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FLUORESCENT THYROID SCANNING: A NEW METHOD OF 
IMAGING THE THYROID* 

BY 
P P. B. Hoffer, W. B.  ones,^ R. B.   raw ford,^ R. Beck, and A. Gottschalk 

A method has been developed for imaging the thyroid gland through the use of K-shell fluo- 
2 rescence. This work was stimulated by the pioneer efforts of ~acobson,' Edholm, MacKay, 3 

4 Heedman, and Roy et a ~ , ~  whose studies demonstrated the feasibility of radiologic detection of 
in vivo thyroidal iodine. Although it is well known that the thyroid gland selectively traps and in- 
corporates significant amounts of iodine, it is not generally appreciated that the iodine content 

6 of the average thyroid gland is only .04 per cent by weight. Nevertheless, this quantity i s  suffi- 
cient to act a s  the target in the system to be described. 

The technique for imaging the thyroid gland presented in this communication incorporates 
the basic scheme of an x-ray fluorescent spectrometer. The equipment is a modification of the 
TMC Model 331 photon spectrometer used in conjunction with a dysprosium-159 radiation 
source. The dysprosium is placed in the flanges of a collimator, and a lithium drifted silicon 

2 crystal (30 mm with 3 mm depleted region) is located behind the collimator in a low tempera- 
ture vacuum chamber. A human thyroid gland, embedded in a plastic neck phantom serves a s  
the target in this study, and is placed in front of the source detector system. The experimental 
set-up is illustrated in F'igures 1 and 2. 

Dysprosium-159 is used a s  the radiation source because it produces a reasonably mono- 
chromatic 44.5 KeV x-ray. This energy is above the K-shell edge of iodine which is 33.2 KeV. 
It is also high enough above the characteristic radiation of iodine not to interfere a s  background. 
When the 44.5 KeV source x-ray interacts with a K-shell electron in the iodine atom, a photo- 
electron is produced and a vacancy is created in the K-shell. An electron falls from one of the 
outer shells to replace it, and a characteristic x-ray is produced. The probability of this occur- 
ring is 87 per cent. When the electron is from the L-shell, the 28.5 KeV K, characteristic x- 
ray is generated. When the x-ray is from the M-shell, the 32.3 KB characteristic x-ray is gen- 
erated. Production of K, x-rays predominates over the production of Klg x-rays in a ratio of 

7 7.5/1. It is the K, x-ray with a half-value layer in soft tissue of 2 cm that is used to pro- 
2 duce the thyroid image in this system. The detector is a 30 mm lithium-drifted silicon crystal 

with a depleted layer of 3 mm. The energy resolution of this crystal in the energy range of 30 
KeV is better than 500 eV full width a t  one-half maximum at 78OK The efficiency of collection 
is % 66 per cent. 

The target phantoms in this study consisted of normal thyroid glands (obtained a t  autopsy) 
fixed in formalin and embedded in a plastic (lucite) cylinder 9 cm in diameter. At no point was 

 his report was presented before the Radiological Society of North America, Chicago, No- 
vember, 1967, and appears in Radiology, 90:342, 1968. 

?~epartment of Radiology, The University of Chicago. 
$Special Products Division of the Technical Measurements Corporation, San Mateo, Cali- 

fornia. 



SOURCE 

VACUUM CHAMBER -- THYROID 

DETECTOR 

Figure 1. A diagrammatic representation of the fluorescent scanner. 
The source consists of two 0.3 microcurie dysprosium-159 encapsulat- 
ed pellets; the detector is a lithium-drifted silicon crystal; and the col- 
limator a single 1/8-inch straight bore hole. 

Figure 2. Actual photograph of the experimental set-,. The target 
phantom is made from a human thyroid gland imbedded in lucite. 



the gland closer than 3 mm to the surface of the phantom, and the average thyroid mass had 1 
cm of tissue equivalent over it. The neck phantom was then placed against the source-detector 
system and an image was obtained Because a weak 0.6 millicurie dysprosium source was used, 
counts were collected at 7 mm intervals across the gland with a 7 mm vertical line separation 
rather than by a continuous scan. The time required for each interval count was 40 minutes. 
The signal from the crystal was amplified and recorded in a 400 channel analyzer. An x-y plot- 
ter was used to store information from each 7 mm interval. Figure 3 demonstrates an x-y plot 

Figure 3. x-y plot derived from the multichannel analyzer. This matrix 
point was near the center of one lobe of the gland. The K, peak (28.5 
KeV) is easily identified above background. 

of the multichannel recording from one of these interval points near the center of one lobe. The 
K, peak is clearly seen above the background scatter radiation. The counts from the five chan- 
nels centered at the Kd peak were integrated from the multichannel plot (12.2 channels per 
KeV). The five channels immediately above and immediately below the iodine peak were also 
integrated and subtracted a s  background from the peak counts. A numerical matrix was thus 
produced which represents the counts above backg1;ound at each point. From this matrix, an iso- 
bar map of the thyroid was constructed (see Figure 4). 

To determine the spatial resolution of the crude collimator used, a .002 inch molybdenum 
wire was placed in the phantom at  a depth of 3 mm and scanned a t  1 mm intervals. The curve 
produced had a full width a t  one-half maximum of 3 mm. 

This system offers several advantages over conventional thyroid scanning. Patient irradi- 
ation is incurred only during the examination since no radioactivity is injected in the subject. 
The examination time is consequently dependent only on the strength of the dysprosium source 



[SO COUNT ISOBARS1 

VISUAL TRACE 

Figure 4. A comparison of the fluorescent scan with a visual outline of 
the thyroid gland in the phantom. The isobars are  drawn at 50 count in- 
tervals above background. 

used. These preliminary studies demonstrate that a thyroid image containing more than 8,000 
total counts (maximum count density 700 per cm2) can be obtained with a dose of but 500 m rads 
to the gland (see Appendix). 

The potential of this technique seems particularly exciting because it adds a unique param- 
eter to thyroid imaging. The fluorescent scan will provide information about the distribution of 
iodine in the thyroid, but gives only indirect information about gland function. As a result, it 
may p r w e  to be most valuable when used in conjunction with conventional scanning. A battery 
of images utilizing the technetium pertechnetate scan, the radioiodine scan, and the fluorescent 
scan would thus prwide information about thyroid trapping, hormone formation, and overall 
iodine distribution. It is even possible that the fluorescent scans of lTcoldTT nodules would show 
differences in iodine distribution that might be characteristic enough to permit accurate diag- 
nosis of the various etiologies responsible for these lesions. 

Although no scans have yet been carried out on humans o r  animals, a scanner that will be 
suitable for such studies is in the process of construction. 

APPENDIX 

The anterior surface of the thyroid gland was chosen for dosimetry calculations because it 
is the portion of the gland closest to the radiation source, and therefore receives the highest 
dose. The measured air dose a t  the surface of the phantom was 700mR/hr. Since each point 
count required forty minutes of exposure, the surface air dose was 467 rnR. The 3 mm of tissue 
between the phantom surface and anterior gland surface produced approximately 9 per cent at- 
tenuation. Backscatter was calculated to be less than 16 per cent. The dose at the surface of the 
thyroid gland was therefore approximately 500 m rads. Because a crude collimator system was 
used, the areas receiving the highest dose were those outside of the field of view of the collimat- 
ed crystal. With an improved collimator, it should be possible1 to maintain a uniform 1 cm source 
to skin distance, thereby reducing the gland surface dose to 175 m rads. 



Since both dose and count ra tes  a r e  directly proportional to source strength x time, increas- 
ing the source strength will allow a proportional decrease in counting time with no change in 

dose. To illustrate, our current counts were accomplished with a 0.6 millicurie source in forty 
minutes, giving an exposure of 0.4 millicurie-hours. It is feasible to increase the source strength 
to 160 millicuries. The counting time pe r  point could then be reduced to about ten seconds, and 
the exposure would remain approximately 0.4 millicurie-hours. The matrix density we have used 

2 2 in our phantom is one point per  49 mm o r  about 2 points pe r  cm2. Assuming a 100 cm a r e a  to 
be scanned, 200 point scans would be required. With a 160 millicurie source, the counting time 
for the entire a rea  would be 33 minutes. Since the points a r e  not overlapping, the exposure would 
again be 0.4 millicurie-hours o r  approximately 500 m rads  to the anterior thyroid gland surface. 
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BY 

R. N. Beck 

The modulation transfer function, MTF(v), describes the response of a linear image-form- 
ing system to a sinusoidal object with spatial frequency ~:v~cycles/cml. This is analogous to the 
temporal frequency response of an electronic amplifier or  filter. The rationale for this descrip- 
tion ar ises  in a natural manner from the fact that any object and its image can be described in 
terms of the amplitudes and phases of their respective frequency components;' the MTF(v) is 
simply a measure of the efficiency with which the modulation a t  each frequency v is transferred . 

by the imaging system from the object to the image, and is unaffected by the average or "DC 
component" of the object. 

2 4 The MTF(v) has been used in optics, photography,3 and diagnostic radiology a s  a mea- 
sure of spatial resolution which is more general than a single number, such a s  the resolving 
power for line patterns. The latter may be thought of a s  indicating the highest spatial frequency 
to which a system responds adequately. The need for this more general measure of resolution 
exists because image quality is not necessarily correlated with resolving power, since the high 
frequency response does not indicate how well an imaging system responds to object components 
of lower frequency.5 In short, the intuitive notion that the system which best reproduces the 
small structures (high frequency components) in an object will certainly reproduce the large 
structures best, is false. 

When applied to radioisotope imaging  device^,^" the MTF(") can be used to describe the 
response of a collimated radiation detector to a planar source of radioactivity (located a t  a dis- 
tance z from the collimator face) in which the concentration varies sinusoidally with spatial fre- 
quency ~[cycles/cm] = 1 /A ,  where X[cm] is the wave length. Using the notation of Figure 1, the 

t typical object component is a plane-wavc distribution, uniform in the y direction, described by 

0 (x)[photons = Z + 3 v)sin2 a v  x. 
sec-cm 

The (true mean) object modulation o r  contrast, mo(v), is defined by 

When the detector axis is a t  the point x, this object structure gives rise to a detector count rate 

*. 

This report appears in part as  a chapter in Handbook of Radionuclides ed. by John Cam- 
eron, published by the Chemical Rubber Co., Cleveland, Ohio. 

T ~ o r e  explicit notation would indicate that this source is the differential element of a vol- 
emitted], at a distance z from the collima- ume distribution of radioactivity, p (x, y, z) [p sec-cm 

tor and a t  a depth zo below the tissue surface, with effective source strength given by do(x,y,z) 
= P ( ~ , y , z ) e - ~ ~ ~ d z .  In addition, it is assumed here that the frequency spectra for the x and y di- 
rections a r e  identical, so that a one-dimensional treatment suffices. 



IMAGING SYSTEM 

OBJECT 

SPACE FREQUENCY, 
(*) 

Figure 1. 

with a true mean value C(x), which is also sinusoidal and described by 

= C + C"( ")sin 2 Tux. C(x) [r 

Since this count rate gives r i se  to an  image, the (true mean) image modulation o r  contrast, 
mI(v), is defined by 

The modulation transfer function is simply the ratio of image modulation to object modulation, 
defined by 

From equations (2) and (5) i t  is clear that MTF(v) can be determined directly by measuring 
mI(v)., described by equation (4), with a sinusoidal source for which uo = 0 q d  mo(v) = 1 (or 
with any other sinusoidal source for which mo(v) is known).. For these measurements, it is con- 

. venient to use as a test  object a s'inusoidal sunburst pattern of radioactivity which contains the 
useful range of v.6,7 

Alternatively, it .hiis been that the MTF(v) can be determined from the line 
spread function, L(x), which describes the response to a uniform line source of radioactivity, 
parallel to the y-axis, and a t  a distance z from the collimator face (see Figure' 2). In this  case, 
MTF(u) is equal to the Fourier transform of L(x), normalized s o  that MTF(o).= 1; that is, 



Figure 2, The line spread function, L(x), (depicted here for a line ' 

source in the focal plane at a distance z = F from the collimator face). 
consists of three principal componelits: (1) LG(x), due .to properly col- 
limated Y-rays emitted within the field of view with radius R. (2) Lp(x), 
due to primary Y-rays emitted within the region with radius Rp, which 
penetrate the collimator septa, and (3) Ls(x), due to'Y-rays emitted 
within the region with radius R,, which a re  scattered within the patient 
or collimator. 
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If L(x) is an even function, a s  is usually the case, equation (6) reduces to 

where x. = (j-l)Ax, j = 1,2,3.  . . m. 
J 

The approximation given in equation (7.) provides a useful basis  for computing MTF(v) 
from measured values of L(x). To measure L(x), a line source in a small diameter polyethylene 
tubing 30 cm in length is recommended,8 L(x) being measured over the range -15 cm 5 x 5 + 
15  cm. Because septa1 penetration and scattering within the collimator a r e  energy-dependent 
phenomena, and both affect L(x), the measurements should be made with the isotope to be used 
in clinical practice. If scattering within the tissue i s  to be taken into account, the measurements 
a r e  made with the line source in a suitable tissue-equivalent scattering medium. The result is 
a n  effective MTF for the particular isotope, scattering medium, ,collimated detector, and pulse 
height analyzer window setting. In this case the object 'is described simply by distribution of 
radioactivity, which also describes the distribution of emission of primary, unscattered, photons. 
Thus, the object is weakly self-luminous and embedded in a medium which both absorbs and 
scat ters  pr imary photons.. The relative numbers of scattered and unscattered photons that emerge 
f rom the tissue-equivalent medium depend on the energy of the pr imary radiation, the dimension 
of the scattering medium, the depth of the radioactivity within this medium, e t  cetera. The radi- 
ation that enters the detector consists of both unscattered photons and a continuous spectrum of 
scattered photons with reduced energy. The portion of this radiation that ultimately contributes 
to the image depends on the collimator solid angle of view, the detector sensitivity and energy 
resolution, a s  well as the setting of the pulse height analyzer window. The net overall effect of 
any particular choice of this complex se t  of parameters can be described in t e r m s  of the re -  
sponse to a point source of radioactivity. This is called the point spread function, and is propor- 
tional to the sum of probabilities that a photon emitted a t  the point (x,y) in the z plane will enter 
the detector: (1) properly, o r  "geometrically"; (2) by penetrating the collimator septa o r  side 
walls; and (3) by scattering in the tissue o r  collimator. With these components indicated by sub- 
scripts  G, p, and s respectively, the shape of the point spread function is given by 

The shape of the line spread function is then given hy 

L(x) = ~ & P ( ~ , Y ) ~ Y  = LG(x) + + Ls(x) (9) 

The total response to a uniform sheet distribution is proportional to 

I-;J:~P(x,Y)~Y~~ = J:-L(X)~ = J:-[L~(x) + L ~ ( x )  + L ~ ( X ) I I ~ ~  = ~ ( 1  + P + S) (1 0) 

which defines G, the "geometrical efficiency7? of the ~ o l l i r n a t o r , ~ ~ ~  and the penetration and scat- 

9 



t e r  fractions, P and S. The latter a re  measures of the responses due to penetration and scatter, 
respectively, relative to the geometrical response. [See Figure 1 for the relation between p(x,y) 
and L(x); Figure 2 for components of L(x) in relation'to the collimator; Figure 3 for MTF com- 
ponents. I 

Fieure 3. Larae structures a re  partially resolved even by radiation 
thgt enters the-detector by septai penetration and scatterin processes 
IMTF.. and MTF. > 0 for v < . D  cvcles/cm or A >*9his radia- 

. iion dmply reduEes MTF(v) for v-> .5.cycles/cm. 

The MTF due to properly collimated radiation alone is defined by 

. . 
Similarly, .considering penetration and scatter responses separately, we can define 

and 

From equations (6) and (lo), the MTF due to the combination of these components of detector 
response is 

. . 



and using equations ( l l ) ,  (12), and(l3), equation (14) reduces to 

MTFG(v) + P- MTF (v) + S- MTFs(v) 
MTF(v) = 1 + p + s  

If the collimator septa and side shielding are  suffickntly thick, P  << 1; furthermore, if the 
detector has good energy resolution, so that most of the scattered radiation can be eliminated 
by pulse height selection, S << 1. 

In addition, the magnitude of each component MTFG, p, s, depends on the shape,. and espe- 
cially the width, of the corresponding line spread component LG, p, s, relative to the wave 

1 length X = 5; .  Near v = 0, A is very large compared to the width of all these components, since 
all of them decrease at least a s  fast a s  the inverse of the distance from the detector axis. In 
this case, cos2nvx E 1 in equation (7), MTFG, p, = 1 in equation (15), and MTF(v) = 1. 

In the mid-frequency range that is of primary interest (see Figure 3 for > .5 cycles/cm), 
where A is comparable to the width of LG(x), but small compared to $(x) and LS(x), we find 
that MTF (u) and MTFS(v) a r e  small compared to M T F ~ ( V ) ,  and equation (15) reduces to 

P 

In this frequency range, penetration and scatter a re  essentially equivalent to background * 
radiation in the sense that they reduce the image contrast and contribute nothing to the forma- 
tion of a structured image. In the high frequency range, M T F G ( ~ )  = 0 also; thus the detector 
does not resolve very small structures. 

It is clear from equation (7) that for v = 0, cos2n LX = 1 and MTF(0) = 1 for any line spread 
function L(x). In addition, the normalization factor l / ~ : ~ ~ ( x ) d x  in equation (7) insures W t  
MTF(v) is independent of the magnitude of L(x) [and, therefore, independent of such factors a s  
the counting rate, counting time, concentration of radioactivity in the line source, et ceteral. On 
the contrary, MTF(v) depends only on the shape of L(x), which should be determined accurately, 
i.e., with negligible statistical error. In thisway, the two main causes of poor image quality, 
namely distortion and.noise, a re  separated experimentally a s  they are  separated conceptually. 
In the context of scanning, distortion occurs primarily in the form of smobthing due to &per- 
fect spatial r e s ~ l u t i o n , ~  which is associated with decreasing values of MTF(w) a s  .y increases. 
Noise, in the form of random fluctuation in the number of photons recorded per unit area, is as- 

9 sociated with limited detector sensitivity [in addition to limited source' strength, scanning time 
et ceteral. In practical systems, a compromise between resolution and sensitivity is required, 16 

and this can be seen a s  a compromise between distortion and noise. 
When the counting rate in equation (3) is written explicitly in terms of parameters used to 

describe the detector - pulse height analyzer system,7 we obtain 

.,. 
Here it is assumed that "background radiation" is independent of the source to be imaged, 

and is due to cosmic rays, radioactivity in the materials comprising the detector; et cetera. If 
C is the count rate due to such sources, it can be seen, by adding Cb to Ct and Co in equation (4, that image contrast is thereby reduced. 



Here, q is the photopeak crystal  efficiency and + is the fraction of unscattered photopeak pulses 
passed by the pulse height analyzer. 

In the mid-frequency range, where equation (16) holds, equation (17) reduces to 

counts c ( 4  ix ] = G q+[z( l  + P + S) + ~ ~ F ~ ( v ) ; ( v ) s i n 2  n vx] (184 

where equation (18b) is the same as equation (3). Comparing equations (18a) and (18b), it is 
clear that, in the mid-frequency range, penetration and scatter  contribute only to the average 
count rate, essentially a s  background radiation does. 

If the scanning time pe r  unit a r e a  is t , the count rate in equation (18) gives r i se  to a 
t rue  mean image defined by 

Observed images will be distributed about N(x) with a standard deviation S.D.[N(x)l = m, 
o r  a fractional standard deviation given by 

The quantity c is a measure of the statistical e r r o r  o r  noise in the image due to random 
fluctuation of u(x). For  a noise-free image, it is necessary that c = 0; however, since N(x) is 
always finite in practice, image quality is always limited (to the extent that c > 0) by noise. 

Comparing equation (17) with equation (I), i t  is clear that C(x) can yield an  undistorted im- 
age of u(x) only if MTF(v) = 1. From equation (16), this  condition is satisfied in the mid-fre- 
quency range only if MTFG(v) = 1, and P = 0 and S = 0. In practice, these conditions a r e  never 
met, and to the extent that MTFG(v) < 1, image quality is limited by spatial resolution. 

' 

Equation (19b) provides a useful description of the true mean image of a sine-wave distri- 
bution of radioactivity in t e r m s  that relate the noise and &stortion to parameters which describe 
the situation. To summarize: 

1. Noise in the image results  from the fact that the scanning time, concentration of radio- 
activity, and sensitivity to properly collimated radiation a r e  necessarily finite [Gqrj/ta < im- 

plies that c > 01. 
2. Distortion in the image results  from the limited spatial resolution for properly collimat- 

ed  radiation [ M T F ~ ( V )  < 1 implies that N(x) # constant X ~ ( x ) ] .  
3. Image contrast is further reduced by the response to essentially uncollimated radiation 

f rom the patient [P, S # 0 implies that 

MTF m 
I ,O < MTFGmOl. = 1 + p +  

The total count rate due to a more complex source in the z plane is found by summing the 
count r a t es  due to the average concentration of activity a (z) and all frequency components 



N 

a ( u , z ) .  For  a volume distribution of radioactivity, the total count ra te  is found by summing 
count r a t es  from all  z planes, taking attenuation into account. 

The above analysis is based on the assumption that the radiation detector is linear; that is, 
the counting rate is proportional to the concentration of radioactivity. This assumption is valid 
for scintillation detectors over the range of concentrations usually encountered in scanning. 
Within the linear range, the same type of analysis can be carried out for a camera-type detec- 
tor. 11,12 

If the recording device is also linear (and this may be the case even if film is used, pro- 
vided that the object contrast i s  sufficiently low), the MTF of the scanning system is simply 
given by the product of the MTF1s of the detector and recorder. 

This analysis may be extended to include the MTF of the human visual system under 

conditions where the latter is linear. 
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A VERSATILE INSTRUMENT FOR PHOTOSCAN ANALYSIS WHICH PRODUCES 
COLOR DISPLAY FROM BLACK AND WHITE PHOTOSCANS* 

D. B. Charleston, R N. Beck, J. C. Wood, and N. J. Yasillo 

Over the past several years many different techniques have been devised in an attempt to 
present radioisotope scanning data in a form that is most useful for evaluation by a clinician. 
One such technique, color presentation of a scan display, has been given considerable attention 
and effort. Past experience has indicated that color scan displays a r e  useful in the examination 
of scan pictures, provided the original data a r e  not distorted by the color processing. 

The desirability of the color scan presentation of scan readouts has been demonstrated by 
the many determined attempts to achieve it. The direct production of color scan readouts, the 
"re-scan" color method, the multiple exposure color technique, the hand-colored digital read- 
out display, the closed circuit color television system, and the flying-spot-scanning color read- 
out system are  examples of the approaches made to achieve visual aid for scanning with the use 
of color. 

Production of the original scan display in color has proved helpful in spite of the fact that 
the display is limited to a single color picture in which the colored contour intervals a r e  fixed. 
The range of each color interval must be preset before the scan is made. In most clinical scan- 
ning procedures the operator is faced with the problem of preselecting the contour intervals 
with limited knowledge of what to expect in the way of maximum or  minimum count rate. Con- 
siderable experience with patients and equipment has enabled some operators to produce useful 
color scans. Most systems that produce color scans directly depend on integration of count to 
determine rate levels for color contour selection and therefore a r e  limited to the slower scan 
speeds to avoid scalloping and statistical "jitter" in color selection. 

The re-scan technique proposed by Harris has been adapted to produce effective color pic- 
tures from scan data. This method involves scanning the original photoscan transparency with 
a device similar to an analog scanning densitometer. The amount of light transmitted through 
the negative is measured by means of a meter movement. As the meter moves, it inserts multi- 

. colored transparent film between a light source and the color film to be exposed. Different col- 
o r s  a r e  inserted for different meter deflections. A mechanical linkage assures a one-to-one 
relationship between the scanned negative and the color film (usually Polaroid color film). 

