
Four separate determinations carried 
out in this manner yielded K" values rang- 
ing from 1.02 x 106 to 1.78 x 106withan 
average value of (1.38 ? 0.33) 106 li- 
ters per mole. These values are in good 
agreement, despite differences in experi- 
mental conditions, with three previous 
studies, in which equilibrium dialysis 
techniques were used to determine K? 
values of 8.7 x 105 liters per mole (2), 
1.1 x 106 liters per mole (3), and 2.01 x 
105 liters per mole (2), respectively. 

The response time of the hapten elec- 
trode is sufficiently rapid to yield stable 
potentials in 1 to 3 minutes even at the 
low hapten concentrations involved. As 
a result, an entire binding curve can be 
constructed in less than 1 hour, with the 
consumption of less than 1 mg of anti- 
body. Moreover, the technique does not 
require the labeling of haptens with trac- 
er radioisotopes. In view of the consid- 
erable saving in cost and effort involved, 
the membrane electrode method may of- 
fer an attractive alternative to traditional 
methods for the study of hapten-anti- 
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fusion reaction. 

Secretion from exocrine, endocrine, 
and nervous tissue involves extrusion of 
a preformed product from membrane- 
limited granules or vesicles that fuse 
with the plasma membrane as well as 
with each other. The critical role of cal- 
cium in this process of exocytosis and in 
membrane fusion in general has been 
supported by abundant evidence [for re- 
views see (1)]. 

The adrenal medulla, with its relative- 
ly large chromaffin granules, has proved 
to be suitable for morphological studies 
of exocytosis, including the freeze-etch- 
ing technique (2). Isolated chromaffin 
granules may serve as an experimental 
model since they have shown reversible 
aggregation and striking core structure 
changes in the presence of calcium (3). 
In the work reported here we used this 
system to examine the distribution of 
membrane-associated particles during 
the aggregation induced by calcium ions. 

Bovine adrenal glands were cooled on 
ice and used within 1 hour of slaughter. 
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body interactions, particularly since new 
membrane electrodes are now being de- 
veloped in increasing numbers. 
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All biochemical work was done at 0? to 
4?C. The medullae were minced and ho- 
mogenized in 0.3M sucrose containing 
10 mM 4-(2-hydroxyethyl)-l-piperazine- 
ethanesulfonic acid (Hepes) buffer, pH 
7.0. The granule fraction was obtained 
by low- and high-speed centrifugation 
and was further purified by centrifuga- 
tion through isosmotic sucrose-metriz- 
amide gradients as described in (4). 
Monoamine oxidase activity in these 
samples was very low, and mitochon- 
drial profiles were rarely seen. 

Purified chromaffin granules were in- 
cubated in a medium containing 10 mM 
CaCl2, 1 mM KCI, 0.26M sucrose, an4 10 
mM Hepes buffer atpH 7.0. This concen- 
tration of calcium was found to be opti- 
mal for fusion in a preliminary series. Af- 
ter 30 minutes one half was fixed with 
Hepes-buffered glutaraldehyde at a final 
concentration of 1 percent. The other 
half received 20 mM ethylenediamine- 
tetraacetic acid (EDTA) and was further 
incubated for 15 minutes before fixation. 
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tration of calcium was found to be opti- 
mal for fusion in a preliminary series. Af- 
ter 30 minutes one half was fixed with 
Hepes-buffered glutaraldehyde at a final 
concentration of 1 percent. The other 
half received 20 mM ethylenediamine- 
tetraacetic acid (EDTA) and was further 
incubated for 15 minutes before fixation. 

Control granules were fixed after in- 
cubation in 1 mM KC1 only. All batches 
were divided into one portion for freeze- 
fracturing and one for thin-section trans- 
mission electron microscopy. The centri- 
fuged pellets were slightly less than 1 
mm thick and always cut or broken trans- 
versely so that the whole depth could be 
examined. After up to 2 days of fixation, 
the pellets for freeze-fracture were 
washed with 6.8 percent sucrose in 0.2M 
cacodylate buffer, pH 7.4, for 3 hours, in- 
cubated in cacodylate-buffered 30 per- 
cent glycerol, and kept at 4?C up to 4 
weeks. The length of storage has no ef- 
fect on the ultrastructure of glutaralde- 
hyde-fixed specimens (5). Small blocks 
were rapidly frozen in Freon 22 at 
-150?C and kept in liquid nitrogen. The 
material was fractured in a Balzers BA 
360 M vacuum microtome and etched for 
10 seconds at -100?C and 5 x 10-7 torr. 
The surface was shadowed with 22 to 23 
A platinum-carbon at an angle of 45? and 
replicated with 250 A carbon. All grids 
were examined in a Siemens IA electron 
microscope. 

