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ABSTRACT

The central nervous system of the snail Lymnaea stagnali! was studied
in order to develop a test system to predict the neurotoxic side effects of
the three cytostatic VÃ¬ncaalkaloids, vincristine (VCR), vindesine (VDS),
and vinblastine (VLB). Vinca alkaloids appear to interfere with micro-
tubule formation by the induction of paracrystalline inclusions. After in
vitro incubation the numbers of these inclusions were counted in cross-
sections of the cerebral commissure using electron microscopy. For each
compound the number of paracrystalline profiles increases with increas
ing concentrations and incubation times. At equimolar concentrations
(0.15 HIM),VCR induces more paracrystals than VDS, and VDS induces
more than VLB. These effects are clear after short periods of incubation
(Â«.#.,after 2 h, VCR:VDS:VLB = 5:2:1). Equitoxic concentrations of
VCR, VDS, and VLB induce similar numbers of paracrystals. Further
more, morphological changes in the cell bodies of identified neurons (light
green cells) in the cerebral ganglia were observed. Quantitative analysis
shows that at equimolar concentrations the surface area of nuclear
chromatin of all VÃ¬ncaalkaloid-treated cells is approximately 30% lower
than that of the controls. The lamellae of the rough endoplasmic reticulum
are swollen and have lost their regular arrangement. For VDS and VLB
this swelling is accompanied by a strong increase (about 3-fold) in the
total surface area of the rough endoplasmic reticulum. No increase was
observed for VCR. The compounds do not affect the number of secretory-
granules. In contrast to the controls, all Fi/ica-treated cells show lipid
droplets. After VCR treatment they are about 5-fold as numerous as
after treatment with VDS or VLB. The total surface area of lysosomes
increases about 1.3-fold by VDS and VLB treatment and about 3-fold by
VCR treatment.

From these quantitative data it is concluded that VCR is more neuro
toxic than VDS and VLB. VDS appears to be more neurotoxic than VLB
as judged from the data on paracrystal induction. On the basis of a
comparison of these data with clinical data on F/nra-induced neurotox-
icities, it is proposed that neurons of the snail /,. stagnalis may be suitable
for the development of a test system to predict the degree of clinical
neurotoxicity induced by Vinca antitumor drugs.

INTRODUCTION

The antitumor action of Vinca alkaloids is based on disrup
tion of the mitotic spindle leading to inhibition of cell division
(e.g., see Refs. 1-3). Consequently, these drugs also inhibit
division of nonmalignant cells, resulting in serious side effects,
one of which is neurotoxicity (4). In neurons Vinca alkaloids
induce crystalloid structures (paracrystals), which leads to in
hibition of axonal transport of neurochemical messengers (for
references see Ref. 4). Most likely, the neurotoxic action of
Vinca drugs is not only due to their action on tubulin because
they also affect neuronal cyclic AMP (5) and calmodulin-
dependent Ca2+-transport ATPase (5, 6).

Recently, ultrastructural studies have been started in order to
develop a preclinical system to test the neurotoxic side effects
of (newly developed) Vinca antitumor drugs, using neurons in
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the cerebral ganglia of the snail Lymnaea stagnalis (4, 7).
Various multidisciplinary studies have demonstrated that these
neurons do not essentially differ in structure and function from
mammalian neurons (e.g., see Refs. 4, 8, 9). One of the cell
types that has received particular attention is the LGC1 (10-

12). LGCs occur in paired medial and lateral clusters of ap
proximately 50 cells, in both cerebral ganglia. They possess a
well-developed RER and a Golgi apparatus that packs the
secretory material (neuropeptides) into secretory granules, the
contents of which are released from neurohemal axon terminals
into the hemolymph. They produce insulin-related neuropep
tides and control body growth (10).

Recently, a qualitative study has been made of the induction
of paracrystals by Vinca alkaloids in axons in the cerebral
commissure of the central nervous system of L. stagnalis (4).
In the present study this induction was investigated in a quan
titative fashion. Attention was paid to the induction of para
crystals by three Vinca alkaloids, VCR, VDS, and VLB (5, 13-
15), which, according to animal toxicological and clinical data,
differ in neurotoxic potency (5, 13, 15, 16). Furthermore, the
effects of these alkaloids on other neuronal cell organelles were
studied. In the somata of the LGCs attention was focused on
synthesis and turnover of secretory material.

