
incorporation (P = .85), but was very dif- 
ferent from the line for inhibition of 
[3H]thymidine incorporation (P < .0001). 
From these data we conclude that the 
incorporation of [32~]phosphate was a 
good measure of DNA synthesis in riba- 
virin-treated cells whereas the incorpo- 
ration of i3H]thymidine was not. 

W e  also compared the foregoing data 
to the inhibitory effect o f  ribavirin on 
[ 3 ~ ] d ~ ~ ~  formation. Data derived from 
Fig. 2 and from similar experiments at 
lower drug concentrations were re- 
gressed against log drug concentrations. 
The ISo concentration for inhibition o f  
[3H]dTTP formation interpolated from 
the dose-response line ( F i g .  3) was 4.3 
K M  (2.7 to 6.8 pM). This dose-response 
line was similar to the line for inhibition 
of [3H]thymidine incorporation into 
DNA (P = .18), but was significantly 
different from the lines for inhibition of  
[32~]phosphate incorporation into DNA 
(P < .0001) and DNA fluorescence (P 
< ,0001). On the basis o f  the similarity 
between effects o f  ribavirin on the incor- 
poration of  [ '~l th~rnidine into dTTP and 
DNA, we conclude that ribavirin has a 
potent effect on the labeling o f  dTTP and 
that this effect is primarily responsible 
for the inhibition of  ['Hlthymidine incor- 
poration into DNA. The marked inhibi- 
tion by ribavirin o f  ['Hlthymidine incor- 
poration in other primary (1,  3 ,  4 )  and 
established (l,5-7) cell lines suggests the 
phenomenon extends to many types o f  
mammalian cells. 

Our data indicate that when DNA syn- 
thesis is measured by methods other 
than incorporation o f  ['Hlthymidine, ri- 
bavirin is a weak inhibitor in KB cells 
and human lymphocytes. The use o f  
[3H]thymidine to measure DNA synthe- 
sis is inaccurate because o f  the effect o f  
ribavirin on I3H]dTTP formation. These 
observations lead to the general premise 
that the sole use of  ['H]thymidine to 
measure DNA synthesis in drug-treated 
mammalian cells may cause serious mis- 
interpretations o f  data. 
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Ctenidial Autotomy in Corbicula fluminea in 
Response to Massive Granulomas 

Abstract. Large granulomas (greater than 2 millimeters in diameter), stirnlriated 
by the presence of and formed around necrotic larrd tissue in the inner detnihranchs 
of Corbicula fluminea, are eliminated by nlrtotomy. Granirlocytes inlade and destroy 
ctenidiai epithelium adjacent to the granuloma, cnrrsing it and the granrrloma to 
slough away into the mantle cavity, where they are removed a s  pse~idofeces. 

Foreign material in the bodies o f  mol- 
lusks has been found to elicit one of  
three kinds o f  cellular defense mecha- 
nisms: phagocytosis, encapsulation, or 
nacrezation ( I ) .  W e  report here a fourth 
defense mechanism, autotomy, which is 
induced by the presence of  massive hy- 
perplasic granulomas encapsulating ne- 
crotic larval tissue in ctenidial (g i l l )  mar- 
supia o f  the bivalve Corbicula ,j?uminea 
(Miiller 1774). Morton (2)  described the 
development o f  granulomas in the cte- 
nidial marsupium o f  C .  j7uminea from 
Plover Cove, Hong Kong. Like many 
freshwater bivalves, C .  juminea retains 
the larvae within the ctenidia (inner de- 
mibranchs) before releasing them into 
the environment. Occasionally some lar- 
vae die while in the marsupium. I f  dead 
larvae are not moved from the ctenidial 
marsupia to the exterior via the supra- 
branchiai chamber and excurrent siphon, 
they are encapsulated by epithelioid cells 
and cyst-associated granulocytes. Mor- 
ton (2)  described in detail the process o f  
granuloma formation and concluded that 
amoebocytes "probably reabsorb the lar- 
val cellular debris." W e  have observed 

C.  juminea from several localities in 
California and Texas which bear similar 
larvae-induced ctenidial granulomas. At 
least some are removed, not by the activ- 
ities o f  phagocytes, but by autotomy of  
the affected tissue. 

