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Swainsonine, an indolizidine alkaloid, found in plants of the genus Swainsona,
has been shown to be a strong inhibitor in vitro of the a-D-mannosidase activity
in normal human fibroblasts. Therefore, inhibition of o-D-mannosidase activity
in extracts of harvested cells grown with swainsonine in the medium has been
used to follow the association of the alkaloid with normal human fibroblasts in
culture. Swainsonine that could not be removed by extensive washing became
associated with the cells within 1 min, and it is concluded that the alkaloid is
internalized rapidly by the cells. The amount of swainsonine taken up into the
cells depended on the length of time in contact and the concentration of swainson-
ine in the medium, but at 37°C a plateau of internalized swainsonine occurred
after 2 hr with extracellular concentrations of swainsonine of 100 uM or greater.
At lower concentrations of swainsonine the rate of uptake was found to be
temperature-dependent, increasing greatly at 20°C. The rapidity and temperature
sensitivity of the uptake, together with the observation that mannose or mannose-
6-phosphate did not prevent the association, suggest that swainsonine enters the
cells by permeation rather than by endocytosis. When swainsonine is withdrawn
from the culture medium, there is a decrease with time of cell-associated swain-
sonine. The kinetics of uptake and release of swainsonine and its slightly basic
nature make it likely that swainsonine is concentrated initially in the lysosomes.
This rapid, but reversible, concentration of swainsonine in lysosomes would be
consistent with the observed effects of the toxin in vivo.
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Lysosomal storage diseases result from a genetic deficiency in a lysosomal
hydrolase. Mannosidosis is the lysosomal storage disease resulting from a deficiency
of lysosomal acidic a-D-mannosidase (EC 3.2.1.24)[1]. It is characterized by accu-
mulation in the tissues and excretion in the urine of mannose-rich oligosaccharides
and has been described in cattle, humans, and a kitten. A phenocopy of the genetic
disease can be induced in grazing cattle or laboratory animals by the prolonged
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ingestion of the plant Swainsona canescens [2]. This is due to the presence in the
plant of swainsonine, a trihydroxylated indolizidine alkaloid, which is a powerful
inhijbitor of a-D-mannosidase [3]. Administration of swainsonine can thus be used to
induce a deficiency of a-D-mannosidase, providing a model system for the study of
the pathogenesis of lysosomal storage diseases. To investigate the mechanism of
action of swainsonine at a cellular level, swainsonine has been incorporated into the
culture medium in which normal fibroblasts are growing. The mode of association of
the inhibitor with the cells in culture and its effect on the fibroblast o-D-mannosidase
activities have been investigated.

METHODS
Chemicals

All reagents were of analytical grade and were obtained from BDH Ltd, or
Sigma (London) Chemical Co Ltd, both of Poole, Dorset, United Kingdom. Swain-
sonine was isolated from the plant Swainsona canescens (Benth.) A. Lett by the
method of Colegate et al [4].

Assay for a-D-Mannosidase

a-D-mannosidase was assayed routinely at 37°C by using the synthetic fluori-
genic substrate, 4-methylumbelliferyl o-D-mannopyranoside (Koch-Light Labora-
tories, Colnbrook, Bucks, United Kingdom) with a substrate concentration of 5 mM
in the reaction mixture [5]. Activity measured at pH 4.0 and pH 5.5 was defined as
acidic (lysosomal) and intermediate «-D-mannosidase, respectively [6]. One unit of
activity is that amount of enzyme that transforms 1 umol of substrate/min under the
specified conditions. The pH dependence of the o-D-mannosidase activity in extracts
of fibroblasts was investigated using the Mcllvaine phosphate-citrate buffer system
[7). The value of K; for the inhibition of «-D-mannosidase by swainsonine was
measured at pH 4.0 by including different concentrations of swainsonine (0-1 M) in
the routine assay mixture and analysing the results by the Dixon graphical procedure

(8].
Assay for B-D-Mannosidase

The B-D-mannosidase in an extract of normal fibroblasts was assayed using
0.67 mM-p-nitrophenyl B-D-mannopyranoside (Koch-Light) in phosphate-citrate
buffer, pH 4.0, at 37°C [9].

Protein Determination

Protein was determined by the Folin method using bovine serum albumin as the
standard [10].

