hr. The'animals, all bearing 5-day-eld tumers at the be

ginning 'Of the experiment, were kept in the helders fer the same length 'Of time as in the pien 

experiment te keep the stress the same. The irradiatien times varied with the dese used. 

Feur animals were used as centrels, and twe were irradiated at each 'Of the fellewing deses: 

100, 150, 200,300, 400, and 500 rads. The irradiated lymphema cells were injected inte 

410 female LAF 1 mice at varieus dilutiens, and the surviving fractiens were determined as, 

already described. 

Experiment C: Pi en effects in vivo witheut envirenmental centrel. 

This experiment, preliminary te Experiment A and witheut envirenmental centrel, 

was designed te detect the effect 'Of hypexia (15) en the surviving fractien 'Of cells irradiated 

in vive in the plateau and peak regiens. Four mice were expesed in each pien-beam regien; 

twehad 3 -day-eld tumer s (suppesedly well-exygenated), and twe had 7 -day -'Old tumer s (sup~ 

pesedly mere hypoxic). The irradiated cells were injected inte 510 LAF 1 female mice at var

ieus dilutiens as described abeve. 

Experiment D: Acute X-ray irradiatien in vive. 

In 'Order te cempare the effect 'Of acute X-ray irradiatien with "chrenic;' bOCe irradi~ 
atien, animals.bearing 7-day-el,d turners were irradiated with 220 kV X rays [half value layer 

(HVL) = 1.4 mm Cu] at a dese rate 'Of 150 rads/min. Deses 'Of 100, 250, 400, 500, and 750 . 

~,: 
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rads were given, and the procedure described above was followed; 350 female LAF 1 mice were 

injected at various dilutions . 

RESULTS 
Experiments A and B. 

The resulting survlvlng fractions in the peak and plateau regions and in the low-dose-

60C ° al ° ° F O 3 I ° d f h I ° dO rate 0 expenment are glven ln 19. • nconslstent ata rom t e p ateau-reglon irra 1-

ation prevented a reliable determination of dose dependence of the surviving fraction in this 

region. The peak region and 60Co data yielded sufficiently consistent results so that estima

tions of DO could be made. (DO is called the ~lethal dose and it is the dose in rads re

quired to reduce the proportion of surviving cells from 1 to 0.37 in the exponential region of 

survival curves). The computed DO values are: 

DO( peak) = 65 ± 15 rads; 

The RBE for the 1T mesons at peak based on these values is: 

RBE 

Experiment C. 

DO( 60Co) 

DO(Pk) 
5.4±1.8. 

350 ± 50 rads. 

Unpublished data obtained in this laboratory indicate that the lack of environmental 

control in this experiment would make quantitative evaluations somewhat unreliable. It was 

found that there was no significant difference between re suits from 3 -day-old ( "normal ") and 

7-day-old (relatively hypoxic) tumors. On the other hand, a significant difference between 

the surviving fractions obtained from pion irradiation in the peak and plateau regions encour

aged the design of the environmentally controlled Experiment A. 

Experiment D. 

The value obtained for DO in acute X-ray irradiation in vivo is 280±50 rads. Com

parison of this value with acute X-ray in vitro values of 105 ± 15 rads for the hyperoxic case 

and 375 ± 45 rads for the anoxic case, recently measured in this laboratory (16), indicates 

the in vivo 7-day-old tumor cells are considerably less well-oxygenated than the hyperoxic 

in vitro cells. In fact, the in vivo DO lies closer to the in vitro anoxic DO than the average 

of the hyperoxic and anoxic values (240 rads). These results are consistent with the obser

vation that tumors, especially well-advanced ones, contain poorly oxygenated cells. 

DISCUSSION 
The study of the action of negative pions on mammalian cells grown in vivo is difficult 

to carry out due to the low dose-rates available at present. In the pion plateau region the 

average dose-rate of 5 rads/hr in this experiment requires long irradiation times to cause 

measurable biological damage. For long irradiation episodes the animals must be confined 

and therefore are under stress. During irradiation the cell population undergoes many poorly 

understood dynamic processes and a certain amount of recovery and repair. Technical prob

lems in keeping a biological system anoxic for the required time make pion-beam study of the 

oxygen effect extremely difficult. 
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Despite the uncertainties arising from these uncontrollable factors, the results give 

a clear indication that the peak region of the pion beam is more effective than the plateau re

gion in inhibiting the proliferative capacity of these lymphoma cells. In addition, peak-region 

irra.diation inhibits the proliferative capacity significantly more than low-dose-rate 60Co '{ 

rays do. The ratio of DO's from the 60Co data and from the pion peak-region data gives an 

RBE of 5.4± 1.8 in the peak region relative to '{ rays. The size of the error here indicates 

that considerable ·uncertainty exists in the determination of the DO's, as is seen in Fig. 3. 