W e  found that the incidence o f  ctenidi- 
a1 granulomas is closely correlated with 
clam size (Fig. l a )  and reproductive peri- 
odicity (Fig. l ,  b and c )  (3). Clams with 
shells longer than 30 mm frequently con- 
tain cysts up to 5 mm in diameter after 
the spring and fall peaks o f  larvae pro- 
duction. About 1 month after the appear- 
ance o f  the large granulomas, approxi- 
mately 40 to 50 percent o f  the affected 
clams have torn, ragged inner demi- 
branchs and few, i f  any, large granulo- 
mas ( F i g .  lc) .  W e  observed material as 
large as 3 by 4 mm (subsequently identi- 
fied as fragments o f  ctenidial tissue sur- 
rounding granulomas) expelled as pseu- 
dofeces from the mantle cavity through 
the incurrent siphon. Ctenidia examined 
at periodic intervals for 6 months after 
the loss o f  granulomas show progressive 
tissue repair, with eventual restoration 
of  normal ctenidial size (Fig. lc).  
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In autotomy of ctenidial granulomas, 
granulocytes invade ctenidial epithelium 
in areas not directly associated with 
granuloma hyperplasia. We prepared 

1w four clams with ctenidial granulomas for 
electron microscopy. Tissue specimens 

PO 
were fixed in 3 percent glutaraldehyde 

s 50 (which was dissolved in 0.1M Soren- 
E - son's phosphate buffer at pH 7.4), post- 
0 
0 
o fixed in 1 percent Os04 in the same 

z ,108 
buffer, dehydrated, and embedded in 

41 Spuds  low-viscosity medium. Thick 
a 
m - sections (2.0 bm) were cut and stained 
C 
(U with methylene blue and Azur 11. Thin 
r 50 
(U 

sections (- 100 nm) were also made 
a from the same blocks and stained with 

uranyl acetate and lead citrate. 
o Examination of these sections suggest- 

ed the following sequence of events. 
1978 le7' Adjacent to areas of massive granulo- 

mas, granulocytes appear in ctenidial 

Occurence of granulomas (%) 

Fig. 1. (a) Incidence of larva-induced granulomas (percentage of organisms dissected) in C. 
Jluminea of different sizes. The number of specimens examined in each size class is given beside 
the bars. The animals were collected on 5 November 1978. (b) Percentage of specimens > 30 
mm (Nas above) with inner demibranchs bearing embryos or larvae (0). with massive (> 2 mm 
in diameter) larva-induced granulomas (0, or with torn or ragged inner demibranchs in 
which more than one-fifth of the structure was lost. (c) Percentage of specimens > 30 mm 
(N = 10 for each 38 sampling periods) bearing normal nonincubatory ctenidia. These speci- 
mens contained no developmental or larval stages or larva-induced granulomas in their inner 
demibranchs; the ctenidia were intact. Totals exceed 100 percent because some specimens 
harbored more than one condition. Note the sequential occurrence of incubated larvae, 
granulomas, and torn demibranchs. All specimens were collected from Lake Benbrook. Tarrant 
County, Texas. 

Fig. 2. (a) Light micrograph of massive granuloma (G) adjacent to ctenidial epithelium ( E )  being 
invaded by granulocytes (Gr). (b) Light micrograph of ctenidial epithelium containing cytoplas- 
mic tubes and vacuolations (V)  produced by invasive granulocytes. (c) Electron micrograph of 
cytoplasmic tubes (ct) and vacuolations produced by granulocytes in ctenidial epithelium. Note 
the disruption and expulsion of granule material (arrow) from granulocyte to extracellular space 
or vacuolated area. (d) Electron micrograph of cytoplasmic tubular area in (c) at site of 
degranulation. Note the arrays of microtubules at the periphery of the tube, conjoined to 
endoplasmic reticulum (short arrow) and encompassing mitochondria (long arrow). Scale bars: 
(a) and (b), 0.5 mm; (c) and (d), 1.0 pm. 

