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In Vivo Administration of the Anticancer Agent Bryostatin 1 Activates Platelets and
Neutrophils and Modulates Protein Kinase C Activity1
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ABSTRACT

Bryostatin 1 is a naturally occurring macrocyclic lactone which when
applied to cells in culture activates protein kinase C (PKCI. In vivo bry-

ostatin 1 functions as an anticancer agent with activity against murine
lymphomas, leukemia*, and melanoma. Because all organs and tissues
contain PKC, normal cells would also be a likely target Torthis agent. Here
we demonstrate that in vivo administration of bryostatin 1 activates plate
lets over a dose range of 0.4 to 40 ug/kg with half-maximal activation

occurring at 3 ug/kg and stimulation of neutrophils over a similar dose
range. This in vivo activation of neulrophils is associated with a rapid
decrease in measurable cytosolic PKC, a finding consistent with translo
cation of the enzyme to the membrane. In contrast, no statistically signif
icant change in PKC location was found in liver, spleen, brain, or 1.10 \
B-ccll lymphoma. However, in culture the I III\ lymphoma did respond to

bryostatin I with translocation of PKC. To evaluate whether the lack of
effect of bryostatin I on PKC in organs was secondary to rapid degrada
tion, we developed a bioassay to measure the levels of bryostatin 1 in the
blond. To measure the presence of bryostatin 1. human neutrophils were
incubated with plasma from mice given injections of different concentra
tions of bryostatin 1. Using this assay, bryostatin 1 at levels as low as 60 nM
could be measured in the plasma. A time course with this bioassay dem
onstrated that less than 10% of the bryostatin I injected was detectable
after 2.5 min. These results demonstrate that bryostatin 1 is capable of
activating platelets and neutrophils and modulating PKC in vivo. The lack
of effect of bryostatin 1 on specific organs may be secondary to the rapid
clearance/degradation of this compound from the blood.

INTRODUCTION

Bryostatin 1, a naturally occurring macrocylic lactone derived from
u marine hryozoan. Burniti neritina ( 1), has both in vitro and I'Mvivo

activity against murine tumors including B16 melanoma (2). M 5076
ovarian cell sarcoma (3). L10A B-cell lymphoma (4). and P388 lym-

phocytic leukemia (3). The cellular basis for the antitumor effects of
this compound is unknown; however, an initial event in the mecha
nism of action of bryostatin 1 is activation of PKC' (5). Like other

PKC activators, bryostatin 1 binds tightly to this enyzme. replacing
the requirement for diacylglycerol. This causes PKC to translocate to
the membrane and leads to the phosphorylation of specific protein
substrates (6). Unlike other PKC activators, bryostatin 1 induces trans-

location of PKC ÃŸto the nucleus (7) and a much more rapid degra
dation of this enzyme than by phorbol esters (8), another PKC acti
vator. Because the activation of PKC is important in the induction of
the differentiation of hematopoietic cells, it is possible that the mech
anism underlying the antiproliferative activity of bryostatin 1 may be
its abililty to differentiate specific tumor types by stimulating this
enzyme. Application of bryostatin 1 to either freshly isolated cells
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from patients with acute (9) or chronic myelogenous ( 10) leukemia or
leukemic cell lines HL-60 (II) and U937 induces macrophage-like

differentiation and halts the growth of those cells in vitro. Not only the
myeloid lineage but also B-cells from chronic lymphocytic leukemia

are induced to differentiate by this compound (12). Therefore, to
understand the antineoplastic activity of bryostatin 1 in vivo and to
determine the etiology of specific side effects, it is important to
examine the regulation of PKC by bryostatin 1 in both normal and
tumor tissues.