This process is relatively slow and the color film costs can be quite high if several re- . 

scans must be made to satisfy the observer. 
Anger has produced some remarkable color scan pictures by multiple exposures of color 

film with light transmitted through both filters and the black and white scan transparency. The 
pictures certainly demonstimate the value of color scans a s  an aid to evaluation of scan readouts 
but this is not a simple routine process and the pictures a r e  made primarily for the purposes 
of demonstration and exhibition. 

* 
This paper was presented at an International Nuclear Medicine Symposium, Imperial Col- 

lege, London, England, September, 1967. 



Several closed-circuit color television systems have been modified for the color analysis 
of black and white negatives and prints. A system of this type is simple to operate but must op- 
erate over a limited range of light intensity. If any part of the scan picture produces saturation 
of the vidicon tube the entire picture becomes distorted. 

In an attempt to avoid the limitations of these systems, the Argome Cancer Research Hos- 
pital group has had a flying-spot-scanning system under study for the past few years (Charles- 
ton, in press). 

The system makes use of a cathode ray tube to generate a very short persistence spot 
which is focused by a lens onto a plane which holds a photoscan transparency. The light trans- 
mitted through the negative is collected by another lens and is projected onto the photo-cathode 
of a photomultiplier tube. The voltage output of this tube can be processed electronically in 
many ways before it is presented to the color television set (which is synchronized with the 
flying-spot-cathode ray tube) for display. 

With the flying-spot-scanning color display technique, areas of activity can be mapped in 
color. Each area of equal (but different) exposure density is assigned a color to identify i ts rel- 
ative level of activity. Many color combinations can be generated over a fairly narrow range of 
density levels. The system allows adjustment of the three color channels (red, green, and blue) 
to cover the entire range of film densities, from the most dense region just below saturation, to 
the least dense region just above the fog level of the film. 

The color contour lines can be adjusted through this range of film densities making it pos- 
sible to observe the exposure density that corresponds to the "hottest" spot of the scan. For 
black on white negatives the most dense region is "hot," for white on black negatives the least 
dense region corresponds to the "hottest spot." When these densities a r e  established and labeled 
with color, it is a simple matter to normalize against this level for generation of other colored 
contours in regions of interest. 

Three channels of continuously variable comparators with upper and lower pick-off levels 
a r e  used to label (with color) "density intervals" at  will. Since the colors a re  interchangeable 
and can overlap, a great number of color combinations can be achieved simply by turning knobs. 

By narrowing down the "window" or  range between upper and lower comparator levels for 
each channel it is possible to generate very sharp, fine-line contours which a re  identified by 
color. 

The real impact of the technique can be realized while the operator is dynamically manipu- 
lating the enhancement and color labeling parameters. It has been our experience that an ob- 
server watching the dynamic changes a s  they take place will quickly notice even minor pertur- 
bations or  discontinuities, although he would be hard pressed to pick out the same structure 
from a static display. 

For direct quantitative analysis of count rates of film density, a film step-wedge of varying 
density can be used to quantify the various levels by matching colors on the calibration wedge 
with those generated from the scan film. A calibrated film step-wedge made with random pulses 
would probably be the most useful for these purposes. 

One of the most promising features of this type of system for scan film analysis makes use 
of the differentiated output signal from the flying-spot-scanner. When a differentiated signal is 
fed to the television tube readout, the steeper density gradients within the film will be enhanced 
to a greater degree than the slowly changing gradients. This means that some fine structure in- 



formation can be displayed (provided i t s  gradients a r e  significant) even though i t  may be par-  
tially obscured by gross  structure in the film. 

Variable differentiation circuitry has been built into the ACRH system to allow one to vary 
the degree of this type of enhancement. The differentiation of the output signal from the flying- 
spot-scanner produces a "shadowft effect which simulates a three-dimensional display of the 
photoscan. Hot spots can be made to look like hills, and cold spots like valleys, producing a 
topographic display. 

The flying spot, as it sweeps ac ross  the scan negative, is transmitted through the film and 
detected by the photomultiplier, is essentially converting the spatial structure (lines per  cm) 
within the exposed transparency to correspond to temporal signals (cycles pe r  second) a t  the 
electrical output of the photomultiplier tube. It is therefore possible to operate on these elec- 
tronic signals (cycles pe r  second) in routine fashion with low pass  electronic filtering, high 
pass  filtering, and band pass  filtering. The final display will have been subjected to spatial fil- 
tering by electronic means, similar in effect to the optical spatial filtering process suggested 
by Beck, Harper, Charleston, and Yasillo (1967). Band pass  filtering studies a r e  under way 
presently at  the ACRH Hospital, and the preliminary results  a r e    no st promising. 

The system has  additional flexibility in that magnification can be achieved electronically 
(by changing the flying-spot cathode-ray tube ros ter  size) for "close-in" analysis of regions 
of interest to determine if there is some sub-structure information present in the magnified 
area.  Minification, which has proved helpful for orientation, and in some cases  valuable a s  a 
direct visual aid, can be achieved in the same manner a s  magnification. 

Both the brightness control of the scanning cathode-ray tube and the variable high-voltage 
adjustment of the photomultiplier tube establish the central operating range of the system. It 
has been demonstrated that even bad photoscan negatives (either very dense o r  very thin), can 
be handled by the system a s  long a s  the film is not saturated o r  solarized. 

Since the system generates only a single small spot a t  any one time, high level signals that 
may reach saturation in some a reas  do not disturb the res t  of the display. 

In practice this  saturation effect is a most useful feature, especially in the differentiated 
mode of operation. The simulated peaks and valleys mentioned previously can be made to "pla- 
teau off" as the gain of the system is changed, leaving only the highest o r  lowest points in evi- 
dence on the display. 

The system will process  any film transparency, black on white, o r  white on black, to pro- 
duce an image on a color television receiver in green, blue, red, yellow, purple, black, white, 
and shades of grey. The black on white can be inverted to produce an image of white on black, 
thus making the readout independent of the original scan polarization. Simultaneously varying 
amounts of differentiation, contrast, and brightness can be selected a t  will with o r  without col- 
ored contour lines, color a r e a  mapping, o r  spatial filtering. 

At the present time this device is being used as a laboratory study tool. Pas t  experience 
with the ACRH flying-spot-scanning system however, indicates that i t  offers considerable po- 
tential a s  a useful tool for clinicians. 
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EXPERIENCE IN RADIOBIOLOGICAL DOSIMETRY WITH 

HIGH DOSE RATE ELECTRONS* 

BY 

M. L. Griem, L. S. Skaggs, L. H. Lanzl, and F. D. Malkinson 

In 1963, Carpender et al. reported their experiences with radiation therapy with high energy 
electrons using pencil beam scanning.' Before patients were treated, experiments to determine 
the lethal dose for 50 per cent death at thirty days were conducted on adult female mice with 
both high energy electrons and cobalt 60 gamma rays at  5 crn depth in a water phantom. The 
electron energy used was 30 MeV and the physical dose in the phantom was adjusted to equal 
both irradiation conditions for the mice. The relative biological effectiveness (RBE) was deter- 
mined to be 1.00 * 0-07, which represents the 95 per cent confidence limit. The paper also de- 
scribed the limited skin reaction observed in patients with this mode of electron bean1 therapy. 
In patient treatment, the 0.5 cm diameter beam is magnetically deflected in a scanning fashion 
over the treated area and the beam is  scanned at the linear rate of 10 cm in 8.7 seconds. The 
beam delivers 1-microsecond pulses of electrons, and for clinical use and for the LD 50 deter- 
minations mentioned above a rate of sixty pulses per second was used. We wondered whether 
the lack of skin reaction observed clinically might be based on the possibility that the scan pat- 
tern, which is similar to that of a television raster, resembles treatment through a grid. Al-  

though we t ry to produce a nearly homogeneous surface dose, physical measurement of the in- 
homogeneity of the surface dose suggests that variations at  the surface may be less than 10 per 
cent. Physical measurements with lithium fluoride dosimeters in a water phantom have been 
carried out near the surface and are  shown in Figure 1. The lithium fluoride was placed at the 
bottom of a plastic unit density petri dish resting on unit density plastic. The depth of water 
over the lithium fluoride was varied to obtain the data plotted in Figure 1. This physical mea- 
surement does not explain the lack of skin reaction observed in the clinics. Another explanation 
for the lack of biological epidermal reaction at the surface might be postulated. The inhomoge- 
neity of dose at the surface, although only about 10 per cent, might be sufficient to allow repopu- 
lation of the basal cell layer in the skin with partial reconstitution of basal cell population taking 
place between daily treatments. This might explain the lack of skin reaction. 

We have used several biological indicators to study this lack of skin reaction. The skin of 
the pig was used to evaluate the erythema and other skin reactions that appeared to parallel the 
clinical observations. 

Further evaluations of the electron beam have been carried out on the proliferating matrix 
cells of the mouse anagen hair. This system provides an in vivo biological method of small spa- 
tial resolution with which it i s  possible to measure the surface effects of radiation in vivo. By 
placing a tissue equivalent bolus above the skin the same system 'may be used to measure in vivo 

* 
This report i s  taken from a paper that was presented before a Conference on High Energy 

Radiation Therapy sponsored by the New York Academy of Sciences, June 15-17, 1967, and will 
be published in the Proceedings thereof. The work was supported in part by U. S. Public Health 
Service Grant number RH-00280 and Research Career Development Award 5-K3-CA19415. 
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Figure 1. Physical dose measurements a s  a 
function of depth in a water phantom. 

radiation effects in the tissue depth. The matrix cells in the hair bulb divide and differentiate 
to produce hair. We have scored the injury to regrowing rodent hair by counting the number of 
damaged or  dysplastic hairs produced following irradiation,of an anagen hair coats2 Unfortu- 
nately this system shows a rather large variation between individual animals. We have also re-  
ported on the use of tensile strength measurements of irradiated rat  whiskers a s  a means of 
biological intercomparison of different types of ionizing radiation. 3 

Recently we have been using the incorporation of radioactive serine into hair keratin a s  a 
measurement of hair shaft production, and have found that irradiation of hair depresses this 
system, the depression being dose dependent. 4' 

All studies were carried out in three-month-old Carworth Farms #1 female mice accord- 
ing to the following, t e ~ h n i q u e . ~  In this strain of mouse the active phase of hair growth or  ana- 
gen lasts from seventeen to twenty days, and can be induced by plucking. Following the active 
growth period the follicles a re  inactive for a variable length of time. Twenty-four days after 
initial plucking, when the hairs have entered the inactive phase, the mice were again plucked to 
induce the active phase of growth. Twelve days later, on the twelfth day of anagen, groups of 
mice received a single dose of irradiation under sodium pentabarbitol anesthesia. During i r ra-  
diation the anesthetized animal was positioned with i ts  left flank in a hollow in a block of uni- 
form density material. The right flank was thus exposed to the source of radiation, the electron 
beam entering the right flank and emerging from the left flank. Two days after the single i r ra-  
diation, on the fourteenth day of anagen, all animals were given 3 to 5 microcuries of tritiated 
serine (specific activity 25 millicuries per millimole) intravenously. On the twenty-fourth day, 
when the hair was again in the resting phase, both flanks of each mouse,were plucked for study. 
Hair samples were weighed and placed in a combustion apparatus in the 'presence of oxygen. 
The tritiated water produced by the combustion was assayed in a liquid scintillation spectrome- 
ter  by a modification of the method described by ~ c h 6 n i n ~ e r . ~  Hair samples from control and 



irradiated s i tes  were counted individually. By proper experimental design the data could be ana- 
lyzed on a computer using a second order of analysis of variance. The data in Table 1 were ob- 
tained a t  exposures of 300 rads, 500 rads, and 600 rads.? At the low dose of 300 rads, serine 
uptake in the hair was depressed equally a t  both exit and entry portals. At moderate doses of 
500 and 600 rads, the ratios of right to left s ides were respectively 1.18 and 1.13. Averaging 

these determinations, one obtains a figure of 1.15. Comparing data obtained a t  the surface of the 
right flank, and a t  2.5 cm through the mouse on the left flank, with the graph presented in Figure 
1, the difference between the surface dose and plateau dose would be a factor of 1.12 o r  a build- 
up factor of 12 pe r  cent. 

Table 1 

REDUCED LEVELS O F  3 ~ - ~ ~ - ~ ~ ~ ~ ~ ~  IN MOUSE HAIR FOLLOWING 
ELECTRON BEAM IRRADIATION IN ANAGEN 

(Percentages a r e  expressed a s  a11 average ratio of D p ~ / m g  of the beam 
entry side (R).to the beam exit side (L) for each individual animal.) 

These effects may be entirely due to the depopulation of the matrix cells, but inflammatiun 
and changes in the vascular dermal papilla and vascular changes in the deeper structures of the 
dermis  may also play a part. Since the mouse was lying in the phantom, the left flank through 
which the beam emerged might have been in a slightly anoxic state, which might "understate" 
the scored injury a t  the site of exit. 

A second se r i e s  of experiments has been conducted in vitro in rrlanlinalian cells using a line 
of Chinese hamster cells  grown in tissue culture. This cell line was obtained from Dr. Wa.rren 
Sinclair of the Argonne National Laboratory. These cells  have been used a s  an  asynchronous 
population and survival curves have been determined a t  250 keV and with the electron beam. We 
have been interested in exploring the use of the scanning electron beam in two modes of opera- 
tion. The usual mode of operation consists of 1-microsecond pulses of radialio~l delivered a t  a 
r a t e  of sixty pulses pe r  second a s  the beam t raverses  the irradiated area. In a second mode, 
with the same scanning speed, and 1-microsecond pulses, a rate of six pulses pe r  second was 
used. The, beam current was adjusted to provide'equal average physical doses a t  the surface of 
a unit density phantom. That surface dose was measured with lithium fluoride and compared 
with calorimetric and current  measurements of the beam. All measurements compared favor- 
ably with each other. Absorbed doses a t  the surface of the phantom'of 200, 600, 1000, 1300, 1800, 
and 2200 rads  were then used in the tissue culture experiments. Pe t r i  dishes of unit density plas- 
t ic  were  suspended over the electron beam which was directed vertically upward. ,The tissue cul- 
ture  cells  lie on the bottom of the petri  dish, covered with a 0.5 cm layer of nutrient medium. 

Standard e r r o r  
of 

the mean 

13 
12 
4 
4 

Dose 
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3 00 
500 
600 

No radiation 
(control group) 
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3097 
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95 
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113 
100 

Animals 

8 
9 

2 6 
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322 

3131 



Above this is a small a i r  space, and the pet r i  dish is then covered with 3 cm of tissue equiva- 
lent plastic. Figure 2 gives'data from three experiments carried out in this manner. The solid 
line represents one experiment and i s  the survival curve for graded doses of radiation using 
sixty 1-microsecond pulses of radiation pe r  second. The dotted line represents two experiments 

DOSE IN RADS 

Figure 2. Survival curve for Chinese hamster 
cells a s  a function of dose. Solid line represents 
cell survival for sixty pulses per second. Broken 
line represents survival for six pulses pe r  sec- 
ond. 

using six, 1-microsecond pulses of radiation pe r  second. The vertical ba r s  represent the stan- 
dard deviation. Three culture plates were exposed for each determination. Because of contami- 
nation with mold, two culture.plates a t  1000 rads  were discarded and no standard deviation is 
given for this point. The solid line shows a curve with a shoulder and a straight portion and r e -  
sembles the curves obtained with experiments using 250 keV radiation. The dotted line shows a 
more o r  l e s s  linear response to increasing exposures of radiation a t  a tenfold increase in dose 
rate. 

At this point we can only estimate the dose" ra te  at which radiation is delivered to the cell, 
since an  object the size of a single cell approximately 10 microns in diameter receives approxi 



mately twenty-seven pulses of 1 microsecond's duration when the pulse frequency is sixty per 
second. If the dose received by the cell i s  600 rads, each pulse would contain approximately 22 

6 rads. The dose rate averaged over the 1-microsecond pulse is then 22 x 10 rads per second. 
In addition, the pulse is further modulated by the accelerated radiofrequency, so that 2856 
bunches or  groups of electrons arrive during each microsecond pulse. The duration of each 
bunch of electrons i s  not known accurately, but with the sharp energy collimation used, it can- 
not be appreciably greater than 1/20 of the inter-bunch interval and may easily be a s  short a s  
1/50 of that interval. Thus when the surface dose is 600 rads and the pulse frequency is sixty 

6 per second the modulated pulse could have dose rates of 400 to 1000 x 10 rads per second. 
When the pulse frequency is six pulses per second, and the average surface dose is 600 rads, 

9 the dose rate would'be increased to 4 x 10 rads per second or might be a s  high a s  10'' rads 
per second, An explanation of the curves presented in Figure 2 may be that these high dose 
rates deplete cellular oxygen. Our observations may be similar to those reported by Dewey 

8 and Boag and Epp and c o - ~ o r k e r s , ~  and the unpublished observations of Hall and   err^." In 
the experiments by Epp the instantaneous rate of dose delivery was of the order of 1012 rads 
per second in studies conducted on bacterial cells of the strain Escherichia coli, B/r. 

These reports a s  well a s  our own may represent a phenomenon of depletion of intracellu- 
lar  oxygen. Most of the oxygen may be consumed during the first portion of the pulse of radia- 
tion, the remainder of the dose being delivered during relative cellular anoxia. 
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RELATIONSHIP BETWEEN ORGAN DOSE FROM HIGH-ENERGY* 
ELECTRONS AND FILM BADGE READINGS 

BY 

L. H. Lanzl and M. L. Rosenfeld 

t The correlation between the organ dose on o r  within the human body ,and the exposure de- 
termination a s  recorded by a personnel film badge monitor is of great  importance when these 
readings a r e  used in an attempt to establish dose to the various organs of the body. In the case 
of small-beam irradiations, a s  distinguished from whole-body irradiations with large beams o r  
generalized sources, this correlation can be large, small, o r  even nonexistent. This observa- 
tion has validity for many types of radiations, including high-energy electrons. 

This paper reports  some observations made in connection with a serious radiation accident 
involving high-energy electrons (10 MeV), and resulting in amputation of an  a r m  and a leg of a 
radiation worker. 1 

MEASUREMENTS 

In the course of this study i t  was found that not al l  film badge concerns have the capability 
to calibrate, and thus interpret, f i lms exposed to high-energy electrons. 

In order to understand both the film badge response and the distribution of biological dam- 
age for electron beams, the central axis depth dose distribution in a rectangular water-equiva- 

$ lent phantom was measured with film techniques. Film data were cross-checked with Sievert 
ionization chambers. § 

An example of the results  fo r  a 10 MeV monoenergetic electron beam with a 10 cm by 10 
cm field is shown in Figure 1. The depth dose curve shows a high surface dose, namely, 87 pe r  
cent of the peak, with a dose plateau occurring f rom two to two and one-half centimeters deep. 
The initial r i s e  of the depth dose curve is due to a build-up of dose from secondary electrons, 
which can be accounted for on theoretical grounds.2)3 Unlike x- o r  gamma ray beams, a sharp 
fall-off occurs from three to five centimeters depth. The dose beyond six centimeters is a few 
per  cent of the peak dose, and is due to the absorption of bremsstrahlung which were produced 
by the electrons in the f i rs t  five centimeters of the phantom. 

A typical commercial film badge was exposed to the same 10 MeV monoenergetic electron 
beam (see Figure 2). The film used to obtain the results  in this figure was the sensitive emul- 

mo his paper was presented a t  the Topical Symposium on Personnel Radiation Dosimetry 
of the Health Physics Society, Chicago, Illinois, January 30, 31, and February 1, 1967, and is 
published in the Proceedings thereof. 

 he term "exposure" is used in this paper in i t s  conventional sense.and.not in the sense 
of the ICRU definition, which applies to x- and gamma rays  only. 

' ~ d l w  film, Photo Products Department, E. I. Du Pont de Nemours and Company, Wilming- 
ton 98, Delaware, and Kodak Industrial AA x-ray films, Eastman Kodak Company, Rochester, 
New York, were used. 

 h he Alderson Research Laboratories, 729 Canal Street, Stamford, Connecticut, a r e  li- 
censed to manufacture the Sievert chambers in the United States. 



FILM BADGE CALlBRATiON 
MONOENERGETIC IOMEV ELECTRONS 

Figure 1 
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Figure 2 

Figure 1. Central axis depth dose distribution for a 10 MeV monoenergetic electron beam for a 10 cm by 
10 cm field. The phantom material used was of unit density. 

Figure 2. Net optical density of Kodak Type 2 Film v s  relative electron dose within a typical commercial 
film badge. 



sion of Eastman Kodak personal Monitoring Film, Type 2. The water-equivalent thickness of 
the medium fi l ter  (0.1 aluminum) is 0.27 cm, and of the heavy filter (0.1 cm lead) 1.11 cm. Su- 
perposition of these particular filter thicknesses on the depth dose curve would show them to be 
on the ascending par t  of the curve. Thus, one would expect greater  film blackening with the 
aluminum filter and still more with the lead filter than with the open-window par t  of the badge. 
As shown in Figure 2, this is indeed the case. For  any given dose, then, the degree of blacken- 
ing increases a s  the mass  per unit a r e a  of the filter (provided, of course, that the film is not 
overexposed, so  as to cause film reversal). On a qualitative basis, i t  appears that the blacken- 
ing is greater  under the lead filter, a s  would be expected solely on the basis of depth dose argu- 
ment presented above. This is due most likely to an increased number of secondary electrons 
coming from the lead. 

The situation is entirely different for scattered electrons from a beam of 10.8 MeV pr i -  
mary electrons. In order to obtain information concerning the directionality of the scattered 
electrons, a circular unit density phantom was used to measure the depth dose in this case. Ex- 
amples of the results  a r e  shown in Figures 3, 4, and 5. The phantom used in these studies con- 
sisted of a stack of 8 cm diameter Masonite disks with circular pieces of film placed between 
them. The crescentic shape of the blackened a reas  on all the f i lms indicates a high order of uni- 
directionality of the scattered electrons. The phantom was exposed to these electrons a t  various 
distances normal to the beam, and a t  various distances from the main structure a t  which the pr i -  
mary beam was directed, namely, a conveyor belt. The depth dose for .these scattered electrons 
a s  measured along the radius through the center of the crescent differs from that for the pr i -  
mary monoenergetic electrons. The penetration is reduced, indicating a lower energy, and the 
build-up region has disappeared pointing up the predominance of ;very low energy component in 
the spectrum of the degraded electrons. 

Figure 6 shows a typical film response curve for a film badge exposed to scattered elec- 
trons. The fi l ters  in this badge differ from those discussed above, although the range of thick- 
nesses in mass  per  unit a rea  is approximately the same. The greatest degree of blackening is 
now exhibited under the open window, while the least blackening occurs under the filter having 
the greatest mass  pe r  unit area. This situation is a complete reversal  of the previous case and 
is due to the vastly different energy spectrum of the scattered electrons. The film used here is 
the insensitive emulsion of Eastman Kodak Tyhe 2, Personal Monitoring Film. The calibration 
of the film is described elsewhere.' The short horizontal lines in Figure 7 a r e  the density read- 
ings from the film badge worn by the worker involved in the radiation accident. These readings 
fit on the calibration curve for the scattered beam and not on the curve for the monoenergetic 
electrons. This fit gave added collfidence that the reconstruction faithfully duplicated the acci- 
dent. 

If the film badge is worn on the trunk of the body where only scattered electrons strike, a. 
high correlation between the film badge reading and the dose to the skin and internal organs can 
be expected; In this situation the dose to the skin, from the surface down to a depth depending 
on the energy of the scattered electrons, is comparable to the badge exposure, whereas the in- 
ternal organs such as the lungs, the blood-forming organs (spleen and bone marrow), liver, kid- 
neys, ovaries, etc. receive doses only about one pe r  cent of the skin dose. This observation is 
based on the use of a body phantom (4) and agrees  with what is expected on theoretical grounds. 
The dose to the internal organs is due to bremsstrahlung produced in the skin and t issues im- 
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Figure 3. Figure 4. Figure 5. 

Figure 3. Irradiation of a film in a circular phantom by scattered electrons (below). Graph of isodose distribution of 
the film (above). The primary beam of 10.8 MeV was directed downward leaving the accelerator 83 cm above the floor. 
Location of phantom is  52 cm from the beam and at the floor level (Position No. 5). 