The control granules are round to oval 
and are separate from each other (Fig. 
la). Replicas of freeze-fractured pellets 
exhibit a smooth surface with a random 
distribution of membrane-associated par- 
ticles on both the PF and EF faces [no- 
menclature according to Branton et al. 
(6)] (Fig. lb). The density of particles is 
higher at the PF faces. 

Calcium treatment results in aggrega- 
tion of granules. They cluster in the form 
of branched chains (Fig. 2b). The gran- 
ules possess large round depressions sug- 
gestive of large areas of mutual contact 
(Fig. 2, d and e). These circular attach- 
ment sites either are planar or bulge into 
the adjacent granule. The contact area it- 
self is always free of particles on both 
membrane faces. At its margin the parti- 
cles aggregate around the circumference, 
resulting in a rosette-like appearance 
(Fig. 2, b, d, and e). Elsewhere the intra- 
membranous particles are randomly dis- 
tributed as in the control. The mem- 
branes within the contact area are very 
tightly apposed. In some freeze-fracture 
images of aggregated granules, one of 
them is broken away while a portion of 
its membrane is left attached (Fig. 2c). 
The attachment area often shows mem- 
brane fragments of the formerly attached 
vesicle, where the process of fracturing 
has exposed the outer leaflet. Such re- 
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images of aggregated granules, one of 
them is broken away while a portion of 
its membrane is left attached (Fig. 2c). 
The attachment area often shows mem- 
brane fragments of the formerly attached 
vesicle, where the process of fracturing 
has exposed the outer leaflet. Such re- 
maining membrane fragments are in- 
dicative of tight adhesion of two mem- 
branes (7). 

Treatment of the aggregated granules 
with EDTA results in disaggregation of 
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Calcium-Induced Displacement of Membrane-Associated 
Particles upon Aggregation of Chromaffin Granules 

Abstract. Isolated chromaffin granules incubated in 10 millimolar calcium chloride 
aggregated, forming contact sites with a pentalaminar membrane structure. These 
circular attachment sites were free of membrane-associated particles, which accu- 
mulated at the periphery. Incubation in 20 millimolar ethylenediaminetetraacetic 
acid reversed these changes, which are regarded as initial events in the membrane 
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most of the complexes. The circular de- 
pressions have disappeared and the mem- 
branes uniformly show a random distri- 
bution of membrane-associated particles 
again (Fig. 3b). 

Conventional thin-section electron mi- 
croscopy of duplicate pellets confirmed 
the calcium-induced granule aggregation 
and subsequent disaggregation upon 
EDTA treatment (Figs. 2a and 3a), con- 
firming earlier results with granules iso- 

lated on continuous sucrose gradients 
(3). The membranes generally have a 
wrinkled appearance, which can be at- 
tributed to shrinkage during the com- 
plete dehydration in alcohol prior to em- 
bedding. In the freeze-fracture prepara- 
tions, in contrast, the water is only 
partially replaced by 30 percent glycerol. 
In most instances the contact area be- 
tween aggregated granules shows a con- 
tinuous pentalaminar membrane measur- 

ing 130 to 140 A. Its central dark line is 
somewhat broader and more electron- 
opaque than the outer ones (Fig. 2a, in- 
set). 

It has been assumed that the particles 
on freeze-fractured membrane faces rep- 
resent proteins in the fluid mosaic model 
of the membrane (8). Alterations in pH, 
electrolyte concentration, temperature, 
and other parameters can induce trans- 
lational movements of particles, as dem- 
onstrated in both plasma and organelle 
membranes (9). Such rearrangements 
have also been found in systems where 
membrane fusion takes place; for ex- 
ample, in virus-induced erythrocyte fu- 
sion (10) and in trichocyst secretion from 
Paramecium (11). Calcium in low con- 
centrations induces a congregation of 
membrane-associated particles in Golgi- 
derived secretory vesicles isolated from 
rat liver (12). 

In a comprehensive study of mucocyst 
secretion in Tetrahymena, Satir et al. 
(13) showed that particles of the mem- 
brane of the mucocyst tip rearrange to 
form an annulus that matches a pre- 
existing rosette of particles in the plasma 
membrane. During the short interval be- 
tween attachment and discharge, the 
rosette progressively enlarges. 