Culture of Fibroblasts

Normal human fibroblasts and fibroblasts from a patient with mannosidosis
were cultured in tissue culture flasks (25 cm?) in the alpha modification of Eagle’s
medium (Flow Laboratories Ltd, Irvine, Scotland), HEPES (20 mM), streptomycin
(100 pg/ml medium), penicillin (100 U/ml of medium) (all from Sigma), NaHCO;
(0.84 g/liter), newborn calf serum (6.5% v/v) (Flow), and foetal calf serum (3.5% v/
v) (Flow) were included in the medium. Cells were brought into suspension for
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propagation by trypsinization using trypsin (0.1% w/v) (Difco Laboratories Ltd, West
Molesey, Surrey, United Kingdom) in PBS (phosphate-buffered saline; Dulbecco’s
formula, Flow) containing 15 mM sodium citrate, pH 7.0.

Incubation of Swainsonine With Cultures of Fibroblasts at 37°C

Medium (5 ml) to which had been added 1 ml of PBS containing swainsonine
of the appropriate concentration, was added to monolayers (25 cm?) of fibroblasts,
which had been confluent for 3 days. Medium (5 ml) and PBS (1 ml) were added to
control flasks. After the chosen length of time, the medium was poured off and the
monolayers were washed three times with cold (approximately 4°C) PBS (5 ml)
containing 10 mM-mannose. The cells were brought into suspension by trypsinization
and the suspension of cells washed four times with cold PBS (5 mi). The cells were
then resuspended in 0.5 ml of PBS and sonicated for two 15-sec pulses at 20 kH, in
an MSE ultrasonic disintegrator. The supernatant obtained after centrifugation in an
MSE bench centrifuge at 1,000g for 10 min was used for the determination of a-D-
mannosidase and protein. To investigate whether mannose or mannose-6-phosphate
affected the association of swainsonine with the fibroblasts, 60 mM mannose or 6
mM mannose-6-phosphate was included in the 1 ml of PBS added to the 5 mi of
medium.

Incubation of Swainsonine With Cultures at Different Temperatures

Cultures that had been maintained at 37°C were cooled to 4°C in an ice-water
mixture prior to addition of medium and PBS containing swainsonine, which had also
been cooled to 4°C. Subsequent washings were carried out at 4°C. The same
procedure was used at other temperatures, which were maintained by incubation in
thermostatically controlled water baths.

RESULTS
Inhibition of Human Fibroblast «-D-Mannosidase by Swainsonine In Vitro

Acidic a-D-mannosidase, with a pH optimum of 4.0, accounts for the majority
of activity in normal human fibroblasts (Fig. 1). Intermediate o-D-mannosidase with
a pH optimum of 5.5-6.0, and a trace of neutral a-D-mannosidase with a pH optimum
of 6.0-6.5 are also present, but their activity is obscured in the activity-pH profile by
the preponderant acidic enzyme. Swainsonine inhibited over 99% of the acidic o-D-
mannosidase, at pH 4.0, in an extract of normal fibroblasts. It also appeared to inhibit
the intermediate and neutral «-D-mannosidases, but to clarify the effect of swainson-
ine on these forms of the enzyme, the experiment was repeated using an extract of
fibroblasts from a patient with the lysosomal storage disease, mannosidosis. Acidic
a-D-mannosidase is deficient in this disorder, and the intermediate and neutral «-D-
mannosidase activities between 5.0 and 7.0 are evident (Fig. 1). Swainsonine strongly
inhibited the residual mutant acidic a-D-mannosidase and the intermediate and neutral
a-D-mannosidase in these cells (Fig. 1). However, the highest remaining activity was
at pH 5.5, the pH optimum of the intermediate «-D-mannosidase, both in the
mannosidosis cells and in the normal cells, where the intermediate activity is lower.
this suggests that one of the forms of human intermediate o-D-mannosidase {11] may
not be inhibited by swainsonine. It has been shown recently that rat liver Golgi «-D-
mannosidase II, but not Ia and Ib, is inhibited by swainsonine [12].
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Fig. 1. pH dependence of a-D-mannosidase in normal and mannosidosis fibroblasts in the presence
and absence of swainsonine. Extracts of fibroblasts were assayed for a-D-mannosidase activity at a
series of pH values in the presence and absence of 1 mM swainsonine. @, normal fibroblasts, no
swainsonine; O, normal fibroblasts with swainsonine; B, mannosidosis fibroblasts, no swainsonine;
1, mannosidosis fibroblasts with swainsonine.