Figure 4. Location of phantom is 40 cm from the beam and 52 cm above the floor level (Position No. 9.) 

Figure 5. Location of phantom i s  26 cm from the beam and 100 cm above the floor level (Position No. 11). 



DEPTH IN CENTIMETERS 

Figure 6. Plot of depth dose of scattered elec- 
trons from a 10.8 MeV beam along the diameter 
of the circular phantom through the beam maxi- 
mum for the three locations represented by Fig- 
ures 3 (- - - - -)> 4 (---- ), 5 (- - . -)> 
together with the central axis depth dose, .in a 
rectangular phantom for a 10 MeV beam (-). 

mediately below the skin surface by the electrons. If the scattered electron beam is contami- 
nated with high-energy x-rays, the internal organs would receive higher doses. This observa- 
tion is of use in predicting survival even if the skin dose exceeds the total body LDS0 of a hu- 
man being. Little correlation between film badge reading and the dose to the testes and extremi- 
ties is expected when the badge is worn on the chest. It is our experience that, when a primary 
beam strikes one extremity while the scattered electrons strike the trunk of the body where the 
badge is worn, this extremity may receive a dose that is a thousand times that indicated by the 
badge, although at the same time other parts of the body may receive a small fraction of the 
indicated dose. Examples of the estimated dose received by various parts of the body of a work- 
e r  involved in a serious radiation accident a re  given in Table 1. 

The complete investigation of this accident required extensive measurements with hetero- 
geneous phantoms to determine the dose to most of the body. The exposure of the worker's film 
badge enabled the early estimation of the skin and trunk dose only. 



FILM BADGE CALIBRATION 
SCATTER FROM IO.8MEV ELECTRONS 

RADS 

-- - OPEN WINDOW 
-- 0.048cm AI FILTER AND 0.013cm Ag FILTER 
- 0-lcm Ag FILTER 

Figure 7. Film badge calibration for scattered 
electrons from 10.8 MeV electrons. 

Table 1 

DOSE TO ACCIDENT VICTIM'S BODY AND FlLM BADGE 
I '  

Location 

Film badge 

Thumb of right hand 
Ankle of right foot 
Anterior surface of trunk 
Posterior surface of trunk 
Interior of trunk 

Dose in r ads  

310 
240,000 

29,000 
,240-325* 
1.4 - 6 
0.22 -,4.9 

*where two doses a r e  given, these values give the range found in 
that location. 



CONCLUDING REMARKS 

1. In the r a r e  case of a serious radiation accident, it is of great  value to have a system 
for personal radiation dosimetry which not only presents information about skin dose, but also 
enables evaluation of the spectral quality of the radiation in some fashion. If the spectral quality 
can be reproduced in a reenactment of an accident, the internal organ dose can often be evaluated. 

2. The traditional film badge with i t s  se r i e s  of f i l ters  and the typical spectral sensitivity of 
film should not be abandoned unless consideration is given to a replacement which can be used to 
evaluate the spectral quality of the radiation involved. 

3. Curves a r e  given which show film badge response to both monoenergetic electrons (10 
MeV) and scattered electrons from a primary 10.8 MeV beam. 
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PRELIMINARY EXPERIENCE WITH PERMANENT INTERSTITIAL 

IMPLANTS USING CHROMIUM 51 SOURCES* 

M. L. ~ r i e m , '  P. Lazarovits, and P. V. Harper 

At the 1958 meeting of the American Radium Society, Myers described the possible use of 
radioactive chromium 51 gamma ray sources for interstitial radiation therapy and compared 
the properties of these sources with the physical properties of several other isotopes.172 Re- 
cently Henschke, et al  have reviewed the experience using permanent interstitial implants of 
several long-lived i s ~ t o ~ e s . ~ , ~  Chromium 51 has a physical half life of 27 days and the decay 
scheme shown in Figure 1. It decays to vanadium 51 with the emission of a 323 keV gamma ray 

27.8 day crS1 

E 90% , 
0.321 1 10%/ 

Stable vS1 

Figure 1. Decay scheme of radioactive chromium 51. 5 

in approximately 1-0 per cent of that time, and with the emission of soft x-rays of less than 10 
kilovolts. These soft x-rays a r e  almost completely absorbed by the chromium source itself. 
The decay scheme shows that no beta particles a re  emitted, thus this isotope is a desirable sub- 
ject for interstitial implantation. The I,, i s  0;18 R p e r  hour at  1 centimeter from a 1-millicurie 
s o u r ~ e . ~  Myers described the fabrication of several sources of different sizes:2 Our method is 
slightly different and was suggested by Mr. Gene Asai of the United States Bureau of Mines. 

Highly pure chromium wire is drawn to proper diameter by passing it through a heated die 
brought to a temperature of 350". At this temperature, chromium may be drawn to proper sizes 

quite easily and may also be sheared and cut very accurately to proper length. The highly pure, 
non-radioactive chromium wire was drawn to the diameter of 0.031 inches by the United States 
Bureau of Mines. In our laboratory we use a special jig and shearing device in a heated oven to 
cut cylinders 2.5 mm long from this wire: These sources a r e  then loaded into aluminum car- 
tridges supplied with the implantation gun, which is a modification of the gun described by Hodt, 

l T h i s p o r t  i s  taken from a paper that was presented at the 49th Annual Meeting of the 
American Radium Society, Toronto, Canada, May 29-31, 1967, and appears in Am. J. Roent- 
genol., Rad Therapy, and Nucl. Med., 102:657, 1968. 

A 

I Career Research Development Award Number 5K3CA 19415. 



Sinelair, and smithersa6 This gun, shmm in Figure 2, is commercially available. Also shown 
is the stainless steel sterilization container. Activation of the sources was carried out by the 
Argonne National Laboratory in the r e s w o h  reactor CP-5. 

Figuse 2. XmplaataWon gun showing aluminum txwkidlge, 
straight and curved needles and stainless steel ekrili.zing 
coa-er. 

The source strength that proved most useful was between 4 and 6 millicuries per seed, ac- 
tivation of which took two or  three days. Following acHvatfon, these seeds were calibrated by 
means d Laurtisen quartz-fiber electroscope and compared with a radium standard. A second 
source was dissolved in strong acid and an aliquot of chromium solution counted for activity 
and compared with a liquid standard. The two methods of califrration of the sources compared 
favorably, with differences of less  than 10 per cent between them. 

Our first permanent chromium implant was made in a patient with metastases to the pre- 
sacral area following an abdominal perineal resection for squamous cell carcinoma of the anus. 
The carcinoma was 6 cm in diameter and the chromium sources were implanted percutaneoualy 
through the perineum. Long spinal 18 gauge needles were positioned throughout the tumor and 
their positions were radiographed. Following adjustment of the position of the needles, the le- 
sion was implanted sequentially by removing the spinal needles and implanting the needle track 
with chromium seeds using the implantation gun. One chromium source or  seed was placed in 
each cubic centimeter of the tumor. Sfxty seeds, each 3.55 mc, were implanted in the tumor giv- 
ing an estimated tumor dose of 5500 rads. Because certain authoritiee a t  that time eqressed 
concern over the possible radiation hazard from chromium-51, n~ further implants were car- 
ried out for several years. Although the patient had initially 213 mc of chromium in a permanent 
implant, only 10 per cent of the isotope decays with a sufficiently energetic gamma ray to be de- 



Figure 3. Radiograph showing the placement of the seeds. 

tected. The chromium is extremely inert and no radioactivity was found in either the stool, 
urine, or  expired air. 

This patient has remained asymptomatic. Pelvic examination shows an indurated area in 
the region of the previously described mass, but there has been no progression in this area, 
nor have metastases been observed in over seven and a half years. 

Two years ago we received permission to continue clinical investigation of these sources 
provided that patients with such implants were correctly identified by an a rm band and a wallet 
card. Since then 24 patients have received 30 implants. Most of these patients had already re- 
ceived maximum therapy from external beam radiation and from radium. Some of them have 
had radical surgery and chemotherapy, including perfusion. Tables 1, 2, and 3 outline the ex- 
perience in these patients. We have seen necrosis and hemorrhage in three instances. This has 
occurred in patients who had been heavily irradiated before implantation of the chromium. Four 
patients have had two implants and one patient has had three implants. Where we have made re- 
peated implants we have used seeds of 2.5 to 3 mc in activity. We have seen excellent response 
in nine patients. In these patients the area irradiated has shown good local control. A number of 



Table 1 

FAVORABLE RESPONSE 

Previous No. of chromium Calculated Patient Diagnosis treatment seeds and dose Comments 
activity 

Q.D. Ca anus Surgery 60 - 3.55 mc 5500 rads 7.5 years without recur - 
rence. 

C.S. Ca cervix, recurrent X-ray & radium 57 - 2.00 mc 3000 rads Abdominal implant. Fistula 
in bladder two years after 
implant. 

E.D. Ca breast X-ray 19 - 3.00 mc 4600 rads Recurrence a t  edge of im- 
plant 1.5 years. 

M.V. Squamous cell ca base of X-ray 5 - 3.15 mc 3000 rads Implant in metastatic node. 
tongue Excellent response. No tu- 

mor in node a t  autopsy. 

A.N. Ca pyriform sinus Surgery & x-ray 3 - 3.55 mc 6000 rads Treatment of recurrence 
3 - 2.88 mc about tracheotomy stoma. 

No slough. 

R. K Squamous cell ca  palate, X-ray 17 - 4.50 mc 6000 rads Excellent local result, re-  
anterior pillar, posterior currence adjacent to im- 
tongue plant. 

W. Z. Neck metastases, squa- X-ray & electron 22 - 4.00 mc 6000 rads to All lesions responded dra- 
mous cell ca therapy 14 - 5.00 mc 6500 rads matically to implants. 

21 - 4.50 mc 

A.K. Squamous cell ca of cer- X-ray, radium ap- 12 - 4.00 mc 5000 rads to 1 cm ulcer, 8 months after 
vix with vaginal recur- plicators & radium 14 - 4.60 mc 5600 rads implant. Good local control. 
rence implants 

M.S. Squamous cell ca tongue X-ray 3 - 2.70 mc 6000 rads No recurrence at six 
months. 



Patient 

.- Table 2 
9' 

GOOD RESPONSE 

Previous No. of chromium Calculated 
Diagnosis treatment seeds and dose Comments 

activity 

Squamous cell ca posterior X-ray 14 - 4.10 mc 6000 rads Good response in the tongue 
. , '4 tongue , for six months. Lymph node 

' - 1 metastases. 

Squamovs cell ca larynx X-ray & surgery 41 - 3.50 mc 5500 rads Excellent response in neck* 
metastases for four months. 

I 

Ca oral pharynx X-ray 13 - 4.80 mc 6800 rads 
' Autopsy revealed fibrosis 

and necrosis in the region ' of the implant. Patient died 
'1 of distant metastases. 

Ca cervix with pelvic X-ray & radium 22 - 3.90 mc 5000 rads Good response in pelvic 
metastases mass four months after im- 

plant. 

Ca breast with skin me- Surgery & x-ray 13 - 4.50 mc 6500 rads New lesions adjacent to im- 
tastases plant four months following. 

Treated area shows no re- 
currence. 

Ca larynx X-ray & surgery 14 - 2.88 mc 4000 rads Marked neck metastases. decrease in size of 

Squamous cell ca penis X-ray 15 - 4.20 mc 5500 rads tD Marked shrinkage of lymph 
with lymph node me- 52 - 4.60 mc 6000 rads node metastases. Penile le- 
tastases 1 -  sion showed small 1 cm ul- 

I r 

- ' - ceration. 

Squamous cell ca anus S ~ g e r Y  19 - 4.50 mc 5500 rads No palpable recurrence five 
months after implant. 

Adenoca of rectum Surgery & x-ray 27 - 3.50 mc 3400 rads Good pain relief and de- 
crease: of the tumor size for 

L three months. 
-.- 

r: 



.. I 

Previous No. of chromium Calcnlated Patient Magnosis ,, . p r  treatment seeds and dcse Comments 
activity 

R.T. Transitional cell ca ; 'l X-ray & surgery 28 - 2.00 mc 3000 rads Died of pyelonephritis and 
bladder : b, '  C . ,  , .- . 

I - jL - septicemia. Insufficient 
r* 7 .L I >  f k J 2 + - l  A .- b q -  - - time to evaluate. 

c4- k 
r -2 

V.M. Squamous cell ca cheek' ' Surgery & x-ray :: 445 - 4.00 mc = a . 44300 rads Died of hemorrhage one 
!L-& 7 - ,. month following implant. 
6 t !  

A S .  Ca cervix with vaginal Radium & x-ray 41 - 4.00 mc 'q15500 rads Necrosis and tumor present 
recurrence c : .  at autopsy one month later. 

E.M. Mucoepidermoid ca of Surgery & x-ray J! ,% 3 . 6 0 . ~ ~  #Qop =ads Normal reaction at three 
' nampharynx : 1- v, ,?I- ' . L , l  - 

7~ 2 weeks - insufficient follow- 
!; ,.% .;.; ;>- ; 

,z 
8 '- - -- - .  * ; , - 07, ,' 

UP. 
> .  

A.K ~ & m o u s  cell ca po8sria x-ray :' ;;$I9 x 3.50 mc ::6200 rads Transient response-of three 
tongue 

1 1  . -  , , ;i. ?-+-f2 g ;\; ie * -- 5; - I , - months duration in tongue 
I ' 

i s >  , .-I. -: ., :-- 'I &*I . lesions. 

M.R Ca cervix with involve- X-ray & radium, . 8 - 3.00 mc 5000 rads Necrosis of anterior vaginal 
ment of bladder LC 

;- '? wall. Marked relief of pain 
and decrease in infiltrates 

*<!- - - - . - inparametrium. - ..:, 
- .  

0.L- -i Squamous cell ca buccal X-ray ' ,, ,, - 4500 rads Only temporary decrease in 
;: mucosa size of neck metastases. 



patients have had deeply seated tumors that could be exposed sufficiently to allow implantation 
a t  the time of surgery. Figure 4 shows a radiograph of an implant made one and one-half years 
previously. At surgery, metastatic nodes from carcinoma of the cervix were implanted. The pa- 
tient's gain q a g  gelieved, and swelling o&&e leg decreased. 

Figure 4, L radiograph of an implant in a patient with re- 
current carcinoma of the cervix with metastatic tumor in 
iliac lymph nodes. 

The relatively long half-life of chromium- 51 allows us to keep a supply of radioactive chro- 
mium seeds in stock in a sterilized lead pot. Two implantation guns are available and sterilized 
ready for use. Sources that decay one half-life become half strength seeds for use in implanta- 
tions where a tissue dose of between 2000 and 3000 rads is desired. Eight of the implants have 
been made under local anesthesia in the out-patient clinic. 

DISCUSSION 

We have found chromium- 51 seeds to be very flexible and useful sources for interstitial im- 
plantation. The relatively long half-life, the absence of beta radiation, and the ease of handling 
have been important features. It has been possible to keep a stock of radioactive sources con- 
stantly available, sterilized and ready for operative implantation into deeply seated tumors. 
There has been a relatively low incidence of tissue necrosis, and in previously irradiated areas, 
the additional irradiation from this permanent implant has been generally well tolerated. It may 
be that the relatively low dose rate from these permanent implants allows the normal tissue to 
proliferate and repopulate the irradiated area. 

We are currently using a computer program to investigate the possibilities of improving 



our dosimetry in these implants. The late effects of these long lived permanent interstitial im- 
plants a r e  also being investigated. 
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THE EFFECT OF HYPOXIA .ON COLONY FORMING UNITS 
IN BONE MARROW* 

BY 
t W. Fried, M. Weisrnan, D. w art ens en,^ and C. W. Gurney 

With technical assistance by Dolores Truss  

The existence of multipotential hematopoietic stem cells in adult mammalian bone marrow 
is now p ~ r r r a l l y  A method for studying the, kinetics of these cells  is based on their 
ability Lo produce discreet macroscopic colonlt.'~ of hom;ltngoietic cells on the spleens of heavily 
irradiated Each colony represents the progeny of a single cell (I), .or colony Iarming 
unit (CFU), and either contains cells  of the erythroid, myeloid, o r  megakaryocytic ser ies ;  nr 
cells  that retain the potential to produce a l l  three cell 1ines.l The nature of the stimuli that in- 
duce multipotential hematopoietic cells  (CFU) to differentiate is unknown. 

Erythropoietin, a hormonal substance that is produced largely in the kidneysj5 is thought to 
be the physiologic regulator of erythropoiesis,6 stimulating primitive, morphologically undiffer- 
entiated cells  either to mature o r  to differentiate into the erythroid Whether the 
erythropoietin responsive cell is multipotential o r  committed has not been definitely established. 
Several lines of evidence suggest that erythropoietin responsive cells  a r e  the offspring of multi- 
potential stem cells  but a r e  able to give rise only.to erythroid cells. Bruce and McCulloch 9 

have shown that prolonged exposure of mice to hypoxia does not al ter  the number of CFU in 
their bone marrow. Since CFU a r e  thought to be multipotential stem cells, this observation 
lends support to the idea that erythropoietin responsive cells  (ERC) a r e  no longer rnultipotential. 
An alternative interpretation holds that erythropoietin ac ts  directly on multipotential stem cells  
to induce differentiation. As a result, the ra te  of proliferation of multipotential cells increases, 
thereby maintaining the level of their numbers. Since rapidly proliferating cells a r e  more sensi- 
tive to the destructive effects of x-radiation,12 one would expect an  increase in the radiosensi- 
tivity of CFU after  exposure to hypoxia. In this paper, we shall show the effect of hypoxia and of - 
erythropoietin on the radiosensitivity of hernatopoietic stem cells (CFU). 

MATERIALS AND METHODS 

Eight to ten week old CFl mice were used. 
Hypoxia was produced in a steel  chamber, 3' x 4' x 2' which was evacuated to one half of 

normal atmospheric pressure  by a vacuum pump. 
X-radiation was delivered by a 250 kV Picker x-ray unit a t  a dose rate of 60 R per  minute 

HVL = 1.0 mm Cu. Lead shields one-quarter inch in thickness were used for leg shielding. 

 his report is taken from a paper that was presented in par t  a t  the Bone Marrow Confer- 
ence, Atlantic City, April 1966 and appears in J. Lab. Clin. Med., 71:422, 1968. The research 
was supported in pa r t  by a grant from the American Cancer Society, Illinois Division and in 
pa r t  by Veterans Administration Research Funds. 

?present  address: Veterans Administration West Side Hospital, 820 South Damen, Chicago. 
'present address: Department of Medicine, Rutgers Medical School, New Brunswick, New 

Jersey. 



Erythropoietin was prepared from the urine of a patient with aplastic anemia by alcohol 
precipitation, dialysis, and lyophilization according to the method of ~ o w y  .et.al.13 The final 
preparation consisted of a light tan powder which contained about 3 cobalt units of erythropoie- 
tin per mg. 

Bone marrow cells were collected by dissecting a femur free of its attached tissues, and 
removing the femoral head. A 23-gauge needle, attached to a tuberculin syringe, was then in- 
serted into the distal end of the femur. The proximal end was immersed in saline and saline 
was flushed through the marrow cavity until it appeared to be empty. After pooling marrow 
from the femurs of ten mice, the cell suspension was adjusted to the desired volume by dilu- 
tion with normal saline. 

The number of macroscopic spleen colonies was determined by the method of Till et al.' 
The mice were sacrificed and the spleens were removed and fixed in Bouin's solution. The 
macroscopic nodules on the spleen surfaces were then counted by one of us, without identifica- 
tion of the group to which the spleen belongedul" ;6 4 h z t  - 8" 

The effect of hypoxia on'the endogenous co on z h g  potential of CFU in a leg. To measure 
the effect of hypoxia on the endogenous colonizing potential of CFU from a leg, groups of mice 
were exposed to hypoxia for 0, 1, 2, 3, or  4 days. Within three hours after removal from the 
hypoxic environment, they received 200 R total body x-radiation followed by 600 R with a leg 
shielded. Nine days later, they were sacrificed and the macrospopic spleen colonies were 
counted. 

The ability of transplanted CFU to colonize in mice which had been exposed to hypoxia. 
To measure the ability of CFU to colonize in mice which had been exposed to hypoxia, groups 

. of mice were exposed to 0, 1, 2, 3, or 4 days of hypoxia. After removal from the hypoxic envi- 
. ' ronment, each received 800 R total body x-radiation. Within three hours after x-irradiation 

they were injected intravenously with one-half ml of a bone marrow cell suspension containing 
8 x lo4 nucleated cells. Nine days later the mice were sacrificed and the spleen colonies were 
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The effect of erythropoietin on the endogenous colonizing potential of CFU in a leg. To 
measure the effect of erythropoietin on the endogenous colonizing potential of cells from a leg, 
mice were divided into two groups. Group E received 3 cobalt units of erythropoietin twice a 
day for four days and Group S received injections of equal volumes of saline. Six hours after 
the last injection of erythropoietin, the mice received 200 R total body x-radiation followed by 
600 R with one leg shielded. Nine days later, the mice were sacrificed and the macroscopic 
spleen colonies were counted 

The effect of hypoxia on the radiosensitivity of transplantable CFU in a leg. Mice were di- 
vided into seven groups. Five groups of mice were exposed to hypoxia for periods ranging from 
0 to 4 days. Immediately afterwards they received 200 R total body x-radiation and within two 
hours they were sacrificed. The bone marrow cells were then collected from one femur of each 
mouse. The cells collected from the ten mice in each group were pooled and the cell suspensions 

6 were adjusted to a concentration of 1.6 x 10 nucleated cells per ml. The remaining two groups 
of mice were subjected to hypoxia for 0 and 4 days respectively. They were then sacrificed and 
suspensions of cells from their bone marrow were prepared a s  described above. These were ad- 

5 justed to a concentration of 1.6 x 10 nucleated cells per ml. To determine the number of CFU 
in each cell suspension, one-half ml was injected intravenously into each of a group of lethally 



irradiated mice (800 R total body x-radiation). Nine days later, they were sacrificed and the 
macroscopic spleen colonies were counted. 

RESULTS 

The effect of hypoxia on the endogenous colonizing potential of CFU in a leg. Figure 1 
shows the effect of hypoxia on the endogenous colonizing potential of CFU in a leg. The endoge- 
nous colonizing potential of cells in a leg is expressed in terms of the number of spleen colo- 
nies which develop after mice have been exposed to 200 R total body x-radiation and 600 R with 
a leg shielded The amount of time which mice were exposed to hypoxia prior to x-irradiation 

DAYS OF HYPOXIA 

Figure 1. Effect of hypoxia on the endogenous colonizing potential 
of CFU in a leg. ( ) - number of mice. Brackets represent i one 
standard e r ror  of the mean. * Values a r e  significantly different 
from control (0 day) p < .001. 

is recorded on the abscissa and the number of colonies that resulted is recorded on the ordi- 
nate. A significant decrease in the endogenous colonizing potential of CFU in a leg occurred in 
mice that had been exposed to hypoxia for three days prior to x-irradiation @ < .001); and de- 
creased to even lower levels after four days of hypoxia. 

The ability of transplanted CFU to colonize in mice which had been exposed to hypoxia. Fig- 
ure 2 shows the ability of transplanted CFU to colonize in the spleens of irradiated hosts that 
had been exposed to hypoxia for varying periods of time prior to x-irradiation. The number of 

4 spleen colonies formed after transplantation of 8 x 10 nucleated bone marrow cells is recorded 
on the ordinate. The amount of time which host mice were exposed to hypoxia prior lo x-irradi- 
ation and transplantation of cells is recorded on the abscissa. Figure 2 shows that transplanted 
CFU gave r ise  to as many spleen colonies in mice that had been exposed to four days of hypoxia 
as they did in mice that had not been made hypoxic. 

