
pulse echo ultrasound and, to an even 
greater extent, with x-ray mammogra- 
phy, extensive clinical experience and 
careful analytic studies correlating 
breast characteristics with image proper- 
ties can lead to very useful diagnostic 
procedures. Many who have worked 
with pulse echo ultrasound consider it to 
be not only useful, but even the method 
of choice for diagnosing benign breast 
conditions and imaging young dense 
breasts (7). It probably is not far behind 
x-ray mammography in the general diag- 
nosis of malignancy, but diagnostic accu- 
racy of pulse echo imaging lags some- 
what where relatively fatty breasts are 
concerned (8). As in the two examples 
shown here, however, the speed-of- 
sound images are most revealing in fatty 
breasts. It appears that the combination 
of UCT and pulse echo ultrasound is 
usually superior to either imaging tech- 
nique alone. 

We expect this diagnostic improve- 
ment to stimulate thi development of 
clinical prototype pulse echo-UCT units 
capable of searching the breast for occult 
masses in a clinically acceptable exami- 
nation time. Considerable improvement 
in image quality can be expected over 
the examples shown here. The signal-to- 
noise ratio in the pulse echo electronics 
of our system can be improved signifi- 
cantly, and progress is being made in the 
development of UCT attenuation and 
speed of sound techniques that will give 
higher resolution and a much more accu- 
rate quantitative representation of the 
bulk attenuation coefficient of the im- 
aged tissues. 

PAUL L. CARSON* 
CHARLES R. MEYER* 

ANN L. SCHERZINGER 
THOMAS V. OUGHTON 

Department of Radiology, Division of 
Radiological Sciences, School of 
Medicine, University of Colorado 
Health Sciences Center, Denver 80262 

References and Notes 

1. J. Greenleaf, S. Johnson, S. Lee, G. Herman, E .  
Wood, in Acoustical Holography, N. Booth, 
Ed. (Plenum, New York, 1974), pp. 591-603. 

2. P. Carson, T. Oughton, W. Hendee, in Ultra- 
sound in Medicine, D. H .  White and R. W. 
Barnes, Eds. (Plenum, New York, 1976), pp. 
391-400: J .  Greenleaf. S. Johnson. W. Sa- 
mayoa, b. Duck, in Acoustical Holography, N. 
Booth, Ed. (Plenum, New York, 1975), pp. 71- 
90: G. Glover and J .  Sham, IEEE Trans. Sonics 
Ultrason. 24, 229 (1977); S .  Johnson, J. Green- 
leaf, W. Samayoa, F. Duck, J. Sjostrand, IEEE 
Ultrasound Symp. Proc. (1975), pp. 46-51; P. 
Carson, T. Oughton, W. Hendee, A. Ahuja, 
Med. Phys. 4, 302 (1977); J .  Klepper, G. Bran- 
denberger, L. Bussey, J. Miller, IEEE Ultra- 
soundSymp. Proc. (19771, pp. 182-188; F. Duck 
and C. H111, Natl. Bur. Stand. (U.S.) Spec. 
Publ. 525 (1979), pp. 247-251; A. Kak and K. 
Dines, IEEE Trans. Biomed. Eng. 25, 321 
(1978); R. Mueller, M. Kaveh, G. Wade, Proc. 
IEEE 67, 567 (1979); E. Farrell, Proc. IEEE 
Conf. Pattern Recog. Image Proc. (1978), p. 8; 
S. Jones, F. Kitsen, P. Carson, E. Bayly, in 
Frontiers of Engineering in Health Care (Insti- 