Variation of the concentration of swainsonine showed that over 99% of the
acidic a-D-mannosidase was inhibited at concentrations of 10 uM or greater. Analysis
of the inhibition of acidic «-D-mannosidase at different concentrations of swainsonine
and substrate by the Dixon plot indicated that the toxin was a reversible competitive
inhibitor at concentrations of less than 1uM with a K;value of 80 nM (Fig. 2). The -
D-mannosidase activity at pH 4.0 in an extract of normal human fibroblasts was not
inhibited by 1 mM swainsonine.

Effect of Swainsonine on Acidic o«-D-Mannosidase in Cultures of Fibroblasts

Preliminary experiments indicated that addition of swainsonine to the culture
medium in which normal human fibroblasts were growing at 37°C led to rapid
inhibition of the intracellular acidic «-D-mannosidase. When monolayers of cells
were placed in contact with medium containing 1 mM swainsonine for less than 1
min, approximately 60% of the intracellular acidic a-D-mannosidase was inhibited.
To ensure that this inhibition was due to swainsonine associated with the cells, and
not to swainsonine carried over from the medium and exposed to the enzyme on lysis
of the cells, the cells were washed thoroughly and the presence of swainsonine in the
washings was investigated. Monolayers (25 cm?) that had been in contact with
swainsonine were washed three times with 5 ml of phosphate-buffered saline (PBS),
pH 7.4, before harvesting by trypsinization. The suspension of cells was then washed
with a further three volumes of PBS. The presence of swainsonine in the PBS
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Fig. 2. Inhibition of human fibroblast acidic a-D-mannosidase at different concentrations of swainson-
ine. Different concentrations of swainsonine (0-1 uM) were included in assay mixtures containing 1,
2.5, and 5 mM substrate. The nature of the inhibition and the value of K; were determined graphically
by the Dixon procedure.

washings was detected by measuring the ability of a sample (50 ul) to inhibit the
assay of the acidic a-D-mannosidase in an extract of fibroblasts that had not been in
contact with swainsonine. Although the first two washings produced considerable
inhibition, the third and subsequent washings produced less than 1% inhibition.
Addition of 50 ul of the original medium produced 97 % inhibition. It was concluded
that the inhibition of the intracellular o-D-mannosidase found after harvesting the
cells was due to swainsonine taken up into the cells. The degree of inhibition was
assumed to be a measure of the amount of swainsonine taken up into the cells.

Effect of Mannose and Mannose-6-Phosphate on Rapid Internalization of
Swainsonine

As the inhibitory action of swainsonine is attributed to its partial structural
resemblance to mannose [3], it is possible that cellular receptors recognising mannose
are involved in the association of swainsonine with fibroblasts. Therefore, 10 mM
mannose was added to medium containing 100 uM swainsonine to see if this would
prevent the uptake of swainsonine into the cells. However, the degree of inhibition
was the same in the presence or absence of the mannose after contact for 1 min or 4
hr with swainsonine. Ten mM mannose was also added to the PBS to wash cells that
had been in contact with swainsonine to see whether bound swainsonine could be
displaced by the mannose. Again, the presence of mannose did not alter the inhibition.
However, as a general precaution against any endogenous inhibitors in the medium,
10 mM mannose was incorporated routinely in the PBS used to wash the monolayers
of cells prior to typsinization.
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Receptors that recognise mannose-6-phosphate are involved in the intracellular
transport and endocytosis of lysosome enzymes [13]. To ascertain whether these
receptors are involved in the rapid uptake of swainsonine into fibroblasts, monolayers
of cells were placed in contact for 1 min with medium containing 100 uM swainson-
ine, with and without 1 mM mannose-6-phosphate. The presence of mannose-6-
phosphate did not prevent inhibition by the swainsonine but caused a slight (approxi-
mately 10%) increase in the inhibition. Mannose-6-phosphate (1 mM) alone in the
medium did not inhibit the intracellular o-D-mannosidase.