On the basis of a comparison of the degree of alkaloid-
induced neurotoxicity in Lymnaea with that in humans, cyto-
logical parameters are proposed which may be helpful for the
development of a test system to predict the degree of clinical
neurotoxicity of newly developed Vinca antitumor agents.

MATERIALS AND METHODS

Adult L. stagnalis, bred under standard conditions (4), were used.
Cerebral ganglia including the CC were excised, incubated in a Ringer's
solution alone (controls) or in a Ringer's solution containing different

concentrations of Vinca alkaloids, and fixed with glutaraldehyde and
osmium tetroxide as described previously (4). Ultrathin Araldite cross-
sections through the middle of the CC and sections through the medial
cluster of LGCs in the right ganglion were examined in a Zeiss EM
10A electron microscope (4). Two experiments were carried out.

Experiment 1: Effects of Equimolar and Equitoxic Concentrations of
VCR, VDS, and VLB on Paracrystal Formation. The concentrations of
the Vinca drugs used and the incubation times applied were based on
preliminary experiments,4 where the induction of paracrystals was

studied over broader concentration and time ranges.
In addition to control groups (n = 5 per group), groups of pairs of

cerebral ganglia were incubated Â¡ndifferent concentrations of Vinca
alkaloid in Ringer's solution for 1, 2, and 5 h; VCR: 25, 42, and 125

Mg/ml; VDS: 75, 125, and 375 Mg/ml; VLB: 63, 125, and 210 Mg/ml.
Since the molecular weights of VCR, VDS, and VLB are very similar,
the concentrations of 125 jig/ml Vinca can be considered as being
equimolar, i.e., 0.15 mM. In order to attain equitoxic concentrations,
the drugs were applied at a ratio of VCR:VDS:VLB = 1:3:5. This
"equitoxicity ratio" is based on data from the rat, including those of

rat midbrain cells (13, 16). Two series of equitoxic concentrations were

' The abbreviations used are: LGC, light green cell; VCR, vincristine; VDS.

vindesine; VLB, vinblastine; CC, cerebral commissure; RER, rough endoplasmic
reticulum.

4 L. J. MÃ¼ller,unpublished results.
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studied, a low concentration series (VCR 25, YDS 75, and VLB 125
Mg/ml) and a high one (VCR, VDS, and VLB: 42, 125, and 210 Mg/ml,
respectively). Per animal paracrystals were counted in one section of
the CC (Fig. 1) as described previously (4).

Experiment 2: Effects of VCR, VDS, and VLB on Other Cellular
Parameters for Neuronal Functioning. Groups of 5 pairs of cerebral
ganglia were incubated in Ringer's solution (control) and in 200 ng,/m\
of VCR, VDS, or VLB in Ringer's solution, for 20 h at 20Â°C.Mor-

phometry was carried out using a section through the right medial
cluster of LGCs, studying the profiles of 5 LGC somata. Per cell body
surface areas of 50 ^m2 of nucleoplasm and of cytoplasm were studied.
The following parameters were studied: surface area of electron-dense
chromatin patches, expressed in pm2/\QQ um2 of surface area of nu
cleoplasm; surface area of cisterns of RER and surface area of lyso-
somes, expressed in /im2/100/Â¿m2of surface area of cytoplasm; numbers
of secretory granules and of lipid droplets, expressed per 100 Mm2of
surface area of cytoplasm. Measurements were carried out with a MOP-
Videoplan (Kontron, Federal Republic of Germany) attached to a Zeiss
EM 109 electron microscope, at a final magnification of X50.000
(chromatin, secretory granules, lipid droplets, and RER) or x 100,000
(lysosomes).

Throughout the experiments a random sampling procedure was
maintained. The data were statistically analyzed as described before (4).

RESULTS

All three alkaloids induce the formation of paracrystals,
which are rod-like in shape and measure 0.3-2.5 ^m in width
and 1-10 firn in length. These structures are absent from control
tissues. Paracrystals occur in large numbers in axons of various
types and sizes in the cerebral ganglia and in the CC (Fig. 2).