If an RBE of 0.8 is assumed for '{ rays relative to X rays, as has been reported (17,18,19), 

the RBE becomes 4.3± 1.8 relative to X rays. 

In evaluating this type of radiation for cancer therapy, we note that the RBE meas

ured at such low dose-rates need not equal the RBE at the necessarily higher therapeutic 

dose-rates. The damage caused by the low-LET 60Co '{ rays will probably be considerably 

more repairable than. the damage caused by the high-LET components of the pion beam in the 

peak region. Recovery from '{ irradiation during a low-dose-rate experiment would manifest 

itself by increasing the ,{-ray DO. This would increase the RBE over that expected in higher

dose-rate experiments when there is less time for repair. Thus, the DO ratio, which is RBE, 

would decrease. 

Although the results in the plateau region are inconclusive because of the inconsis

tency of the data, the average LET in this region is expected to be between 0.2 and 0.3 keV/fJ. 
m 

and so should be no more effective than X or '{ rays in causing biological damage. An experi-

ment must be performed to substantiate this, however. Loughman has indicated this may be 

true for certain nonlethal radiation effects (13). 

In conclusion, we have shown that the peak region of a pion beam is considerably 

more effective than an equivalent dose of'{ rays in inhibiting the proliferative capacity of 

lymphoma cells in vivo. This result implies that there is a biologically significant component 

of high-LET radiation in the peak region of a pion beam, as predicted by calculation (2, 20). 

This in turn implies that the oxygen-enhancement ratio will be low, making the peak-region 

radiation of a pion beam more effective than conventional radiation in killing the anoxic cells 

found in tumors (21). More experimentation is indicated before the evaluation of this new 

type of radiation is decisive, but it appears at present that negative pions have interesting 

possibilities in tumor radiotherapy. 
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The Role of Capillaries in the Pathogenesis of 
Delayed Radionecrosis of Brain 

Larry W. McDonald and Thomas L. Hayes 

Necrosis appearing in tissue of the central nervous system months· or even years 

after local exposure of the tissue to ionizing radiation is a limiting factor in radiation therapy 

when either the brain or spinal cord must be included in the radiation field (1-3). Many 

authors have stressed the importance of blood vessels in the pathogenesis of late radionecro

sis of brain and spinal cord because of the marked sclerosis of small.ar.teries that one sees 

about areas of delayed radionecrosis (4,5). Some have attributed the lesion partly to vascular 

effects, but much more to differential effects on various cellular elements' in the area of in

jury (6). Others have studied the lesion during its early development and, usingnucleosides 

labeled with tritium, have noted increased labeling of glial cells and increased numbers of 

glial cells immediately preceding the appearance of the necrosis (7). 

Since sclerosis of blood vessels is usually not observed with the light microscope 

prior to the appearance of distinct necrosis, it has often been considered secondary to the 

general tissue breakdown and not a primary cause of the necrosis. When it occurs, necrosis 

involves most cellular components, and for this reason failure of the vascular supply would 

explain the lesion. Because the structures of the capillary wall are at the limits of resolution 

of the light microscope, alterations in these vessels produced by radiation and preceding or 

accompanying radionecrosis have not been given attention. The present study was undertaken 

to determine if alterations in the capillary could be found with the electron microscope to pre

cede or occur concomitantly with the tissue necrosis. 

MATERIALS AND METHODS 
Twenty-two male New Zealand White rabbits were used in the study. The ages of the 

animals at the time -of irradiation and post-irradiation intervals to the time of sacrifice are 

given in Tables 1, 2, 3, 4, and 5. In order to insure well-localized radiation, the cyclotron

produced particle beams were used throughout (8-11). The sensory cortex was irradiated by 

using radiographs of the head to position the beam (Fig. 1). When the proton beam was used, 

the beam was directed dorsoventrally; the range of this beam was 1.3 to 1.6 cm. When the 

alpha-particle beam was used, it was directed transversely through the same area of cere

bral cortex. The range of this beam is more than 20 em, so that it passed through the head 

and out the other side. All doses were given as single exposures with dose rates of 500 to 

1000 rads/min for the alpha particles and 10,000 to 30,000 rads/min for the protons. Most 

154 

\ ---_._-------" 



Table 1. Results with proton irradiation using doses greater than 20krads and an aperture of 1/8 inch. 

Microscopic findings* 

Electron microscopy 
Light microscopy 

Capil. Incr. 
Area Age at Days aft. Demye':' basal fibril s Endo-

Rabbit tissue Dose, Energy, irrad., irrad. at Gross Hemor- Gli- lina- lamina in foot thel. 
No. studied krads MeV days sacrifice les. rhage osis tion thick! processes swell. 

