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INHIBITION OF MACROPHAGE SECRETION BY TETANUS TOXIN
IS NOT DIRECTLY LINKED TO CYTOSOLIC CALCIUM HOMEOSTASIS
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Tetanus toxin (TT) inhibits secretion of neurotransmitters from neurons
and lysozyme from human macrophages (M#). Because these secretoEy events
are associated with changes in cytosolic free calcium (Caé*]j, we
examined the effect of TT on M# calcium iomeostasis and secretion in
response to_ionomycin and phorbol myristate acetate (PMA). Using Quin 2 to
report [CaZ*};, basal [Call{ was similar for control cells (133 nM)
and_ Mf treated with TT (127 nM). 1In response to ijonomycin (50 nM)
LCa2*]j increased to 548 + 74 nih in control cells and to 357 + 36 nM in
TT-treated M# (p¢ 0.02, N = 12). Despite this rise in (Cac*]j, neither
control M@s nor TT-treated MPs secreted the lysosomal enzyme lysozyme in
response to this concentration of ionomycin (50 nM). In both control and
TT-treated M¥, stimulation with a higher concentration of djonomycin (1000
nM) caused saturation of the quin 2 fluorescence signal. However, lysozyme
secretion from TT-M@ was inhipited. In response to the phorbol ester, PMA
(3 uM), (Ca*}; did not increase in either control Wf or TT-treated M.
However, secretion of lysozyme from TT-treated HE was also innibited in
response to this stimulus (70.8% of control, p<U.U2, N = 3). These data
Indicate that the ability of TT to inhibit secretion from MJ is not directly
tinked to alterations of cytosolic caicium homeostasis.  © 1986 Academic Press, Inc.

Tetanus toxin is a potent biologic toxin produced by the anaerobic

bacterium Clostridium tetani. The clinical manifestations of tetanus can be

wholly attributed to intoxication with tetanus holotoxin. When introduced
into tne systemic circulation the 150 kilodalton (Kd) holotoxin causes the
typical syndrome of spastic paralysis (1,2). There is considerable evidence
that tetanus holotoxin innibits neurotransmitter release and preferentially
affects presynatic inhibitory motor neurons {(3-10). However, the molecular
basis for intoxication with tetanus toxin remains undefined. Since
neurosecretion and secretion of macrophage lysosomal granular enzymes share

several characteristics we previously exanined the human macrophage (M) as
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a model cell to investigate the molecular basis for tetanus intoxication
{11). 1n that study we demonstrated that tetanus toxin inhipited secretion
of the lysosomal enzyme, 1lysozyme, from human M@s. Changes in the
intracellutar calcium concentration have been shown to participate in
stimulus secretion coupling of many cells including neurons and phagocytic
cells (12-16). We therefore wondered whether the inhibition of macrophage
lysosomal secretion by tetanus toxin might be related to aiterations of

+]- homeostasis. Using M@ loaded with the calcium sensitive

iCa j

fluorescent prope, Quin 2 acetoxymethylester (17), we report nere tne effect

of TT on My [Ca2+]i homeostasis in both the basal and stimulated state.

MATERIALS AND METHODS

Materials. Purified Tetanus holotoxin (TT, 2.5 mg of protein per
mi1137iter) was purchased from calbiochem (Div. Behring, San Diego, CA).
The calcium ionophore, ionomycin, phorbol myristate acetate (PMA) and Quin 2
were obtained from Sigma (St. Louis, MO). Quin 2 acetoxymetnyl ester (AM)
was purchased from Lancaster Synthesis Ltd. (Windham, NH).