Because bryostatin 1 activates PKC. other cellular elements of the
hematopoietic system may be targets for this agent. In vitro, bryostatin
1 activates neutrophil oxidative burst and degranulation (13) and
stimulates the phosphorylation of specific platelet proteins ( 14). Using
human bone marrow culture, bryostatin 1 stimulates colony-forming
units-granulocyte/macrophage. colony-forming units-erythroid, and
burst-forming units-erythroid (15). The activation of colony growth
may be secondary to the bryostatin 1-mediated release of hematopoi
etic factors from accessory cells (10, 16) or to the potential sensiti-

zation of early progenitors to the level(s) of factors which are nor
mally released. These in vitro observations suggest that the normal
hematopoietic system is a potential target for I'Mvivo biological effects

of bryostatin 1.
Further strengthening the suggestion that bryostatin 1 may modu

late the hematopoietic system I'Mvivo is the recent observation that the

administration of bryostatin I decreases murine resistance to Salmo
nella typhimurium (17). We found that bryostatin 1 treatment does not
affect the clearance of 5. typhÃ¬nairÃ¬umfrom the blood but does de
crease the killing of bacteria in the liver and spleen, therefore leading
to early animal death. Since S. typhimitriuni killing may be mediated
by inflammatory hematopoietic cells including neutrophils and T-

cells, we hypothesized that bryostatin I may be interfering with the
function of these cell types /'/; vivo.

To further investigate the biological effects of bryostatin 1. we have
injected this agent i.v. into C57BL/6 mice and examined platelet and
polymorphonuclear cell function. We found that bryostatin 1 activates
both of these cell types in a dose-dependent fashion. This activation
prevented further stimulation of platelets I'Mvitro but enhanced the

response of polymorphonuclear cells to agonists which induce an
oxidative burst. Injection of bryostatin 1 i.p. induced a rapid decrease
in cytosolic PKC in polymorphonuclear cells which had been induced
to accumulate in the peritoneal cavity with thioglycollate. However,
i.v. injection has no effect on PKC levels in the spleen, brain, and liver.
In addition, bryostatin 1 treatment had no significant effect on PKC
levels in tumors formed by L10A B-cell lymphomas. To determine

whether the lack of effects on PKC might be secondary to rapid loss
of bryostatin 1 in the circulation, we developed a bioassay to measure
the level of bryostatin 1 in the plasma of the mice. With this bioassay
bryostatin 1 was detectable in the plasma of the mice when 1.0 and 0.5
jug were injected i.v., but not when lower doses were given. Using the
1-fj.g dose injected i.v.. measurable bryostatin 1 was detectable in

plasma removed at 0.5 and 1.5 min after injection but not at later time
points. These data demonstrate that I'Mvi'vÂ«bryostatin 1 treatment

activates platelets and polymorphonuclear leukocytes but does not
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induce significant changes in PKC levels or location in either major

organs or tumors. This lack of effect may be secondary to a rapid

degradationorremovalofbryostatin1fromthecirculation.

MATERIALS AND METHODS

Chemicals and Reagents. Bryostatin 1 was dissolved at a stock concen
tration of 1 nisi in DMSO and stored at -20Â°C. Prior to injection bryostatin 1

was dissolved in 10% DMSO/PBS. RPMI was obtained from Gibco Labora
tories (Grand Island. NY); fetal calf and bovine serum from HyClone Labo
ratories (Logan. UT): DEAE-Sephacel from Pharmacia (Uppsala. Sweden);
and y-ATP from Amersham (Arlington Heights. IL). All other reagents used

were purchased from Sigma Chemical (St. Louis. MO).
Animal Tbmors. L10A. a spontaneous lymphoma of B-cell origin found in

BALB/c mice, was provided by Dr. R. Hornung (National Cancer Institute.
Frederick, MD) and was maintained in RPMI 1640. 5% fetal calf serum, and
5% bovine serum supplemented with antibiotics. Subcutaneous tumors were
established by injecting 2 X IO7 cells s.c. into the lateral abdominal wall.

BALB/c mice were obtained from either Jackson or Charles River Laborato
ries. The tumors were removed approximately 14 days after implantation.

