growth of V-K1735 for 90 days, whereas
tumors appeared in 80% of naive mice by
day 18 (Fig. 4). Thus, B7-K1735 can effec-
tively prime for a response against challenge
by the control V-K1735, which demon-
strates that B7-K1735 and V-K1735 are
immunologically cross-reactive. This sup-
ports the notion that the costimulatory
activity provided by the B7 gene product is
the functionally important difference be-
tween these tumors.

In order to directly test whether CD4*
T cells, CD8" T cells, or both subsets were
responsible for the rejection of B7-K1735,
mice were depleted of CD4* cells, CD8*
cells, or both, by antibody treatments in
vivo before implanting B7-K1735. As ex-
pected, B7-K1735 tumors grew aggressively
in mice depleted of both CD4* and CD8*
T cells, demonstrating that T cells are
responsible for rejection of B7-K1735 in
intact mice (Fig. 5A). Growth of B7-K1735
was greatly enhanced in CD8-depleted
mice relative to nondepleted mice, demon-
strating that CD8™ cells are required for the
rejection of B7-K1735 (Fig. 5B). In con-
trast, tumor growth was only slightly en-
hanced in CD4-depleted mice, demonstrat-
ing that CD4* cells are not necessary for
rejection (Fig. 5C). These results demon-
strate that “help” from CD4* cells does not
seem to be necessary for the induction of
CD8* activity in this system, and that
CD8™ cells are primarily responsible for the
rejection of B7-K1735.

Exogenous help by CD4* T cells can
augment a cytotoxic T lymphocyte (CTL)
response  (24-27). However, effector
CD8* CTL can be generated in the ab-
sence of CD4* cells, provided that acces-
sory cells are present (28-31). We have
found that costimulation provided by the
B7-CD28 interaction allows the genera-
tion of allogeneic CTL from naive precur-
sors in the absence of CD4" cells, and
that costimulation is not required for ef-
fector function (12). The results presented
here are consistent with these observa-
tions. The lack of growth of the B7-K1735
tumor in CD4-depleted mice and the
growth in CD8-depleted mice suggests
that B7 can directly costimulate CD8* T
cells in vivo, independent of the presence
of CD4* T cells. In addition, the protec-
tion conferred by the B7-K1735 tumor to
subsequent challenge by V-K1735 suggests
that the expression of B7 is not necessary
for killing in vivo.

We have shown that provision of co-
stimulation by surface expression of B7
provides protection against the growth of a
melanoma in vivo. This protection is me-
diated primarily by CD8" T cells, which
can function in the absence of help from
CD4+ cells. Other studies have focused on

boosting anti-tumor immune responses by
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providing “help” in the form of lympho-
kines normally produced by CD4" T cells
(32-34). Manipulation of costimulation
offers another strategy for tumor immuno-
therapy. Direct activation of CTL by tu-
mors with appropriate costimulation may
“jump-start” the anti-tumor response by
bypassing the need for exogenous help,
which could lead to a faster, more effective
anti-tumor response in situ. This may
provide a means to elicit effective CTL
responses to established tumors in the
immunotherapy of primary or metastatic
disease.
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Cyclic ADP-Ribose in Insulin Secretion from
Pancreatic 3 Cells

Shin Takasawa, Koji Nata, Hideto Yonekura, Hiroshi Okamoto*

Inositol 1,4,5-trisphosphate (IP;) is thought to be a second messenger for intracellular
calcium mobilization. However, in a cell-free system of islet microsomes, cyclic adenosine
diphosphate—-ribose (cCADP-ribose), a nicotinamide adenine dinucleotide (NAD*) metabolite,
but not IP,, induced calcium release. In digitonin-permeabilized islets, cADP-ribose and
calcium, but not IP,, induced insulin secretion. Islet microsomes released calcium when
combined with the extract from intact islets that had been incubated with high concentrations
of glucose. Sequential additions of cCADP-ribose inhibited the calcium release response to
extracts from islets treated with high concentrations of glucose. Conversely, repeated ad-
ditions of the islet extract inhibited the calcium release response to a subsequent addition
of cADP-ribose. These results suggest that cADP-ribose is a mediator of calcium release
from islet microsomes and may be generated in islets by glucose stimulation, serving as a
second messenger for calcium mobilization in the endoplasmic reticulum.