Lsolation and culture of macropnages. Mononuclear cells were isolated
from heparinized (20 units of heparin/ml) peripheral blood obtained from
healthy volunteers using Hypaque-Ficoll density gradient centrifugation
{11,18), washed twice with Hanks's balanced salts solution (HBSS) without
Ca¢* or Mge* (pH 7.2), and resuspended at a concentration of 4-5 x 100
cells/ml in RPMI-1640 tissue culture medium (GIBCO, Grand Island, N.Y.)
supplemented with 10% heat 1inactivated fetal calf serum (HyClone
Lavoratories, Logan, Utah), penicillin (50 units/ml), and streptomycin (50
ug/ml). Adherent monocytes were obtained by differential adherence to glass
as previously described (11). Adnerent monocytes were <then cultured in
supplemented medium with or without TT at 1.5 ug/ml (10 nM), After an 18-24
nour incupation, glass vessels were refigerated at 4°C and tne cells were
harvested by scrapping tne culture vessel with a rubber policeman. Control
and TT-treated cells from 2-4 vessels were pooled and washed twice with gquin
buffer containing: NaCl (145 wMj, KCI (5 md}, Nap HPOs (1 mM), HEPES (5
mM}, glucose (5 mM), MgCly (1 mM).

Loading of M@ with quin 2 AM. M@s were suspended at 30 to 50 x 106/ml
in quin buffer containing CaCly (1 mM). Cell suspensions were incubated
with quin 2 Al (50 uM) at 37°C for 10 minutes. quin buffer at three times
the initial volume was added and the cell suspensions were incubated for
46-60 minutes. M3s were separated from extracellular Quin 2 AM by
centrifugation (150 g) for 10 minutes at 4°C and resuspended in Quin buffer.

Measurement and calculation of [La2+]i. The fluorescent response of
Quin 2 Tloaded #¥s was measured with a rerkin-Elmer fluorometer (v50-10S)
using a trermoregulated cell-nolder to waintain a constant temperature of
37°C. An excitation wavelengtn of 33y nm with a siit width of 4 mm was
used. M@ at 2 x 105/m1 in quin buffer were checked for quin 2 loading by
scanning over an emission range of 400 to 500 nm. A peak emission intensity
shift from 430 nm to 492 nm confirmed loading with quin 2 AM and the
subsequent conversion to quin 2 by cellular esterases. The peak emission
was consistantly noted at 492 nm and this wavelength was used to monitor
peak fluroescence. For calculation of thne intracellular ionized calcium
concentration quin 2 loaded M@ at 2 x 10° were suspenaed in one milliliter
of quin pbuffer with calcium (1 mM) (designated as CaB) or gquin buffer
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containing EGTA TmM (LoCaB). The addition of EGTA 1 mM results in a
calculated free ijonized calcium of ¢ 1 mM (19). cellular fluorescence
stabilized after 4 minutes of continuous recording and was designated as
basal fluorescence (F). viaximal fluorescence (Fmax) was recorded when M# in
{aB were disrupted by digitonin (25 uM) and minimal fluorescence (Fminj was
recorded when K@ in LoCaB were di?{ygted. LCa2*li was calculated using

the equation reported by Tsien et al.

To measure changes in [Ca2+]1 in response to different soluble
stimuli, basal fluorescence was first recorded for 4 minutes. Stimuli of
varying concentrations were then added. Fluorescence was recorded for 2
minutes followed by cell disruption with digitonin (25 uM). For each
experiment calibration of fluorescence in CaB was determined using known
concentrations of Quin 2. Intracellular Quin 2 was calculated using these
calibrations and a cytocrit of 0.15% of th whole suspension {17).

Secretion. Control and TT-treated M@ were suspended at 2 x 107/m1 in
CaB and LoCaB and stimulated with calcium ionopnore, ionomycin or phorbol
myristate acetate. After 20 minutes, at 37°C with gentle agitation, the
cell free supernatant was obtained by centrifugation at 200 g for 10 minutes
at 4°C. Total cellular enzyme content was measured in cell suspensions
lysed with 0.2% Triton X-100. Lysozyme, a macrophage lysosomal enzyme (20),
was used as an indicator of secretion of granule contents. Tne percent
total enzyme released was calculated by multiplying by 100 the ratio of
lysozyme in tne cell free supernatant to lysozyme in the u.2% Triton X-100
lysate. The percent stimulus-induced lysozyme secretion was defined as the
percent stimulus-induced Tysozyme released minus spontaneous release,
Lysozyme was assayed using Micrococcus lysodeikticus as the optical
substrate (21). Lactate denydrogenase (LDH), a cytoplasmic enzyme was used
as a marker for cell disruption and was assayed accoraing to the methods of
Bergmeyer (22).