Protein Kinase C Activity Measurements. Cells, tumor, or tissue samples
were Dounce homogenized in a buffer containing 0.33 mM EGTA. 2.0 HIM
EDTA. 20 m.\i Tris-HCl (pH 7.5). 0.33 M sucrose, 0.5 fig/ml leupeptin, 30
/j.g/ml phenylmethylsulfonyl fluoride, and 50 m\i ÃŸ-mercaptoethanol (PKC

buffer) and centrifuged at 400 x ? to remove debris followed by centrifugation
at 50,000 x g for l h at 4Â°C.The resultant supernatant was called the
"cytosolic fraction." The pellet (paniculate fraction) was resuspended in 2.0 ml

PKC buffer with 1% Nonidet P-40 for 60 min. This homogenate was then

centrifuged as above, and a second supernatant was collected. Both the first
and second supernatants were mixed with 1 ml DEAE-Sephacel (18) and
allowed to bind for l h at 4Â°C.The matrix was then loaded into a column,

washed with 10 ml of PKC buffer, and eluted with PKC buffer containing 150
m.MNaCl. Using 15 /xg of eluted protein as an enzyme source. PKC activity
was measured as previously described ( 18). Each sample was run in triplicate
with or without phosphatidyl serine and diolein. The background protein kinase
activity was subtracted from the averaged PKC activity, and the SD was then
calculated.

Platelet Function. Bryostatin I in 10% DMSO was injected into the tail
vein of C57BL/6 mice at various concentrations, and 0.2 ml 10% DMSO was
injected into the control mice. Citrated blood samples were obtained immedi
ately after each injection, and platelet counts were determined. Platelets from
six control and six treated mice were pooled, and whole blood lumiaggrego-

metry (19. 20) was performed on the pooled samples with thrombin ( 1 unit/ml).
ATP release was expressed in nmol released/100.000 platelets.

Polymorphonuclear Leukocyte Superoxide Production. Superoxide pro
duction was determined by the Superoxide dismutase-inhibitable reduction of

ferricytochrome c according to our previously described modification of the
method of Cohen et al. (13). Neutrophils were isolated from the whole blood
of healthy adult volunteers and anticoagulated with 10% ACD formula A. The
neutrophils were isolated as previously described (13) by sedimentation of
erythrocytes with dextran, density gradient centrifugation with Ficoll-Hy-

paque. and hypotonie lysis of residual erythrocytes. The neutrophils were
suspended in phosphate-buffered saline (pH 7.4) with 1 HIMCaCI2, 1 HIM

Mg504, and 15 m gliÂ« (PBS-G)for experiments.The cellÂ«were 08%
neutrophilsand were99% viableby trypanblueexclusion.

Peritoneal exÃºdales were obtained by injecting sterile 5% thioglycollate into
the peritoneal cavity of C57BL/6 mice. Eighteen h later the exÃºdate was
collected by flushing the peritoneal cavity with 0.9% NaCl. The cells were
washed and resuspended in PBS-G. The cell suspensions contained 80-85%
neutrophils and 15-20% macrophages which were >98% viable by trypan blue

exclusion.
Isolation of Plasma, Organs, and Tumors from Mice. C57BL/6 mice

were given injections of the indicated dose of bryostatin I or control 10%
DMSO via the tail vein or by i.p. injection. At the times indicated in the text,
blood was collected from the retroorbital plexus and anticoagulated with 10%
acid citrate dextrose formula A. The plasma was rapidly isolated by centrifu
gation and kept on ice until used. To isolate organs or tumors after the i.v. or
i.p. injection of bryostatin 1 or control 10% DMSO, the mice were sacrificed
at the indicated time by cervical dislocation, and the organs or tumors were
rapidly excised and frozen in liquid nitrogen.