Gilucose is the primary stimulus of insulin
secretion and synthesis from the pancreatic
islets of Langerhans (I, 2). Increases in
intracellular Ca?* concentration mediate
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the biochemical events that couple glucose
stimulation to insulin secretion by the is-
lets, and mobilization of Ca?* from intra-
cellular stores in the endoplasmic reticulum
is important in this process (3). It has been
thought that IP, is a second messenger for
Ca?* mobilization from intracellular stores
(4). However, some aspects of agonist ac-



Fig. 1. Release of Ca?*+
induced by cADP-ribose
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tion cannot be accounted for solely on the
basis of an IP; mechanism (5). In freshly
obtained human insulinoma cells, glucose
induces insulin secretion without altering
inositolphospholipid turnover (6). Recent-
ly, cADP-ribose, a metabolite of NAD™,
has been reported to be as potent and
powerful a releaser of intracellular Ca?* as
IP; in sea urchin eggs and permeabilized rat
pituitary cells (7, 8). We have now inves-
tigated the role of IP; and cADP-ribose in
insulin secretion from pancreatic B cells.
We used rat islet microsomes as a cell-free
system to study Ca’* release (9, 10) and
found that cADP-ribose (11) induced Ca?*
release from islet microsomes as indicated by
a prompt increase in 1-[2-amino-5-(2",7"-
dichloro-6"-hydroxy-3"-oxy-9"xanthenyl) -
phenoxy]-2-(2'-amino-5-methylphenoxy)-
ethane-N,N,N’,N’-tetraacetic acid (fluo 3)
fluorescence (Fig. 1); repeated additions of
cADP-ribose attenuated the Ca?* release
response to cADP-ribose. The release of
Ca?" after additions of cADP-ribose showed
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a steep dose-response relation with a clear
effect at concentrations as low as 0.09 uM
and a near maximum release at 0.5 pM (Fig.
2). However, although the addition of IP,
alone did not cause a release of Ca?* from
islet microsomes, the subsequent addition of
cADP-ribose did release Ca?* from the mi-
crosomes (Fig. 1B). In contrast, IP; induced
Ca’* release from rat cerebellum microsomes,
and repeated additions of IP; attenuated the
Ca’* release response to IP; (Fig. 1C). After
these additions, the microsomes were also
responsive to additions of cADP-ribose. Re-
peated additions of cADP-ribose attenuated
the Ca?* release response to cADP-ribose
(Fig. 1D). After these additions, the mi-
crosomes were still responsive to additions
of IP;. The dose-response curves of cADP-
ribose and IP; on Ca?* efflux from cerebel-
lum microsomes were dose-dependent, with
half-maximal release occurring at 0.09 pM
cADP-ribose and 0.15 pM IP;, and maxi-
mal Ca’?* release occurring at 0.8 uM
cADP-ribose and 1.2 wM IP; (Fig. 2). These
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Fig. 2. Concentration response of cADP-ribose
and IP; to release Ca2* from islet and cerebel-
lum microsomes; Ca?* release from islet mi-
crosomes by cADP-ribose (@) and by IP, (4),
and from cerebellum microsomes by cADP-
ribose (O) and by IP, (A). The release of Ca?*
was measured as described in the legend to
Fig. 1. The absolute amount of Ca?* release is
indicated on the ordinate.

3.0x10%

results indicate that, in contrast to islet mi-
crosomes, cerebellum microsomes respond to
both cADP-ribose and IP;, but cADP-ribose
appears to induce a Ca’* release from cere-
bellum microsomes by a mechanism different
from that utilized by IP;.

Moreover, heparin, an inhibitor of IP,
binding to its receptor (12), blocked IP,-
induced Ca?* release from cerebellum mi-
crosomes but did not block cADP-ribose—
induced Ca’* release (Fig. 1E). Heparin
did not affect the response to cADP-ribose
in islet microsomes (13). Ryanodine also
induced a Ca’" release from islet and cer-
ebellum microsomes (Fig. 1, F and H);
microsomes treated with cADP-ribose were
desensitized not only to itself but also to
ryanodine (Fig. 1, G and I), although IP,
could still trigger a large Ca’™ release from
cerebellum microsomes (Fig. 1I). These
observations are consistent with results ob-
served in sea urchin eggs (14), where the
important link between cADP-ribose and
Ca?*-induced Ca?* release was first dem-
onstrated. Islam and co-workers reported a
Ca’?*-induced Ca?* release in insulin-se-
creting cells (15). Cyclic ADP-ribose may
participate in this Ca?* release as an intra-
cellular signal molecule.