These observations suggest that the rapid uptake of swainsonine into fibroblasts
is not mediated by a process involving recognition of mannose like structural features
in swainsonine. As the length of time in contact, and the concentration of swainsonine
appeared to affect the degree of inhibition of intracellular o-D-mannosidase by
swainsonine, these factors were investigated in more detail.

Contact Time

The rapid uptake of swainsonine by fibroblasts in culture, as shown by inhibition
of the intracellular a-D-mannosidase, was studied at 37°C as a function of time at
two concentrations of swainsonine, 1 uM and 100 uM, which produce incomplete
and complete inhibition respectively in vitro (Fig. 3). It can be seen that the inhibition
is essentially instantaneous and increases with the concentration of swainsonine. There
is a subsequent slow increase in inhibition to a plateau level, which is dependent on
the concentraation of the swainsonine. Although 100 pM swainsonine completely
inhibited acidic o-D-mannosidase in vitro, it did not produce this effect in culture,
even after contact for 24 hr. There was no measurable depletion of the swainsonine
from the culture medium over 24 hr, as determined by the inhibitory capacity of an
aliquot from the medium. Thus, the limit in inhibition is not due to destruction of the
swainsonine in the medium.

The inhibition of the intermediate, or Golgi-associated, o-D-mannosidase, as-
sayed at pH 5.5, also increased over a 24-hr period.

Concentration Dependence of the Rapid Uptake of Swainsonine

The previous experiment had shown that the initial rapid internalization of
swainsonine and consequent inhibition had depended on the concentration of swain-
sonine in the medium. To investigate this concentration dependence, monolayers of
fibroblasts were washed at 37°C with medium containing different concentrations of
swainsonine (ie, 1 min in contact) and the inhibition of the intracellular acidic o-D-
mannosidase measured (Fig. 4). The effect of the same concentrations of swainsonine
on an extract of the same number of cells in vitro is also shown. The results confirm
that the initial rapid uptake is concentration-dependent and reaches a limiting value
which is less than that obtained in vitro. It can be seen that the uptake of swainsonine
into fibroblasts in cultures, as assessed by the inhibition of intracellular acidic «-D-
mannosidase, reaches a limit, or saturation level, both with respect to time of contact
and the concentration of the swainsonine.

Effect of Temperature on Uptake of Swainsonine Into Fibroblasts

Internalization of molecules by endocytosis is markedly decreased at lower
temperatures [14]. Therefore, the experiments carried out to investigate the effects of
time and concentration on the uptake of swainsonine into fibroblasts were repeated at
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Fig. 3. Effect of time in contact on the uptake of swainsonine into fibroblasts in culture. Swainsonine
(1 uM or 100 uM) was incorporated in the medium in which normal human fibroblasts were growing at
37°C or 4°C. At suitable intervals of time, the cells were harvested and the amount of swainsonine
associated with the cells was determined as the percentage inhibition of the acidic a-D-mannosidase
activity in the swainsonine-treated cells compared with that in controls not exposed to swainsonine. @,
100 M swainsonine at 37°C; O, 100 M swainsonine at 4°C; W, 1 uM swainsonine at 37°C; C,
1uM swainsonine at 4°C.
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Fig. 4. Effect of the concentration of swainsonine in the medium on the rapid uptake of swainsonine
into fibroblasts in culture. Confluent monolayers of normal fibroblasts were exposed to medium
containing different concentrations of swainsonine (0-1 mM) for 1 min at 4°C and 37°C. After washing
off the swainsonine-containing medium the cells were harvested and the acidic a-D-mannosidase activity
was measured and compared with the activity in control cells not exposed to swainsonine: ;@—@,
37°C; @--@, 4°C. The inhibition of the activity in the same number of cells was also measured when
the same concentration of swainsonine was added after homogenization (H).
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4°C, at which temperature endocytosis is negligible. Although the rate of inhibition
was slower at 4°C than at 37°C, the time courses in the presence of 1 and 100 uM
swainsonine both showed the saturation phenomenon (Fig. 3), suggesting that endo-
cytosis was not the mechanism of uptake of swainsonine into the cells.