RESULTS

Activation of PKC in varied cell types can lead to a diverse set of
biological responses including cell growth, differentiation, exocytosis,
degranulation. and oxidative burst. The injection of bryostatin 1 i.v.
would bring this strong PKC activator in direct contact with both
platelets and leukocytes in the blood. Stimulation of PKC in platelets
leads to activation, degranulation, and aggregation (21, 22), whereas
in polymorphonuclear leukocytes PKC activation stimulates the oxi
dative burst and degranulation (13). Platelets contain a number of
isoforms of PKC including a. ÃŸ.and Â£.which are differentially
translocated to the membrane by platelet activators including throm-'

bin. collagen, and serotonin (23). Activated platelets become refrac
tory to further stimulation by other activating agents. To determine
whether bryostatin 1 activates platelets in vitro we incubated human
platelet-rich plasma with either thrombin or bryostatin 1 (0.1 JAM).As

measured by chemiluminescence both bryostatin 1 and thrombin stim
ulated ATP release (Fig. 1, lower pan), while bryostatin 1 also stim
ulated platelet aggregation (Fig. 1, upper part), as evidenced by the
decrease in absorption. DMSO, the vehicle for bryostatin 1, had no
effect on chemiluminescence or light scatter. This finding suggested
that bryostatin 1 might have significant effects on platelets when given
i.v.

To examine the effect of bryostatin 1 on platelets in vivo, this
compound was injected into the tail vein of C57BL/6 mice, and blood
was immediately withdrawn from a retroorbital venous plexus. Bry
ostatin I injected in this way did not lead to any discernible toxic
effects on the mice. If bryostatin 1 activated the platelets in vivo, then
these platelets would be depleted of granule contents. Twelve animals

Fig. I. Effect of bryostatin 1 on human platelet Aggregation
function in vitro. Human platelet-rich plasma was

incubated with 0.1 ^tM bryostatin 1. In the upper
part of the figure aggregation of platelets is mea
sured by the ability of platelets to scatter light.
Absorbance is plotted over time on the y-axis fol
lowing the addition of the agonist. Plasma clots
very rapidly at the concentration of thrombin, mak
ing the measurement of platelet aggregation impos
sible. The lower part of the graph shows the release
of ATP as measured by chemiluminescence (19.
20). ATP Release

DMSO
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Fig. 2. Effect of i/i vim administration of bryostalin ] on murine platelet function. A.
bryostatin I ( I ng/0.2 cc. 40 ftg/kg) was injected imo the tail veins of six C57BU6 mice,
and an equal volume of 10% DMSO was injected into six mice as a control. Blood samples
were immediately obtained by relrcxirbital bleed and placed in citrated lubes. The samples
were pooled, and ATP was measured as described in "Materials and Methods." In B. mice

were given injections as described in A wilh varied amounts of bryostatin I. Samples were
pooled and analyzed, and the percentage inhibition of ATP release per 100.000 platelets
relative to the control al each concenlralion was plotted.

were given injections, one-half with l.O /xg/0.2 ml (40 fig/kg) of
bryostatin I i.v. and one-half with DMSO, the bryostatin I vehicle.

Blood was withdrawn and pooled (to provide adequate volume for the
assay) from each group. In comparison with control mice, bryostatin
I-exposed platelets showed a 91.5% decrease in the ability of throm

bin to activate ATP release as measured by chemiluminescence (Fig.
2A). Injecting both lower and higher doses of bryostatin 1 demon
strated a dose-response curve with a calculated half-maximal inhibi

tion of platelet function by bryostatin 1 occurring at an injected dose
of 0.075 /J.g/0.2 ml (3 pig/kg) (Fig. 2ÃŸ).These data demonstrate that
i.v. injection of bryostatin I activates platelets in vivo.

To examine the effects of bryostatin 1 on the activation of the
oxidative burst from neutrophils, 5% thioglycollate was injected into
the peritoneal cavity of C57BIV6 mice to induce a peritoneal exÃºdate.