blood sinuses, where they begin to dis- 
rupt or destroy ctenidial filaments and 
epithelia (Fig. 2, a and b). The granulo- 
cytes did not resemble any previously 
described bivalve hemocyte (4) or any of 
the granulocytes or other cells associat- 
ed with the massive granulomas. Large 
aggregates of these granulocytes occupy 
filamentary blood sinuses and thereby 
gain access to adjacent ctenidial connec- 
tive tissue and epithelia. The granulo- 
cytes invade the area of filamentary con- 
nective tissue supports, destroying the 
connective tissue matrix-apparently by 
release of extracellular digestive en- 
zymes from cytoplasmic granules. Be- 
fore the invasion of the ctenidial filament 
by granulocytes, the normal plications 
(folds) of the ctenidium are greatly 
stretched by the enlarging granuloma. 
Upon disruption or destruction of the 
connective tissue supports by the inva- 
sive granulocytes, the last remnants of 
normal surficial plication in the affected 
portion of the ctenidium are lost. Subse- 
quently (or concurrently with the attack 
on the connective tissue), granulocytes 
invade the epithelium by extending long 
cytoplasmic tubes into the epithelial lay- 
er (Fig. 2c). In cross section, these tubes 
resemble vacuoles. At the periphery of 
these tubes are highly ordered arrays of 
microtubules (Fig. 2d), which probably 
serve as cytoskeletal elements aiding 
motility (5). Microtubules are also found 
in conjunction with cytoplasmic mem- 
branes (probably endoplasmic reticu- 
lum), and they encompass mitochondria 
in an arrangement (Fig. 2d) similar to 
that observed in the axons of nerve cells 
(6). As the cytoplasmic tubes invade the 
epithelium, granules undergo ultrastruc- 
tural alterations, expanding and proba- 
bly releasing digestive enzymes. The se- 
cretions apparently are delivered into 
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epithelial tissues, dissolving pathways 
toward the epithelial surface (Fig. 2d). 
Viewed under light microscopy at this 
stage, the epithelium appears vacuolat- 
ed; the connective tissue supports of the 
gill filaments have been largely de- 
stroyed and normal. filamentary plica- 
tions have disappeared (Fig. 2, a and b). 

Ultimately, multiple pathways are di- 
gested through the epithelium to the 
ctenidial surface, with the result that the 
activity of the granulocytes reduces the 
integrity of the ctenidial epithelium su- 
prajacent to  the massive granuloma. 
Eventually the weight of the granuloma 
overcomes the weakened adjacent tis- 
sues and it detaches along with associat- 
ed ctenidial tissue and is sloughed away 
and eliminated from the mantle cavity as  
pseudofeces. 

Autotomy is uncommon among the 
Mollusca, and we know of no other 
instance whereby a neoplasm is naturally 
excised from affected tissue. The proc- 
ess described here represents a unique 
adaptation by a bivalve mollusk to elimi- 
nate a hyperplasic granuloma. This ap- 
pears to  be a gerontological phenome- 
non, because the inner demibranchs of 
clams with shells shorter than 30 mm are 
rarely observed to be torn. Thus Mor- 
ton's (2) contention of reabsorption of 
the necrotic tissue may be correct for 
small clams. Only when the involvement 
becomes so large as to  endanger normal 
ctenidial function or when clams become 
old (or large) is the radical step of tissue 
autotomy taken. 
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Purified Reduced Nicotinamide Adenine Dinucleotide: Responses 

to Lactate Dehydrogenase Isozymes from Three Cell Sources 

Abstract. Lactate dehydrogenase (LDH,  E.C. 1.1.1.27) isozymes jiom three 
single-cell sources reacted di&rently with reduced nicotincrmide adenine dinrrcleo- 
tide (NADH)  purijied to published chromiitograplzic~ and .spec~troplzotometr.ic spec$- 
cations and~free  of inhibitors of LDH, when c,ompared u'ith ii commerciirl prepirra- 
tion of NADH.  The activity of LDH-1, pirrified jiom rabbit erythrocytes, incwcised 
the most with inhibitor-free NADH; the next most stirnirlated were the LDH isozyrnes 
from a control hepatocyte line; hut hardly responsive at iill were the same isozyrnes 
from chemically transformed cells. Thus isozyme cornposition alone did not accorrnt 
for the range of responses to purijied NADH.  The cornmercialprepamtion of NADH 
used in these studies contains the Strandjard-Clayson inhibitors, the most potent 
group identijied in NADH preparations relative to LDH activity. The results suggest 
that specijic molecular diferences in individual isozymes contrihr,te to the diferen- 
tial response to the Strandjijrd-Clayson inhibitors. 