Statistical analysis. The two-tailed paired Student's t-test was used.

RESULTS
Effect of tetanus toxin on basal cytosolic calcium in M@s. In CaB or
2

LoCaB basal iCa +Ji of control and TT-treated My were not significantly
different (C-M@: 133.8 + 7.4 ni and 30 + 1.7 nM, TT-MB: 127 + 7.5 nM and
27.2 + 0.5 ni4}, mean + SEM of 18-30 separate experiments.

Effect of TT on lonomycin-stimulated cnanges in M# cytosolic calcium.

We next examined the effect of TT on cytosolic calcium homeostasis in
response to ionomycin. Ionomycin (10 nM and 50 nM) inducea a significantly
greater LCa2+]i in control-M@ than M¢ treated with TT ({Figure 1 a,uj.
Higner concentrations of ionomycin (100 or 1000 nM) caused complete
saturation of intracellular Quin 2, N = 5, Intracellular Quin 2
concentration was approximately 0.25 mM. In LoCaB, ionomycin (0.1 uM and
2+]1

1.0 uM) stimulated a significantly greater increase of |(Ca in

control M@ tnan TT-treated M@ (Fig. 2).

Dose-dependence of ionomycin induced secretion from M@s. We examined

the dose-dependent effect of ionomycin on M@ secretion. In response to
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Figure 1. Effect of TT on ionomycin-induced cytosolic calcium in M@s.

Mds were incubated with and without TT (1.5 ug/Im) for 20-24 hours,
washed and resuspended in toxin free buffer containing calcium (CaB, 1 mM)
or depleted of calcium (LoCaB, EGTA 1 mM; [Ca2*] = 1 ).

A. In (aB, ionomycin induced a rapid increase of cytosolic free
calcTum in control and TT-treated M#.

B. The rise of cytosol free calcium in response to jonomycin was
inhibited in TT-treated M# p< 0.02. Results are mean + SEM of 10-12
separated experiments. Ionomycin at 100 nM or greater caused saturation of
intracellular Quin 2 or both control and TT-treated MO.

ionomycin (0.1 uM) control-M@ and M# treated with TT suspended in CaB" did
not secrete lysozyme (Fig.3). However, this concentration of ionomycin

caused saturation of intracellular Quin 2 from both control and TT-treated
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Figure 2. Effect of TT on M cytosol free calcium in low calcium buffer.

In LoCaB cytosol free calcium response to jonomycin was inhibited in
TT-treated k@s, p<0.05, Results are mean + SEM of 13-16 separate
experinents.

15



Vol. 135, No. 1, 1986 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

8
@
a8
e & e 8%
' o g . NN .
2 Vs 2z gYg
DControl o cs 2 % c5
] - o -
€ © 3 c .8
de TT treated L 3 E' i
b S -3
-3 o 3
] S .e
= )
- 3 £
8 ) a
2
10 1
8 } }
T
o
A9
5
& e
C T C T
@ 01 uM 1.0 uM
lonomycin Concentration @ 2 Minutes guaTIME

Figure 3. Dose-dependence of ionomycin induced MJ secretion.

C-M@s ana TT-treated M (1.5 ug/ml) were suspended in CaB and stimulated
with ionomycin. Ionomycin at 0.1 uM did not induce secretion even though
intracellular gquin 2 was saturated. Higher concentration of ionomycin
induced secretion from control M#s and inhibited secretion from TT-treated
M@s, p<0.05. Spontaneous release of lysozyme from C-M@s and TT-treated Mds
was similar, 11.9 + 1.0% and 13.4 + 1.4% respectively. LDH release from
C-Mgs and TT-ireated MWds was similar, 5.8 + 0.6% and 5.4 + 0.5%
respectively. The results are tne mean + SEM from four separate experiments.