After 18 h, bryostatin 1 was injected into the peritoneum, and the cells
were removed 6 min after injection. The ability of these cells to
undergo a respiratory (oxidative) burst was examined by incubation
with PMA (50 nvt). The injection of bryostatin 1 into the peritoneum
greatly enhanced the rate of production of oxygen radicals and the
reduction of cytochrome c by these peritoneal ncutrophils in response
to PMA compared to DMSO-treated peritoneal exÃºdales (Fig. 3). The
dose-response curve demonstrated a similar sensitivity of the ncutro

phils and platelets in vivo with still measurable effects occurring at
doses as low as 0.1 /xg/0.2 ml injected. Under these conditions the
induction of oxidative burst by the PMA occurred with a shortened lag
time, usually 60-120 s with 50 nvi PMA, suggesting that these cells

had been primed by the bryostatin I injected i.p.
Incubation of hematopoietic cells with bryostatin I in vitro caused

the translocation of PKC to the membrane (5). This result is reflected
by a rapid drop in the cytosolic level of PKC. Prolonged incubation of
cells with this compound, like other PKC activators, stimulates the
eventual degradation of this enzyme (24). Because translocation of
PKC is a potential biological marker for the in vivo interaction of
bryostatin I with specific cells and organs, we measured PKC levels
in the peritoneal exÃºdales exposed in vivo for 6 min to bryostatin I.
Isolated cells were homogenized as described above and assayed for
PKC activity, using histone as a phosphotransferase acceptor. Incu-

balion with bryostatin 1 induced a 72% decrease in the cytosolic PKC
levels from 3562 cpm//xg protein in the cytosol of control cells to 990
cpm/Â¿Â¿gprotein in bryostatin I-treated cells. The data suggested that

PKC had been translocated to the membrane.
Since bryostatin 1 given i.p. induced a decrease in cytosolic PKC

activity in peritoneal exÃºdate cells, we next evaluated whether bry
ostatin 1 would cause a change in PKC activity in the liver, spleen, and
brain when given i.v. The brain contains large amounts of PKC en
zymes. Since bryostatin 1 is very lipid soluble, it might cross the
blood-brain barrier and activate PKC in the brain. Alternatively, if

bryostatin 1 were removed by first pass through the liver after i.v. tail
vein injection it might not have any significant effects in this organ. To
evaluate these possibilities, bryostatin 1 was injected in an antitumor
dose of 1 /J.g/0.2 ml (40 /Â¿g/kg),and over a 60-min time course liver,

spleen, and brain were removed. Again, over this time course the
bryostatin 1-treated animals did not show any discernible toxic effects

(i.e., no bleeding or death). PKC measurement of both cytosol and
paniculate fractions of spleen, liver, and brain did not show any

1.0

i

O O-is-

Ip Bryostalin Injected

t-2.0
2-10
3-0.5
4-0.1
5-0.0 control

Time (seconds) 600

Fig. 3. Priming of mouse neulrophils by i.p. bryostatin I. A peritoneal exÃºdale was
induced in C57BL/6 mice by an injection with 5% thioglycollale 18 h before collection.
Bryostatin 1 was administered Â¡.p.at 2, I. 0.5, O.I. or O Â¿tgand left in place for 6 min. al
which lime the peritoneal exÃºdate was isolaled (see "MalcriÃ¡is and Methods"). Al lime

zero 50 nw PMA was added lo the cuvettes containing the peritoneal exÃºdales (2.5 x 10*

cells/ml) and 119 UM ferricylochrome c. The reduction of ferricytochrome c was followed
as the change in absorbance al 550 nm as a measure of Superoxide production. This tracing
is represenlalive of at least three similar experiments.
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Table 1 The effect of in rivo kr\ostatin 1 administration on cytosolic PKC activity in
LIOA lymphoma tumors

Time
Control

mean cpm/jig protein

(Â«USD*
Bryoslatin 1

mean cpm/jig protein

Â±SD
60 1132 (15) Â±248 1167(15)1258

" Either 10% DMSO or bryostatin (1.0 (Â¿g/0.2cc) was injected into the tail vein, the

mice were killed, and the tumor was removed at the specified times.
^ Cytosolic extracts of tumor tissues (see "Materials and Methods") were assayed for

PKC activity in triplicate, and the result is expressed as mean cpm//xg of protein. The
number of tumors assayed (ni is shown in parentheses followed by the SD.