The effect of erythropoietin on the endogenous colonizing potential of CFU in a leg. Figure 
3 shows the effect of erythropoietin on the endogenous colonizing potential of CFU in a leg. Bar 
S represents the endogenous colonizing potential of CFU in the legs of mice that received only 
saline prior to x-irradiation. Bar E represents that of CFU in mice that received erythropoietin 



DAYS OF HYPOXIA 

Figure 2. Ability of transplanted CFU to colonize in mice previ- 
ously exposed to hypoxia. ( ) - number of mice. Brackets repre- 
sent * one standard error of the mean. 

Figure 3. Effect of erythropoietin on the endogenous colonizing 
potential of CFU in a leg. S - mice injected with saline only. E - 
mice injected with 3 p  erythropoietin twice daily. ( ) - number of 
mice. Bracket indicates * one standard error of the mean. * Val- 
ues are  significantly different from group S (p < -001). 

prior to x-irradiation. Figure 3 shows that after injecting 6 cobalt units of erythropoietin daily 
for 4 days there was a significant suppression of the endogenous colonizing potential of CFU in 
a leg' (p < .OOI). 

The effect of hgpoxia on the radiosensitivity of transplantable CFU in a leg. The first five 
bars in Figure 4 represent the number of colonies formed after transplanting cells obtained from 
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ZOO R NO X-RAY 

Figure 4. Effect of erythro oietin on the endogenous colonizing 
potential of CFU in a leg. r )  - number of mice. Brackets repre- 
sent * one standard error  of the mean. * Values significantly dif- 
ferent from control (0 day) p < .005. ** Values significantly dif- 
ferent from control p < .001. T:-P 

the femoral marrow of mice but had been exposed to hypoxia for varying periods of time fol- 
lowed by 200 R total body x-irradiation. The two remaining bars represent the number of 
spleen colonies formed after injecting cells from the femoral marrow of mice that received 
either no hypoxia or  four days of hypoxia but were not irradiated. Figure 4 shows that the num- 
ber of colonies formed after transplanting bone marrow cells from mice exposed to hypoxia is 
the same a s  that formed after injecting cells from non-hypoxic mice. However, cells from mice 
that were exposed to hypoxia for a t  least three days and were then x-irradiated produced signifi- 
cantly fewer spleen colonies than did cells,from non-hypoxic, irradiated mice (p < .005). 

DISCUSSION 

Endogenous hematopoietic spleen colonies do not develop in mice that have been exposed to 
800 R total body x-radiation. However, the number of colonies which develop in mice exposed 
to 800 R with a leg shielded is so great that the spleen becomes diffusely enlarged. Therefore, 
to measure the endogenous colonizing potential of cells from a leg, 200 R x-radiation was direct- 
ed to the leg and 800 R to the rest of the body (Figure 1). In this  manner, the population of CFU 
in the leg was reduced to a level that resulted in a countable number of endogenously seeded 
spleen colonies. Using this method the endogenous colonizing potential of CFU in a leg was found 
to be reduced after exposure to hypoxia for three days. After injecting six units of erythropoie- 
tin daily for four days the endogenous colonizing potential of cells in a leg was also decreased, 
although to a lesser extent (Figure 3). Spleen colonies grew equally well where hematopoietic 
cells were transplanted into mice that were made hypoxic prior to lethal x-irradiation and when 
transplanted into non-hypoxic x-irradiated mice (Figure 4). The observation that exposure to 



hypoxia decreases the endogenous colonizing ability of cells in a leg (measured after 200 R x- 
irradiation) without altering the number of transplantable CFU in the leg (obtained from non- 
irradiated donors) is consistent with the concept that hypoxia results in an increase in the radio- 
sensitivity of CFU but does not increase their total number. This concept was further supported 
by the observation that the number of transplantable CFU in the legs of mice that had been ex- 
posed to hypoxia was decreased to a significantly greater extent by exposure to 200 R x-radia- 
tion than was that of CFU in the legs of mice that had not been made hypoxic. It has been shown 
that rapidly proliferating and actively metabolizing cells a re  more sensitive to the damaging ef- 
fects of x-radiation than are  resting cells.14 We suggest, therefore, that the above data a r e  in 
accord with the idea that the rate of proliferation of hematopoietic stem cells i s  increased after 
exposure to hypoxia or to increased erythropoietin levels for at  least three days. The results 
reported here a r e  compatible with the interpretation that erythropoietin acts directly on the 
multipotential stem cells to induce differentiation and also with the interpretation that it affects 
these cells only indirectly. According to the latter concept, erythropoietin stimulates a sensi- 
tive but committed cell (ERC) to mature in the erythroid series. After 72 hours of stimulation 
the pool of ERC begins to decrease in size a s  the mature erythrocytes move out of it and multi- 
potential cells (CFU) are  called on to replenish it. The latter a r e  then stimulated to proliferate 
more rapidly to prevent a decrease in the size of the stem cell pool. The alternative interpre- 
tation holds that erythropoietin acts directly on multipotential hematopoietic stem cells to in- 
duce differentiation into the erythroid series. As a result of this, the stem cell compartment is 
decreased in size. The remaining stem cells a re  stimulated to proliferate more rapidly to com- 
pensate for this. After 72 hours of continuous stimulation the rate of stem cell proliferation in- 
creases to a level that results in a significant alteration in their radiosensitivity. According to 
this concept, one should be able to show an increase in the rate of proliferation of hematopoietic 
stem cells very soon after stimulating them to differentiate if more sensitive methods a re  used. 

In conclusion we have shown that three days of exposure to hypoxia alters the hematopoietic 
stem cells of mice in a manner which renders them more sensitive to x-radiation. We suggest 
that this reflects an increased rate of proliferation of these cells in the presence of a sustained 
stimulus to erythroid maturation or differentiation. Although the results a re  consistent with the 
concept that erythropoietin acts directly on the multipotential hematopoietic stem cell to induce 
differentiation into the erythroid series, they do not exclude the possibility that erythropoietin 
acts on a committed cell, and only indirectly influences the multipotential hematopoietic stem 
cells. 
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EFFECT OF ENDOGENOUS ERYTHROPOIETIN ON REPLICATING 
HEMOPOIETIC STEM CELLS 

* 
R. L. DeGowin and S. Johnson 

Cells of most neoplastic t issues fail to differentiate normally. Although elevated levels of 
eiythropoietin have been detected in patients with leukemia,' inappropriately diminished eryth- 

2 roid differentiation of hemopoietic stem cells  leads to anemia in many of them. It remains un- 
clear how the target cell for erythropoietin has become refractory to the hormone that usually 

induces i t s  differentiation. 
We have examined the suggestion that replication, per  se, might render hemopoietic stem 

cells refractory to e r y t h r ~ p o i e t i n . ~  Previous autorepopulation experiments in mice indicated 
that stem cells in the leg, shielded from a supra-lethal dose of x-rays, colonize the spleen and 
synthesize deoxyribonucleic acid (DNA) during the f i rs t  five days after irradiati0n.l Injections 
of human urinary erythropoietin failed to induce erythropoiesis during this proliferative phase. 4 

We wondered whether the exogenous erythropoietin had been inactivated or  if the stem cell had 
become temporarily refractory to it. 

Studies described in this paper were undertaken: (1) to demonstrate by a radiobiological 
method that replication of stem cells occurs within the f i rs t  five days after irradiation; and (2) 
to see  ~ h e t h e r ' e r ~ t h r o ~ o i e t i n  secretion produced by hypoxia would induce erythroid differentia- 
tion in the "shielded mouse" during this postulated proliferative phase. 

METHODS 

Mice. Carworth Farms No. 1, 10-to-12-week-old female mice were used in these studies. 
They were housed, 8 to a cage, on a bed of sterilized ground corn cobs, and fed Rockland com- 
plete mouse diet. Drinking water, provided ad libitum, was acidified to pH 2.5 with HCl to con- 
trol  Pseudomonas infections. 

Irradiation. Irradiation procedures were identical to those previously described.$ Total- 
body x-ray, from a General Electric Maxitron, 250 x-ray machine delivering an average output 
of 60 R/min, was administered to the mice, which were confined during irradiation in perforated 
lusteroid tubes on a lucite turntable that rotated a t  3.5 rpm. Physical factors were: 250 kV, 30 
ma, 0.25 mm Cu plus 1.0 mm A1 filter; HVL 1.04 mm Cu: target distance 79.5 cm. 

"Shielded mice" (850 R L.S.) were placed on the turntable and had their entire left hind legs 
restrained by a rubber band under a tunnel-shaped, 3 mm lead shield during the part ial  body ir- 
radiation. 850 R x-ray was delivered to these shielded mice in a single dose. Mice were not 
anesthetized during irradiation. 

Splenic uptake of 5 9 ~ e .  The splenic uptake of 5 9 ~ e  was determined by the method of Smith. 5 

Approximately 0.1 P C  of " ~ e  chloride in 0.25 ml of isotonic saline solution was injected intra- 
'peritoneally. Six hours later, spleens were removed, fixed in Bouin's fluid, and their radioactiv- 

* T h i s p o r t  is taken from a paper that appears in Proc. Soc. Biol. Med., 126:442, 1967. 



ity was measured in a well-type scintillation counter. A standard prepared at the time of injec- 
tion was counted, and splenic uptake of 5 9 ~ e  was expresied a s  percentage of the injected dose. 

, 
The splenic uptake of 5 9 ~ e  was regarded a s  a valid estimate of erythropoiesis, because 

those conditions that suppress erythropoiesis, like plethora, decrease uptake of iron; and those 
that enhance erythropoiesis, like exposure to hypoxia or  injection of erythropoietin, increase 
the splenic uptake of radi0iron.l Moreover, after a lag of 24 hours, reticulocytosis paralleled 
the splenic uptake of 5 9 ~ e .  

Resistance to irradiation. Stem cell replication was estimated by noting increased resis- 
tance to irradiation. shielded mice' were given an initial dose of 850 R L.S. Each day thereafter, 
a sublethal dose of total-body x-ray (100 R, 200 R, or 300 R) was administered to a different 
group of previously irradiated, shielded mice. SiX Bays after the tutsl-budy lrradlallulr, 5 9 ~ e  
C13 was administered intraperitoneally and splenic uptake in 6 hours was ineasured a s  de- 
scribed above.5 Increasing splenic uptake of 5 9 ~ e ,  despite exposure to identical doses of x-rays, 
was interpreted a s  evidence that stem cell replication had occurred, giving rise to more daughter 
erythroblasts, which incorporated more radioiron. 

Hypoxia; Hypoxia was produced by placing mice in  a. chamber evacuated to 1/2 atmosphere 
for 16 hours (overnight) on 3 consecutive nights. The mice were removed on the morning of the 
third day. Splenectomy o r  exsanguination for assay of plasma erythropoietin was carried out at  
that time. 

Assay of plasma erythropoiet'in. Plasma.from groups of 32 experimental mice was pooled 
and frozen immediately after bleeding. After thawing a t  room temperature, 1.0 ml of plasma 
was injected subcutaneously into a plethoric mouse prepared for assay by the methods described 
previously. 6,7 

RESULTS 

Stem cell replication in the spleen, a s  shown by increasing radioresistance, increased 
markedly during the first four days after irradiation, an interval devoid of erythroid differen- 
tiation. Intermittent periods of hypoxia produced elevated plasma levels of endogenous erythro- 
poietin, but did not induce erythropoiesis during the early proliferative phase of stem cell rep- 
lication. 

Stem cell replication. Figure 1 shows that incremental sublethal doses of total-body x-ray 
administered to mice one day after they had received.partia1 body x-ray (850 R L.S.) resulted 
in a corresponding dose-response when the splenic uptake of 5 9 ~ e  was measured six days later. 
After day 1, radioresistance increased nearly 5 times, reaching a peak on day 4. After falling to 
a nadir on day 6, the dose-response disappeared, and another peak, higher than the first, was at- 
tained on day 8. 

Plasma erythropoietin levels. Figure 2 shows that plasma from hypoxic mice 3, 5, and 7 
days after 850 R L.S., contained levels of erythropoietic activity 5 to 8 times that of plasma 
from unirradiated mice after a similar exposure to intermittent hypoxia. Plasma levels in shield- 
ed mice a t  ambient pressure did not differ significantly from those of unirradiated mice. 

Erythropoiesis. Figure 3 demonstrates that although the splenic uptake of radioiron was in- 
creased in normal mice exposed to intermittent hypoxia, there was no increase in shielded mice 
on days 3 and 5 after 850 R L.S., whether they had been exposed to hypoxia or  not. Morever, hy- 



POST- IRRADIATION 

Figure 1. ~ e s i s t a n c e  to irradiation, a measure of stem cell replication, 
was estimated by the splenic uptake of 59Fe given 6 days after a sub- 
lethal dose of total-body (TB) x-ray was administered to shielded (850 R 
L.S.) mice. "Days post-irradiation" refers to the day after 850 R L.S. on 
which the sublethal dose of x-ray was administered. Each point repre- 
sents the mean splenic uptake of a group of at  least 12 mice. The hori- 
zontal line is the mean value for 53 mice that received no total-body x- 
ray. The arrow indicates the administration of 850 R L.S. The ordinate 
is a logarithmic scale. 

59 poxia did not enhance erythropoiesis on day 7, when splenic uptake o f .  Fe had increased about 
5-fold in shielded mice kept at  ambient pressure. 

DISCUSSION 

Data reported here indicate that elevated plasma levels of endogenous erythropoietin elicit- 
ed by hypoxia fail to induce erythroid differentiation during the 5 days immediately after partial 
body irradiation. This suggests that the erythropoietin target cell is temporarily refractory to 
the hormone and not that the hormone is inactivated, an alternative proposal that was made in a 
previous paper.4 The radiobiological method of demonstrating cellular replication supports eon- 
clusions from earlier work which suggested that endogenous hemopoietic stem cell proliferation 
occurred during the first 5 days after partial body x-ray (850 R L.S.) 4 

Because of the discrepancies encountered when comparing results obtained with exogenous 
8 colony-forming cells and endogenous stem cells,g a review of the evidence for early stem cell 

4 replication is necessary. Our initial work showed that previous shielding of the left hind leg of 
mice subsequently exposed to supralethal doses of x-ray effected 100 per cent survival. Unlike 
spleens of unshielded mice, which died of bone marrow failure following total-body x-ray, 
spleens of shielded surviving mice developed nlacroscopic hemopoietic colonies 4 or 5 days after 
850 R L.S. increasing splenic uptake of 1311-labeled iododeoxyuridine (1311-ud~) during those 
first 5 days indicated accelerated DNA synthesis. There was, however, no evidence of differen- 



POST- IRRADIATION NO X - R A Y  

Figure 2. Plasma erythropoietin was estimated by measuring the eryth- 
rocyte (RBC) radioiron incorporation in plethoric assay mice. Time 
elapsed after the administration of 850 R L.S. to shielded mice is indi- 
cated by "post-irradiation." Cross-hatched bars  denote mean values of 
pooled plasma from mice exposed to intermittent hypoxia; open b a r s  de- 
pict plasma activity from mice a t  ambient pressure. Brackets enclose 
+ 1 standard e r r o r  of the mean. Numbers in parentheses indicate the 
number of assay mice. 

tiation until after day 5. At this time, splenic uptake of "Fe increased, and later, llle reticulo- 
cyte, leukocyte, and platelet concentrations began to increase. Thus, during the f i rs t  5 days 
after 850 R.L.S., the spleens of shielded mice contained cells  that were capable of forming he- 
mopoietic colonies and synthesizii~g DNA before their differentiation, in this way preventing 
death from radiation-induced marrow failure. 4 

Results reported in this paper confirm the idea that there is early replication of hemopoi- 
etic stem cells after irradiation. The method is based on the evidence that erythroblasts, which 
incorporate radioiron, a r i s e  from hemopoietic stem cells. Other workers have considered 
the amount of radioiron incorporated by erythroblasts, and hence their number, to be a function 
of the number of stem cells  available for erythroid differentiation.l2>l3 The diminishing ability 
of incremental doses of radiation to produce a measurable lesion has been used as an  estimate 
of cellular replication.' When, therefore, sublethal doses of x-ray delivered to colonized spleens 
of shielded mice progressively failed to suppress splenic uptake of 5 9 ~ e ,  we concluded that 
more stem cells were present on each succeeding.day after 850 R.L.S. 

. ' The low point of the curves on day 6 in Figure 1, coincides with the onset of erythroid dif- 
ferentiation in the  spleen indicated by splenic uptake of radioiron14 Thereafter the dose-response 
phenomenon disappears. Presumably, this is because erythroblasts a r e  more radioresistant than 



DAY 3 DAY 5 DAY 7 

POST-IRRADIATION NO X-RAY 

Figure 3. Erythropoiesis in mouse spleens was estimated by measur- 
ing the splenic uptake of radioiron. Numbers in parentheses indicate 
the number of experimental animals from which the mean values (bars) 
were obtained. ,Cross-hatching, brackets, and titles a r e  explained in the 
legend for Figure 2. 

stem cells.14 After day 6, the curve closely corresponds to the splenic uptake of radioiron 
which precedes a reticulocytosis in the peripheral blood.4 Thus, in the absence of splenic eryth- 
ropoiesis during the f i rs t  5 days after 850 R L.S., the curves in Figure 1 must depict a n  increase 
in undifferentiated cells that will later give r i s e  to erythroblasts. After day 5, the curves un- 
doubtedly reflect the increase in radioiron incorporation which accompanies hemoglobin synthe- 
sis by differentiated cells. 

Erythropoietic activity of plasma from shielded mice made hypoxic was markedly increased 
over the activity of plasma from mice maintained a t  ambient pressure,  and greatly exceeded the 
activity of plasma from normal mice exposed to hypoxia. The si te where erythropoietin is inac- 
tivated has  not been ascertained but some evidence suggests that it is consumed by a n  erythro- 
poietically active bone marrow.i5 Immediately after irradiation, only a small fraction of active 
marrow cells  remains in shielded mice, and therefore, decreased utilization of erythropoietin 
because of this deplcted marrow may coriceivably explain the higher levels of the hormone de- 
tected in irradiated animals. If erythropoietin derepresses the gene for hemoglobin synthesis to 
induce erythroid differentiation of stem cells,16 one might predict that erythropoietin would be 

cleared from the blood during erythropoiesis. It seems urllikely that the irradiation a l t e r s  the 
kidney so that hypoxfa causes i t  to secrete more erythropoietin than normal, but this remains 
a possibility. 

Finally, these studies on illcreasing radioresistance, supported by previous results  with 
4 splenic colony formation and increasing splenic uptake of l3 '1-ud~,  permit  the observation 

that stem cell replication occurs during the f i rs t  5 days after  irradiation. During this  early pro-  
liferative phase of autorepopulation, stem cells  a r e  refractory to elevated levels of either exog- 



enous o r  endogenous erythropoietin; erythroid differentiation, a s  indicated by splenic uptake of 

radioiron and reticulocytosis, does not occur until after the fifth day. 
How does the replicating stem cell transform to the erythropoietin responsive cell? Kretch- 

m a r  postulates that erythropoietin enters the cell during the G1 phase of the cell cycle.17 Dur- 

ing marrow repopulation, however, most stem cells  a r e  in the S phase of the cycle, and G1 is too 

short to permit  the entry of the erythropoietin that would induce differentiation. His computer 
model relates the duration of G1 as a function of the llulnber of cells  in the stem cell compart- 

ment. Once this is replete, G1 lengthens and erythroid differentiation may proceed in the pres-  
1 

ence of erythropoietin. His preductionsl' a r e  strikingly similar to our experimental results. 

ACKNOWLEDGMENTS 

Mrs. Myra Swatek, Mr. James Bland, Mr. Donald Charleston, Mr. John Stupka, and Dr. 

Er ic  Simmons provided valuable technical assistance in the work. 

LITERATURE CITED 

1. Gurney, C. W., E. Goldwasser, and C. Pan. J. Lab. Clin. Med., 50:534, 1957. 

2. Troup, S. B., S. N. Swisher, and L. E. Young. Am. J. Med., 28:751, 1960. 

3. Lajtha, L. G., R. Oliver, and C. W. Gurney. Brit. J. Haematol., 8:442, 1962. 

4. DeGowin, R. L. J. Lab. Clin. Med., 70:23, 1967. 

5. Smith, L. H. Am. J. Physiol., 206:1244, 1964. 

6. DeGowin, R. L., D. Hofstra, and C. W. Gurney. Proc. Soc. Exptl. Biol. and Med., 110:48, 
1962. 

7. DeGowin, R. L., D. Hofstra, and C. W. Gurney. J. Lab. Clin. Med., 60:846, 1962. 

8. Lewis, J. P.;and F. E. Trobaugh, Jr. Nature, 204:589, 1964. 

9. Till, J. E., and E. A. McCulloch. Ann. N. Y. Acad. Sci., 114:115, 1964. 

10. Alpen, E. L., and D. Cranmore. In The Kinetics of Cellular Proliferation. F. R. Stohlman, 
Jr., ed. New York: Grune and Stratton, 1959, p. 290. 

11. Filmanowicz, E., and C. W. Gurney. J. Lab. Clin. Med., 57:65, 1961. 

12. Gurney, C. W., L. G. Lajtha, and R Oliver. Brit. J. Haematol., 8:461, 1962. 

13. Hodgson, G., and I. Eskuche. Nat. Cancer Inst., Monograph 14:169, 1964. 

14. Suit, H. D., L. G. Lajtha, R Oliver, and F. Ellis. Brit. J. Haematol., 3:165, 1957. 

15. Stohlman, F., Jr. Ann. N. Y. Acad. Sci., 77:710, 1959. 

16. Goldwasser, E. In Current Topics in Developmental B i o l o p  A. A. Moscona and A. Mon- 
roy, eds. New York: Academic Press ,  vol. 1, chap. 7, 196 , p. 203. 

17. Kretchmar, A. L. Science, 152:367, 1966. 



BY 

D. E. Mosier t 

Antibody synthesis may result from the interaction of two functionally different cell types; 
one that phagocytizes and "processesff the antigen to provide the stimulus for a second type, 
the lymphoid cells that synthesize specific antibody.' Unequivocal support for this suggestion 
has not been obtained from in vivo experiments. The following studies, however, in which mouse 
spleen cells a re  cultured in vitro with sheep erythrocytes a s  antigen after the method of Mishell 

2 and Dutton, provide provisional support for the hypothesis that two functionally different cell 
types indeed are  required for the induction of antibody synthesis to the antigen. 

Spleen cell suspensions were prepared by gently teasing apart the spleens of unimmunized 
DBA/2 Jax mice in cold Hank's balanced salt solution (BSS). Cell aggregates were allowed to 
sediment briefly and the resulting supernatant was centrifuged 10 minutes at 600 G at 4°C. The 

7 pooled sedimented cells were resuspended to a concentration of 10 cells per ml in Eagle's mini- 
mum essential medium supplemented with non-essential amino acids, pyruvate, glutamine, and 
10 per cent fetal bovine serum. Each culture contained 1 ml of the cell suspension in a 35 x 10 
mm plastic culture dish (Falcon). Cultures were maintained on a tilt table (Bellco, Vineland, 
N. J.) at 13 oscillations per minute in an atmosphere of 7 per cent 02, 10 per cent C02, 83 per 
cent N2 a s  described by Mishell and ~ u t t o n . ~  To each dish were added daily 0.05 ml 2X coneen- 
trated medium and 0.05 ml fetal bovine serum. 

Normal spleen cells were separated into two populations; one population that adheres to - 
plastic during a 30 minute culture interval, and a second population that does not adhere to plas- 
tic during the same interval. Thus, separation of cells was based on a functional property; ad- 
herence or  non-adherence to plastic during a short interval of culture. Ten million spleen cells 
per culture dish were cultured for 30 minutes and the non-adhering cells were removed by as- 
piration and used for the preparation of further adherent and non-adherent cell populations. 
About half of the cells initially plated remained in the culture dish. These remaining cells were 
either firmly or  loosely adherent to the plastic. The loosely adherent cells were removed by 
three gentle washings with BSS and discarded. About one million cells remained firmly attached 
to the dish; most of these cells rapidly phagocytized titanium dioxide and for convenience a re  
referred to a s  a "macrophage richV.(M.R) population.3 Culture of the non-adherent cells for 
two more intervals of 30 minutes Gemoved additional cells capable of adhering to plastic. Most 
of the non-adherent cells had the morphological characteristics of small lymphocytes and lor 
convenience will be termed a "lymphocyte rich'' (L.R.) population. This method of cell separa- 
tion i s  shown diagrammatically in Figure 1. Cells adhering to plastic after each of the three pe- 

. T h i s p e r  appeared in Science, 158:1573, 1967. The work was supported in part by USPHS 
Grant 2T1 -GM-93, in part by Argonne Cancer Research Hospital. 