Figure 4. Effect of PMA on MY cytosol free calcium in Mds.

Similar fluorescence by (uin 2 loaded cells was recorded in response to
the addition of PMA (3 uM) or puffer (10 ul). In potnh TT-treated or control
Md#s, no detectable increase of cytosolic calcium was observed in response to
PMA in CaB or LoCaB, N = 4,

Mds. When stimulatea with a higher concentration of ionomycin (1.0 uM), M@s
secreted lysozyme wnich was inhibited by treatment with TT, p< 0.05, N = 4,

Similar results were observed with Quin 2 Tloaded iUs.

Effect of TT on PMA~stimulated calcium homeostasis in Mds. We next

investigated [Ca2+]i homeostasis of control and TT-treated M@ in
response to PMA. PMA did not induce a detectable LCa2+]i elevation 1in
either control or TT-treated M@. An illustrative recording of PMA
stimulated M@ is shown on Figure 4. Compared to the addition of buffer as a
control for the effect of stirring tnme cells, the addition of PMA (3 uM)
produced no discernable difference in Quin 2 fluorescence.

tffect of extracellular calcium on PMA-stimulated M@ secretion. In

response to PMA (3 uM) control M@s suspended in CaB or LoCaB, secreted a
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Figure 5. Effect of extracellular calcium on PMA-stimulated MF secretion.

PMA (3 uM) - induced secretion was not affected by depletion of
extracellular calcium. Moreover, in response to PMA, secretion from MJ
treated witn TT was inhibited (p<0.02). The results are mean + SEM of 3
experiments. Spontaneous release of lysozyme was similar in CaB or LoCaB
from control and TT-treated MOs (C-M@: 12.8 + 0.2%, 11.1 + 0,9%; TI-Mg:
12.0 + 0.2%). LDH release in calcium containing or depleted medium from
C—Mﬂs);—and TT-Mg were similar (C-MO: 8.0 + 0.7%, 9.2 + 1.3%; TT-MO: 11.9 +
2.4%).

Figure 6. Effect of Quin 2 Toading on MJ secretion.

Mds were incubated overnight with and without TT (1.5 ug/ml),
resuspended in toxin-free buffer and loaded with Quin 2AM (50 uM)., Split
cell samples unloaded with Quin 2 demonstrated similar percent of total
lysozyme secretion in response to PMA (3 uM) and ionomycin (1 uM). 1n
addition, Quin 2 loading did not alter the inhibition of MJ secretion by
TT. Tue percent of stimulus-induced lysozyme secretion was defined as the
percent stimulus-induced lysozyme release minus spontaneous release. The
spontaneous release of lysozyme from control and TT-treated MJ without and
with Quin 2 incorporation were similar (C-MZ: 11.9% + 1.0%, 5.4% + 0.6%;
TT-MB: 13.4% + 1.4%, 4.1 + 2,1%; respectively without and with quin 2).
LDH from control and TT-treated M@ without and with Quin 2 loading were
respectively, C-MJ: 5.8% + 0.6%, 4.9% + 0.5%; TT-M¥: 5.4% + 0.5%, 3.9% +
1.0%. Results are the mean + SEM of three separate experiments.

similar percentage of lysozyme (Fig. 5)., However, secretion of lysozyme
from TT-treated }#s was inhibited in response to this stimulus in Cad or
LoCaB (70.8% and 70.2% of control). Thus, the innibition of Md secretion by
TT in response to PHA (3 uM) was independent of extracellular LCa2+]1-.