We then examined the effects of cADP-
ribose and IP; on insulin secretion by using
digitonin-permeabilized pancreatic islets
(16). Both cADP-ribose (1 uM) and Ca?*
(0.2 pM) induced insulin secretion, but IP,
did not (Fig. 3). The combined addition of
cADP-ribose and Ca’?* did not induce sig-
nificantly more insulin secretion than the
addition of cADP-ribose or Ca?* alone. The
cADP-ribose-induced insulin secretion was
inhibited by the addition of EGTA. Dose-
response relations between cADP-ribose and
insulin secretion from permeabilized islets
are shown in Fig. 4. Near maximal secretion
of insulin by cADP-ribose was observed at
0.5 uM and half-maximal secretion at 0.09
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fFig. 3. Effect of cADP-ribose on insulin secre-
tion from digitonin-permeabilized islets. Perme-
abilized islets were treated with cADP-ribose (1
pM), IP; (1 M), Ca®* (0.2 pM), and cADP-
ribose (1 wM) in the presence of Ca2+ (0.2 uM),
and with cADP-ribose (1 pM) in the presence of
EGTA (10 mM). Values represent means =
SEM of n = 5 to 14 measurements. Results of
two-tailed Student’s t test comparing the re-
sponse to each addition versus the control (no
addition) are shown. **P < 0.01.

wM. The dose-response curve was well fitted
to that of Ca?™ release from islet microsomes
(Fig. 2). These results suggest that the
cADP-ribose—induced insulin secretion was
mediated by Ca’* mobilization from islet
microsomes.

When the extract from intact islets incu-
bated with 2.8 mM or 20 mM glucose (17)
was added to a cell-free system of islet
microsomes, a prominent Ca?* release was
found with the extract from islets treated
with high concentrations of glucose (HG),
but not with extracts from islets treated with
low concentrations of glucose (LG) (Fig.
1]). Repeated additions of cADP-ribose at-
tenuated the Ca’* release response to
cADP-ribose, which may suggest a depletion
of a cADP-ribose-responsive Ca** pool in
the microsome. Subsequently, the micro-
somes were also no longer responsive to an
addition of the HG-treated islet extract (Fig.
1K). After repeated additions of the islet
extract, the microsomes were no longer re-
sponsive to additions of cADP-ribose (Fig.
1L). We incubated islets with 20 mM glu-
cose for 3 to 40 min, prepared the islet
extract, and measured its Ca?* mobilizing
activity. The Ca?* mobilizing activity in the
HG-treated islets attained near maximal lev-
el by 3 min (13). When the extract from
islets incubated with glucose was added to
cerebellar microsomes, Ca?* release was
seen with the HG-treated islet extract but
not with the LG-treated islet extract (Fig.
IM). Repeated additions of cADP-ribose
attenuated the Ca?™ release response to
cADP-ribose. At this point, the cerebellar
microsomes were also no longer responsive
to additions of the HG-treated islet extract
(Fig. IN). After repeated additions of the
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Fig. 4. Dose response of cADP-ribose and 1P,
to release insulin from digitonin-permeabilized
pancreatic islets; insulin release by cADP-ri-
bose (@) and by IP, (A). The experiments were
performed four times (cADP-ribose) or three
times (IP,), and the results were reproducible.
The SEM is indicated. Results of two-tailed
Student’s ¢ test comparing response to each
addition as compared to the control (no addi-
tion) are shown. **P < 0.01.

islet extract, the cerebellar microsomes were
also no longer responsive to additions of
cADP-ribose (Fig. 10). After these addi-
tions, the microsomes were still responsive
to additions of IP; (Fig. 1, N and O). These
results suggest that cADP-ribose, or a cADP-
ribose-like molecule that targets the same
Ca’* pool as cADP-ribose, is formed during
incubation of islets with HG.

Streptozotocin produces diabetes mellitus
in experimental animal models. We have
proposed that B-cytotoxins such as strepto-
zotocin and alloxan cause DNA strand
breaks that activate nuclear poly(ADP-ri-
bose) synthetase, an enzyme that polymeriz-
es the ADP-ribose moiety of NAD* to form
poly(ADP-ribose), thereby depleting intra-
cellular NAD* and inhibiting cellular func-
tions in pancreatic islets (18-20). Poly-
(ADP-ribose) synthetase inhibitors such as
nicotinamide and 3-aminobenzamide pre-
vent the NAD™ depletion through poly-
(ADP-ribose) (18-20). In fact, insulin se-
cretion in islets is greatly reduced by strep-
tozotocin and the reduction of insulin secre-
tion is prevented by the poly(ADP-ribose)
synthetase inhibitors (21, 22). We incubat-
ed rat pancreatic islets with streptozotocin,
prepared the islet extract (23), and measured
its Ca®™ mobilizing activity (Table 1).
Streptozotocin greatly reduced the Ca?* mo-
bilizing activity in the islet extract, and
nicotinamide (3 mM) and 3-aminobenza-
mide (0.4 mM) reversed this reduction.
These results also suggest that an active
component for Ca?* release in the glucose-
stimulated islet extract is cADP-ribose, as
cADP-ribose is synthesized from NAD™ (8,
24-26).

Qur data indicate that cADP-ribose in-
duces Ca?* release from islet microsomes
and causes insulin secretion in permeabilized
islets. We have not yet been able to measure
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Table 1. Effects of streptozotocin, nicotinamide,
and 3-aminobenzamide on the Ca?*+ mobilizing
activity in islet extracts. Values are mean =+
SEM.