10 20 30 40

Time (minutes)
Fig. 4. Effect of in vitro administration of bryostatin 1 on PKC activity of LIOA cells.

The LIOA lymphoma cells were treated with bryostatin 1 ( I /AM),and 3 X IO7 cells were

homogenized at each time point. The PKC activity in the cytosol was measured as
described in "Materials and Methods." Results are the average of triplicate samples and

are expressed a-s a percentage of cytosolic PKC activity relative to the untreated control.

significant translocation of cytosolic PKC relative to control animals
(data not shown).

To further evaluate the effects of bryostatin I on PKC levels we
chose to examine the effects of bryostatin 1 on LIOA B-cell lympho-

mas carried s.c. in mice. The growth of these tumor cells is inhibited
by bryostatin 1 both in vivo and in vitro. To evaluate the level of PKC
in tumor tissues after bryostatin 1 treatment, BALB/c mice were
injected s.c. with 2 X IO7 cells, and tumors were allowed to grow to
1-1.5 cm3. Mice were then given injections of bryostatin 1 at 1 /xg/0.2

ml (40 fig/kg) or 10% DMSO (control). Fifteen mice in control and

bryostatin 1 groups were sacrificed l h after injection. The tumors
were isolated, homogenized by Dounce, and ultracentrifuged to give
a cytosol and paniculate fraction. The paniculate fraction was ex-

tractcdwith1ftNonidetP-40,andPKCwasclutcdfromDEAE-
Sephacel columns as described in "Materials and Methods" and as

previously reported (18). Bryostatin 1-treated tumors did not demon

strate a significant change in cytosolic PKC activity (P > 0.05 when
compared to the control group. Significance was determined by using
the Student's t test.) (Table 1).

Because it was possible that bryostatin 1 might not regulate PKC
levels and translocation in LIOA cells, the effect of bryostatin 1 on
PKC levels in vitro was evaluated. LIOA cells were incubated with
bryostatin 1, and aliquots were taken at 5, 10, 20, and 60 min. Cells
were homogenized and ultracentrifuged, and the cytosol was placed
over a DEAE-Sephacel column. Bryostatin I stimulated a 75% de

crease in measurable cytosolic PKC activity by 5 min and a 100%
decrease by 60 min (Fig. 4), demonstrating that PKC cytosolic activity
is modulated in this cell line by bryostatin 1.

One possible explanation of the lack of PKC modulation in organs
and tumors after injection of bryostatin 1 is that this compound is
either rapidly removed from or degraded in the bloodstream. To mea
sure bryostatin 1 levels in the bloodstream, a bioassay was developed
which examines the ability of murine plasma to activate human neu-

trophils to undergo oxidative burst in vitro. C57BL/6 mice were given
injections of bryostatin 1 and whole blood obtained from the retroor-

bital plexus. The plasma (0.1 ml) was then incubated with human
neutrophils, and the oxidative burst was measured by the reduction of
cytochrome c. Plasma removed within 0.5 min from mice given in
jections of 1 /j.g/0.2 ml (40 fig/kg) and 0.5 /j.g/0.2 ml (20 /ng/kg)
activated neutrophil oxidative burst with a lag time and rate similar to
those seen with bryostatin I treatment in vitro (13). Plasma from mice
given injections of 0.1 Â¿ig/0.2ml, 0.01 /xg/0.2 ml, or DMSO had no
effect (Fig. 5). To evaluate how long bryostatin 1 levels could be
measured in the plasma, mice were given injections and bled at
specific times after injection, and the plasma was incubated with
human neutrophils. At both 0.5 and 1.5 min after injection the level of
bryostatin could be measured in the plasma. However, at longer time
periods bryostatin 1 was not detectable (Fig. 6). Assuming a blood
volume of 2 ml this bioassay is capable of measuring 600 and 60 nM
bryostatin 1. Since this bioassay can detect 60 nM bryostatin 1 in
plasma, our results demonstrate that by 2.5 min after injection the