1 Ii"rad" :t 26.6 37.5 54 33 + NE NE NE 110/4 +++ +++ 
Control 0 0 0 0 0 85/4 0 0 

2 Irrad. 20.6 42.0 56 67 + 0 +++ ++ NE NE NE 
Control 0 0 0 + 0 NE NE NE 

3 Irrad. 25.0 37.5 86 69 + 0 ++ + NE NE NE 
Control 0 0 0 0 0 67/6 0 + 

4 Irrad. 26.3 37.5 84 69 0 + +++ ++ 185/5 +++ ++ 
Control 0 0 0 0 0 66/5 0 0 

*NE, not examined. 

tExpressed as average thickness in millimicrons per number of measurements on different capillaries. 

tElectron microscopic section taken from edge of necrosis. 
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Table 2. Results with proton and alpha-particle irradiation, using doses between 6.7 and 7.7 krads and 

large-block recovery method for preparation of tissues. 

Microscopic findinE-_ 

Electron microscopy t 
Light microscopy 

Aper- Capil. Incr. 
Area ture Age at Days aft. Demye- basal fibril s 

Rabbit tissue Dose, Energy, diam. , irrad. , irrad. at Gross Hemor- Gli- lina- lamina in foot 
No.* studied krads MeV in. days sacrifice les. rhage osis tion thick.t processes 

5 Irrad. 7.0 910 3/8 75 57 
Near les. + + ++ ++ 200/5 ++ 
Free of les. 100/3 + 

Control 0 0 0 0 0 85/11 ++ 

6 ,Irrad. 7.0 910 3/8 75 61 
,Near les. + + ++ ++ 267/3 ++ 
Free of les. 116/6 ' ++ 

Control 0 0 0 0 0 86/3 + 

7 Irrad. 7.0 910 3/8 75 61 
Near les. + ++ ++ ++ 166/3 +++ 
Free of les., 90/2 + 

Control 0 0 0 0 0 96/3 ++ 

6.8 1/4 64 
.. 

0 166/3 NE 8 Irrad. 38 88 + + + 
Control 0 0 6 6 6 '90/2 6 

9 Irrad. 7.6 40 1/4 59 225 0 0 0 0 NE NE 
Control 0 5 0 0 0 NE NE 

*Brain tissue of Rabbits 5, 6, and 7 was irradiated with alpha-particle radiation; that of Rabbits 8 and 9, with proton radiation. 

t NE , not examined. 

tExpressed as average thickness in millimicrons per number of measurements on different capillaries. 
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Table 3. Results with proton irradiation using doses between 6.0 and 6.5 krads and an aperture of 1/4 inch. 

Microscopic findings * 

Electron microscopy 
Light microscopy Capil. 

Area Age at Days aft. Demye- basal 
Rabbit tissue Dose, Energy, irrad. irrad. at Gross Hemor- Gli- lina- lamina 
No. studied krads MeV days sacrifice les. rhage osis tion thick) 

10 Irrad. 6.4 42 56 24 5 5 5 5 175/2 
Control 5 5 5 5 5 NE 

11 Irrad. 6.2 42 56 28 5 5 5 5 91/7 
Control 5 5 5 5 0 NE 

12+ Irrad. 6.0 37.5 84 33 5 ++ ++ ++ 76/3 
Control 5 5 5 5 5 85/4 

13§ Irrad. 6.2 42 56 67 5 0 +++ ++ 90/7 
Control 5 0 5 + 5 NE 

1411 Irrad. 6.1 37.5 84 69 0 NE NE NE 97/7 
Control 5 5 5 5 5 66/5 

15** Irrad. 6.3 37.5 86 69 0 NE NE NE 70/3 
Control 0 5 5 5 5 67/6 

*NE, not examined. 

tExpressed as average thickness in millimicrons per number of measurements on different capillaries. 

t Same animal as Rabbit 1, but opposite side of brain. 

§Same animal as Rabbit 2, but opposite side of brain. 

lIsame animal as Rabbit 4, but opposite side of brain. 

**Same animal as Rabbit 3, but opposite side of brain. 
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Table 4. Results with alpha-particle irradiation using a dose of 5.5 krads and 910 MeV. 

MicroscoEic findings 

Electron ITlicroscopy * 

Aper- Light ITlicroscopy 
Capil. Incr. 

Area ture, Age at Days aft. DeITlye - basal fibrils Endo-
Rabbit tissue diaITl .• irrad .• irrad. at, Gross HeITlor- Gli- lina- laITlin\ in foot thel. Capil. 