SCIENCE, VOL. 214, 4 DECEMBER 1981 

tute of Electrical and Electronics Engineers, 
New York, 1980), pp. 73-76; S. Nortor) and M. 
Linzer, Ultrason. Imaging 1, 210 (1979). 
G. Glover, Ultrasound Med. Biol. 3 ,  117 (19771; 
J. Greenleaf, S. Johnson, R. Bahn, B. Rajogopa- 
Ian, S. Keane, in Computer-Aided Tomography 
and Ultrasonics in Medicine, J .  Raviv et al., 
Eds. (North-Holland, New York, 1979), p 
125-136; P. Carson and A. Scherzinger, in ~ ! n :  
ics in Diagnostic Ultrasound: New Techniques 
and lnstrumentation, P. N .  T .  Wells and M. C. 
Ziskin, Eds. (Churchill Livingstone, New York, 
1980), pp. 144-165. 
P. Carson, A. Scherzinger, T. Oughton, J. Kubi- 
tschek, P. Lambert, G. Moore, M. Dunn, D. 
Dick, in Application of Optical Instrumentation 
in Medicine: Proceedings, W. R. Hendee and J. 
E. Gray, Eds. (Photo-Optical, Bellingham, 
Wash., 1979), vol. 35, p. 173 and pp. 372-381. 
0. Kossoff, in Clinics in Diagnostic Ultrasound: 
New Techniques and lnstrumentation, P. N. T .  
Wells and M. C. Ziskin, Eds. (Churchill Living- 
ston, New York, 1980), pp. 85-105. 
D. Dick, R. Elliott, R. Metz, D. Rojohn, Ultra- 
son. Imaging 1, 368 (1979): A. Scherzinger, D. 
Dick, P. Carson, M. Johnson, J. Borgstede, 
Proc. 24th Annu. Meet. Am.  Inst. Ultrasound 
Med. (1979), p. 108; W. Jobe, T. Stavros, D. 
Dick, Proc. 25th Annu. Meet. Am.  Inst. Ultra- 
sound Med. (1980), p. 66. 

7. E. Kelly-Fry and P. Harper, Proc. 24th Annu. 
Meet. Inst. Ultrasound Med. (1979), p. 89; V. 
Maturo, N. Zusmer, A. Gilson, W. Smoak, W. 
Janowitz, J .  Goddard, D. Dick, B. Bear, Radiol- 
ogy 137, 457 (1980); T. Kobayashi, Gray Scale 
Echography for Breast Cancer (Hitachi Medical 
Corp., Tokyo, 1980), pp. 1-59; C. Cole-Beuglet, 
B. Goldberg, A. Kurtz, C. Rubin, S.  Feig, G.  
Shaber, A. Patchefsky, Proc. 25th Annu. Meet. 
Am. Inst. Ultrasound Med. (1980), p. 60; S. 
Fields, Ultrason. Imaging 2, 150 (1980). 

8. J. Jellins, G. Kossoff, B. Barraclough, in Recent 
Advances in Ultrasound Diagnosis, A. Kurjak, 
Ed. (Excerpts Medica, Princeton, N.J., 1978), 
pp. 299-304. 

9. Studies of patients and tissues were greatly 
aided by G. E.  Moore, W. E.  Jobe, S. G. 
Silverberg, M. L. Johnson, and R. E.  Gerner. 
Physics and engineering support were provided 
by R. A. Belgam, T. L. Chenevert, D. E.  
Winans, W. R. Hendee, and D. E. Dick. This 
investigation was supported in part by National 
Cancer Institute grant R01 CA 25323 and Na- 
tional Science Foundation grant DAR: 7605944. * Present address: Department of Radiology, Di- 
vision of Radiological Physics and Engineering, 
School of Medicine, University of Michigan, 
Ann Arbor 48109. 

18 May 1981; revised 13 August 1981 

The Hagfish Slime Gland: A Model System for Studying the 
Biology of Mucus 

Abstract. The hagfish slime gland may provide a model system for studying certain 
aspects of the biology of mucus. Mucus is obtained in nonhydrated form by 
electrically stimulating the anesthetized hagfish and the secretions are stirred into 
ammonium sulfate. Centrifugation and filtration are then used to isolate the two 
major secretory products, mucous vesicles and threads. SpeciJic advantages of the 
model and potential applications for research are discussed. 

The epidermally derived slime glands 
of the hagfish are primarily responsible 
for its capacity to produce copious quan- 
tities of mucus (I). In the Pacific hagfish 
Eptatrerus stouti (2) there are approxi- 
mately 150 of these glands (Fig. 1A) 
evenly spaced in two linear rows along 
its ventrolateral sides. Each slime gland 
is connected to the epidermal surface by 
a short duct, and the location of a gland 
is readily identified by its grossly visible 
pore on the epidermal surface (Fig. 1, A 
and C). The glands contain two large and 
morphologically distinct cell types: gland 
thread cells and gland mucous cells (Fig. 
1B). The gland thread cell is filled with a 
long, coiled, proteinaceous thread (3); 
the gland mucous cell is filled with mu- 
cus-containing vesicles. The entire gland 
is surrounded by a connective tissue 
capsule, and outside the capsule are 
skeletal muscle fibers. 

In this report we (i) propose that the 
hagfish slime gland may provide a model 
system for studying the biology of mu- 
cus, (ii) describe methods of secretory 
product acquisition, manipulation, and 
separation, (iii) point out some charqc- 
teristics of the secretory products, and 
(iv) discuss possible research applica- 
tions of the model. 