Although reduced nicotinamide ade- 
nine dinucleotide (NADH) is required 
for catalytic activity by over 200 dehy- 
drogenases of plant and animal origin ( I ) ,  
it is recognized that commercial prepara- 
tions of the reductant contain variable 
amounts of contaminants ( 2 4 )  known to 

Table 1. The activity of LDH preparations 
with NADH(A) and NADH(B). 

inhibit at least six dehydrogenases (9, as 
well as individual isozymes of LDH (6, 
7). Until now, investigators have not had 
the opportunity to study dehydrogenases 
with NADH purified to chromatographic 
and spectrophotometric specifications 
and free of inhibitors. Availability of 
such a preparation (8) encouraged the 
evaluation of steady-state activities com- 
pared with a comrhercial preparation of 
NADH. 

- -- For these studies, we selected three 
LDH activ~ty 
(IUIml-min)* Percentage d~fference examples of LDH isozymes isolated 

,R,I(A, from single-cell mammalian sources in 
NADH(A) NADH(B) 

\-, \ *  - 1  

x 100 order to eliminate isozyme contributions 

LDH-I,  erythrocytes 
203 2 1 .OO 236 2 2.00 16.26 
189 k 1.00 224 k 0.00 18.52 

Mean 17.39 

Control heputo ty te~  
282 k 0.00 304 k 6.00 7.80 
300 k 0.00 334 k 6.00 11.33 
225 k 3.00 240 2 0.00 6.67 
2 4 2 2 0 . 0 0  2 6 2 2 0 . 0 0  8.26 

Mean 8.52 

Chemically transformed heputocytes 
225 k 3.00 229 k 1.00 1.78 
208 2 2.00 214 22 .00  2.89 
2 0 5 k 1 . 0 0  2 0 8 2 0 . 0 0  1.46 
270 2 2.00 278 28 .00  2.96 
244 2 0.00 256 22 .00  4.92 
255 2 3.00 257 k 1.00 0.78 

Mean 2.47 

* Values represent the mean and standard deviation. 

from different cell types present in intact 
organs. The enzymes are LDH-I ,  puri- 
fied from rabbit erythrocytes (9), and 
two preparations from cell lines of rat 
hepatic origin, one a control line, T R L  
12(13) (lo),  and one, NMU-3, trans- 
formed in vitro with nitrosomethylurea 
(11). Although the cells of hepatic origin 
cannot be distinguished by light micros- 
copy, the NMTJ-3 line produces carcino- 
mas in vivo. Both these lines are charac- 
terized by LDH-4 and -5, permitting 
comparison of the response to purified 
NADH with the same isozymes of relat- 
ed cell origin. 

The activity of the L D H  isozymes was 
determined by the method of Schwartz 
and Bodansky (12) with two prepara- 
tions of NADH: NADH(A), Boehringer 
Mannheim, grade I, purchased through 

Table 2. Chromatographic analysis of NADH- 
(A) and NADH(B). The results are given as regular supply channels and stored over 
percentages of the total area of the chromato- desiccant at 2"C, and NADH(B), purified 
graphic peaks at 254 nm (see Fig. I). by the same firm to meet chromato- 

Component NADH(A) NADH(B) 
graphic and spectrophotometric specifi- 

- -  cations for inhibitor-free material (8), 
NADH 
NAD' 
AMP 
ADP-ribose 
ADP 
Nicotinamide 
NMN 
Peak 2 (Fig. 1) 
Peak 1 (Fig. 1) 

sealed under nitrogen and stored at 
-20°C. Both samples were protected 
from light. 

The results of these analyses are given 
in Table 1. The coefficient of variation of 
the enzyme assays was of the order of 
0.7 percent, implying high reproducibili- 
ty of these results (13). The activity of 
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