No. studied in. days sacrifice les. rhage osis tion thick. processes swelL stasis 

16 ,Irrad.' 1/4 75 47 5 5 5 5 47/9 5 5 5 
Control 5 5 5 5 52/4 ++ + 5 

17 Irrad. 1/4 75 47 5 ++ +++t ++ 150/6 ++ 5 5 
, Gontrol 5 a a a 93/3 5 5 5 

18 Irrad. 1/4 75 53 5 5 + 5 66/3 ++ 5 5 
Control 5 5 + 5 55/4 ++ 5 5 

19 Irrad. 1/4 75 61 5 5 5 5 51/4 ++ 5 5 
Control " - 5 5 ,5 5 65/4 + 5 5 

20 Irrad. 3/8 63 69 5 5 5 5 200/1 +++ + 5 
Control 5 5 5 5 66/3 5 5 5 

21 Irrad. 3/8 63 69 5 + 5 5 40/3 + 5 5, 
Control 5 5 0 5 NE NE NE NE 

22 Irrad. 1/4 75 76 a ++§ +.++ ,+ 48/4 ++ 5 5 
Control 5 5 + 5 50/3 + 5 5 

23 Irrad. 3/8 63 97 5 + 5 5 75/6 + + 5 ~ 
Control 5 + a a 65/5 + + 0 0 

t-I 

0 
Z 

*NE, not examined. 
M 
() 

tExpressed as average thickness in ITlillimicrons per number of ITleasureITlents on different capillaries. ~ 
til 
t-I 

tMicroscopic area of necrosis 0.5 ITlITl in diaITleter in white ITlatter. 
til 

0 

§ Areas of frank tissue n~crosis. 
"'l 
b::t 

~' 
t-I 

Z 

.. ~ 



• 

Table 5. Results with proton irradiation using doses between 2.4 and 5.49 krads. 

Microscopic findings 

Electron microscopy * 

Light microscopy 
Aper-

Area ture Age at Days aft. Demye-
Rabbit tissue Dose, Energy, diarn. , irrad. , irrad. at Gross Hemor- Gli- lina-

No. studied krads MeV in. days sacrifice les. rhage osis tion 

24 Irrad. 5.4 47.5 1/4 56 12 6 6 5 5 
Control 5 5 6 5 5 

25 t Irrad. 5,3 40 1/4 57 225 + 6 ++ + 
Control 6 5 5 5 5 

26 Irrad. 2.5 37.5 1/8 86 196 + ++ ++ + 
Control 6 0 0 0 0 

*NE, not examined. 

tExpressed as average thickness in-millimicrons per number of measurements on different capillaries. 

tThe large -block recovery method was used in preparing tissue from Rabbit 25 for examination. 
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animals were injected intravenously with 1 ml of 10% try pan blue solution the day preceding 

sacrifice to help identify the irradiated area. All animals were perfused through the ascend

ing aorta with 5% glutaraldehyde in 0.1 M phosphate buffer while under pentobarbital anes

thesia. Some animals were premedicated with chlorpromazine. A perfusion pressure of 3 ft 

of water was used. Heparin solution (0.5 cc of a 1: 1000 dilution) and 0.5 cc of Z% NaNO
Z 

solution were. injected into the left ventricle immediately prior to inserting the cannula into 

the ascending aorta to start the perfusion. The blood was flushed from the vascular bed with 

about 150 ml of Palay's (1Z) balanced salt solution at room temperature until the flow from 

the incised right atrium began to clear. Then the glutaraldehyde at 4°C was started and run 

at a rate of 800 ml in 45 min. 

After completion of the perfusion the brain was cut transversely through the irradi

ated area, half of the irradiated area being taken for light microscopy and the other half being 

used for electron microscopy. All tissue for light microscopy was stained with hematoxylin 

and eosin and luxol fast blue. In addition, many tissue sections were stained with cresyl vio

let, phosphotungstic acid hematoxylin (PTAH), periodic acid-Schiff (PAS), or Holmes' silver 

stain for nerve fibers. Tissue for electron microscopywa·s handled in two ways. In all ani

mals except Rabbits 5, 6, 7, 8, 9, and Z5 (Tables .Z and 5), tissue from the presumed irradi

ated area and control tissue from at lea:st 1 cm anterior to the irradiated area was minced in 

Palade's fixative at 4°C. Fixation was then continued in Palade'sfixative for 1 hr. Then the 

tissue was dehydrated in graded alcohols and embedded in Araldite according to the procedure 

of Glauret (13) or in Epon 81Z using the procedure of Luft (14). Sections were cut on a Sorvall 

MT-Z ultramicrotome using glass knives and stained on the grids with uranyl acetate and 

Reynold's (15) lead citrate solution. Specimens ~ere examined and photographed using an 

Hitachi HU-11 electron microscope. Basal lamina thickness measurements were made from 

one outermost border to the other. 