Experiment 1. At the lowest concentrations used, paracrystals
were found to have been formed as early as l h after incubation
(Table 1). This holds for VCR and VDS. In general, quantifi
cation shows that the numbers of paracrystals increase with
increasing incubation times and with increasing concentrations.
When equimolar concentrations (125 Mg/ml) are compared
(Fig. 3), VCR induces more paracrystals than VDS, whereas
the lowest numbers of paracrystals occur in VLB-treated tissue.
This becomes obvious after an incubation period of 2 h
(VCR:VDS:VLB = 5:2:1). At equitoxic concentrations slight
differences in the numbers of paracrystals can be observed

Fig. 2. Cross-section of CC of L. sra#na/H showing a hexagonally arranged
paracrystalline inclusion with a lattice constant of approximately 28 nm (*). x
40.000.

Table 1 Quantification of paracrystals
Numbers (mean Â±SD) of paracrystals per cross-section of the CC of L.

stagnalis after 1, 2, and 5 h of incubation in Ringer's solution (control) or Ringer's

solution with VCR (25, 42, 125 Mg/ml), VDS (75, 125, 375 Mg/ml), and VLB
(63, 125, 210 Mg/ml). Low equitoxic concentrations, VCR 25, VDS 75, VLB 125
Mg/ml; high equitoxic concentrations, VCR 42, VDS 125, VLB 210 Mg/ml.
Groups (n = 5) having the same superscript are not significantly different; those
having different superscripts are P < 0.05.

ControlVCR

25
VCR 42
VCR125VDS

75
VDS 125
VDS375VLB

63
VLB 125
VLB 2101

h0Â±0Â°2

Â±2Â°-"-'
7 Â±5'

15 Â±IO715

Â±14*'23
Â±8*'

37 Â±20Â«0Â±0Â°

1 Â±1**1
Â±1Â°-*2h0Â±0Â°8Â±7r

16 Â±5'
74 Â±28*20

Â±131*23
Â±6*'

52Â±31*0Â±0"

14 Â±Kr"-*'
19 Â±15*'5h0Â±0Â°4635

10248

61
13522'

12'
29'9Â«

13'
23'0Â±0Â°

IO Â±4C'*/
34 Â±12'

Fig. 1. Phase-contrast light micrograph of a 4-Mm-thick unstained plastic
cross-section through the middle of the CC, showing many axonal profiles of
various types and sizes. CT, connective tissue, x 250.

(Table 1): in the low concentration series (VCR, VDS, VLB:
25, 75, 125 Mg/ml, respectively) the numbers of paracrystals
are low and only minor differences are present at 1 and 2 h of
incubation. Similar observations can be made with respect to
the high concentration series (VCR, VDS, VLB: 42, 125, 210
Mg/ml, respectively) at 1 and 2 h. VCR and VDS have similar
effects at 5 h in the low concentration series, whereas VLB
induces significantly less paracrystals (P < 0.05). In contrast,
VCR and VLB have similar effects at 5 h in the high concen
tration series, whereas VDS induces significanty more para
crystals than VCR and VLB (P < 0.05).

Experiment 2. Quantitative ultrastructural data are presented
in Table 2. In the control LGCs many large, electron-dense
patches of chromatin occur, which are rather homogeneously
distributed along the nuclear envelope and in the nucleoplasm
(Fig. 4). The RER is well-developed and consists of many, large
parallel stacks. The Golgi apparatus is extensive and forms the
typical LGC secretory granules (Fig. 5). After 20 h of drug
treatment the amount of chromatin and RER and the numbers
of lysosomes and lipid droplets change. This holds for all three
Vinca agents. After this period of incubation, the chromatin
patches are small and diffusely located in the nucleoplasm. In
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Fig. 3. Numbers of paracrystals per cross-section of the CC after 1. 2, and 5
h of incubation in cquimolar concentrations (125 pg/ml) of VLB. VDS, and
VCR. Per Vinca values show a significant (P < 0.05) overall increase with
increasing incubation time. The Vinca drugs differ significantly from each other
at 2 and 5 h(/>< 0.05).