I 

T~epartment  of Pathology, University of Chicago. 



NORMAL SPLEEN CELL 
SUSPENSION 

CULTURED 3 0  MIN. 

1 CULTURED 5 0  MIN. 

MR 2 L-J JL LR C 4 CULTURED 30 MIN. 

Figure 1. Method of culturin DBA mouse spleen cells to obtain adher- 
ent (M. R )  and non-adherent 6. R )  populations. 

r iods  of culture a r e  referred to a s  M.R. 1, M.R. 2, and M.R. 3 populations. Corresponding non- 
adherent cells  a r e  referred to a s  L.R 1, L.R. 2, and L.R. 3 populations. 

The number of cultured cells  releasing antibody to sheep red blood cells  (SRBC) was enu- 
merated by a modification of the Jerne technique using microscope slides. Cultured cells, in- 
cluding cells  free in the culture medium and cells  adherent to plastic, were harvested by scrap- 
ing the dishes with a plastic policeman. The harvested cells were washed, dispersed by agita- 
tion with a vortex mixer, and added to agarose containing S R B C . ~  Results a r e  expressed as 

6 plaque forming cells  pe r  10 cells  initially cultured. In repeated experiments the optimal dose 
7 of antigen was 10 SRBC per  culture dish; increasing the dose of antigen tenfold did not enhance 

6 the response further, and decreasing the dose to 10 SRBC produced significantly fewer plaque 
forming cells. An exponential increase in the number of antibody releasing cells occurred be- 

7 7 tween day 2 and day 4 when 10 normal spleen cells  were cultured with 10 SRBC, as indicated 

by the solid line in Figure 2. An identical response was obtained when L.R. 3 cells  were added 
7 to  M.R. 1 cells (see Figure 1) and the recombined cell. populations were cultured with 10 SRBC. 

Thus, the procedure for separating the two cell populations had not impaired the capacity of the 
recombined cells to respond to antigen. No plaque forming cell response occurred if either M.R. 

6 7 1 (1 x 10 cells pe r  dish) o r  L.R 3 (adjusted to 10 cells  pe r  dish) cells  were cultured with 10 7 

SRBC, indicating that both, cell types were essential for  the response. 
The following experiment demonstrated that antigen rapidly phagocytized by M. R cells  

could stimulate the response of the L.R cells. Macrophage rich cells were cultured with 10 
7 

SRBC for 30 minutes. The culture fluid was aspirated and each culture dish was washed three 
t imes with BSS to remove erythrocytes not phagocytized. Examination of the dishes by phase 
microscopy showed SRBC present within some macrophages but no free SRBC. An estimated 
5 p e r  cent o r  l e s s  of the antigen dose had been phagocytized in 30 minutes.l Lymphocyte rich 

7 6 cells  (10 ) were added to each culture dish containing 10 M.R. cells  and phagocytized SRBC. 



ANTIBODY FORMATION BY NORMAL SPLEEN CELLS 
AND BY A TWO CELL SYSTEM VlTRO 

U) 
-J 1000- 
W 
0 

(P 

2 loo-  
\ 

a .  
J 

W 
0 10- 
Q 

I 
a 
0 
L 

I -  

. !,./ = NORMAL CELLS 

.---A r TWO CELL SYSTEM 
/ 

W /- 

3 
A e 0 I 0 
0 I 2 3 4 5 

DAYS 

Figure 2. Plaque forming cell response o normal DBA mouse spleen 5 cells  and M.R./L.R cells  cultured with 10 sheep red blood cells. Anti- 
gen was given only to the M.R. cells  in the two cell system (see text). 

7 The plaque forming cell response was equivalent to that of normal spleen cells with 10 SRBC 
present throughout culture, and is indicated by the broken line in Figure 2. These results  were 
confirmed in subsequent experiments. A single pool of normal spleen cells  was divided into 

6 various populations as listed in Table 1. A M.R. population (M.R. 1, 10 cells  pe r  dish; M.R. 2, 
5 5 7 5 x 10 cells  pe r  dish; M.R. 3, 2.5 x 10 cells  pe r  dish) was incubated with 10 SRBC p e r  cul- 

7 ture dish for 30 minutes. The dishes were washed carefully, and either 10 normal spleen cells  
7 o r  10 L.R. 3 cells  were added to each culture dish. Both methods of culture produced a signifi- 

cant plaque forming cell response, comparable in magnitude to that produced by normal spleen 
cells  continuously exposed to antigen. Little o r  no response occurred if either M.R cells  o r  L.R. 

7 cells  alone were cultured with 10 SRBC; the very small response of the L.R. 1 cells  can be a t -  
tributed to a few macrophages remaining in this ceil population. Similar results  were obtained 
in two additional experiments of identical design presented in Table 1. 

Thus, both adherent and non-adherent mouse spleen cells  a r e  essential for  development of 
plaque forming cells in vitro. Moreover, an amount of phagocytized antigen estimated to account 
for l e s s  than 5 per  cent of the total antigen dose, is sufficient to produce a maximum in vitro 
immune response. That more antigen is not required for  immune induction is consistent with 
the studies of several  workers. 6 

It appears that in the mouse spleen production of antibody to sheep erythrocytes involves 
both antigen phagocytosis by macrophages and macrophage lymphocyte interaction, both process-  
e s  being essential for development of lymphoid cells  releasing hemolytic antibody. It has been 
suggested that transfer of information between two cell types involves RNA o r  RNA-antigen 
~ o m p l e x e s . ~  It may now be possible to determine 'the nature of "information transfer" between 
two cell types using in vitro induction of antibody synlhesis. 



Table 1 

CONTRIBUTION O F  CELL POPULATIONS TO ANTIBODY 
FORMATION IN VITRO 

(Three separate experiments illustrating the plaque 
forming cell response of various cell populations. In 
each experiment the populations were derived from 
a pool of DBA mouse spleen cells, and exposed to 
SRBC in vitro.) 

Day 4 response* 
Cell population (S) 

Exp. 1 Exp. 2 Exp. 3 - - 
Normal spleen cells  1 2 1 

Normal spleen cells  + SRBC ? 170 6 0 342 
(MR 1 + SRBC) + normal cells  215 96 280 
(MR 2 + SRBC) + normal cells  115 4 5 172 
(MR 3 + SRBC) + normal cells  90 3 6 96 

(MR 1 + SRBC) + LR 3 50 2 0 110 

(MR 2 + SRBC) + LR 3 125 30 105 

(MR 3 + SRBC) + LR 3 50 50 70 

S ~ x p o s u r e  to antigen either 30 minutes o r  throughout culture gave the 
same results. 

MR 1 + S R B C ~  
MR 2 + S R B C ~  

MR 3 + S R B C ~  
LR 1 + SRBC 
LR 2 + SRBC 
LR 3 + SRBC 
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EFFECT OF BACTERIOPHAGE INFECTION ON THE 
SULFUR-LABELING O F  sRNA 

BY 
* 

W-T Hsu, J. W. Foft, and S. B. Weiss 

Several examples of viral-induced modifications of cellular ribonucleic acids have been r e -  
ported. After infection of Escherichia coli with T-even bacteriophage, Sueoka and Kano-Sueoka 1,2 
found quantitative a s  well a s  qualitative changes in leucyl-tRNAs, when compared to uninfected 
cells  by chromatography on methylated albunlill-kieselguhr (MAK). More recently, Waters and 

' 

3 Novelli, using reverse  phase chromatography, were able to confirm the early changes in leucyl- 
tRNA after T2 infection of -, E. coli and in addition, observed two new leucyl-tRNA peaks which ap- 
peared very late after  infection. Wainfan, e t  al.4 have reported on the alteration in the relative 
activities of the base-specific lnethylascs after T2 infection. 

The presence of thiolated bases in sRNA and the demonstration that cell-free extracts cata- 
lyze the transfer of cysteine-sulfur to SRNA, 5'6 prompted an inquiry a s  to whether any changes 
occurred in sulfur-containing RNAs after viral  infection. The present communication describes 
changes in the MAK chromatographic profiles of 35~- labeled sRNA after E. coli infection with 
T-even bacteriophages. Evidence is offered which indicates that these changes a r e  viral-induced, 
and that they require protein synthesis to be manifest. 

EXPERIMENTAL 

Growth of cells  and viral  infection. E. coli B cells  were grown in a medium that contained 
the following constituents per  liter: 2 g of NH4C1, 6 g of NaC1, 0.01 g of MgC12, 6 g of Na2HP04, 
3 g of KH2P04, 0.026 g of Na2S04, 2 g of glucose, and 10 mM T r i s .  HC1 of pH 7.5. This medium 
was further supplemented with 0.04 volumes of 3 XD r n e d i ~ m . ~  The cell suspension (2 pe r  cent 

inoculum of an overnigiit culture) was vigorously shaken in a gyratory a.pparatus a t  37" (genera- 
8 tion time approximately 50 minutes) until a density of 7 x 10 cells/ml was reached, a t  which 

time L-tryptophan was added to a concentration of 100 rg/ml, and then T4 phage a t  a ratio of 13 
plaque-forming units pe r  cell. Under these conditions, cell death was found to be greater  than 99 
pe r  cent after  2.5 minutes, and the number of infective centers was 95 pe r  cent o r  more of the 
bacterial cell count. The infected cell suspension was shaken a t  37", and after  a given time in- 
fection was stopped by the rapid addition of 0.5 M NaN3 (2 ml per  100 ml of culture), crushed 
ice, and rapid cooling in an ice-salt water bath to 4". The cells were collected by centrifugation 
and either handled immediately for RNA extraction o r  stored frozen a t  -20". Infection with the 
coliphages T2, T7, MS2, and 4 X l 7 4 ~ -  was carried out in a similar  manner except that the in- 
fecting ratio of phage/cell was 10, and E. coli K12W1485 and E. coli C were used a s  the respec- 
tive hosts for MS2 and 6x174 P -  phage. 

35~-labeling of cells. E. coli cells (either infected o r  uninfected) were labeled with 3 5 ~  by 
the addition of radioactive Na2S04 (New England Nuclear Corporation) to the culture medium. 

=port is taken from a paper that appeared in Proc. Nat. Acad. Sci., U.S., 58:2028, 
1967. The work was supported in pa r t  by the Joseph and Helen Regenstein Foundation. 



Cells were collected a s  described above except that nonradioactive 0.5 M Na2S04 (2 ml  pe r  100 
ml of culture) was added to the suspension a t  the same time a s  the azide. "Prelabeled-chased" 

3 5 cells  were grown in a 300 ml culture which contained 20 mc of Na2S 04. At a density of 5 x 10 8 

cells/ml, the cells  were centrifuged, washed with cold medium several times, and resuspended 
9 in 300 ml of fresh medium containing nonradioactive Na2S04. The cells  were grown to 1 x 10 /ml 

and then divided into two portions; one served a s  the uninfected control and the other was infected 
with T4 phage. 

Extraction of RNA. The pelleted cells  were suspended in 2 ml of 10 mM MgCIZ - 1 mM 
T r i s .  HC1, pH 7.5 (sodium dodecyl sulfate [SDSI was sometimes included), and extracted 3 t imes 
with an equal volume of phenol.8 The nucleic acid was precipitated from the aqueous phase by the 
addition of 0.10 volumes of potassium acetate, pH 5.4, and 2 volumes of ethanol. Subsequently, the 
RNA preparation was treated with DNase (RNase free, Worthington Biochemical Corporation), 
then with phenol, and then deacylated by incubation for 45 minutes a t  37" in 1 M T r i s -  HC1, pH 9. 
The RNA was precipitated and redissolved in the appropriate sal t  solution for MAK loading. 

Chromatography. MAK chromatography was carried out essentially as described by Sueoka 
and yamane.' In most experiments, 2-3 mg of nucleic acid was added to a 30 ml MAK column 
(approximately 3 cm in height) in 0.3 M NaCl - 0.05 M Na2HP04, pH 6.7, a t  a concentration of 
20 j ~ g  per  ml, washed with 300 ml of the' same solution, and then eluted with a 240 ml linear 
salt-gradient from 0.3 M NaCl to 1.2 M NaCl containing the same phosphate buffer concentra- 
tion a s  above. P r io r  to column loading and when necessary, the labeled sample was adjusted to 
contain approximately 2 rng of total nucleic acid with commercial E. coli B sRNA. The column 
was run a t  room temperature, and 2 ml fractions were collected. The fractions were examined 
for 260 mp absorbing material and radioactivity by liquid scintillation counting. The samples 
were counted either directly, o r  by acid-precipitation and collection on millipore discs (0.45 ~c 

pore size); s imilar  radioactivity profiles were obtained by both methods. In several experiments, 
the MAK fractions were treated with ribonuclease (10 pg/ml of pancreatic Riiase and 1 pg/ml of 
T.1 RNase) pr ior  to radioactivity determinations. In these instances, acid-precipitable radioactiv- 
ity was measured. Recovery of the 3 5 ~ - R N ~  applied to MAK columns ranged between 80-95 pe r  
cent. 

Thiol-transferase activity measurements. Cells were grown a s  described above. Infected 
cells  were harvested 20 minutes after T4 infection, 105,000 x g supernatants were prepared 
from infected and uninfected E. coli B extracts  a s  previously described except that cell washing 

5 was omitted. The soluble extracts were dialyzed for several hours against 0.01 M 2-mercapto- 
ethanol - 0.01 M T r i s .  HC1, pH 7.5, and the protein content was determined by the method of 
~ o w r ~ . "  Thiol-transferase activity was measured by determining the amount of radioactivity 
incorporated into the RNA fraction from 35~-cyste ine  catalyzed by the above extract. Assay con- 
ditions were a s  previously reported. 5 

% 

RESULTS 

When E. coli is grown on a medium containing radioactive sulfate for several generations, 
the ccllular RNA becomes readily labeled. 11-13 This radioactivity is associated only with the 

low molecular weight RNA species. When RNA extracts a r e  prepared from sulfur-labeled E. coli 
cel ls  and subjected to chromatography on MAK, several radioactive peaks a r e  usually observed 
in the region where sRNA is eluted (Figure 1). The 35~-labeled material is acid-insoluble but is 
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Figure 1. .Chromatography of E. coli 3 5 ~ - R N ~  on K. E. coli B was 34 grown in 100 ml of medium containing 50 mc of Na2 S O q m a b e l e d  
RNA was prepared from these cells a s  described under "Experimental." 
Thirty-six ~g of 3%-RNA (80,000 cpm) was mixed with 2 mg of carrier 
E. coli B slWA and chromatographed on MAK. 

readily converted to an acid-soluble form by treatment with RNase, but not with DNase. 

RNA extracts prepared from T4 infected and uninfected cells, pulse-labeled for 17.5 min- 
utes with 3 5 ~ - ~ a 2 ~ 0 4 ,  give similar radioactive profiles after centrifugation in a sucrose gradi- 
ent (Figure 2). In both cases, all of the label i s  found with the slowly sedimenting RNA species. 
When these same RNA extracts a r e  subjected to chromatography on MAK, a striking difference 
is observed in the radioactive elution pattern ( ~ i g u r e  3). The RNA extract from uninfected cells 
shows two predominant radioactive peaks in the early part of the sRNA elution profile and a mi- 
nor third radioactive region following, whereas the T4 infected profile appears to be reversed, 
the first and second 35~-peaks a re  sequestered and the third peak i s  now predominant. As is 
the case for the labeled material from uninfected cells, the T4 3B~-labeled fractions a r e  non- 
dialyzable, acid and alcohol precipitable, and rendered soluble to these reagents by treatment 
with RNase. 

Experiments were carried out to test the dependence of Uie observed chromatographic 
changes of 3 5 ~ - R N ~  on viral infection. Pulse-labeling of T4 infected E. coli revealed that the 
first  observable changes in the labeled RNA profiles occurred between 4.5 and 7.5 minutes 
after infection (Figure 4). As compared with noninfected cells, infected E. coli showed a dimin- 
ished rate of 35~-incorporation into the f i rs t  two peaks and a marked increase in the rate of la- 
beling of the peak 3 region. 

The transition of the 3 5 ~ - R N ~  labeling pattern from the "uninfected" to the "infected" pro- 
file is prevented by the addition of chloramphenicol to the medium just prior to, or at the same 
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Figure 2. Sucrose-gradient centrifugation of 3 5 ~ - ~ ~ ~  from noninfected 
T4 infected E. coli. E coli B (400 ml culture) was pulsed for 17.5 min- 
utes with l 5 X i F Z  a2 4. A second 400 ml culture was infected with 
T 4  phage, 15 mc o f m 4  was added 2.5 minutes later  and incubation 
proceeded for 17.5 minutes more. RNA was extracted from the collected 
cells  a s  described under "Experimental" (1% SDS was included in the 
@en01 extraction procedure). Uninfected (840 pg)  and infected (670 pg) 

S-RNA were subjected to sucrose-gradient centrifugation a t  24,000 rpm 
,for 19 hours at  4" in a Spinco SW-25 rotor, and fractions were collected 
from the bottom of the tube. The sucrose-gradient was from 3-20% in 0.1 
M NaCl-0.01 M T r i s -  HC1, pH 7.5, and the radioactivity shown represents 
acid-precipitable counts. 

time a s  initiation of infection (Figure 5). Chloramphenicol by itself 'does not al ter  the 3 5 ~ - ~ ~ ~  
profile in normal cells. If chloramphenicol. is added 5 minutes after infection, o r  later, the 
viral-induced transition is observed once more. Under the conditions employed here, chlor- 
amphenicol inhibits 14c-leucine incorporation into acid-insoluble material by 98 pe r  cent, in- 

. dicating an almost complete shut off of cellular protein synthesis. 
An analysis of the sulfur-containing nucleotides in the early and late RNA fractions (alka- 

5 line hydrolysis and chromatography on DEAE cellulose ) revealed no great  differences between 

I1 uninfected peaks 1 and 2 and infected peak 3, In each RNA peak approximately 70-80 pe r  cent of 
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Figure 3. Comparison of MAK 3 5 ~ - ~ ~ ~  profi e s  from T4 infected and 4 uninfected pulse-labeled cells. Pulse-labeled 5s-WA from T4 idected 
(A) and uninfected (B) E. coli B was prepared a s  described for Figure 2. 
The extracted RNAs w-jected to MAK chromatography a s  described 
under "Experimental." 

Figure 4. MAK profiles of 3 5 ~ - s R N ~  extracted from E. coli cells  &posed 
to T4 infection for various periods. E. coli B were in-with T4 phage, 
Na 3 5 ~ 0 ~  was then added several m w l a t e r  (5 mc/lOO ml of culture) 
an3 infection stopped a t  various times after  the isotope addition. The RNA 
was extracted from the infected cells  and subjected to chromatography on 
MAK. (A) Isoto e added 2.0 minutes after infection; infection stopped after 
4.5 minutes. (BT Isotope added 2.5 minutes after  infection; infection stopped 
after 7.5 minutes. (C) Isotope added 2.5 minutes after infection; infection 
stopped after 12.5 minutes. (D) E. coli B cells pulsed for 10 mintues with 
isotope (no infection). The a m o u i n  5s-RNA used for chromatography 
was 1.8 mg, 0.8 mg, 0.4 mg, and 0.48 mg for A, B, C, and D respectively. 
Carr ier  E. coli sRNA was added to each of these prior to loading onto 
MAK, s o T i Z T  total of 2 mg of sRNA was chromatographed. 
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Figure 5. Effect of c h l ~ r a m ~ h e n i c o l  on 35~-labeling of RNA in T4 in- 
fected cells. One hundred ml cultures were employed f r A, B, and C, 
and a 200 ml culture f o r  D. In each case 10 mc of N a 2 8 5 ~ 0 4  was added 
to the cultures and chloramphenicol (CAI was present a t  a concentra- 
tion to 50 pg/ml. At the end of the incubation, cells were collected, RNA 
extracted, and subjected to hromatography on MAK. (A) CA added 2 
minutes before T4, and Na255SO4 added 2 minutes after  infection, 
I3 CA added 5 minutes after T4, and Na 35 0 4  added 30 seconds later. 

[C] CA added 7.5 minutes after T4, and P?a2f5SO4 added 30 seconds later. 
Infection was stopped 20 minutes after T4 addition in each of the above 
runs. (D) ~ a ~ 3 5 ~ 0 ~  added 2 minutes after CA, and cells  collected after 
17.5 minutes. 

the .35~- label  was found in 4-thioUMP and the remainder distributed in unidentified nucleotides. 
It seems unlikely, therefore, that the T4-induced transition in 3 5 ~ - ~ ~ ~  is due to any large al- 
teration in the ratio of the different thionucleotides in the various RNA peaks obtained by MAK 



chromatography. For this reason, it was thought possible that the sulfur-containing RNA of peak 
3 might be derived from peaks 1 and 2 by specific chemical or  structural modifications induced 
by viral infection. If this were so, the increase of peak 3 35~-radioactivity after infection could 
be accounted for by the observed reduction in the labeling of peaks 1 and 2. 

TO test this hypothesis, E. coli cells were grown on 3 5 ~ - ~ a 2 ~ 0 4  for several generations, 
collected, washed, and resuspended in a medium containing cold.Na2S04. After "chasing" for ap- 
proximately one generation, the cells were divided into two portions; one was infected with T4 
phage and the other served a s  an uninfected control. As shown in Figure 6, the sRNA extracted 
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Figure 6. 'MAK chromatography of 3 5 ~ - R N ~  from T4 infected and un- 
infected "pre-labeled and chased" E. coli cells. E. coli B cells pre- 
labeled with 35s and chased for 1 eneration w e r w a r e d  a s  de- 
scribed under "Experimental." (A? one portion of cells was infected 
with T4 phage and infection was stopped after 20 minutes. (B nother is4 portion was treated the same way but infection was omitted. S-RNA 
was extracted from the collected cells and equivalent samples were 
subjected to MAK chromatography. 

from the uninfected and infected "prelabeled-chased'' cells had a similar 35~-radioactive pro- 
file, suggesting that the enhancement of peak 3 labeling and sequestration of peaks 1 and 2 la- 
beling, normally seen after infection,' a r e  not due to an interconversion of the radioactivity from 
these fractions. So far, the changes described above in sulfur-labeling of RNA have only been 
observed with T4 and T2 bacteriophages; pulse-labeled RNA extracts prepared from E. coli in- 



fected with T7, +X174~-,  and MS 2 viruses show 3 5 ~ - R N ~  profiles similar to uninfected ex- 
tracts when subjected to chromatography on MAK (Figure 7). 

( A.  T2 INFECTION I 

I 6 .  
T 7  INFECTION 

C. dX 174 INFECTION 

M S . .  

1 0.  MS2 INFECTION I 
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Figure 7. MAK chromatography of pulse-labeled 3%-RNA extracted 
from T2, T7, MS2, and.dX174~' infected E. coli. Fifty ml cultures of 
E. coli were infected with coliphage, and 2.-5nutes later 5 mc of 
-o4 was added to the medium. Incubation was continued for 12.5 
minutes before the infection was stopped and the cells were collected. 
The labeled RNA was prepared a s  described ygder "Experimental" and 
then subjected to MAK chromatography. The S-RNA chromatographic 
profiles from the various phage-infected cells a re  indicated above. The 
different infected cultures were identical in all respects except that the 
strain of E. coli host used was a s  indicated in "Experimental." RNA ex- 
tracted from control E. coli B pulse-labeled cells was als chromato- 
graphed on MAK; no ifffE%xnce from the usual uninfected 8%-RNA pro- 
file was observed (not shown here). 