In order to examine specifically areas of early necrosis measuring less than a few 

hundred mic rons in diameter, a large -block embedding and recovery procedure was developed 

so that the local areas of radionecrosis could first be found with the light microscope and then 

taken for examination in the electron microscope. We have also used this procedure success

fully to isolate micrOscopic areas of skin and bone marrow for ehictron microscopy. The pro

cedure was used for -Rabbits 5, 6, 7, 8, and 9, as indicated in Table Z, and for Rabbit Z5, as 

indicated in Table 5. This technique consists of taking a block of tissue from the presumed 

irradiated area ilfter completion of the glutaraldehyde perfusion as described above. This 

block of tissue, 4 mm in thickness and generally consisting of the entire cross section of one 

cerebral hemisphere, is placed in a 40% solution of OsO 4 in carbon tetrachloride of 4° C for 

1 hr, following which dehydration and embedding in Epon 81Z are done according to the follow

ing schedule: 

1. 70%, 80%, and 95% ethanol, 30 min each. 

Z. 100% ethanol, thre.e changes, 1 h~ in each. 

3. Propylene oxide, three changes., 1 hr in each. 

4. Epon 81Z, Z hr in partial vacuum or ove rnight. 

• 
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5. Epon 812, 12 hr in partial vacuum. 

6. Epon 812, 24 hr in partial vacuum. 

7. Embed in Epon 812 with 0.015 parts of DMP-30 added. 

The tissues in the embedding molds are kept at room temperature and atmospheric 

pressure for 24 hr, following which they are transferred to a 55 -60°C oven until polymeriza

tion is complete (about 72 hr). All Epon mixtures, made according to Luft (14), are used 

with an A to B ratio of 1 to 1. The vacuum used is adjusted to a predetermined gauge reading 

such that bubbles will not quite appear in the plastic. After completion of the polymerization, 

sections are cut at 4 f.L by using a heavy sledge microtome, the Jung Model K microtome, and 

a No. K-2 knife. These sections may be collected dry with a brush or with a brush dipped in 

70% alcohol and mounted on slides by floating on an absolute alcohol bath. After taking the 

sections to xylene, cover slips are applied with Permount. The sections can be examined 

unstained or they may be stained with a stock Giemsa solution for 30 min. After examining 

the mounted sections and finding the desired area for electron microscopy, the slide-is 

matched to the cut tissue-block face under the dissecting microscope and the desired area is 

removed from the block in a 0.5 mm cube with a pointed Bard-Parker (No. 11) scalpel blade. 

This small 0.5 mm block is then placed in 1 part propylene oxide and 1 part of Epon 812. 

After 30 min it is transferred to pure Epon with 1.5% DMP-30 in the capsules. After poly

merization for 48 hr at 60° C the ultrathin sections are cut and stained with uranyl acetate and 

Reynold's lead citrate (15), and examined in the electron microscope as above. 

Since the initiation of this work, Grimley (16) has independently developed a similar 

technique. He, however, does not use tissue blocks as thick as those that can be examined by 

the method described here. This is because the 40% OsO 4 employed in our method has double 

the penetration of a 1% aqueous solution, and thus allows the use of thicker blocks. Grimley 

(16) also re-embeds the tissue from the light-microscopy section for ultrathin sectioning for 

electron microscopy. We have tried this since the appearance of his paper, but find some 

difficulty with fracturing of the tissue when it is removed from the section for electron micros

copy as he described. In the technique developed by De Bruijn and McGee-Russell (17), which 

has similarities to both our technique and that of Grimley (16), one cuts out the selected area 

from the large block for ultrathin sectioning by using a small trephine or one grinds down the 

block face around the selected area with a dental burr. 

In order to confirm capillary changes in areas adjacent to necrotic tissue, we have 

used the scanning electron microscope (18). We have developed a technique for examining 

standard-size light-microscopy sectio~s with this instrument. The details of this technique 

are reported elsewhere (19). Secondary electrons we-re used to build up the scanning micro

scope image. 

To evaluate capillary alterations further; focal necrosis was produced in the right 

cerebrum of one rabbit by injecting a 2% suspension of glass beads 14-40 f.L in diameter into 

the right internal carotid artery. Two weeks following the injection, the animal was sacrificed 
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and examined by conventional light microscopy with the stains already described. In addition, 

large blocks were embedded in Epon 8i2, and areas adjacent to necrotic foci were taken for 

transmission electron microscopy, using the large-block recovery method. 