We interpret the calcium-induced par- 
ticle-free areas and surrounding collec- 
tions of membrane-associated particles 
at sites where chromaffin granules are in 
contact as the result of similar phenome- 
na and as a first step in the exocytotic 
process. These features are in accord- 
ance with the proposition by Ahkong et 
al. (14) that membrane fusion involves a 
displacement of proteins so that the lipid 

Fig. 1. Normal isolated chromaffin granules 
from the adrenal medulla are round to oval 
[(a) ultrathin secretion, x 20,000] with a ran- 
dom distribution of membrane-associated par- 
ticles on both the PF and EF faces [(b) freeze- 
fracture preparation, x 50,000]. Scale bars, 
0.5 /im. Arrow in (b) indicates direction of 
platinum shadowing. Fig. 2. Calcium-in- 
duced aggregation complexes of granules and 
displacement of core material are shown in 
ultrathin section (a, x 20,000). The wrinkled 
pentalaminar, partially tangentially cut mem- 
brane between adjacent granules measures 
130 to 140 A in diameter (inset, x 110,000). 
Aggregation of granules is also seen in freeze- 
fracture preparations (b, x 50,000). The par- 
ticle-free EF and PF faces of large attachment 
areas are shown in (c), (d), and (e). Note the 
remaining membrane fragments, indicating 
tight adhesion. Arrows in (b) to (e) indicate 
direction of platinum shadowing. Fig. 3. 
Granules incubated in calcium followed by 
EDTA are disaggregated and core structure 
changes are reversed (a, x 20,000), and the 
membranes show a random distribution of 
particles again (b, x 50,000). Arrow in (b) 
indicates direction of platinum shadowing. 
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bilayers can come into close contact, al- 
lowing the subsequent fusion to take 
place. The calcium ions are effective in 
establishing a tight contact between adja- 
cent chromaffin granules with fusion of 
the external membrane leaflets, resulting 
in a pentalaminar structure. Similar mem- 
brane formations have also been ob- 
served between adjacent secretory gran- 
ules of mast cells (15) and of pancreatic 
islet cells (16). It appears that additional 
factors are involved in the completion of 
the fusion process beyond the stage of re- 
versibility. 

In some systems where exocytotic re- 
lease involves preformed sites on the in- 
ner surface of the cell membrane, the fre- 
quency of exocytotic figures as seen in 
freeze-fracture preparations can be in- 
creased by various stimuli: in neuro- 
muscular junction, electrical stimulation 
in the presence of calcium (17); in central 
synapses of lamprey, electrical stimula- 
tion and potassium depolarization in the 
presence of calcium (18); in central syn- 
apses of rat, lack of anesthesia (19); in 
mossy fiber endings of rabbit hippocam- 
pus, epileptic convulsion (20); in neuro- 
hypophysis, electrical stimulation or ex- 
posure to cold (21); and in Paramecium, 
ionophores in addition to calcium (22). 

While all these examples represent in- 
tact biological systems, the identification 
of specific fusion factors will require fur- 
ther biochemically defined in vitro exper- 
iments. 

RALF SCHOBER 
CORDULA NITSCH 

ULRICH RINNE 
Neuropathologische und 
Neurobiologische Abteilung, 
Max-Planck-Institutfiir Hirnforschung, 
D-6000 Frankfurt-Niederrad, FRG 

STEPHEN J. MORRIS 

Abteilung Neurochemie, Max-Planck- 
Institutfiir Biophysikalische Chemie, 
D-3400 Gottingen-Nikolausberg, FRG 

References and Notes 

1. W. W. Douglas, Biochem. Soc. Symp. 39, 1 
(1974); G. Poste and A. C. Allison, Biochim. 
Biophys. Acta 300, 421 (1973); A. D. Smith and 
H. Winkler, Handb. Exp. Pharmacol. 33, 538 
(1972). 

2. U. Smith, D. S. Smith, H. Winkler, J. M. Ryan, 
Science 179, 79 (1973). 

3. W. Edwards, J. H. Phillips, S. J. Morris, Bio- 
chim. Biophys. Acta 356, 164 (1974). 

4. S. J. Morris and I. Schovanka, ibid., in 
press. 

5. U. Rinne, unpublished observation. 
6. D. Branton et al., Science 190, 54 (1975). 
7. K. Pfenninger, K. Akert, H. Moor, C. Sandri, J. 

Neurocytol. 1, 129 (1972). 
8. S. J. Singer and G. L. Nicolson, Science 175, 

720 (1972). 
9. L. Engstrom, thesis, University of California, 

Berkeley (1970); P. Pinto da Silva and D. Bran- 

bilayers can come into close contact, al- 
lowing the subsequent fusion to take 
place. The calcium ions are effective in 
establishing a tight contact between adja- 
cent chromaffin granules with fusion of 
the external membrane leaflets, resulting 
in a pentalaminar structure. Similar mem- 
brane formations have also been ob- 
served between adjacent secretory gran- 
ules of mast cells (15) and of pancreatic 
islet cells (16). It appears that additional 
factors are involved in the completion of 
the fusion process beyond the stage of re- 
versibility. 