An examination of the thiol-transferase activity in the 105,000 X g soluble extract indicates 
that whereas the initial rates of thiolation a re  similar for both the uninfected and infected en- 
zyme preparations, the T4 reaction quickly deviates from linear kinetics and levels off early 
(Figure 8). This phenomenon is found either with o r  without added acceptor sRNA (yeast); the 
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Figure 8. Thiol-transferase activity in uninfected and T4 infected E. 
coli extracts. The complete system, 0.50 ml, contained 50 pmoles X 
ms. HC1 (pH 8.2), 1.5 pmoles of TP, 5 pmoles of 2- e rca  toethanol, 
5 pmoles of MgCl 0.1 pmole of 8%-cysteine (22 x 10rcpmf))rmole) 
arid 1.6 mg of p r o g i n  from either uninfected o r  infected 105,000 x g ex- 
tract. Where indicated, 500 p g  of acceptor yeast sRNA was included in 
the reaction mixture. The reaction was incubate a t  37" for the t imes 

"Experimental. l '  

4-k shown above, and the RNA fraction assayed for S as described under 

overall result  is that the extent of thiolation catalyzed by the T4 extract is significantly l e s s  
than for  extracts prepared from uninfected cells. 

DISCUSSION 

Previous reports  from several laboratories indicate that the replication mechanism for 
certain coliphages involves some modification of the host's translating machinery; phage-in- 
duced changes for certain ~ R N A S ' - ~  a s  well a s  the appearance of a new tRNA synthetase, 14 

have been observed. As described in this  report, chromatography on MAK reveals a striking 
alteration in the sulfur-labeled profiles of soluble RNA after T4 phage infection of E. coli. This 
phenomenon occurs within 7.5 minutes after infection and may therefore be considered a s  one 
of the early events in the viral  replicative process. The changes described here appear to be 
viral-induced since (1) infection with only certain coliphages, T2 and T4, shows this response, 
and (2) the transition in sulfur-labeling can be prevented by the presence of chloramphenicol 
just pr ior  to, but not 5 minutes after, infection, suggesting that some phage-induced protein syn- 
thesis  is necessary. 



The possibility that the changes observed in the 3 5 ~ - ~ ~ ~  profiles by T4 infection might 
a r i s e  from 35~-exchange between different sRNA molecules seems unlikely, since RNA ex- . 
t rac ts  prepared from infected and uninfected cells, pre-labeled with 3 5 ~  and "chased," show 
the same type of "uninfected" 3 5 ~ - ~ ~ ~  distribution pattern on chromatography. Moreover, 
when the individual peaks a r e  rechromatographed on MAK with the addition of cold ca r r i e r  
sRNA, the radioactivity elutes in the same relative position. The experiment using relabeled 
3 5 ~ - ~ .  coli cells also indicates that the altered T4 3 5 ~ - R N ~  profile is not due to viral-induced 
alterations of pre-existing host sRNA (e.g., methylation) and that the thiolation of sRNA mole- 
cules after infection must represent the de novo addition of sulfur. 

The questions that remain unanswered are :  whether de novo sRNA synthesis occurs after  
T-even coliphage infection and if so, whether it is host- o r  viral-directed. Earl ier  studies 15-17 

have clearly shown that infection of E. coli with T-even phage results  in a shutdown of host nu- 
cleic acid synthesis, although the extent of this shutdown has not been exactly established. No- 
mura, et a1.16 found newly synthesized RNA in both the soluble and ribosomal fractions after 
pulse-labeling T2 infected cells  with 3 2 ~ i ;  both labeled RNA fractions were identified as being 
T2-specific since base analysis indicated a composition similar  to T2 DNA. It therefore ap- 
peared that very little, if any, host sRNA was being made. On the other hand, the method of 
analysis might not have permitted the detection of host sRNA synthesis a t  the level of a few per  
cent. At the same time, i t  has-never been established whether o r  not the T-even phage genome 
codes for any viral-specific RNA other than phage messenger RNA. Preliminary hybridization 
experiments with highly labeled T4 3 5 ~ - R N ~  obtained from the peak 3 region after  MAK chro- 
matography indicates that a significant degree of ribonuclease-resistance is imparted to the 
3 5 ~ - ~ ~ ~  after annealing to T4 DNA; E. coli DNA is far l e ss  effective. 

The in vitro assays  for thiol-transferase activity indicate that viral-infected extracts thi- 
olate sRNA a t  a slower overall ra te  and to a lesser  extent than extracts from normal cells. 
Furthermore, the level of endogenous acceptor sRNA for the transfer of cysteine-sulfur a lso  
appears to be lower in the infected extracts. These findings could explain the reduced sulfur 
incorporation in the early MAK-RNA fractions from infected cells, but not the increased sulfur 
incorporation into the peak 3 region. Several explanations a r e  possible: (1) T4 infection induces 
the formation of an  inhibitor that specifically prevents the thiolation of certain sRNA molecules 
but not others; (2) Viral infection initiates the synthesis of a specific thiol-transferase and/or 
viral-specific sRNA acceptors; (3) Infection induces enzymes that specifically degrade or  de- 
thiolate certain sulfur-containing sRNAs. This last  possibility seems unlikely since infected 
extracts show no greater  ra te  of 3 5 ~ - R N ~  degradation than uninfected extracts. No f i rm infor- 
mation has been obtained to support or  deny the other two possibilities. 

Finally, the use of radioactive sulfur a s  a tool for studying special aspects of RNA metab- 
olism migfit offer certain advantages over other isotopes. I ts  primary uniqueness is that s o  far 
only the low molecular weight cellular RNA species appear to contain thiolated nucleotides; 9-11 

therefore, it may serve a s  a specific labeling device for following the metabolism of sulfur- 
containing sRNA molecules. If sulfur-containing nucleotides a r e  indeed absent in the higher mo- 
lecular weight RNA species, a s  shown here, then the present results  cannot be attributed to the 
degradatidn of other cellular WAS, as might be the case  if other isotopes were employed. 

The labeled RNA preparations have been examined by chromatography on columns of G-100 
Sephadex which clearly resolves mixtures of 4s and 5 s  RNA into two separate and distinct peaks. 18 



The 3 5 ~ - ~ ~ ~  behaves like 4s RNA from both control and T4-infected cells; no radioactivity is 
found in the region where c a r r i e r  5s RNA is located. 
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THE CONSTANT SIZE OF CIRCULAR MITOCHONDlUAL DNA IN 
SEVERAL ORGANISMS AND DIFFERENT ORGANS* 

BY 
$ J. H. ~inclair,? B. J. Stevens, N. Gross, and M. Rabinowite 

There can be little doubt that DNA is present in mitochondria of all organisms. It has been 
1 localized to mitochondria by autoradiography and electron microscopy and a unique species 

3,4 of DNA has been extracted from purified mitochondrial preparations. Mitochondrial DNA 
from birds and mammals has been shown to be c i r c u ~ a r , ~ ' ~  a configuration heretofore not ob- 
served in DNA of animals or  plants. This circular form has been useful for obtaining accurate 
measurements of the length of the molecule. The sizes of mitochondrial DNA from different or- 
ganisms and from different tissues of a single organism can be compared by electron micros- 
copy. The preliminary data presented in this communication describe such a comparison. 

Mitochondria of mouse and chick liver were purified by previously described methods. 4 

Mitochondria were isolated from beef heart and from rat and guinea-pig liver by homogenizing 
the minced tissues in 0.25 M sucrose with a Potter-Elvehjem tissue grinder. Nuclei and large 
cell fragments were removed by centrifugation at 600 g for 10 min; the mitochondria were puri- 
fied by centrifuging them 3-4 times for 10 min in 0.25 M sucrose at 600 g and 7500 g. The DNA 
from chick, beef, and mouse mitochondria and from mouse whole cells was extracted with phe- 
nol. Rat and guinea pig mitochondria were extracted with chloroform/isoamyl alcohol and the 
DNA was further purified by passage through a methylated albumin kieselguhr column. A modi- 
fication of the Kleinschrnidt technique was used in preparation of DNA for observation in a 
Siemens-Elmiskop I. The microscope was frequently calibrated with replicas of diffraction 
gratings (54,800 and 28,800 L/in). 

Mitochondria1 DNA of chick, rat, and beef exists a s  circular filaments about 5p in length, 
which is about the same a s  that of the circles previously observed in mouse liver.' Figure 1 
presents an electron micrograph of a representative field of DNA from rat liver mitochondria. 
Histograms comparing the length of circular mitochondrial DNA are  shown in Figure 2. An 
asymmetry in distribution may be present in both rat and beef. This observation suggests the 
possibility that there is a minor class at 5.4 p, but too few molecules have been measured to 
permit a statistical analysis. Guinea pig mitochondrial DNA is also circular; the average length 
is about 5.6 p, i.e., somewhat longer than the DNA of the other organisms. The distributions ab- 
served here are similar to those recently reported for mouse, ox, sheep, chicken, and duck, 8 

7 9 L cells, Xenopus laevis, and sea urchins. 10 

The considerable variation in the morphological appearance of mitochondria in different 
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Figure 1. Rat liver mitochondrial DNA prepared by the Meinschmidt 
technique (3-6 pg/ml DNA; 1 mg/ml cytochrome c; 1 M ammonium 
acetate; rotary shadowing with 10-12 mg uranium oxide at an  angle of 
6' and a distance of 11 cm). x 48,000. 

organs such a s  liver, heart, pancreas, and kidney makes it of interest to determine whether 
mitochondrial DNA also differs. It has previously been shown that the buoyant densities of mi- 
tochondrial DNA from chick liver and chick heart are the same. Since circular mitochondrial 
DNA is readily distinguishable from nuclear DNA, it is possible to measure the molecular size 
of mitochondrial DNA from different sources in whole cell DNA extracts. DNA was extracted 
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F'igure 2. Distribution of lengths of mitochondrial DNA circular fila- 
ments extracted from beef, chick, rat, and guinea pig tissues. 
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from mouse brain, pancreas, and kidney and prepared for electron microscopic observation by 
the method used to extract mitochondrial DNA from mouse ~ i v e r . ~  Circular filaments are  pres- 
ent in each organ. In Figure 3, the sizes of the mitochondrial DNA filaments have been plotted 
as a histogram. Although relatively few molecules were measured, there is no evidence that the 
molecular size is different in these four tissues. 

These data show that mitochondrial DNA molecules from several different organisms and 
from several different tissues of a single organism a re  very similar in size. Mitochondria1 DNA 

3 9 thai exists a s  open ended filaments in Neurospora and yeast is also similar in size to that ob- 
served here. It is  nat clear what the relatively constant size of mitochondrial DNA from differ- 
ent organisms means. This finding may be related to a limited but similar informational content 
of heterologous mitochondrial DNA. It would be of value to measure the size of mitochondrial 
DNA in a wider variety of organs and organisms. Assuming that all mitochondrial DNA mole- 

7 c i e s  in an organism are  identical, the size of 5 p,  which corresponds to about 10 daltons, lim- 

e its the informational content of mitochondrlal DNA. This assumption is not firmly established 
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Figure 3. Distribution of lengths of mitochondrial DNA circular fila- 
ments present in liver, brain, and kidney of the mouse. The DNA from 
liver was extracted from purified mitochondria; the DNA from brain 
and kidney was extracted from whole cells. 

since it is possible that differences in base sequence may exist even though measurements of 
buoyant density and molecular length fall within a single narrow distribution. The observation 
that the length of mitochondrial DNA from different organs is similar does not eliminate the 
possibility that genomic difference may be a factor in mitochondrial differentiation. 
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L. B. Sorensen and R Y. Moore ?' 

Pr imary is an uxicominon disease of childhood. Among such cases, however, a number 
have been described in recent years  which present not only with the manifestations of hyperuri- 

1 cemia but with marked neurological impairment as well (Catel and Schmidt, ~ i l e y , ~  Lesch and 
7 ~ y h a n , ~  Nyhan, Oliver, and Lesch,l  ~ o e f n a ~ e l , ~  Hoefnagel, e t  a1,6 Sass, et al, Shapiro, e t  al, 8 

9 and Seegmiller, e t  a1 ). These cases  have been regarded a s  representing a syndrome a s  distinct 
metabolically from adult gout on the one hand and from other instances of juvenile hyperuricemia 

3 by their neurological manifestations on the other (Lesch and Nyhan ). The purpose of this com- 
munication is to present four additional cases in order to call further attention to the character- 
is t ics of the syndrome and the variations which may occur within the group. Two of these four 
cases  were admitted to the Clinical Research Center, supported by FR-55, USPHS. The other two 
were studied in the Argonne Cancer Research Hospital. 

CASE REPORTS 

Michael I. This thirteen-year-old boy is the elder of two brothers. Little information is 
available regarding their past  history, as he has been abandoned by his parents. For the same 
reason no family history is available, nor a r e  details concerning the pregnancy. o r  delivery. It 
is stated, however, that this child was said a t  birth by the physician attending to have cerebral  
palsy. Thus, he is the only one in the se r i e s  whose neurologic manifestations were apparently 
evident a t  a n  early age. His development was consistently retarded, and he has never achieved 
any significant milestones in motor skills. He is able to speak, although a t  t imes is difficult to 

understand. He is not toilet-trained, does not walk, does not feed himself, and in no way is able 
to ca re  for his own needs. It is said that he has had several urinary calculi in the past, but there 
is no other information available about his general health. Early in his  life it was noted that he 
exhibited a tendency toward self-mutilation. He had bitten off the major portion of his upper and 
lower lips; self-mutilation also involved the upper extremities, and he had bitten off al l  but a 
small portion of the proximal phalanx of the thumb in the right hand. Because of the tendency 
toward self-mutilation, it was necessary to keep this child in restraints. He was usually happy 
and well-disposed to be cooperative and attentive, although on occasion he would spit a t  some- 
one speaking to him. Self-mutilation in this boy was of particular interest in that i t  seems to be 
a compulsive rather than a voluntary activity. As noted above, when restrained he was quite 
happy, but if the restrainis  were removed he became increasingly agitated, and his hands .would 
immediately begin to move toward his mouth, and if allowed to go on he would begin to bite him- 

. T h i s p e r  was presented before the 2nd International Congress on Neuro-Genetics and 
Neuro-Ophthalmology, Montreal, 1967. It appears in Excerpta Medica. 

t ~ e p a r t m e n t s  of Medicine, Anatomy, and Pediatrics, The University of Chicago. Holder of 
Career  Research Development Award (K3-NB-7,389) from the National Institute of Neurological 
Diseases and Blindness, USPHS. 



self despite the fact that he cried out in pain and was evidently greatly disturbed by his own be- 
havior. If he were then restrained again, he would quiet down and return to his normal state. 
This could be repeated over and over again, and whenever he was unrestrained he became agi- 
tated, obviously fearful, and would compulsively move one member o r  another toward his mouth, 
where it would obviously have been mutilated if this were not prevented. 

General physical examination was unremarkable save for the evidence of self-mutilation. 
Again, a s  noted above, very little of his upper o r  lower lip remained, and that which was pres-  
ent was heavily scarred. In addition most of his right thumb was missing and he had other s c a r s  
on his hands. A well-healed scar  was found along the lower midline of the abdomen. 

On neurological examination this boy showed evident mental retardation. It was not clear,  
however, how much of this was due to his rather severely impaired motor ability and how much 
represented truly diminished intelligence. He would perform simple movements to command, 
and could answer simple questions in the affirmative o r  negative. He ate without difficulty, but 
had no accomplishments beyond apparent recognition of his surroundings and of individuals. He 
did become attached to certain members of the nursing staff and quite evidently interacted with 
some individuals on a primitive level. In addition to the retardation he showed evidence of se-  
vere  disturbance of movement, and a marked choreoathetosis with an  associated double hemi- 
paresis. The deep tendon reflexes were considerably increased, and both plantar responses 
were extensor. There was some sustained clonus a t  the ankles. There was a consistent increase 
in muscle tone, which seemed to be a combination of both spasticity and rigidity. When up on his 
feet the boy made walking movements with a sc issors  gait, but was unable to stand o r  walk by 
himself. ~e showed no evidence of sensory defect. 

Mark I. This is the second of the two brothers, and was born on June 2, 1960. This boy, a t  
six years of age, was less  severely afflicted than his older brother. As is the case with his 
brother, the history is sketchy because of the unavailability of a parent o r  similarly informed 
historian. The child was said to have been slow in his development from the beginning. It is not 
known, however, whether he showed any clear abnormality a t  birth, and nothing is known of the 
history of the pregnancy o r  delivery. He is said to have passed a kidney stone earl ier  in his life 
but the details of this a r e  not known. He has never walked, nor has he been able to ca re  for him- 
self in any manner. He is not toilet-trained, he does not feed himself nor d ress  himself. He is 
able to talk and interacts more with people than does his elder brother. He recognizes things 
shown to him in books and will ca r ry  on rudimentary conversations with individuals. He clearly 
recognizes people and interacts with his surroundings. He is able to play somewhat and will 
catch and throw a ball. Unlike his brother he has never shown any tendency toward self-mutila- 
tion, and can be maintained without restraints. It is noted that he is usually tied into a chair o r  
a bed, though, because with his disorder of motility he has a tendency to fall out and to injure 
himself, 

The general physical examination was normal. Oa neurological examination, the findings 
were primarily those of mental retardation with a disorder of motility. In the case of this child 
the retardation seemed moderate to mild. Again it was difficult to judge this because his  diffi- 
culty with movement certainly impaired liis performance, and his understanding and intelligence 
may be greater  than is apparent from this performance. In contrast to his brother, he showed 
no choreic movement, but had marked athetosis. He held his head in a position of hyperextension, 
often with rotation to the right, and there was athetotic posturing and movement of the upper ex- 



tremities, which was greater  on the left than on the right. He was unable to s i t  without support 
and could not walk. Deep tendon reflexes were all considerably increased and the plantar r e -  
sponses were extensor. He also showed a combined spasticity and rigidity which were difficult 
to  separate one from the other. He demonstrated no sensory abnormality. The neurological syn- 
drome in this  boy, thus, was one of a combined mental retardation with athetosis and a mild dou- 
ble hemiparesis. He did not demonstrate any evidence of self-mutilation. 

David T. This seven-year-old boy was born August 10, 1958, after an uncomplicated, full- 
t e rm pregnancy. He was the second child in the family, and the family history is unremarkable 
except that the older brother died a t  the age of 3 months with a diagnosis of uremia. He was not 
known to have had hyperuricemia and no neurological abnormality had been noted. This child ap- 
peared normal to the molller until the age Of 6 n~ul~ll ls ,  whcn aho noted t h a t  he appeared to expe- 
rience severe  pain when touched over h i s  back. In retrospect his  development seemed retarded 
from the beginning. He did not recognize his mother until 4-5 months of age, and rolled over by 
himself a t  10-11 months. He has never held his head up by himself, nor has he sat, crawled o r  
stood. He does not sped< but does make some attempts to play rudimentary games. He has at -  
tempted to feed himself but is not able to accomplish this. At the age of one year his ~xlother 
noted some material in his diaper which had the appearance of sandy gravel. At the same age 
she also noted self -mutilating behavior, and restraint  was required to prevent him from harm- 
ing himself. At the age of two years  he was f i r s t  noted to have jerking movements of his a r m s  
and legs, and these have continued. His neurological status has been stable for some years. In 
1965 he had an operation for the removal of kidney stones. 

General physical examination showed a small  boy who appeared younger than his reported 
age, but the only other abnormality was evidence of self-mutilation. Neurological examination 
showed findings which were predominantly those of an  extrapyramidal disorder of motility. The 
pr imary manifestation of this was athetotic posturing of the a r m s  and head with moderately se-  
ve re  slow athetotic movements. Some rigidity was present both in the a r m s  and legs, and the 
deep tendon reflexes were increased. The plantar responses were extensor on both sides, and 
i t  was not possible to determine whether there was any sensory abnormality. He was clearly 
severely retarded and evidenced only slight appreciation of his  surroundings and a very modest 
ability to obey simple commands. He showed no control over his own movements. In addition 
there was marked loss of the tissue of the lover  lip from self-mutilation. He was kept in r e -  
straints  in order to prevent mutilation of the extremities, and became quite agitated when the 
res t ra in ts  were removed. 

Carl  M. This thirteen-year-old boy was f i rs t  admitted to the University of Chicago Clinics 
on January 24, 1966. His early history was unremarkable, and he was believed to be perfectly 
normal until the age of three, when ur ic  acid crystals  were noted in the urine, on a routine uri- 
nalysis done when he had an upper respiratory infection. At the age of five he had abdominal 
pain and vomiting, and again was found to have ur ic  acid crystals  in the urine. He was relatively 
well until the age of ten, when he had another episode of abdominal pain and vomiting and on this 
occasion was found to have hematuria. Such episodes have recurred several t imes in the last  
few years. In September of 1965, during a flare-up of this  difficulty he was found to have a ur ic  
acid of 26 mg% and a BUN of 56 mg%. The retrograde pyelogram done a t  this time showed hydro- 
ure ter  and hydronephrosis. In December of 1965 he had another episode of abdominal pain and 
vomiting and was found a t  this time to have a BUN of 172 mg% and a serum ur ic  acid of 33 mg%. 



Urine again showed uric acid crystals, and he was treated a t  that time with high fluid intake, 
sodium bicarbonate and Diamox. His BUN fell to 25 mgO/o and his  uric acid to 9 mg%, a t  which 
time he was transferred to the Ur~iversity of Chicago Clinics f rom the University of Wisconsin, 
where the diagnosis of juvenile gout had been made. 

Family history was unremarkable. General physical examination was normal except that 
he showed a patch of alopecia over the vertex of his skull. On neurological examination he was 
found to have an intact mental status, except that he seemed somewhat dull. Psychological test-  
ing (Stanford-Binet Intelligence Scale Form LM) showed an IQ of 80. The remainder of the neu- 
rological examination was normal except that he showed clear choreiform movements in his  
arms,  but no 'abnormality of tone o r  posture. ~ h e s e  movements were sometimes present a t  rest ,  
but could be most easily elicited by having him hold his a r m s  outstretched, when they were 
quite evident. The movements were clearly abnormal for a boy of his age. 

METABOLIC STUDIES 

The size of the miscible pool of uric acid and i t s  rate of turnover were determined after 
10 intravenous injection of uric acid-2-14c (Sorensen ). The incorporation of a precursor into 

purines was assessed by determining the concentration of 14c in urinary ur ic  acid following in- 
11 travenous injection of g lyc ine - l -14~  (Sorensen ). plasma and urine ur ic  acid and i t s  immedi- 

ate precursors,  hypoxanthine and xanthine, were determined by enzymatic spectrophotometric 
methods. 

Table 1 summarizes the results  of the metabolic studies in the four boys and in the asymp- 
tomatic mother of D.T. Grossly excessive uric acid synthesis is evident. When the data were 
adjusted for the differences in body weight, the patients werk found to have a daily uric acid pro- 
duction of from 42.8 to 62.2 mg/kg of body weight a s  compared to a normal value of 10 mg/kg. 
On a purine-free diet D.T.'s mother excreted 641 mg of uric acid per  day, which is nearly twice 
the average value for normal women. However, uric acid production measured. with isotopic uric 
acid was only modestly increased. 

From Table 1 it  can be seen that the percentage of the dose recovered a s  urinary uric acid- 
14c agrees  well with the estimate based on the mean daily urate excretion and the computed 
daily turnover. The amounts of uric acid excreted in the urine represented from 72.5 to 78.1 
pe r  cent of the total amount formed daily a s  indicated by the turnover rate. This relationship 
is consistent with the findings in normal subjects and is indicative of normal handling of uric 
acid at the renal level in our patients. 

Intravenous injection of g lycine- l -14~ into the four patients resulted in a rapid and exces- ' 

sive incorporation of precursor into urinary ur ic  acid, maxii~lurn isotope concentration being 
reached within 18 hours after the administration of glycine. This pattern has been taken as evi- 
dence of a shunt pathway whereby precursor is incorporated into uric acid more promptly than 
in normal man by bypassing nucleic acid purines. The cumulative recovery of isotope in urinary 
uric acid over a seven day period after the administration of glycine was strikingly accentuated, 
ranging from 1.35 to 2.08 pe r  cent of the injected dose. This represents a 10- to 15-fold in- 
crease  in the utilizati.on of glycine for production of ur ic  acid a s  compared to normal control 
subjects. 