When fibroblasts were briefly exposed to medium containing different concen-
trations of swainsonine, the inhibition was lower at 4°C than 37°C for concentrations
of swainsonine less than 100 M (Fig. 4). Thus, temperature affects the uptake of the
toxin into the cells at lower or nonsaturating concentrations of swainsonine, but not
at saturating concentrations. This observation was investigated more fully by measur-
ing the inhibition produced by a nonsaturating concentration of swainsonine (1 yM)
at different temperatures (Fig. 5). It can be seen that at about 20°C the inhibition
rises sharply, suggesting that a physical change in the plasma or another membrane
has increased the accessibility of the swainsonine to an intracellular compartment.

Retention of Swainsonine in Normal Human Fibroblasts After Removal of
Toxin From Medium

Confluent layers of fibroblasts were maintained in medium, with and without 1
mM swainsonine, for 4 hr at 37°C. After removal of the medium the monolayers
were washed, and fresh serum-free medium without swainsonine was introduced.
The acidic o-D-mannosidase in the cells and medium was measured at different times
up to 3 days. The specific activity of the acidic o-D-mannosidase in the cells pulsed
with swainsonine was initially only 6% of that in the controls, but it increased to 40%
within 4 hr and remained at that level up to 3 days. There was an approximately 25%
increase in the specific activity of the control cells over this period. This suggests that
the amount of swainsonine in the cells decreases after it is removed from the medium.
This decrease in swainsonine in the cells could be due to its metabolism to an inactive
derivative or to its release into the medium. In support of the latter is the observation
that the acidic o-D-mannosidase activity measured in the medium of the cells pulsed
with swainsonine was very low, being only 5-13% of that in the controls. To confirm
that swainsonine was being released into the medium, samples (50 ul) of the medium
conditioned by cells pulsed with swainsonine were added to the assay of a-D-
mannosidase in an extract of normal fibroblasts that had not been in contact with
swainsonine. All the samples of medium from the pulsed cells resulted in inhibition
of the assay, whereas samples of medium from nonpulsed cells did not. The degree
of inhibition reached a constant value with the sample taken after 4 hr and did not
increase with samples taken after a longer period. These results suggest that swain-
sonine is released rapidly from an intracellular compartment, probably the lysosomes,
and that a new equilibrium is set up between the intracellular and extracellular
compartments in this culture. An alternative explanation for the decrease in «-D-
mannosidase activity inside and outside the cells is that the swainsonine has affected
the de novo synthesis or processing of the a-D-mannosidase, perhaps by inhibiting
the Golgi-associated «-D-mannosidase.

DISCUSSION

Swainsonine has been shown to be a very effective inhibitor of human fibroblast
a-D-mannosidase activity in vitro. Therefore inhibition of a-D-mannosidase is a very
sensitive way of detecting the presence of swainsonine, and this has been used to



Swainsonine Uptake Into Human Fibroblasts JCB:115

50

o, 40

Inhibition
30
20

10

o 10 20 30 40

Incubation temperature

Fig. 5. Effect of temperature on the rapid uptake of swainsonine into fibroblasts in culture. Confluent
monolayers of fibroblasts maintained at a series of temperatures were exposed to medium containing 1
uM-swainsonine for 1 min prior to harvesting. The percentage of the acidic «-D-mannosidase inhibited
in the swainsonine-treated cells was calculated by comparison with the activity in cells not exposed to
swainsonine.

follow the association of swainsonine with normal human fibroblasts in culture. As
ingestion of swainsonine has been shown to induce a deficiency of lysosomal (or
acidic) o-D-mannosidase activity in vivo, the inhibition of acidic a-D-mannosidase
has been measured.

Inclusion of swainsonine in the culture medium leads to a very rapid association
of the alkaloid with normal human fibroblasts in culture, as judged by the inhibition
of the acidic a-D-mannosidase in extracts of harvested cells. When monolayers and
suspensions of cells that had been in brief contact with swainsonine were washed
extensively with PBS, mannose, or mannose-6-phosphate, inhibition still occurred. It
is concluded that the swainsonine is taken up into the cells. That mannose and
mannose-6-phosphate did not prevent the association or displace any bound swainson-
ine suggests that recognition of mannose-like structural features in swainsonine is not
involved. The inhibitory power of swainsonine has been attributed to its resemblance
to the postulated transition state in the hydrolysis of the a-mannosidic linkage [3].
Dean (personal communication) has observed that mannose analogues do not affect
the uptake of swainsonine into mouse peritoneal macrophages.