RESULTS 
Microsc.opic changes are recorded in Tables i, 2, 3, 4, and 5. In the proton-irradi

ated brains, the area at the end of the beam path (Bragg peak) was not studied because the 

effective radiation dose [as compared to conventional X ray (9)] is higher there than indicated 

in the tables. With doses greater than 20 krad (Table i), a radiation-induced hole in the 

sensory cortex is usually seen (Fig. i). This lesion has a "punched'-out" appearance. and on 

light microscopy it is found to. have a narrow, band of reactive astrocytes along its edges. At 

lower radiation doses producing. delayed radionecrosis (Table 2), the typical lesion as seen in 

the light 'microscope consists of a central area of gitter cells, or occasionally a spongy neuro

pil with a few recognizable cells will remain. Sclerosed blood vessels are often recognizable 

in and about these areas. Perivascuj.ar hemorrhages are sometimes observed, usually sep

arate from any area of distinct necrosis. White matter tends to be more involved than does 

gray matter. Demyelination is seen about areas of necrosis .and perivascular hemorrhage. 

About the edges of areas of frank necrosis, gliosis is often intense. In those instances in 

which frank necrosis has not yet occurred, there may be some increase in the glial cells and 

fibrils, but this is not usually. marked .. Where· there is no frank necrosis.and gliosis, there 

is no vessel sclerosis.. Accum.ulations of amyloid-like material are only occasionally found. 

Electron-microscopic examination of areas within the radiation field, but not showing 

necrosis by gross examination, shows swelling of the endothelial cells and thickening of cap

illary basal lamina; e. g., iiO mf.L versus 90 mf.L [the term "basal lamina, " as proposed by 

Fawcett (20), is used rather than "basement membrane, " which has a less restricted meaning 

in light .microscopy]. An increase in glial fibrils, both in astrocytic foot proce sse s and at 

sites remov~d from the capillary wall, is also seen. , In addition, there. are increased numbers 

of irregularly shaped and irregularly staining inclusions and vacuoles in the astrocytic foot 

processes. 

In material taken di.rectly for osmification from the glutaraldehy.de -perfused brain, 

one is never sure that the tissue being examined in the electron microscope is not in or adja

cent to an area of necrosis, and the changes observed in capillaries might therefore be secon

dary to the necrosis rather than related to the development of necrosis. In tissue from Rabbits 

5, 6, and 7, in the study of which the large-block recovery method was used (Table 2), how

ever, it is possible to exclude any 'nearby necrosis by preliminary light microscopy [Fig. 2(a)] 

over the entire i-cm-square section., In those tissues in which the large-block recovery 

method was used, three areas were taken for electron microscopy. These areas were: tissue 

adjacent to areas showing early radionecrosis [Fig. 2(b)]; the tissue in the beam path but 

showing no relationship to areas of radiation necrosis by light 1p.icroscopy [Fig. 3(a)]; and the 

control tissue out of the beam path taken from the boundary between the gray and white matter 

[Fig. 3(b)]. Areas adjacent to early radiation necrosis were characterized by capillary basal 

lamina thickening (Fig. 4), excrescences of the basal lamina and morphologic changes in the 

.r 

, 

J 



McDONALD AND HAYES 163 

Fig. 1. Brain (Rabbit 3) with radia
tion-induced hole in sensory cortex of 
right lobe of cerebrum. Dose was 25 
krads, using 0.3 -em-diameter, 37.5 
MeV -proton beam; animal was sacri
ficed 69 days following irradiation. 

XBB677-4108 

Fig. 2 (a). Brain tissue, 8-fJ.-thick 
section (Rabbit 6). Material obtained 
by large-block recovery method. 
Small areas of nee rotic tis sue at right 
of center, with ghost outlines of tissue 
components remaining. Giemsa stain. 
X170. 

(b). Areas of inc reased elec
tron density where glial fibrils meet 
plasma membrane (arrow) cross field 
adjacent to thickened capillary basal 
lamina. 

XBB677-4109 
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Fig. 3( a). Tissue from same block [Fig. 2( a )], within beam path but rerrlOved from radio 
necrosis, shows splitting of capillary basal lamina, edema of pericyte and endothelial-cell 
cytoplasm, and increased numbers of various inclusions . 

( b) . Capillary outside radiation field [same tissue block as Fig. 2( a)]. 

XBB677 - 4110 
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Fig. 4. Distribution of basal laInina 
thickness (averages froIn Tables 1-5) 
of control and irradiated areas of 
brains of 22 aniInals.' Blocks with 
narrow diagonals indicate area irradi
ated in beaIn path, near lesions ~in 
Table s, "irradiated" -without Inention 
of relationship to lesions). Blocks 
with wide diagonal s, area irradiated 
in beaIn path, free of le sions; deter
Inined by large -block recovery Inethod. 
Blocks with stippling, control (not 
irradiated, out of beaIn path) and froIn 
left cerebruIn of glass -bead injected 
aniInal. Ave rage basal laInina thick
ne s s, 100 Inf.!. 

cytoplasIn of endothelial cells and pericytes [Fig. 2(b)]. These changes consisted of an in

crease in Inultivesicular bodies and in nUInber and size of vacuoles, a decrease in endoplas

Inic reticuluIn and ribosoInes, and loss of general staining of the background cytoplasIn. The 

extracellular space appeared to be increased, and glial processes adjacent to' the capillary 

basal laInina had increased nUInber of dark inclusions and electron-dense banding of the plas

Ina IneInbrane adjacent to the basal laInina. 