Table 2 Quantification of LGC parameters
LGCs after 20 h of incubation in 200 Â«g/mlof VCR, VDS. VLB. Number of

lipid droplets and area of lysosomes in jjm2/100 ^m2 (means Â±SD). Groups (n
= 5) having the same superscript are not significantly different: those with
different superscripts are P < 0.05.

GroupsControl

VCR
VDS
VLBLipid

dropletsNone"

7.0 Â±1.8*
1.2 Â±LO*
2.0 Â±2.4'Lysosomes1.3

Â±0.6*
3.5 Â±0.1''
2.0 Â±O.I7
1.8Â±0.8/

Fig. 4. Control LGC. with small, electron-dense patches of nuclear chromatin.
C, cytoplasm. N, nucleolus. x 3,000.

drug-treated cells the surface area of these patches for VCR,
VDS, and VLB is about 12 Â±2 ^nr/lOO ^m2 (mean Â±SD),

i.e., approximately 30% smaller than in the controls (P < 0.05).
In this respect they have similar effects. After drug treatment,
the lamellae of the RER have lost their regular arrangement
and are swollen (Fig. 6). Furthermore, VDS- and VLB-treated
LGCs show a strong increase in the total surface area of the
RER (approximately 3-fold; about 7 Â±2 /Â¿nr/lOOMnr; p <
0.05). VCR-treated cells do not differ from the controls (3 Â±2

Fig. 5. Control LGC characterized by electron-dense (arrow) and electron-
lucent (double arrow) secretory granules, rough endoplasmi reticulum (RER).
and Golgi zones (G). M, mitochondrion, x 22,000.

I

Fig. 6. VDS-treated LGC (200 Mg/ml, 20 h) showing swollen RER (arrow).
secretory granules (double arrow), numerous lipid droplets (LD). and lysosomes
(L), x 11,000.

/Â¿m2/100;um2).No effect of any of the drugs was found on the

number of secretory granules, but signs of formation of secre
tory granules by the Golgi apparatus were scarce. In contrast
to the controls, K/wca-treated neurons contain lipid droplets
(Table 2). These structures are clearly more numerous (7-fold)
in VCR-treated LGCs than Â¡nLGCs treated with VDS (5.8-
fold) and VLB (3.5-fold). The surface area of lysosomes has
increased by approximately 1.3-fold after treatment with VDS
or VLB. This increase is very strong after VCR treatment (about
3-fold).

DISCUSSION

It is generally assumed that the neurotoxic effects of Vinca
alkaloids are largely due to the formation of paracrystals, lead
ing to inhibition of axonal transport of, particularly, secretory
granules (2). The present data show that the process of para-
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crystal induction by Vinca alkaloids in Lymnaea nervous tissue
is dose-dependent. This dependency has a linear character up
to concentrations that are similar or even higher than those
used in anticancer therapy (5, 14). Because of the data on
paracrystal formation after application of equimolar concentra
tions of Vinca alkaloids, it is evident that the three alkaloids
have different potencies to induce paracrystals: VCR is more
potent than YDS, whereas VLB is the least potent. At equitoxic
concentrations the effects of the three Vinca alkaloids in the
central nervous system of Lymnaea are somewhat inconsistent,
but they would seem to be of the same order of magnitude.

The structural changes and the reduction of the surface area
of nuclear chromatin suggest that treatment with either VCR,
VDS, or VLB affects the configuration of DNA, causing an
inhibition of DNA-associated processes such as transcription.
As far as we know interactions between Vinca alkaloids and
DNA have not been reported. After VDS or VLB treatment
the RER of the neurons shows swelling and an increase in the
surface area of the cisterns. Probably, these phenomena indicate
a strong accumulation of secretory material within the cisterns,
as has been found in other secretory cells whose activity is
inhibited (e.g., see Refs. 17, 18). Apparently, in contrast to
VDS and VLB, VCR induces swelling but no increase of the
RER. This suggests that the RER of VCR-treated cells accu
mulates secretory material more slowly, possibly because VCR
impedes protein synthesis. This strengthens the conclusion that
VCR is more neurotoxic than VDS and VLB.

No effects have been found of Vinca drug treatment on the
number of secretory granules. This might indicate that the
process of formation of secretory granules is unaffected. How
ever, it seems more likely that synthesis of neuronal (secretory)
proteins (changes in chromatin and RER) as well as axonal
transport (formation of paracrystals) are inhibited, thus leading
to a stable number of secretory granules in the perikarya.