In some systems where exocytotic re- 
lease involves preformed sites on the in- 
ner surface of the cell membrane, the fre- 
quency of exocytotic figures as seen in 
freeze-fracture preparations can be in- 
creased by various stimuli: in neuro- 
muscular junction, electrical stimulation 
in the presence of calcium (17); in central 
synapses of lamprey, electrical stimula- 
tion and potassium depolarization in the 
presence of calcium (18); in central syn- 
apses of rat, lack of anesthesia (19); in 
mossy fiber endings of rabbit hippocam- 
pus, epileptic convulsion (20); in neuro- 
hypophysis, electrical stimulation or ex- 
posure to cold (21); and in Paramecium, 
ionophores in addition to calcium (22). 

While all these examples represent in- 
tact biological systems, the identification 
of specific fusion factors will require fur- 
ther biochemically defined in vitro exper- 
iments. 

RALF SCHOBER 
CORDULA NITSCH 

ULRICH RINNE 
Neuropathologische und 
Neurobiologische Abteilung, 
Max-Planck-Institutfiir Hirnforschung, 
D-6000 Frankfurt-Niederrad, FRG 

STEPHEN J. MORRIS 

Abteilung Neurochemie, Max-Planck- 
Institutfiir Biophysikalische Chemie, 
D-3400 Gottingen-Nikolausberg, FRG 

References and Notes 

1. W. W. Douglas, Biochem. Soc. Symp. 39, 1 
(1974); G. Poste and A. C. Allison, Biochim. 
Biophys. Acta 300, 421 (1973); A. D. Smith and 
H. Winkler, Handb. Exp. Pharmacol. 33, 538 
(1972). 

2. U. Smith, D. S. Smith, H. Winkler, J. M. Ryan, 
Science 179, 79 (1973). 

3. W. Edwards, J. H. Phillips, S. J. Morris, Bio- 
chim. Biophys. Acta 356, 164 (1974). 

4. S. J. Morris and I. Schovanka, ibid., in 
press. 

5. U. Rinne, unpublished observation. 
6. D. Branton et al., Science 190, 54 (1975). 
7. K. Pfenninger, K. Akert, H. Moor, C. Sandri, J. 

Neurocytol. 1, 129 (1972). 
8. S. J. Singer and G. L. Nicolson, Science 175, 

720 (1972). 
9. L. Engstrom, thesis, University of California, 

Berkeley (1970); P. Pinto da Silva and D. Bran- 
ton, Chem. Phys. Lipids 8, 265 (1972); W. Dup- 
pel and G. Dahl, Biochim. Biophys. Acta 426, 
408 (1976). 

10. T. Bachi and C. Howe, Proc. Soc. Exp. Biol. 
Med. 141, 141 (1973). 

11. R. D. Allen and K. Hausmann, J. Ultrastruct. 

4 FEBRUARY 1977 

ton, Chem. Phys. Lipids 8, 265 (1972); W. Dup- 
pel and G. Dahl, Biochim. Biophys. Acta 426, 
408 (1976). 

10. T. Bachi and C. Howe, Proc. Soc. Exp. Biol. 
Med. 141, 141 (1973). 

11. R. D. Allen and K. Hausmann, J. Ultrastruct. 

4 FEBRUARY 1977 

Res. 54, 224 (1976); J. Beisson, M. Lefort-Tran, 
M. Pouphile, M. Rossignol, B. Satir, J. Cell 
Biol. 69, 126 (1976). 

12. M. Gratzl and G. Dahl, FEBS Lett. 62, 142 
(1976). 

13. B. Satir, C. Schooley, P. Satir, J. Cell Biol. 56, 
153 (1973). 

14. Q. F. Ahkong, D. Fisher, W. Tampion, J. A. 
Lucy, Nature (London) 253, 194 (1975). 

15. D. Lagunoff, J. Cell Biol. 57, 252 (1973). 
16. W. Berger, G. Dahl, H.-P. Meissner, Cy- 

tobiologie 12, 119 (1975). 

Res. 54, 224 (1976); J. Beisson, M. Lefort-Tran, 
M. Pouphile, M. Rossignol, B. Satir, J. Cell 
Biol. 69, 126 (1976). 