The amount of swainsonine taken up into fibroblasts in culture was found to
depend on the length of time in contact with the swainsonine (Fig. 3), and the
concentration of the swainsonine in the medium (Fig. 4). At 37°C there was an initial
very rapid increase in cell-associated swainsonine, followed by a slower increase over
about 1 hr to a limiting level which depended on the concentration of the swainsonine
in the medium. This rapid association suggests that swainsonine can permeate the
plasma membrane. Similar kinetics have been observed for the uptake of several
weak bases into rat fibroblasts and mouse macrophages {15, 16]. With a swainsonine
concentration of 1 uM the rate of uptake of swainsonine was very much slower at
4°C than at 37°C, but at about 20°C there was a sharp increase in the rate of uptake
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(Fig. 5). A similar transition at 20°C, not necessarily attributable to endocytosis per
se, has been observed in the uptake of asialo-orosomucoid into isolated rat hepatocytes
[17]. It is suggested that permeation, rather than endocytosis, is the major mechanism
of uptake of swainsonine into cells.

It is probable, because of the pathological consequences in vivo and its pKa
(7.4) [3], that swainsonine is lysosomotropic and accumulates in the lysosomes of the
fibroblasts [18]. The rate of internalization and accumulation in lysosomes will depend
on the extracellular concentration of swainsonine and the pH of the lysosomes and
the medium. Figure 4 shows that the accumulation of swainsonine in the cells reaches
a plateau at a concentration of swainsonine in the medium of approximately 100 uM.
The accumulation of chloroquine and other weak bases also reaches a limiting value
in other mammalian cells [15, 16]. The intralysosomal concentration of swainsonine
could be 100-1,000 times greater than the concentration in the medium, depending
on the intralysosomal pH [16, 19]. However, when the fibroblasts are homogenized,
the swainsonine accumulated in the lysosomes will be dispersed among the total cell
contents. Further dilution of the swainsonine occurs in the assay mixture so that the
final concentration assayed is much lower than the intralysosomal concentration and
lower than in the medium. This explains why the inhibition measured in cells in
culture is always less than that found in vitro for the same concentration of swainson-
ine and number of cells (Fig. 4). It is possible to estimate the final concentration in
the assay mixture by making assumptions about the volumes of the lysosomes and
cells and the lysosomal pH [18]. Thus, the estimated concentration in the assay
mixture due to a 1 uM concentration of swainsonine in the medium would be 0.2-0.5
uM, the concentration observed to give approximately the same inhibition in vitro
(Fig. 4).

When swainsonine is withdrawn from the medium, there is a subsequent loss of
swainsonine from the cells, again indicating that the membranes are permeable to the
alkaloid. Swainsonine is also lost from macrophages but at a faster rate, whereas the
uptake into macrophages is slower than into fibroblasts (Dean, personal communica-
tion).

Swainsonine has also been shown to inhibit the intermediate, or Golgi-associ-
ated, a-D-mannosidase in human fibroblasts (Fig. 1). Prolonged exposure of the cells
to swainsonine might therefore disrupt the processing of glycoproteins, which is the
proposed function of these forms of a-D-mannosidase [20]. The processing of glyco-
proteins in the presence of swainsonine has been investigated in both cell-free systems
and cultured cells [12, 21, 22]. A decrease in the complex type of asparagine-linked
glycan and an increase in the high-mannose types were observed. If this were to
occur in vivo, the increase in the high-mannose glycoproteins would exacerbate the
accumulation of mannose-rich oligosaccharides owing to the inhibition of the lysoso-
mal «-D-mannosidase.

The results presented in this paper show that swainsonine is taken up rapidly by
fibroblasts in culture, probably into the lysosomes, in a reversible manner. These
findings are consistent with the action of the toxin in vivo, particularly with the
observation that the lysosomal hypertrophy resulting from inhibition of lysosomal «-
D-mannosidase is reversible in the early stages of the disease, if ingestion of swain-
sonine is stopped [1]. Thus, cultivation of cells in the presence of swainsonine is a
useful model for studying the consequences to cells of chemically-induced deficiencies
of the lysosomal c-D-mannosidase and the Golgi-associated o-D-mannosidases, which
are also affected by swainsonine.
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