Tissue in the beaIn path, but showing no relationship to areas of necrosis, also 

showed capillary basal laInina thickening but to a lesser degree (Fig. 4). The Inorphologic 

changes in endothelial cells and pericytes described above were also found in this tissue but 

were not generally as advanced as in the case of tissue adjacent to necrotic areas. In Fig. 

3(a), however, the changes are shown to be quite advanced, with Inarked vacuolation of the 

endothelial cell cytoplasIn at the left of the field. There is irregular splitting of the basal 

laInina running diagonally across the field, and Inany irregular inclusions are present in the 

pericyte cytoplasIn in the upper right of the field. 

Scanning electron Inicroscop¥ produced stereoscopic inforInation about the structure 

of capillaries of,heInorrhagic [Fig. 5(a)] and control [Fig. 5(b)] areas of the brain. The 

depth of the sec,tion (4 f.!) can be seen, and the inside of the capillary wall, the Inore rigid 

basal laInina at ,the crest of the wall, red blood cells, and the surrounding neuropil are all 

shown in three -diInensional aspect. The basal laInina appear s Inuch thinner in the control 

region [Fig. 5(b)] than in the heInorrhagic area [Fig. 5(a)], supporting the results of the 

IneasureInent done by standard two-diInensional electron Inicroscopy (Fig. 4). 

'The necrotic areas produced by the injection of the 14-40 f.! glass beads were found 

Inore often in white Inatter than in gray Inatter. Irregular inclusions, vacuoles, and appar

ently degenerating Initochondria are present in the astrocyte cytoplasIn, and proIninent 

electron-dense "beading" is apparent where glial fibrils Ineet the cytoplasInic IneInbrane 
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Fig . 5 (a) . Scanning-beam electron micrograph, using secondar y e lectron mode . Tissue i s 
from area of perivascular hemorrhage (Rabbit 7) . R e d cells appear in three-dimensional 
aspect within blood vessel at top. Prominent basal lamina stands out at edge of ve ssel (arrow). 
Part of capillar y is present across l umen ( double arrow ), whe re glass supporting section is 
seen as dark background. X5000; 45° specimen tilt. 

( b ). Scanning electron m ic rograph taken outside beam path shows c apillar y wall cut 
longitudinally (Rabbit 7). Inside wall of capillary at bottom, neuropil at top . X5000; 45° 
spe cimen til t . 

XBB677 - 4111 
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adjacent to the basal laITlina. The basal laITlina itself is often split or broken although the 

endothelial cytoplasITl ITlay appear norITlal near necrotic areas produced by glas s -bead injection. 

DISCUSSION 
FroITl the results presented, there is no doubt that thickening of capillary basallaITl

ina occurs following particle radiation of the rabbit brain. SiITlilar findings have been re

ported by Cerv6s -Navarro (21) using 60Co gaITlITla radiation. Even before the large -block 

recovery ITlethod was developed, it was thought that this thickening of the basal laITlina pre

cedes or occurs independent of necrosis. By using the large-block recovery ITlethod, it was 

found that capillaries distant froITl areas of necrotic tissue but in the beaITl path show basal 

laITlina thickening but less than that seen near areas of necrotic tissue; basal laITlina splitting 

and apparently autolytic changes in the cytoplasITl of all cellular cOITlponents adjacent to the 

capillary are seen in these irradiated areas not related to necrotic tissue. SiITlilar capillary 

changes have been described in chronic turpentine abscesses in ITluscle (22). 

Capillary alterations appear to precede general tissue necrosis. The fact that there 

are fewer capillaries in white ITlatter (23) would explain necrosis occurring selectively here 

where the failure of one capillary ITlakes up a higher percentage of the total capillary supply 

than where ITlore capillaries are present, as in gray ITlatter. 

In the scanning electron ITlicrographs there is increased proITlinence of the basal 

laITlina in the irradiated area with perivascular heITlorrhage [Figs. 5(a) and (b)]. The proITl

inence of the basallaITlina is due both to its thickness and its height above the adjacent section 

surface. It appears that the basal laITlina has ITlore rigidity than other tissue cOITlponents that 

are retracted down to forITl a lower level of the sectioned surface. In nonirradiated areas, 

the entire capillary basal laITlina and endotheliuITl is thinner than in the irradiated area. With 

the scanning electron ITliCroscope, one has a stereoscopic iITlage of surfaces with the additional 

advantage of continuous ITlagnification froITlless than X50 (for surveying i-sq. -CITl tissue sec

tions) to an effective ITlagnification of ITlore than X5000 (with a resolution of better than 0.1 fl.). 