12. M. Gratzl and G. Dahl, FEBS Lett. 62, 142 
(1976). 

13. B. Satir, C. Schooley, P. Satir, J. Cell Biol. 56, 
153 (1973). 

14. Q. F. Ahkong, D. Fisher, W. Tampion, J. A. 
Lucy, Nature (London) 253, 194 (1975). 

15. D. Lagunoff, J. Cell Biol. 57, 252 (1973). 
16. W. Berger, G. Dahl, H.-P. Meissner, Cy- 

tobiologie 12, 119 (1975). 

The hepatotoxic pyrrolizidine alka- 
loids present in local tansy ragwort (Se- 
necio jacobaea L.) have been demon- 
strated conclusively to be present in hon- 
ey produced from the nectar of this 
plant. Certain liver ailments and other 
diseases in humans in developing nations 
have been attributed to the consumption 
of foods and herbal medicines prepared 
from pyrrolizidine alkaloid-containing 
plants. We report here that human expo- 
sure to the pyrrolizidine alkaloids 
through food products is a very real pos- 
sibility in the United States. 

Tansy ragwort is a weed introduced to 
maritime regions of both western and 
eastern North America from Europe (1, 
2). The toxicity of S. jacobaea is well 
known and is due to a mixture of pyrrol- 
izidine alkaloids which include senecio- 
nine, seneciphylline, jacobine, jaconine, 
jacoline, and jacozine (2-5). All six of 
these alkaloids are cyclic diesters of the 
1,2-dehydropyrrolizidine ring system (1). 
Values for the median lethal dose (LD5,) 
of the alkaloids in tansy ragwort are 
around 100 mg/kg on the basis of animal 
experiments (2). 

The consumption of foods and herbal 
medicines contaminated with pyrrolizi- 
dine alkaloids results in acute veno-oc- 
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clusive lesions which progress to liver 
cirrhosis (5). The Budd-Chiari syn- 
drome, which is manifested by hepatic 
vein occlusions in native South African 
populations is apparently also related to 
the consumption of bread containing Se- 
necio flour (5). More important, how- 
ever, are the animal experiments that 
have shown that certain pyrrolizidine al- 
kaloids are carcinogenic (6), mutagenic 
(2), and teratogenic (8). 
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Blooming of S. jacobaea occurs from 
the middle of July through September in 
western Oregon and Washington. During 
this time there is a general dearth of nec- 
tar and pollen in other entomophilus spe- 
cies, and tansy ragwort is actively for- 
aged upon by honey bees (Apis mellifera 
L.). 

We attempted to discover whether the 
endogenous alkaloids in tansy ragwort 
are shunted through the nectar secretory 
process and ultimately deposited in the 
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Table 1. Percentage of tansy ragwort pollen and concentration (expressed as parts per million) of pyrrolizidine alkaloids found in honey samples from the Pacific Northwest. 
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Table 1. Percentage of tansy ragwort pollen and concentration (expressed as parts per million) of pyrrolizidine alkaloids found in honey samples from the Pacific Northwest. 

Honey Geographical Average Concentration 
sample source tansy ragwort of pyrrolizidine 

pollen (%)* alkaloids (ppm)t 
1 
2 
3 
4 
Control 

1 
2 
3 
4 
Control 

Elma, Washington 
Beaverton, Oregon 
Toledo, Oregon 
Salem, Oregon 
Corvallis, Oregon 

Elma, Washington 
Beaverton, Oregon 
Toledo, Oregon 
Salem, Oregon 
Corvallis, Oregon 

2.6 + 0.7 
0.8 ? 0.1 
1.9 ? 0.4 
0.7 + 0.4 
0.0 

2.6 + 0.7 
0.8 ? 0.1 
1.9 ? 0.4 
0.7 + 0.4 
0.0 

1.1 and 1.4 
0.3 and 0.4 
1.2 and 2.2 
3.2 and 3.9 
0.0 

1.1 and 1.4 
0.3 and 0.4 
1.2 and 2.2 
3.2 and 3.9 
0.0 

*Average of three replicates. tUncorrected; two separate determinations. *Average of three replicates. tUncorrected; two separate determinations. 
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Pyrrolizidine Alkaloids: Their Occurrence in Honey 
from Tansy Ragwort (Seneciojacobaea L.) 

Abstract. The hepatotoxic alkaloids known to occur in tansy ragwort (Senecio ja- 
cobaea L.) are also present in honey produced fiom the nectar of this species. These 
alkaloids, which include senecionine, seneciphylline, jacoline, jaconine, jacobine, 
and jacozine, are potentially carcinogenic, mutagenic, and teratogenic and may 
pose health hazards to the human consumer. 
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