Secretion of Quin 2 loaded iig. PMA (30 or 3 uM) and ionomycin (1 uM)

induced comparable percent of lysozyme secretion from M@ not loaded and M@

loaded with Quin 2 (Fig. 6). Moreover, TT-treated M@ that nad been loaded
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with Quin 2 continued to demonstrate inhibition of lysozyme secretion in

comparison to control Mg (Fig. 6).

DISCUSSION

Tetanus toxin inhibits secretion of neurotransmitters from neurons
(3-10) and secretion of the lysosomal enzyme, lysozyme, from human M@s
(11). Several events that couple cell stimulation to secretion are similar
in  neurons and pnagocytic cells. These include 1ligand-receptor
interactions, phospnolipid wetabolism and the generation of cyclic
nucleotides (12-14,23). Calcium homeostasis is also thought to play a role
in stimulus secretion coupling in both systems. A1l cells investigated thus
far maintain a cytosolic free [Ca2+] that is approximately 10,000-fold
Tower tnan the extracellular environment. In response to a variety of
stimuli, LCa2+]i increases prior to subsequent cell response (eg.,
secretion). In this report we investigated the effect of TT on M@ calcium
homeostasis.

Using Quin 2 as a probe to examine intracellular calcium nomeostasis,
basal LCa2+]i in calcium containing buffer (1 mi) was approximately 130
nM and was comparable to that reported in numan monocytes by Scully et al
(25). TT did not alter resting [Ca2+]1. of human Mds. In response to
ionomycin, a calcium dependent stimulus, LCa2+j1. increased in a
dose-dependent manner, TT inhibited the rise in LCa2+3i in response to
a low concentration of ionomycin. However, ionomycin at 0.1 uM or hignher,
caused a similar rise in [Ca2+]1- from control M@s and M@s-treated with
TT. HMoreover, we observed a dissociation of the L(;a2+'.|1- response and Mg
secretion since ionomycin (0.1 uM) induced a L‘CaZ+]1 response that
saturated the intracellular yuin 2 elicited no secretion. The dissociation
between waximum [Ca2+]i response and cell function has also been
observed by korchak et al (26) in human neutorpnils, another phagocytic cell.

The observation tnat TT aid not alter resting L(‘.a2+]i is consistent

with that reported by Sugimoto et al (27). These autnors noted similar
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resting membrane potential in untreated and TT-treated neuroblastoma cells.
The major contribution to the resting membrane potential was due to the
transmembrane Ca?* gradient because these cells were suspended in Na‘*

free buffer, the resting membrane potential was resistant to tetrototoxin, a

voltage dependent Na* cpanpel blocker and was abolished by Cal*
antagonists, Co2+ and Mn2+ (10 mh) (27).

Jur observation that TT alters LCa2+]i homeostasis 1in response to
low concentrations of ionomycin but not in response to higner concentrations
(0.1 uM) of tnis ionopnore cannot be compared to the findings of Sugimoto
et al. These autnors suspended control and TT-treated NIE-105 cells in
varying concentrations of calcium and measured, by micropuncture technique,
tieir action potential in response to a constant electrical pulse (1 nA).
In experiments using high extracellular calcium (7.2 mM to 80 mM) but not
lower or physiological calcium concentrations, Sugimoto et al (27) found a
significantly lower peak Ca spike potential from TT-treated neuroblastoma
cells than control cells. horeover, neurosecretion was not assayed.

Neither control Hés no TT-treated M@s demonstrated measurable alteration
of [Ca2+]i in  response to PMA.  However, this stimulus elicited
secretion from control-MUs which was innibited in TT-treated Mfs. The lack
of a [Ca2+]i increase in response to PWMA has been demonstrated in other
systems (28,29). Tfnese results suggest tnat TT inhibits M@ secretion at a
step distal to the rise of cytosolic calcium observed following some
stimuli. Tne ability of the toxin to inhibit PMA induced secretion raises
the possibility that protein kinase C activity, the likely receptor for

priorbol esters, is interfered with in tetanus intoxicaton.
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