With newer instruments of this type becoITling available, resolution should be better than 200 A. 

Following glass-bead injection, the necrotic foci involve white ITlatter ITlore than gray 

ITlatter. Astrogliosis is present but generally less ITlarked than in the radiation-induced 

lesions. Also, sclerosis of vessels in the lesion is not a feature as in the case of the radia

tion-induced lesion. The electron ITlicrographs show SOITle splitting of basallaITlina of capil

laries, but the basal laITlina is Ie ss thickened and without surface irregularitie s. Inte re stingly, 

one sees beads of increased electron density where glial fibrils (ITlicrotubules) COITle in contact 

with plasITla ITleITlbrane adjacent to the basal laITlina. The plasITla ITleITlbrane is indistinct in 

the se areas. SiITlilar change s are seen in the plasITla ITleITlbrane in irradiated brains [Fig s. 

2(b) and 6]. One is teITlpted to conjecture that these changes in glial fibrils are related to 

alterations in the transfer of ITletabolites by the glial cells. With aldehyde fixation such 

ITlicrotubules as glial fibrils are being shown to interconnect ITlany of the ITleITlbrane systeITls 

of the cell. Sandborn (24) has deITlonstrated connections between ITlicrotubule s and other 

ITleITlbrane structures, such as ITlitochondria, endoplasITlic reticuluITl, and plasITla ITleITlbrane. 
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Fig. 6. Electr on -dense band
ing {Rabbit 5} where glial 
fibrils ITleet plasITla ITleITl
brane {arrows }. Capillary 

-luITlen- at lower right. 7.0 
krads ne ar l esion. X31,000. 

XBB677 -411 2 

He believes these ITlicrotubules may serve a transport function w ithin the cell, as well as 

providing mechanical support function within t he cell or as a ITleans of ITlechanical ITlotion 

as h as been the u sual interpretation. 

Usin g a fourfold chi-square test with the Yates sITlall-nuITlbe r correc tion, th e thick

ening of the capillary basal laITlina is significant t o p < 0 .01. There is conside r abl e ove rlap 

of ITleasureITlents of both irradiated and control areas , b u t ITlore iITlportant is the l ack o f any 

contr ol ITleasureITle nts greater th a n 100 ITlfJ- (Fig. 4) . Our expe r ience with localiza tion of 

cyclotron beaITls ITlakes us confident that the control tissue l ay outside of the beaITl path and 

di d not receive ITlore than 1% of the radiation dose. Howeve r , without any gross or ITlicro 

scopic lesions in the beaITl path, the r e is always the possibility tha t the "irradiated" tissue 

taken for e l ec tron ITlic roscopy was not in the beam path. Thus it is to be expec t e d that SOITle 

"irradiated" capillary basal laITlina ITleasureITlents woul d f a ll in the control range because, 

in fact, the tissue was not irradiated. The contr ol a r eas , however, were never irradi ate d 

and never have capillary basal l aITlina thicknesses in the r adia t ed range (grea ter than 10 0 ITlfJ-). 

While the present study strongl y supports the hypothesis that capilla ry alte rations 

are the priITlary cause of radionecrosis, certai n observations suggesting priITlary effects on 

glial cells should be noted . Studies of ZeITlan (7) showed disturbances of nucleic acid ITletab 

oliSITl of glia l cells preceding delayed r adionecrosis , and the ITlorphologic observations of 

Baily (6) deITlonstrated differential radiosensitivity of cells in chronic lesions. Alteration in 

capillary structur e, as shown in the present paper , appears to be sufficient to interfere both 

with passage of blood through the lUITlens and with ITlaintenance of permeability of the capillary 

wall. Changes in n ucleic acid ITletabolisITl and in ITlorphology of the glial cells could occur 

secondarily to capillary failure and subsequent tissue injury (25). The priITlary effects of 

central nervous systeITl irradiation l eading to delayed necrosis appear to be associated with 

the capillary bed. 
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SUMMARY 
Increase in capillary basal lamina thickness is regularly seen from 1 to 3 months 

following proton or alpha-particle irradiation of the rabbit brain. This thickening is present 

in areas adjacent· to radionecrotic tissue. 

Radiation changes that appear in areas not related to necrotic tissue include endothe

lial- and perivascular-cell edema. The number and size of cytoplasmic vacuoles and inclu

sions is increased. Splitting of capillary basal lamina is present, but thickening of basal 

lamina is not so marked as in areas adjacent to necrotic tissue. 

The scanning electron microscope and a large -block recovery method for trans

mission electron microscopy were used to show that the capillary changes are limited to the 

irradiated area and that capillary basal lamina thickening is found primarily in areas adjacent 

to necrotic tissue. 
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Robert G. Plantz 
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