Using a modification of an electrical 
9036-807518111204- 1 143$01.0010 Copyr~gk 

stimulation technique suggested by Fer- 
ry (4) ,  we collected gram quantities of 
the two gland cell types and their prod- 
ucts. Anesthetized hagfish (3) were 
draped over a beaker covered with ab- 
sorbent paper and blotted dry. An elec- 
trical stimulator was used to administer a 
mild electric shock (5) to the skin adja- 
cent to a slime gland pore (Fig. 1C). This 
caused the skeletal muscle cells outside 
the slime gland capsule to contract, ex- 
pelling the contents of the gland oqto the 
epidermal surface, where they formed a 
large white drop (Fig. 1, C and D). The 
glandular exudates were then harvested 
with a spatula (Fig. ID) for processing. 

One of many advantages to obtaining 
the glandular contents by this procedure 
is that hydration of the glandular exu- 
dates, which occurs during normal secre- 
tion, is circumvented. The extent to 
which these exudates are hydrated dur- 
ing normal secretion in an aqueous envi- 
ronment is indicated by stirring the elec- 
trically obtained exudates into seawater 
(Fig. 1, E to G) (6). 

Although stirring the exudates into 
seawater provides useful information on 
mucus hydration, the extensive dilution 
and resultant high viscosity of the mucus 
makes biochemical characterization of 
the cellular components of the mucous 
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and thread cells more difficult. We have 
observed, however, that if electrically 
obtained slime gland exudates are stirred 
into 1M (NH.d2S04 solution, the hydra- 
tion phenomenon does not occur. The 
threads of the thread cells retain their 
tightly coiled configuration, and, al- 
though the mucous cells break open, the 
mucous vesicles discharged are stabi- 
lized (7). 

In a typical isolation, glandular exu- 
dates are stirred into 1M (NH4)2S04 con- 
taining 60 percent sucrose (weight to 
volume). The sucrose helps keep the 
vesicles in suspension as the thread cells 
are removed by low-speed centrifuga- 
tion. The supernatant containing the sta- 
bilized mucous vesicles is passed 
through 60- and 41-pm nylon mesh (8). 
Since the thread cells measure approxi- 

Fig. 1. (A) Photomicrograph of a I-pm-thick cross section through an Epon-embedded slime 
gland. The darkly stained cells (arrow) are thread cells and the lighter cells are mucous cells. (B) 
High magnification view showing the long fibrous protein thread in a thread cell and mucus- 
containing vesicles in mucous cells. (C) Electrical stimulation of an anesthetized hagfish. The 
cellular contents of the glands are being exuded onto the epidermal surface. Eight glands have 
been stimulated; the pores of nonstimulated glands (arrows) can be seen on the right. (D) The 
cellular exudates are readily removed with a spatula. (E to G) Sequence of photographs taken at 
S-second intervals, showing a spatula bearing a small amount of exudate (E) being stirred in 
seawater (F) and then lifted out of the water (G). (H) Scanning electron micrograph of an 
isolated thread cell. (I) Scanning electron micrograph of isolated mucous vesicles. 

mately 80 by 150 pm and the stabilized 
vesicles are 3 to 5 pm in diameter, the 
vesicles pass through the mesh and any 
residual thread cells are filtered out (9). 
Subsequent lowering of the sucrose con- 
centration of the vesicle-containing fil- 
trate by dilution with 1M (NH&S04 
permits removal of the stabilized vesi- 
cles by a second centrifugation (10). 
Scanning electron micrographs of the 
separated products (coiled threads and 
stabilized mucous vesicles) are shown in 
Fig. 1 ,  H and I. 

As long as the electrically obtained 
cellular exudates are kept in 1M 
(NH4)2S04, the vesicles remain stabi- 
lized and the threads remain coiled. 
Once the stabilized vesicles are separat- 
ed from the thread cells, the amount of 
vesicle material present in a suspension 
of stabilized vesicles can be determined 
turbidimetrically (11) and adjusted to a 
standard dilution or suspension. Finally, 
if the (NH4)2S04 solution is diluted or 
removed by dihlysis (as against water or 
seawater), the vesicles hydrate to form a 
clear, viscous mucus and the threads 
uncoil to form a tangled network of fi- 
bers. 

The haglish slime gland thus provides 
us with a system for studying the biology 
of mucus. Using this system, we can 
minimize the possibility of exogenous 
contaminants in the collected mucus, 
control the desired degree of mucus dilu- 
tion or hydration, work with nonviscous 
preparations until viscous preparations 
are desired, and seek to characterize the 
enzyme systems responsible for the for- 
mation of the gland cell products. We are 
confident that data obtained in one labo- 
ratory will be reproducible in other labo- 
ratories. 