Ca?* mobilizing

Addition (n) activity (nmol
per 100 islets)
2.8 mM glucose (6) 0.23 = 0.04
20 mM glucose (10) 0.79 = 0.04*t
20 mM glucose and 2 0.18 = 0.03
mM streptozotocin (6)
20 mM glucose, 3 MM 0.65 = 0.08*f
nicotinamide, and 2
mM streptozotocin (3)
20 mM glucose, 0.4 mM 0.73 = 0.07*F
3-aminobenzamide,
and 2 mM
streptozotocin (3)
20 mM glucose and 3 0.88 = 0.08*f
mM nicotinamide (2)
20 mM glucose and 0.4 0.74 = 0.09t

mM 3-aminobenzamide
@

*P < 0.01 when compared to 2.8 mM glucose. tP<
0.01 when compared to 20 mM glucose and 2 mM
streptozotocin. The Ca?* mobilizing activity of islet ex-
tracts was measured with cerebellar microsomes (9).

authentic cADP-ribose in LG and HG ex-
tracts because of the limited amount of tissue
available (26). Although there is at present
no way to exclude the involvement of mol-
ecules other than cADP-ribose in the islet
extract, the fact that authentic cADP-ribose
mimics the action of the glucose-treated islet
extract together with the cross-desensitiza-
tion results argue that the active component
generated in the glucose-treated islet extract
is either cADP-ribose itself or a molecule
very similar to cADP-ribose.

The present results also indicate that
both cADP-ribose and IP; were active in the
mobilization of Ca?* from cerebellum mi-
crosomes, but islet microsomes respond only
to cADP-ribose. This suggests that responses
to cADP-ribose and IP; vary according to
tissue or cell type. Prentki et al. reported that
IP; mobilizes Ca** from a microsome-en-
riched fraction taken from a rat insulinoma
(27), from the nonmitochondrial pool of
RINm5F cells (28), and from digitonin-
permeabilized rat pancreatic islets (29). The
signal transduction pathway in transformed
B cells may have been changed as a result of
their transformation, causing them to be-
come responsive to IP;. In permeabilized
islets, IP; induced only transiently a very
small amount of Ca?* release but did not
cause insulin secretion (29). In the same
experimental system, cADP-ribose was able
to induce insulin secretion (Fig. 3).
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Blood-Brain Barrier Penetration and in Vivo
Activity of an NGF Conjugate

Phillip M. Friden,* Lee R. Walus, Patricia Watson,
Susan R. Doctrow, John W. Kozarich, Cristina Backman,
Hanna Bergman, Barry Hoffer, Floyd Bloom,
Ann-Charlotte Granholm

Nerve growth factor (NGF) is essential for the survival of both peripheral ganglion cells and
central cholinergic neurons of the basal forebrain. The accelerated loss of central cholinergic
neurons during Alzheimer’s disease may be a determinant of dementia in these patients and
may therefore suggest a therapeutic role for NGF. However, NGF does not significantly
penetrate the blood-brain barrier, which makes its clinical utility dependent on invasive neu-
rosurgical procedures. When conjugated to an antibody to the transferrin receptor, however,
NGF crossed the blood-brain barrier after peripheral injection. This conjugated NGF increased
the survival of both cholinergic and noncholinergic neurons of the medial septal nucleus that
had been transplanted into the anterior chamber of the rat eye. This approach may prove useful
for the treatment of Alzheimer’s disease and other neurological disorders that are amenable
to treatment by proteins that do not readily cross the blood-brain barrier.

The degeneration of specific neuronal cell
types during age-related neurological disor-
ders such as Alzheimer’s disease presents
opportunities for neurotrophic therapies.
For example, the degeneration of certain
cholinergic neurons in patients dying with
Alzheimer’s disease has been linked to their
memory impairment (1). If the loss of
cholinergic neurons were responsible at
least in part for the clinical symptoms of
Alzheimer’s disease, a treatment that limits

SCIENCE ° VOL. 259 e 15 ]JANUARY 1993

P. M. Friden, L. R. Walus, P. Watson, S. R. Doctrow, J.
W. Kozarich, Alkermes, Inc., 64 Sidney Street, Cam-
bridge, MA 02139.

C. Backman and A.-C. Granholm, Department of Ba-
sic Sciences, University of Colorado School of Dentis-
try, Denver, CO 80262.

H. Bergman, Department of Cell Biology, University of
Linkoping Health Science Center, Linkoping, Sweden.
B. Hoffer, Department of Pharmacology, University of
Colorado School of Medicine, Denver, CO 80262.

F. Bloom, Department of Neuropharmacology, Scripps
Clinic and Research Foundation, La Jolla, CA 92037.

*To whom correspondence should be addressed.

373