No evidence for a shunt pathway was found in the case of the mother of D.T., and the cumu- 
lative recovery of 14c in urinary ur ic  acid was grossly normal. 



Table 1 

SUMMARY O F  DATA ON URIC ACID METABOLISM IN FOUR PATIENTS WITH JUVENILE HYPERUFUCEMIA 

AND NEUROLOGIC MANIFESTATIONS AND IN ONE CARRIER FEh4ALE 

Uric acid 

.T 

Mother of D. T. 

Pt. 

Ma. I. 
Mi. I. 
C. M. 

D. T. * 
N. T. 

- 

Age 

6 

13  
13  
8 

33 

Wt. kg 

20 
2 6 
56 
16  
80 

4 ~ - g l y c i n e  in 
urine u r i c  acid 

(7 days) 
% of dose 

1.60 
1.47 

1.35 
2.08 

.21 

Plasma 

mg% 

8.8 5 
8.74 

12.45 
7.73 
4.58 

Miscible 
pool 

mg 

69 5 
869 

2,695 
- 

8 50 

Turnover 

mg/day 

1,244 
1,454 
2,396 

- 
821 

Recovery f rom urine 

62.2 
55.9 

42.8 
- 

10.3 

% 14c 
ur i c  acid 

71.5 
77.4 

76.9 
- 

82.1 

mg/day 

907 
1,054 
1,741 

840 
641 

% of 
turnover 

72.9 
72.5 

72.7 
- 

78.1 



Adult patients with gout characterized by overproduction of uric acid show a similar, but 
l e s s  marked pattern of incorporation of glycine into uric acid. It has been shown that in the 
adult type of gout the shunt pathway can be abolished by administration of the synthetic purine 
azathioprine (Imuran) with ensuing marked lowering of plasma and urinary uric acid (Soren- 

11 sen ). Two of the boys (C.M. and Ma.1.) received azathioprine for a period of ten days in a 
daily dose of 4 mg per  kg body weight. In contrast to the situation in adult gout with overpro- 
duction of uric acid, azathioprine failed to reduce either the plasma uric acid level o r  the ur i -  
nary excretion of ur ic  acid (Figure 1). Furthermore, the pattern and extent of glycine .incorpo- 
ration into urinary uric acid during treatment with azathioprine were remarkably similar  to 

12 those obtained during the control period (Sorensen and Benke ). 

94nn PLASMA 

AZATHIOPRINE ALLOPURINOL 
225 MG/DAY 4 0 0  MG / DAY - 

- 

URINE 
OXYPURINE 

(MG) - 

16.0 

I U URIC ACID 

URlC ACID PRECURSORS 

PL'ASMA 
URlC AClD 

MG % 

DAYS 

Figure 1. Plasma uric acid and urinary oxypurines during a control 
period and during treatment with azathioprine and allopurinol in a boy 
with a syndrome of a neurological disorder associated with excessive 
purine synthesis. Oxypurines, comprising hypoxanthine, xanthine, and 
uric acid, a r e  expressed a s  mg of uric acid. 

Allopurinol (zyloprirrlm), an isomer of hypoxanthine, is a potent inhibitor of xanthine oki- 
dase, the enzyme which catalyzes the oxidation of hypoxanthine and xanthine to uric acid. This 
compound produced a dramatic reduction in both plasma and urinary uric acid, but simultane- 
ously there was an increase in the precursors  of uric acid so  that the total excretion of urinary 
oxypurines remained constant. With allopurinol, the cumulative recovery of carbon-14 in uri-  
nary uric acid was decreased, but when this figure was corrected for the simultaneous increase 
in hypoxanthine and xanthine, the incorporation of g lycine-14~ into all oxypurines was compa- 
rable to the control value. 



DISCUSSION 

The striking neurological manifestations associated with remarkable aberration in uric 
acid metabolism indicate that these patients have a unique disorder. Patients with this syn- 
drome have a four to sixfold increase in uric acid production when compared to control sub- 
jects of similar age and weight. This degree of overproduction of ur ic  acid is far  greater  than 
that encountered in the idult  type of gout. Whereas azathioprine in a dose of 4 mg p e r  kg body 
weight per  day abolished the shunt pathway in gouty men, this drug had no effect on uric acid 

9 metabolism in children with this disorder (Sorensen and ~ e n k e , ' ~  Seegmiller, et  a1 ). 
9 Recently Seegmiller, e t  a1 have demonstrated virtually complete absence of the enzyme 

hypoxanthine-guanine phosphoribosyltransferase (E.C. 2.4.2.8.) in hemolyzates of washed eryth- 
rocytes a s  well a s  in fibroblasts grown in vitro from skin biopsies obtained from children with 
this syndrome. This enzyme converts the f ree  bases hypoxanthine and guanine to their respec- 
tive ribonucleotides by reaction with 5-phosphoribosyl-1 -pyrophosphate. Seegmiller, et  a1 have 
suggested that this enzyme plays an important role in the normal regulation of purine biosyn- 
thesis. 

All patients with this syndrome have been boys. Published data on the pedigrees indicate 
a n  X-linked recessive pattern of inheritance as the most likely mode of transmission for the 

8 disorder (Hoefnagel, et  a1,6 Shapiro, e t  a1 ). The mothers of affected children show no abnor- 
6 malities on physical examination. Two ca r r i e r  mothers reported by Hoefnagel, e t  a1 and by 

8 Shapiro, e t  a1 had elevated urinary ur ic  acid outputs in the face of normal serum uric acids. 
The mother reported by us  was also a hyperexcretor of uric acid. However, uric acid dynam- 
i c s  evaluated by the incorporation of glycine into urinary uric acid and by turnover studies with 
ur ic  acid-14c were not grossly abnormal, thereby excluding metabolic isotope studies a s  a 
means of detecting the c a r r i e r  state. 

Seegmiller, e t  al.13 have demonstrated that female c a r r i e r s  show mosaicism for the defect 
in the enzyme hypoxanthine guanine phosphoribosyltransferase. They cultured fibroblasts from 
skin biopsies obtained from a ca r r i e r  mother and found that approximately half of the cells  in- 
corporated tritiated hypoxanthine, whereas the other half did not. This suggests that abnormal 
chlo&osome distribution has  occurred postmeiotically and that both abnormal daughter cells  
and normal cells coexist in the same person. The evidence presented supports the hypothesis 
proposed by ~ ~ 0 r - 1 ' ~  to explain the lack of dosage effect of X-linked genes and the unusual vari-  
ability of gene expression in females heterozygous for a n  X-linked gene. 

The uniformity of the features of choreo-athetosis, double hemiparesis, mental retardation 
and self-mutilation has been repeatedly emphasized (Lesch and ~ ~ h a n , ~  ~ o e f n a ~ e l , ~  Nyhan, 

7 8 e t  al,4 Hoefnagel, e t  a1,6 Sass, et al, Shapiro, e t  a1 ). The cases presented here a r e  of interest 
in that they show a disparity in the neurologic manifestations of the syndrome. Two patients 
(David T. and Michael I.) a r e  typical in most respects. Both exhibit the marked pyramidal and 
extrapyramidal signs, a r e  mentally retarded, and show self-destructive biting. The latter mani- 

8 festation, as noted by others (Lesch and ~ ~ h a n , ~  Shapiro, e t  a1 ) is unusual and deserves further 
mention. Although occasionally seen in nonhyperuricemic children with severe mental retarda- 
tion i t  is rarely, if ever, as marked o r  as persistent. When kept restrained these children a r e  
docile and happy. If the restraints  a r e  removed, however, they become agitated and compulsively 
move a n  extremity to the mouth where it is mutilate'd, obviously with great pain. The genesis of 

such complex behavior is unclear. In addition these patients appear to have more intellectual de- 



fect than, for example, the less  severely affected brother (Mark I.). The more severely affect- 
ed brother ,(Michael I.) is remarkable in that his signs were evidently sufficiently gross  to be 
noted a t  birth. This would argue that the defect in purine metabolism is present and of conse- 
quence in utero. If this is the case, it would suggest that the primary defect might be an isolat- 
ed enzyme defect analogous to what has been found in the neurolipidoses. Hypoxanthine-guanine 
phosphoribosyltransferase is present in brain normally and is especially concentrated in the 

13 basal ganglia (Seegmiller, et a1 ). Since oxypurines accumulate abnormally in the cerebrospi- 
13 nal fluid of khese patients (Seegmiller, et a1 ), it would seem reasonable to suggest that this 

enzyme is absent o r  reduced in the brains of severely affected children. A deficiency of hypo- 
xanthine-guanine phosphoribosyl has been established by assaying the brain of one of Dr. . 

13 Nyhan's original patients, who died recently (Seegmiller, e t  a1 ). Two of our patients (Mark I. 
and Carl M.), however, demonstrated less  than the full-blown neurologic picture. In one (Carl 
M.), only mild choreic movements were evident and he has normal intelligence. In the other 
(Mark I.) the disorder of motility was apparent but not as marked a s  in the severely involved 
patients and he showed borderline intelligence and no self -mutilation. It might be postulated 
that in these patients there is only a partial enzyme defect in the brain with concomitantly al- 
tered function. Such a concept would also be consistent with the fact that neuropathologic stud- 

7 i e s  have not shown lesions consistent with the neurologic picture (Sass, e t  a1 ). The neurologic 
manifestations could, then, be viewed as the result of a functional alteration in neuronal metab- 
olism which, since i t  does not involve structural elements, is not evidenced by an anatomic ab- 
norrrlality in the affected cells. 

LITERATURE CITED 

1. Catel, W., and J. Schmidt. Deutsche med. Wchnschr., 84:2145, 1959. 

2. Riley, J. 0. Archives of Diseases of Childhood, 35:293, 1960. 

3. Lesch, M., and W. L. Nyhan. American Journal of Medicine, 36:561, 1964. 

4. Nyhan, W. L., W. J. Oliver, and M. A. Lesch. Journal of Pediatrics, 67:257, 1965. 

5. Hoefnagel, D. Journal of Mental Deficiency Research, 9:69, 1965. 

6. Hoefnagel, D., E. D. Andrew, N. G. Mireault, and W. 0. Berndt. New England Journal of 
Medicine, 273, 130, 1965. 

7. .Sass, J. K, H. H. Itabashi, and R A. Dexter. Archives of Neurology, 13:639, 1965. 

8. Shapiro, S. L., G. L. Sheppardj Jr., F. E. Dreifuss, and D. S. Newcomhe. Proc. Soc. Exptl. 
Bio. and Med., 122:609, 1966. 

9. Seegmiller, J. E., F. M. Rosenblum, and .W. M. Kelley. Science, 155:1682, 1967. 

10. Sorensen, L. B. The Scandinavian Journal of Clinical and Laboratory Investigation, 12, 
supplementum 54, 1960. 

11. Sorensen, L. B. Proc. Nat. Acad. Sci., U.S., 55:571, 1966. 

12. Sorensen, L. B., and P. J. Benke. Nature, 213:1122, 1967. 

13. Seegmiller, J. E., F. M. Rosenblum, and W. M. Kelley. Personal communication, 1967. 

14. Lyon, M. F. American Journal of Human Genetics, 14:135, 1962. 



THE EFFECTS O F  ESTRADIOL AND ESTRIOL ON PLASMA LEVELS OF 
CORTISOL- AND THYROID HORMONE-BINDING GLOBULINS AND ON 

ALDOSTERONE- AND CORTISOL-SECRETION RATES IN MAN* 

BY 
t F. H. Katz and A. Kappas $ 

Estriol is quantitatively the most important metabolite of estradiol, being derived from 
this hormone and related precursors  such a s  estrone, via a chemical transformation which is 
not reversible in v iva1 Its  production is known to increase extraordinarily in pregnancy, reach- 
ing levels of 60 mg/day o r  more during the last  t r imester  of a normal human gestation. 2,3 
These amounts exceed daily production of this compound in the non-gravid state by a factor of 
1000 o r  more, thus raising the possibility that this steroid metabolite might contribute to cer-  
tain of the physiological and chemical alterations known to accompany pregnancy, o r  participate 
in certain biological effects generally attributed to i t s  precursor hormone, estradiol. 

Recent studies from this laboratory have in fact demonstrated that estriol, like estradiol, 
was anabolic and significantly diminished spontaneous and certain secondary o r  experimentally 
induced hydroxyprolinurias in man,4 substantially reduced the incidence and severity bf experi- 

5 mental immune arthri t is  in the rat,  and in appropriate amounts regularly impaired liver func- 
tion with respect to dye disposal in both man and the experimental animal. 6,7 

In the present study the effects of estriol on certain endocrine factors known to be altered 
during pregnancy were examined and compared with those effects induced by the natural hor- 
mone estradiol. The endocrine parameters  chosen for study were the activities of the plasma 
binding proteins for thyroid hormone and for cortisol, and the secretory ra te  of aldosterone, al l  
which a r e  known to be elevated in late o r  during estrogen trcatment. The 
secretory rate of cortisol was also measured during estriol and estradiol treatment and one 
possible mechanism of estrogen-induced hyperaldosleronism was tentatively explored. 

METHODS 

Patients under study were housed on a metabolic ward, and, when indicated for this o r  con- 
current  investigations, were given constant diets o r  maintained on fixed intakes of sodium and 
potassium. The short control periods shown on the charts depicting the balance studies repre- 
sent the last  several days of a 7-10 day period on the constant diet prior to the initiation of 
steroid treatment. The majority of the patients studied had musculo-skeletal diseases; none had 
detectable renal, hepatic, o r  endocrine abnormalities, except a s  noted. Steroids were prepared 
as described in an earl ier  study.6 The steroid solvent vehicle alone was shown to be inert, with 
respect  to the endocrine indices studied. 

* 
This report appeared in J. Clin. Invest., 46:11, 1967. The work was supported in pa r t  by 

USPHS Training Grant TI  AM 5445-03. 
'present address: Department of Medicine, Loyola University Stritch School of Medicine, 

Hines, Ill. 60141. 
'present address: The Rockefeller University Hospital, New York, N. Y. '10021. 



Analysis of' urine sodium and potassium was performed by flame photometry o r  atomic ab- 
sorption spectrometry; urine creatinine was measured by a minor modification (without heat.ing) 
of the method of Bonsnes and ~ a u s s k ~ . ' ~  Thyroid hormone binding globulin was measured indi- 
rectly using the tri-iodothyronine (T3) resin uptake method of Sterling and ~ a b a c h n i l t , ' ~  o r  the * 
commercial Triosorb technique. Cortisol binding globulin was estimated by fractionation of 
1 ml plasma containing 0.1 P C  (1.6 pg) 4-14~-cor t isol  on Sephadex G 50 columns,16 a slight 
variation of the method of DeMoor, et  al.17 All plasma was heparinized and stored frozen until 
performance of the tests. Specific activities of urinary tetrahydrocortisol and tetrahydrocorti- 
sone18 and "tetrahydroaldosterone"19 following injections of radioactive cortisol and aldosterone 
were used to measure aldosterone and cortisol secretion ra tes  concurrently by double isotope 
derivative methods a s  previously described.20 Routine statistical methods were utilized. 2 1 

Estrogen effects on thyroid-hormone binding globulin (TBG). Thirteen patients received 
estriol in amounts of 5-40 mg/day for 3-10 days; 9 patients received estradiol in amounts of 
5-50 mg/day for 5-14 days. A minimum of 2 control samples of plasma and 2 samples at the 
end of the steroid treatment period was obtained a t  least 2 days apart  from each patient (except 
for one treated for only three days, and studied twice before treatment and on the morning after 
the last  injection). All samples from each subject were tested in duplicate a t  the same time. 
Estriol did not consistently o r  significantly al ter  the mean T resin uptake in the treated sub- 3 
jects whereas all palients treated with equivalent o r  substantially lesser  amounts of estradiol 
demonstrated the expected increase in binding activity of TBG (i.e., decreased T3 res in  uptake). 
Figure 1 shows the difference between the estradiol and estriol effects graphically. 

Estrogen effects on cortisol-binding globulin (CBG). Twelve patients received estriol, 8-40 
mg/day for 5-10 days; 11 patients received estradiol 5-100 mg/day for 4-16 days. Table 1 shows 
the results  of treatment with these steroids on plasma CBG activity, expressed a s  .pg  cortisol 
capacity pe r  100 ml plasma for each patient. Figure 2 compares these effects on CBG in each 
steroid treated group with the range of CBG values observed in the same patients during a con- 
trol  period. Estriol administration did not significantly influence plasma CBG activity, even 
when injected in the large amounts which a r e  produced during late pregnancy; estradiol, a s  ex- 
pected, produce'd consistent and striking increases in plasma CBG capacity. 11 is of interest that 
5 mg of this hormone was able to evoke practically a s  much of an increase in plasma CBG ac- 
tivity a s  was 50-100 mg (Table 2)) suggesting that the amount of this hormone excreted in preg- 
nancy (which may exceed 5 mg/day) probably already provides the maximal estrogenic stimulus 
for CBG production. Evidence that CBG production is actually increased following estrogen has 
been reported by others. 2 2 

Estrogen effects on the secretion rate of cortisol (CSR). The CSR was studied before and 
after  steroid treatment in 12 subjects, 7 of whom received estriol 10-40 mg/day for 5-10 days, 
and 5 of whom received estradiol 5-20 mg/day for 3-10 days (Table 2). Estradiol did not con- 
sistently o r  significantly alter the CSR in either direction; i t  is of interest that the CSR in none 

of the estr iol  treated subjects decreased and that in 2 subjects the increases noted during ste-  
roid treatment (S.B. and E.W.) exceed 50 pe r  cent. The mean CSR increased only by 4.1 mg p e r  

* ~ b b o t t  Laboratories, Franklin Park, Ill. 
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Figure 1. Estrogen effects on TQ resin uptake. 
Thirteen patients received estriol, 5-40 mgI1day 
for 3-10 days; 9 patients received. estradiol, 
5-50 mg/dap for 5-14 days. Patients given es-  
tradiol had a diminution of their mean T3 i-esin. 
uptake while those receiving estrlol had no 
change . 

Figure 2. Estrogen effects on cortisol binding 
globulin (CBG). Subjects receiving estradiol had 
an increase in CBG capacity while those given 
estriol had no change. 



Table 1 

TREATMENT SCHEDULE AND CBG CAPACITY IN 22 SUBJECTS 

day after estriol, although this increase was highly significant (p < 0.001). However, the CSR 
values in all periods remained within the normal range. 

Estrogen effects on the secretory rate of aldosterone (ASR). The ASR was studied before 
and after steroid treatment in 19 subjects, 11 of whom received estriol 10-40 mg/day for 5-11 
days and 8 of whom received estradiol 5-40 mg/day for 3-10 days. In 6 subjects the ASR was 
determined twice during the control period; and in 3 subjects 2 or 3 times during the period of 
steroid treatment. The upper limit of normal for the ASR on a diet containing 120 mEq sodium 
in this laboratory i s  in the range of 200 pg/24 hours. The results of the treatment on the ASR 
in the 19 subjects a re  shown in Table 3. One patient in this series (E.K.) was being investigated 
for the presence of an aldosterone-producing tumor. S.M. had primary aldosteronism with de- 
pressed plasma renin activity due to bilateral nodular adrenocortical hyperplasia. One patient 
had hyperparathyroidism due to metastatic parathyroid cancer (J. F.). K.R was a 54-year-old 

man with active acromegaly; four subjects (M.T., P.D., V. C., R.G.) were on 20 mEq sodium 

Patient 

E. G. 
A. R. 
J. Z. 
E. 0. 
J. W. 
R. A. 
J. F. 
E. W. 

L. W. 
S. B. 
M. H. 
L. M. 
M. M. 
R. B. 
E. M. 
E. C. 
E. K. 
A. P. 
J. F, 
E. W. 

L. S. 
M. P. 

Treatment 
CBG cortisol capacity 

Estriol 
Estriol 
Estriol 
Estriol 
Estriol 
Rstriol 
Estriol 
Estriol 
Estriol 
Estriol 
Estriol 
Estradiol 
Estradiol 
Estradiol 
Estradiol 
Estradiol 
Estradiol 
Estradiol 
Estradiol 
Estradiol 
Estradiol 
Estradiol 

Control 

mg/day x days 

8 x 6  
10 x 7 
10 x 10 
20 x 5 
20 x 6 
20 A 7 
40 x 7 
40 x 7 
40 x 8 
40 x 10 
40 x 10 

5 x 6  
5 x 7, 
5 x 10 
7.5 x 12 

10 x 8 
1 0 x 8  ' 

20 x 4 
20 x 7 
20 x 7 
50 x 4 

100 x 16 

Estrogen 

p g/100 

2 7 
28 
2 2 
2 2 
23 
2 5 
2 9 
3 1 
29 
3 1 
2 7 
29 
19 
28' 
2 4 
3 5 
31 
2 8 
29 
3 1 
2 5 
2 6 

ml plasma 

21 
3 1 
2 5 
2 7 
23 
2 5 
23 
2 8 
32 
34 
3 1 
40 
37 
48 
52 
49 
50 
47 
49 
5 9 
46 
58 



Table 2 

TREATMENT SCHEDULE AND CORTISOL SECRETION RATE 
IN 12 SUBJECTS 

diets and subject V.C. had severe congestive heart failure. A.R. and V.M. were men and F.C., 
S.B., and A.P. had undergone hysterectomy. 

The administration of estriol increased the ASR significantly (in excess of 20 per  cent) in 
7 out of 11 patients; these increases ranged from approximately 100 per  cent to 900 per  cent 
above control levels and occurred within the shortest time period studied (5 days) after initia- 
tion of steroid treatment. The least amount of estriol which appeared to be effective in increas- 
ing ASR was about 20 mg/day (1 subject out of 3 responded); although amounts of estriol in the 
higher ranges of those produced in pregnancy (40 mg/day) induced consistent and pronounced 
elevation in the ASR in all but one subject (J.N.). The administration of 40 mg/day of estriol for 
6 days to an adrenalectomized subject, maintained on cortisol, did not lead to the urinary excre- 
tion of metabolites behaving chromatographically like tetrahydroaldosterone, thus excluding the 
possibility of artifact in the ASR determination after estriol treatment. 

Estradiol treatment resulted in arl increase ranging from about 40 per  cent to 450 per cent 
in the ASR, in 6 of the 8 patients studied. The effect could be observed with a s  little a s  5 mg/day 
(subject E.M.) and was apparent a t  higher doses a s  quickly a s  2 days after injection of the ste- 
roid (subject V.M.). It is of interest that the patients with proven and suspected primary aldo- 
steronism (S.M. and E.K.), and subject RG.  (who was on a 20 mEq/day sodium diet), responded 
to estradiol with significant increases in ASR; the.patient with hyperparathyroidism, shown to . 

respond to estriol, did not increase her ASR on estradiol treatment. The possibility that the. es-  
tradiol effect on the ASR is mediated in part  through conversion to i t s  active metabolite estriol 
cannot be excluded; the converse is not possible however since the transformation estriol' -c 

Patient 

A. R. 
F. C. 
S. B. 
J. F. 
E. W. 

N. M. 
M. H. 
M. M. 

E. K. 
S. B. 
E. W. . 

J. F. 

Treatment 

- 

~ s t r i ' o l  
Estriol 
Estriol 
Estriol 
Estriol 
Estriol 
Estriol. 
E stradiol 
Estradiol 
Estradiol 
Estradiol 
E s  tradiol 

Cortisol secretion rate 

Contrpl I Estrogen 

mg/day mg/day x days 

10 x 6 
20 x 5 
40 x 5 
40 x 7 
40 x 7 
40 x 8 
40 x 10 
5 x 7 
10 x 3 
20 x 5 
20 x 7 
20 x 10 

16.5 

15.0 
10.3 

16.0 

9.3 
13.5 
16.4 
13.7 

8.8 
10.3 

9.3 
16.0 

18.0 

16.0 

18.3 
21.5 

15.1 
15.5 
21.4 

12.6 

9.4 
13.1 

7.5 
14.4 



estradiol does not occur in viva.' The acromegalic subject (K.R.) also did not increase his ASR 
during estradiol administration. 