This system may be of use in research 
on (i) mucus structure and chemical 
composition, (ii) factors involved in the 
hydration and gelation of mucus, (iii) 
effects of pH, ionic concentration, and 
temperature on ' the physical properties 
of mucus, (iv) interactions of mucus with 
fibrous proteins, and (v) biochemical an- 
alysis of the synthetic pathways of mu- 
cous and fibrous proteins. 
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Reduction in Oocyte Number Following Prenatal Exposure to a 

Diet High in Galactose 

Abstract. When pregnant rats were fed a 50 percent galactose diet there was a 
striking reduction in oocyte number in the offspring. The m o s f  prominent effects were 
noted after exposure to  galactose during the premeiotic stages of oogenesis. 
Prenatal exposure t o  galactose or its metabolites may contribute to the premature 
ovarian failure characteristic o f  human galactosemia. 

In classical galactosemia a congen~tal 
deficiency of galactose I-phosphate uri- 
dyltransferase results in the accumula- 
tion of galactose I-phosphate, galactose, 
and galactitol in various tissues and body 
fluids. Dietary galactose is a substantial 
source of galactose 1-phosphate; howev- 
er, even without galactose intake some 
galactose I-phosphate can still be syn- 
thesized from uridine diphosphate glu- 
cose (1). The disease is characterized by 
mental retardation, cataracts, hepato- 

splenomegaly, and renal tubular dys- 
function. Recent clinical observations 
suggest a frequent association between 
galactosemia and premature ovarian fail- 
ure, even when a galactose-restricted 
diet is started early in infancy (2). Endo- 
crinologic studies indicate hypergonado- 
tropic hypogonadism. Hypoplastic uteri 
and streak ovaries have been observed in 
some cases. Galactosemic women with 
ovarian failure have normal karyotypes. 
elevated levels of bioactive gonadotro- 

gave birth and was continued until wean- 
ing at approximately 1 month of age (a 
subgroup received the galactose diet 
from 1 month of age until 2 months). A 
third group was treated with galactose 
both pre- and postnatally. Control ani- 
mals received a normal diet. 

Body and organ weights were deter- 
mined after the groups were treated and 
killed. Galactose and galactose l-phos- 
phate concentrations were determined 
by a fluorometric method (5) for blood 
samples taken from animals maintained 
on the galactose or control diet for at 
least 4 days. Ovaries removed from rats 
at weaning or at 2 months of age were 
fixed in Bouin's medium for 24 hours and 
then placed in 70 percent ethanol. The 
oocytes and follicles were classified and 
counted in stained serial sections by light 
microscopic examination. Our classifica- 
tion scheme was modified from that of 

Table 1. Effect of galactose on body and organ weight and oocyte number. We~ghts were measured at the end of each treatment period and are for 
six or more animals per group. Oocyte counts were performed on ovaries from animals killed at weaning (groups 2 and 3) or at 2 months of age 
(group 4) and are for three to five an~mals per group. Values are means t standard errors. 

Weight (g) Number of oocytes per ovary 
Treatment -. -- - 

Body Liver Kidney Brain Small Medium Large 

1. Prenatal (day 3 post- 
conception to birth) 

Control 4.18 + 0.04 0.29 + 0.01 0.15 + 0.04 
Galactose 2.86 + 0.10* 0.19 t 0.05* 0.11 + 0.01* 

2. Pre- and postnatal 
(day 3 postcon- 
ception to weaning) 

Control 53.34 + 2.86 2.16 t 0.16 0.58 ? 0.03 1.29 + 0.03 6480 t 880 980 t 157 
Galactose 18.03 + 2.09* 0.71 + O.11* 0.27 + 0.03* 0.87 + 0.04" 1372 t 294t 668 + 82 

3. Postnatal (birth 
to weaning) 

Control 36.76 t 0.89 1.59 + 0.02 0.22 + 0.01 1.11 t 0.05 7517 t 633 974 + 157 
Galactose 12.12 t 0.25" 0.43 t 0.05* 0.09 t 0.01" 0.89 t 0.01* 7288 + 317 1000 i 187 

4. Postnatal (1 to 2 months) 
Control 21 1.5 t 5.24 8.06 t 0.32 1.80 + 0.07 1.61 + 0.06 3805 t 195 650 t 36 
Galactose 120.4 2 2.55" 6.56 t 0.29* 1.51 t 0.08* 1.30 +. 0.08* 4760 + 522 496 + 40* 

-- -- -- -- -- 
*Significantly different from corresponding control value at P < .05 (Student's I-test). t P  < ,0001. 
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