Time (seconds) 720

Fig. 5. Bryostatin I detectable in mouse plasma. C57BL/6 mice (25 g) were given
injections of 1. 0.5. 0.1. or 0.01 /ig bryoslatin 1 or 10% DMSO as a control via the tail
vein. Whole blood was immediately removed via the retroorbital plexus (average time. 0.5
min), and the plasma was isolated and kept on ice. One hundred /il of plasma were added
to a suspension of human neutrophils (2.5 X \<Plm\) containing 119 Â¿IMfemcylochrome
c at time 0. The reduction of the ferricytochrome c (a measure of Superoxide production)
was measured continuously as the change in absorbance at 550 nm and compared to a
similar cuvette containing superoxide dismutase. The results shown are representative of
three similar experiments performed in duplicate.
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1.2

5 O

Time in minutes
after injection

Time (seconds) 720

Fig. 6. Neutrophil bioassuy on murine plasma from mice given injections of bryostatin
1 for different time periods. C57BL/6 mice (25 g) were given injections of 1 u,g of
bryostatin I via the tail vein. Whole blood was obtained at 0.5. 1.5. 2.5. 5.5. 10.5. and 15.5
min after injection from the retroorbital plexus, and plasma was isolated. One hundred p.\
of plasma were added to a cuvette containing 2.5 x 10'' human neutrophils. and super-

oxide production was determined as in Fig. 5. The results are representative of 3 exper
iments performed in duplicate.

blood concentration has fallen below this level. Bryostatin 1 levels in
the blood therefore decrease more than 90% in 2.5 min.

DISCUSSION

Bryostatin 1 is a unique chemotherapeutic agent because it modu
lates the activity of PKC stimulating signal transduction pathways
leading to both differentiation and cell death. However, because PKC
is found in all tissues and cells, a major concern about the use of this
drug is the potential side effects. To evaluate the in vivo activation of
platelets and neutrophils by bryostatin. C57BL/6 mice were given
injections of bryostatin 1, and then these two cell types were evaluated
in vitro for activation. We found that bryostatin 1 affected platelets in
vivo in a dose-dependent fashion, thereby preventing further activa

tion in vitro by thrombin. Our results are within reason since platelets
contain significant amounts of PKC and bryostatin 1 is a strong
activator of this enzyme. Stimulation of PKC in platelets by thrombin
and collagen is known to play a role in dcgranulation of the platelets.
Given the assay that was used we cannot distinguish between the
activation of platelets by bryostatin 1 and simple down-regulation of
the thrombin receptor (25). This bryostatin I-induced effect occurs at

doses between 40 and 0.4 ju.g/kg, concentrations of bryostatin 1 that
have been used to treat animals with experimental tumors (4). How
ever, in both current and previous studies in which we treated ani
mals for 5 days with bryostatin 1, we did not find any overt signs of
bleeding. Because of the small numbers of neutrophils in murine
blood we were unable to directly study neutrophil activation in
blood. To study changes in neutrophil function we induced a perito
neal exÃºdate with thioglycollate and then injected bryostatin 1 i.p.
When neutrophils were isolated from bryostatin 1-treated mice, we

found that a second PKC activator, the phorbol ester PMA. induced
a greater oxidative burst as compared to neutrophils isolated from
the peritoneal cavities of mice treated with 10% DMSO. This en
hanced Superoxide production was manifested by a more rapid onset
of reduction of ferricytochrome c and an enhanced rate of produc
tion. These results suggest that the prior exposure to bryostatin 1 has
altered the expected Superoxide response to PMA (a defined lag time
of 60-120 s) and produced a "primed" state, permitting the short

ened lag time and enhanced rate of Superoxide production seen. We
found that priming of the Superoxide response was dependent on the
dose of bryostatin 1 injected into the mouse.