Urinary excretion of sodium and potassium following estradiol and estr iol  treatment. The 
effects of these steroids on acute changes in urine excretion of sodium and potassium were stud- 
ied in 4 patients, in a tentative exploration of the possible ways in which estrogens might evoke 
increases in ASR in man. The effect of esti-adiol on the urinary excretion of these electrolytes 
is depicted in Figures 3 and 4. Subject L.R. (Figure 3)) a patient with emphysema,. had a marked 
increase in sodium excretion in the f irst  24 hours following estradiol administration, followed 
by a prolonged period of sodium retention, due presumably to the increase in ASR induced by 
estradiol. There was little if any potassium retention in the f i r s t  2 days of estrogen treatment. 
Subject S.S. (Figure 4) also appeared to have a transient sodium diuresis in the f i rs t  48 hours 
after estradiol administration. 

The injection of estriol in two patients also appeared to be associated with a very early and 
transient natriuresis a s  shown in Figures 5 and 6. The effect was marked in subject V.C. (Fig- 
ure  6) who was a patient with congestive heart failure exhibiting a significantly positive sodium 
balance on an intake of 27 mEq/day. Although she had been excreting l e s s  than 5 of the 27 mEq 
of sodium intake pe r  day during the control period, on days 1 and 3 of -estriol treatment (the 
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WEIGHT tgT 1. . - - 
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Figure 3. Urinary excretion of sodium and po- 
tassium. Urinary sodium loss  was seen on the 
f i rs t  day of estradiol administration. 
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Figure 4. Urinary excretion of sodium and po- 
tassium. This subjec.0 had excretion of sodium 
greater  than intake on. f i rs t  two days of estradiol. 
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Figure 5. Urinary excretion of sodium and po- 
tassium. Estriol injections resulted in increased 
sodium excretion for one day followed by transient 
sodium retention. 
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Figure 6. Urinary excretion of sodium and po- 
tassium. Estriol caused a transient increase in , 

the very low sodium excretion in this woman with 
congestive heart failure. The aldosterone secre- 
tion rate rose  from i ts  already elevated levels of 
630 and 438 to 2478 pg per  day. 



urine of the second day of estriol treatment was lost), the urine sodium rose  to 32 and 20 re -  
spectively with suggestive reciprocal changes in potassium excretion. Subsequently during the 
'remainder of the estriol treatment period, the urinary sodium returned to i t s  previous low lev- 
els, in keeping with the measured increase in ASR. 

DISCUSSION 

Estriol is, under normal circumstances, i.e., in llle nongravid state, derived from the in 
vivo biotransformation of estrone and estradiol in man. Studies of estrogen metabolism in preg- 
nancy, however, have indicated that a considerable amount of the estriol excreted in urine may 
a r i s e  from other chemical pathways23 in which 16a-hydroxydehydroepiandrosterone sulfate 24 

and dehydroepiandrosterone sulfate25 a r e  important steroid precursors  of estriol, and that the 
placenta is a major site of this biotransformation.26 The activity of estriol in "classical" tests  
of estrogenic function is strikingly l e s s  than that of estradiol and e ~ t r o n e ; ~ '  nevertheless its 
extraordinary production rate during gestation ra ises  the possibility that any biological proper- 
t ies  which it might be shown to possess could contribute to certain of the physiological al tera-  
tions which accoInpany normal human pregnancy. 

The present  studies show that with respect to elevation of cortisol and thyroid-hormone 
binding globulin activity in man the metabolite estriol does not possess more than a small frac- 
tion of the activity of i ts  ovarian precursor hormone estradiol. With due consideration of the 
fact that this  conclusion is drawn on the basis of only short term studies, this difference in po- 
tency between estriol and estradiol indicates that the sustained increase in CBG and TBG activ- 
ity during pregnancy may result primarily from biological actions of the latter hormone - o r  
perhaps derivatives which a r e  structurally distinct from estriol, o r  which undergo different 
pathways of metabolism in vivo. The latter is an important consideration, since one reason why 
estr iol  did not stimulate binding protein activity effectively in this study may relate to the 
markedly higher rate of renal disposal of this compound, compared with estradiol. 2 8 

Estradiol did not consistently affect the ra te  of cort'isol secretion in this study. As noted, 
2 of the estr iol  treated subjects increased their CSR by 50 per  cent o r  more during treatment 
with this steroid and there was a small but highly significant increase in the mean CSR of the 
entire estr iol  treated group. Since both subjects with marked increases in CSR after estriol had 
a low CSR during the control period, i t  is conceiva,ble that estriol treatment facilitated-or pos- 
sibly coincided with-a spontaneous increase of adrenal activity in these otherwise chronically 
ill patients. However, this did not occur in the two estradiol treated subjects with low control 
r a t e s  of cortisol secretion; in any case, the CSR did not exceed the normal range in any subject 
despite relatively intense, short-term, estrdgen treatment. The results  a r e  consistent with oth- 
e r  observations on the CSR following the administration of synthetic estrogens. 13,29 

The most noteworthy findings in this study relate to the ability of estradiol and estriol to 
increase-sometimes to strikingly high levels-the ra te  of secretion of aldosterone in man. The 
effect could be demonstrated a t  low o r  high levels of salt intake (high and low baseline ASR con- 
t ro l  values respectively) and in a t  least  one patient with pr imary aldosteronism a s  well. The 
stimulatory action of estriol and estradiol on the ASR is of special relevance to the situation in 
pregnancy since the ASR is known to increase substantially a t  this time. 

The mechanism of the increased aldosterone production which occurs during pregnancy is 
not clearly understood. An important stimulant to the ASR at  this time is the large amount of 



progesterone which is produced during gestation. This steroid has been shown to competitively 
inhibit aldosterone action a t  the renal tubular level,30 an effect which, a s  would be expected, r e -  
sults in a compensatory increase in aldosterone. 31 

It is clear from the present study that the striking increase in estradiol and estriol produc- 
tion which occurs in pregnancy may also contribute to the elevated ASR which characterizes the 
gravid state. The mechanism(s) of this apparently paradoxical estrogen effect is not clear al- 
though it could be explained if it could be shown that these steroids, like progesterone, were 
natriuretic substances. The preliminary observations reported here suggest this possibility al- 
though their tentative nature is emphasized. Layne and associates,13 who also demonstrated in- 
creased aldosterone secretion a s  a result of treatment with synthetic estrogens, suggested that 
these hormones a r e  sodium-retaining substances, citing the detailed study of Preedy and Ait- 
ken.32 The latter report, however, shows a small transient net average sodium chloride loss on 
Day 1 in the estrogen treated group; although data for individual subjects a r e  not given. The pa- 
tients reported here (Figures 3-6) also had a transient negative sodium balance in the initial pe- 
riod of estradiol o r  estriol treatment. This was generally followed by sustained sodium reten- 
tion, and in one subject (J.N., Figure 5) by a clear "escape" phenomenon like that seen in the 
Preedy and Aitken study32 and similar to that which is observed when aldosterone is adminis- 
tered to normal subjects.13 The results  strongly suggest that the apparent "salt-retainingf1 ac- 
tivity of these estrogens may in fact be sttributed to the increased aldosterone secretion which 
they stimulate. Lack of consistent and marked reciprocal changes in potassium balance a r e  not 
a t  all unusual, even when large amounts of aldosterone a r e  administered. 3 3 

If a transient natriuretic response consistently follows estrogen administration, the resul-  
tant stimulation of aldosterone secretion could ensue via stimulation of renal renin production. 
Indeed plasma renin activity is known to be elevated in human gestation34 and has recently been 
found to increase after estrogen administration. 3 5 

In addition to i t s  usual renal source, however, the increased plasma renin during pregnancy 
may be largely derived from uterine stores.36 The enzyme can be found in amniotic fluid3' and 
will form angiotensia but apparently does not respond to the same physiologic stimuli- 
i.e., salt loading and hypervolemia-that suppress renal renin production. 39,40 This could pro- 
vide another possible sustained stimulus to aldosterone production in pregnancy. 

It is of interest that androgens, like progesterone, have also been shown to compete with 
aldosterone at  the renal tubular level. 41942 Indeed older studies by Kenyon and his co-workers 43 

demonstrate a renal "escape" from testosterone-induced sodium retention which could well be 
mediated by aldosterone. More conclusive evidence of a similar property for estrogens would 
extend the spectrum of aldosterone antagonism to another class of natural hormones and one 
which, like progesterone, would have particular relevance to the alterations in ASR seen in preg- 
nant women. 

Other mechanisms than natriuresis  for  estrogen stimulation oI aldosterone secretion a r e  of 
course entirely possible and may for example include direct actions on the adrenal cortex, di- 
rec t  stimulation of renal renin production (and of uterine renin production a s  well in pregnancy, 
alterations in the metabolism of relevant substances such a s  renin, renin substrate,14 angio- 
tensin, progesterone, etc. Whatever this mechanism(s) proves to be, it is likely that this class 
of steroids-and particularly estriol-plays a significant role among the factors which evoke 
and sustain the striking hyperaldosteronism which characterizes the gravid state. 
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INFLUENCE OF ESTRADIOL AND ESTRIOL ON URINARY 
EXCRETION OF HYDROXYPROLINE IN MAN* 

BY 
t F. H. Katz and A. Kappas $ 

Hydroxyproline (hypro) is a major component of collagen and the amount of this imino acid 
excreted in urine is considered to reflect the rate of metabolic turnover of collagen.' Excessive 
hydroxyprolinuria characterizes certain endocrine disorders; and the exogenous administration 
of several  natural hormones is known to increase hydroxyprolinuria in man. Thus patients with 
acromegaly have urinary levels of hypro which exceed the normal adult range of values, and pi- 
tuitary dwarfs excrete l e s s  hypro than do normally growing children, in whom high levels of uri- 
nary hypro a r e  characteristic. In addition to these changes attributed to greater  o r  lesser  
amounts of pituitary growth hormone, alterations in urinary hypro a r e  also observed when para- 
thyroid o r  thyroid hormones a r e  administered to man o r  when the relevant endocrine disorders 
a r e  present. It appears, however, that adrenal glucocorticoids have little effect on urinary hypro 
output although it seems reasonable to suppose that the severe osteoporosis and soft tissue wast- 
ing of Cushing's syndrome may at some point be reflected in excessive hypro output. 

The present study demonstrates that the natural ovarian hormone estradiol and its metabo- 
lite estr iol  both significantly decrease the urinary excretion of hypro following their administra- 
tion to man. Estrogen suppression of hypro excretion was observed in both men and women, and 
in patients with primary and secondary (metastatic cancer) bone disorders characterized by pro- 
found hydroxyprolinuria. Moreover, both steroids were shown to counteract the hydroxyprolinuria 
associated with primary endocrine disease and the increased hypro output induced by certain nat- 
ural  hormones. A preliminary report  has been published. 2 

METHODS 

The subjects studied were housed on a metabolic ward during all study periods and main- 
tained on diets from which gelatin desser ts  and candies were excluded. Most patients had rheu- 
matoid arthri t is  o r  other musculoskeletal diseases unless otherwise noted; all served a s  their 
own controls for  periods of at  least one week or  more before the administration of endocrine 
preparations, since patients with rheumatic diseases sometimes have increased urinary hypro 

4 e ~ c r e t i o n . ~  Steroids were dissolved in the solvent vehicle previously described and adminis- 
§ tered by intramuscular injection; testosterone, human growth hormone (HGH) and parathyroid 

9 extract were administered by intramuscular injection a s  well, and diethylstilbestrol and triiodo- 
thyronine were given by mouth. 
-- * 

This paper appeared in J. Lab. Clin. Med., 71:65, 1968. The study was supported in pa r t  
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Urinary hypro was measured in 24 o r  48 hour urine collections by the method of Prockop 
and Udenfriend.5 Steroids and solvents added to the urine in the amounts administered to patients 
did not affect the hypro determinations, nor did solvent vehicle injections influence hypro excre- 
tion. Unless otherwise indicated the values for urinary hypro represent a total of both f ree  and 
peptide-bound hypro. Measurements indicated a s  "free hypro" were made by the same technique, 
omitting the hydrolysis with HCl. Urinary creatinine was regularly determined to ensure com- 
plete urine collections; in several experimental periods urinary hypro was expressed, a s  noted, 
in mg/day p e r  gram of creatinine because of incomplete collections. Urinary alpha-amino acid 

6 nitrogen was measured by the method of Rubinstein and Pryce. 

RESULTS 

Estradiol was administered to 13 subjects in amounts of 5-20 mg/day for periods of 2-20 
days. The injection of this hormone was followed by significant and consistent reductions in uri-  
nary hypro output in 11 of the 13 subjects; the results  in 9 of these 11 subjects a r e  shown in Fig- 
ure  1. The decreases in urinary hypro output following this treatment reached levels a s  much a s  
60 per  cent below control values (Subject E.M.), and frequently occurred on the f i rs t  o r  second 

EFFECT O F  ESTRADIOL ON URINARY HYDROXYPROLINE EXCRETION 

Figure 1. Effect of estradiol (E2) on urinary total hydroxyproline (OH-P) 
excretion. The average value during the control period is indicated by the 
dashed line. 
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day of treatment. The response was sometimes delayed (Subjects J.L. and RG.), however. The 
minimum amount of hormone required to induce this effect is not known; although most subjects 
received 20 mg/day, 5 mg/day was as effective as 20 mg/day in one patient (Subject L.M.). The 
reason why 2 out of 13 subjects did not respond is not clear. Following cessation of estradiol 
administration, urinary hypro usually returned to control values; but there was occasionally a 
return to baseline values while the estrogen was still  being administered (Subject S.B.). Urinary 
"free hypro" excretion was studied in 3 subjects, and was also shown to decrease during es t ra-  
diol treatment, 20-40 mg/day for 6-9 days. Mean control values of 2.29, 1.93, and 1.86 mg/day 
were diminished to mean values of 1.66, 1.46, and 1.41 respectively, during treatment. 

Estriol is the principal recognized metabolite of estradiol in the non-pregnant state; it can- 
not undergo in vivo conversion back to its precursor hormone7 01- to the related active estrogen, 
estrone. Estriol also induced substantial reductivrls in urinary hypro output in nlan (9 out of 14 
experiments). The results  of studies in 6 subjects a r e  shown in Figure 2. As with its precursor 

hormone, injection of this rxletabolite could rapidly decrease urinary hypro excretion (Subject 
W.W.); and urinary hypro quickly returned to control levels following its discontinuation o r  even 
before (Subject M.H.). The effect was observed in both males and females a s  well a s  in hysterec- 

EFFECT O F  ESTRIOL ON U R I N A R Y  HYDROXYPROLINE E X C R E T I O N  

Figure 2. Effect of estriol (E ) on urinary total hydroxyproline (OH-P) 
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tomized women. Estriol, like estradiol,* was also "anabolic" a s  reflected in consistent associ- 
ated decreases in urinary alpha-amino acid nitrogen excretion shown demonstrated in one sub- 
ject in Figure 3. 

EFFECT OF ESTRIOL ON URI,NARY ALPHA AMINO NITROGEN 
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Figure 3. Effect of estriol (E3) on urinary total alpha amino 
nitrogen excretion. 

The levels of hypro in protein-free filtrates of blood serum were variable, even in the 
same individual. Studies in 6 subjects indicated that estradiol and estriol treatment was not ac- 
companied by significant o r  consistent changes in serum hypro concentration. Attention has al-  

9 ready been called by others to the uncertainties regarding assays  for hypro a t  physiologic lev- 
els, however. 

The effect of combined estradiol and triiodothyronine (T3) treatment on urinary hypro out- 
put was studied in 2 subjects. The results  a r e  shown in Figure 4. In both experiments the marked 
elevation in urinary hypro accompanying T3 administration was almost entirely prevented by 
concurrent estradiol treatment. 

The effect of combined estradiol and parathyroid extract (PTE) treatment on urinary hypro 
output was a.lso studied in 2 subjects. The results  a r e  shown in the top two sections of Figure 5. 
As with thyroid hormone, the excessive hydroxyprolinuria induced by PTE administration was 
significantly diminished by estradiol treatment. Subject J. F. (bottom of Figure 5) was a young 
woman with established hyperparathyroidism due to disseminated parathyroid carcinoma, in 
whom intensive estrogen treatment was utilized in an attempt to diminish the elevated serum 
calcium levels and counteract the severe catabolic effects of parathormone on bone and other 
tissue.1° Estradiol significantly diminished the abnormally high hypro excretion in this patient 
but only when large amounts of the steroid were administered. This requirement for extremely 
large amounts of estrogen may reflect the excessive output of parathormone by the metastatic 
parathyroid cancer. 

Figure 6 depicts the results  of 3 studies in which estrogen (including the synthetic estrogen 
diethylstilbestrol) was shown to diminish the hydroxyprolinuria accompanying primary and sec- 
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Figure 4. Effect of estradiol (E ) on the urinary hydroxy- 
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ondary bone disease (Subjects R T .  and E.W.) and that associated with excessive pituitary se-  
cretion of growth hormone (Subject L.R.). In none of these patients was estrogen in short term 
treatment capable of diminishing urinary hypro to normal levels however. 

Estradiol was able to significantly decrease the hydroxyprolinuria of the acromegalic sub- 
ject L.R. (Figure 6). In addition, 1 of 3 subjects given the metabolite estriol, 20 mg/day, togeth- 
e r  with 3 daily injections of 5 mg/day of HGH, failed to exhibit the same r i se  in urinary hypro 
which occurred when the HGH was given in the same amount alone. It is not clear why two out 
of the four subjects 'studied did not demonstrate with estrogen a diminution of the hydroxypro- 
linuria caused by HGH. 

Total fasting, except for  water and plain tea o r  coffee, for  6 days, resulted in a diminution 
of urinary hypro from control values averaging 20 mg/day to levels averaging 10 mg/day in two 
obese, otherwise norrx~al women. 

Testosterone also reduced urinary hypro, but the effects appeared to be less  pronounced 
than that observed following estrogen treatment; the results  of studies in 2 subjects a r e  shown 
a t  the top of Table 1. There were similar responses seen in  3 women with metastatic breast 
cancer being treated with this hormone (Table 1, bottom portion). Patient B.M. in this group had 
soft tissue dissemination of tumor but no apparent bone metastases, thus probably accounting for 
her normal hypro output. Patients M.S. and A.C. both had skeletal tumor metastases and thus 
significantly elevated hypro excretion. 11 

DISCUSSION 

This report demonstrates that estradiol and i t s  metabolite estriol significantly decrease the 
output of urinary hypro in man. The effect is a rapid and almost consistent one and could f re-  
quently be observed on the f i rs t  day of steroid administration. Return of hypro excretion to con- 
trol  levels was equally rapid and could sometimes be observed while steroids were still  being 
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Table 1 

EFFECT OF TESTOSTERONE ON URINARY 
HYDROXYPROLINE (HYPRO) EXCRETION 

Normal subjects 

Control 

Metastic breast  carcinoma 

Dose 
m g / d a ~  Days 

M.E,  3:21 

R.A., 8 37 

injected. It is possible that, with respect to the latter response, compensatory mechanisms may 
come into play in the form, for example, of increased levels of hormones which augment urinary 
hypro, such a s  growth hormone, parathyroid hormone or  thyroid hormone in some subjects. Es- 
trogens a r e  known to elevate plasma levels of H G H ' ~  and thyroid hormone, although the latter in- 
crease  is due mainly to protein bound hormone, presumably the physiologically inactive moiety. 13 

The estrogen effect described in this report is not a specific one limited to classical target 
tissues for these sex hormones since hysterectomized women and men also had diminished uri- 
nary hypro levels after estrogen treatment. This estrogenic action on collagen metabolism could 

8 reflect in part  the general t'anabolic" nature of these hormones since testosterone also dimin- 
ished urinary hypro to some extent. Some evidence for such an "anabolic? effect of estradiol has 
been presented in studies from our laboratory,14 in which injected radioactive proline was shown 
to disappear from human plasma more rapidly after estrogen treatment than during control peri-  
ods. However an anabolic hormone (HCH) a s  well a s  catabolic hormones (thyroid and parathyroid 
hormones) both cause increased urinary hypro excretion. 

There is some direct evidence for an "anti-catabolic" action of the estrogens, on the other 
hand, a s  reflected in their ability to counteract the increase in hypro that follows thyroid (Fig- 
u re  4) and parathyroid (Figure 5) hormone treatment; and i n  the effects of estradiol on the spe- 
cific activity of hypro extracted from skin collagen previously labeled by injected proline in 
rats.15 Since estrogens have been shown to decrease bone resorption in man,'' and most uri- 

nary hypro is derived from insoluble collagen, including bone collagen, 1 7 7 1 8  the anti-catabolic 
effect of estrogens may well explain the findings here presented. 

A third possible mechanism of the estrogen-induced diminution of hypro excretion is a re -  
duction of renal hypro clearance. Serum f ree  hypro levels did not increase when urinary f ree  
hypro levels fell. In addition, when radioactive hydroxyproline is given intravenously, i t s  excre- 
tion is increased after  estrogen treatment rather than decreased.14 Although this excludes an 
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effect of estrogens on renal handling of f ree  hypro, an  effect on the major hypro fraction, that 
which is peptide-bound, has not been ruled out, though it is unlikely. 

In addition to the effect of estradiol on urinary hypro levels, this study has also revealed 
that estriol administration will reduce urinary hypro excretion. This irreversible metabolite of 

7 estradiol has a largely different mode of origin in pregnancy when it also a r i ses  a s  a placental 
metabolite of dehydroepiandrosterone sulfate,'' a s  well a s  of estradiol. Moreover, estriol 
shares  with estradiol the property of general "anabolism" a s  shown by the diminished excretion 
of alpha amino nitrogen by patient E.W. (Figure 3) on three occasions when the metabolite was 
administered. Thus, during pregnancy, estriol, which is produced in extraordinarily large 
amounts,20 could act a s  a "growth hormone" for the fetus in a manner analogous to that of the 
recently described placental ~ a c t o ~ e n ; ~ '  the estriol effect on collagen metabolism may have spe- 
cial importance in this regard. Estriol has now been shown to share several  other biological 
properties of estradiol in non-sexual tissues, including i t s  ability to impair hepatic bromsulfo- 
phthalein excretion suppress experimental immune polyarthritis22 and stimulate aldosterone 
secretion in man;2' these observations thus provide several new experimental contexts in 
which it is shown that steroid metabolites may possess unique o r  at  least  distinct biological 
properties a s  compared with their precursor hormones. 

The ability of estrogens to lower the elevated urinary hypro in acromegaly and in a t  least 
one HGH treated subject cannot a t  this point be easily explained. These hormones have been 
thought to be useful in the treatment of acromegaly although paradoxically they increase the 
plasma concentration of immunoreactive HGH in normal subjects. 12 

It is of interest that complete fasting, in this study, distinctly reduced hypro excretion al-  
though the increased plasma HGH levels associated with fasting24 might have been expected to 
lead to increased urinary hypro output. 

It has been suggested that Paget's disease is an inflammatory o r  auto-immune disorder. 2 5 

The effect of estrogens on urinary hypro in the patient with this condition may have resulted 
from an anti-inflammatory action of these hormones analogous to their ability to suppress in- 
flammation in certain immune reactions. 2 6 

The effect of diethylstilbestrol on urinary hypro in the patient with carcinoma of the pros- 
tate metastatic to bone (Figure 6) may have resulted in part  from a specific action of the estro- 
gen on the tumor, leading to some healing of the bony lesions. The alkaline phosphatase rose  
significantly during estrogen treatment in this patient, suggesting increased osteoblastic activ- 
ity. A similar mechanism would account for the reduced hypro in the patients with metastatic 
breast cancer treated with testosterone (Table 1). Testosterone in two men, however, also r e -  
duced urinary hypro (Table I), thus indicating that this hormone may have an action on collagen 
similar  to that of the estrogens. 

Finally, the positive correlation between urinary hypro excretion and serum alkaline phos- 
phatase previously discussed by others27 does not pertain to patients receiving estrogen treat-  
ment, since, despite the almost consistent diminution in hypro excretion, alkaline phosphatase 
values r i se  in about 50 per  cent of estrogen treated subjects. 4 
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