The differential neurotoxic effects of Vinca alkaloids on
Lymnaea neurons also appear from the observations on lyso-

somes, whose surface area increases in particular by VCR
treatment. The relationship between lysosomes and neurotox-
icity is well established. In healthy neurons lysosomes are
occasionally present, but they increase in number when the
nervous system ages, is suffering from a disease, or is subjected
to trauma (19-21). In L. stagnalis lysosomes are prominent
after experimental inactivation of neuronal secretory activity,
the lysosomes being involved in the breakdown of superfluous
cell organdÃes (e.g., Refs. 18, 22). Similarly, lipid droplets are
rare in normal neurons. Their prominence in the present drug-
treated material strongly suggests that VÃ¬ncaalkaloids may
drastically change cellular metabolism. In this respect VCR
seems also to be more potent than VDS and VLB.

The ultrastructural effects found in the present study seem
to be highly specific for the action of Vinca alkaloids. This is
apparent from similar studies on Lymnaea neurons concerning
the neurotoxic effects of drugs other than Vinca alkaloids, such
as cisplatin and cisplatin-related antitumor agents (7), the mi
tosis inhibitor colchicine, aminoglycoside antibiotics and di
uretics, and polychlorated biphenyls:5 these drugs do not cause

paracrystal formation and have different effects on other cell
components (e.g., clumping of chromatin and changes in the
cellular contents of secretory material).

It is not fully understood why at equimolar concentrations
the VÃ¬ncaalkaloids are neurotoxic to different degrees (23).
One explanation might be that VCR has the highest capacity

5 E. W. Roubos and M. Wilbrink, unpublished results.

to bind to tubulin and VLB the lowest (14,24). Also, VCR
seems to enter cells much more readily than VLB, which might
not only explain the stronger effect of VCR on tubulin but also
on RER and on the formation of lysosomes and lipid droplets.

It can be concluded that various ultrastructural phenomena
that can be considered to reflect impeded neuronal functioning
(neurotoxicity) (see paracrystals, RER, lipid droplets and lyso
somes) indicate that VCR is more toxic for Lymnaea neurons
than VDS and VLB. VDS seems to be more neurotoxic than
VLB, as judged from a clearly more pronounced effect of VDS
on paracrystal formation. Comparison of these different poten
tials of VCR, VDS, and VLB to induce neurotoxicity in Lym
naea with data on clinical neurotoxicity induced by these alka
loids (VCR is the most neurotoxic, VLB the least; 13) would
suggest that the present method of ultrastructural morphometry
of Lymnaea neurons could be used as a test system for predict
ing the degree of clinical neurotoxicity of antitumor Vinca
alkaloids, as does the fact that at equitoxic doses the effects are
comparable. In this respect counting the number of paracrystals
seems to be an important parameter, because (a) our data
suggest that the more paracrystals an alkaloid induces, the
more neurotoxic it is and (b) equitoxic concentrations of VCR,
VDS, and VLB induce similar numbers of paracrystals.

However, care should be taken in extrapolating the present
data to the clinical situation, for the following reasons: (a) the
experimental design (in vitro drug adminstration using a non-
mammalian test system) strongly differs from the clinical pro
cedure; (b) only three Vinca drugs, namely, those commonly
used in the clinic, have been studied; and (c) a fair comparison
between our morphological data and clinical findings is ham
pered because reliable quantitative clinical data on the degree
of F//ica-induced neurotoxicity are relatively scarce. This holds
particularly for VDS (5).

In conclusion it may be stated that the present data represent
a fruitful basis for the development of a test system to predict
the degree of clinical neurotoxicity induced by Vinca antitumor
drugs. That development will benefit from a number of follow-
up studies: (a) testing of more Vinca alkaloids; (b) testing of a
wide range of drug concentrations; (c) correlation of the find
ings with data on neurotoxicity in (groups of) patients that have
been treated with different doses and regimens of a particular
drug (monotherapy); and (d) studies of additional parameters
for neurotoxicity (e.g., enzyme activities and electrical charac
teristics).
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