Bryostatin 1 treatment of cells initially causes the translocation of
PKC to the membrane and activation of phosphorylation. while pro
longed incubation stimulates the eventual down-regulation and loss of

cellular PKC. But it is not known whether the antitumor activity of
this agent is secondary to the activation of phosphorylation or to the
down-regulation of PKC and the inhibition of signal transduction

pathways. To develop a dose and schedule that maximize the chemo
therapeutic activity of bryostatin I. it is of importance to know over
what time course bryostatin 1 modulates PKC location and levels.
Also, the effects of bryostatin I on specific organ systems might be
predicted by the ability of this compound to regulate PKC in vivo. For
these reasons, we have measured PKC levels in tumors and normal
organs after i.v. injection of bryostatin 1. Although we were able to
demonstrate that injection of bryostatin 1 into the peritoneum causes
a decrease in the cytosolic PKC activity in thioglycollate-induced

neutrophils, we were not able to demonstrate significant changes in
the level of PKC in the brain, liver, or spleen after i.v. or i.p. injection.
One possible explanation for this finding is that bryostatin 1 may bind
directly to the neutrophils but be degraded in the serum prior to
reaching these organs. Alternatively, if only small amounts of bry
ostatin 1 bind to these organs, only small changes may occur which
may not be easily detectable by our assay procedure. Because the
L10A B-cell lymphoma regresses after multiple injections of bryosta

tin 1. we examined the effect of bryostatin 1 on PKC levels in this
tumor type. While incubation of these cells with bryostatin 1 in vitro
stimulated a rapid decrease in cytosolic PKC. no significant change in
PKC levels was seen in tumor tissues 60 min after bryostatin 1
injection. We cannot rule out the possibility that by examining a single
time point a rapid change in PKC cytosolic levels was missed. How
ever, in L10A cells in vitro PKC levels are markedly lower l h after
bryostatin I addition. These data suggest that PKC levels in tumors
and solid tissues may not be useful for estimating the pharmacological
effects of this compound.

To evaluate the possibility that bryostatin I may be rapidly metab
olized or removed from the bloodstream, we developed a bioassay to
examine the levels of bryostatin I in blood. By incubating plasma
from mice treated with bryostatin 1 with human neutrophils and then
measuring the induced oxidative burst, we have been able to exam
ine the rate of decrease of active bryostatin 1 in plasma. This bioas
say is the first measurement of bryostatin 1 in animals. We found
that approximately 90% of the bryostatin 1 is removed from the
blood in 2.5 min. This bioassay was relatively insensitive; 6 X 10~K
M was the lowest concentration that could be measured. In ;';; vitro

studies using neutrophil oxidative burst as an end point. 100-fold

lower concentrations of purified bryostatin 1 can be measured. The
addition of murine plasma to the bryostatin I in vitro markedly de
creased the ability of this compound to activate neutrophils. Al
though metabolism of bryostatin 1 cannot be ruled out, this com
pound is very lipophilic, and so it is likely that binding to other
serum components and vascular cellular elements occurs. Attempts
to make the assay more sensitive by preincubating the neutrophils
with tumor necrosis factor a to prime the neutrophils did not make
this bioassay more sensitive to bryostatin 1-containing serum (data

not shown). These results demonstrate a very rapid clearance of bry
ostatin 1 from the blood, either secondary to degradation or from
binding to cellular elements.

Taken together, these experiments suggest that bryostatin 1 will
activate platelets and neutrophils in the bloodstream to undergo de-

granulation and oxidative burst and that measurement of PKC levels
in these cells may reflect bryostatin 1 concentrations in the blood.
However, no significant changes were found in organs or tumors in
the level of this enzyme. This suggests that other assays, e.g., changes
in protein phosphorylation or gene transcription, will be necessary to
investigate dose and schedule requirements for bryostatin I patient
treatment.
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