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Mutations in Diphtheria Toxin Separate Binding
from Entry and Amplify Immunotoxin Selectivity

LARRY GREENFIELD, VIRGINIA GRAY JOHNSON, RICHARD J. YOULE

Monoclonal antibodies linked to toxic proteins (immunotoxins) can selectively kill
some tumor cells in vitro and in vivo. However, reagents that combine the full potency
of the native toxins with the high degree of cell type selectivity of monoclonal
antibodies have not previously been designed. Two heretofore inseparable activities on
one polypeptide chain of diphtheria toxin and ricin account for the failure to construct
optimal reagents. The B chains (i) facilitate entry of the A chain to the cytosol, which
allows immunotoxins to efficiently kill target cells, and (ii) bind to receptors present on
most cells, which imparts to immunotoxins a large degree of non—target cell toxicity.

This report identifies point mutations in the B polypeptide chain of diphtheria toxin
that block binding but allow cytosol entry. Three mutants of diphtheria toxin have
1/1,000 to 1/10,000 the toxicity and 1/100 to 1/8,000 the binding activity of
diphtheria toxin. Linking of either of two of the inactivated mutant toxins (CRM103,
Phe®®; CRM107, Phe*, Phe®?) to a monoclonal antibody specific for human T cells
reconstitutes full target-cell tox1c1ty—mdlst1ngu1shable from that of the native toxin
linked to the same antibody—without restoring non—target cell toxicity. This separa-
tion of the entry function from the binding function generates a uniquely potent and
cell type—specific immunotoxin that retains full diphtheria toxin toxicity, yet is four to
five orders of magnitude less toxic than the native toxin is to nontarget cells.

IPHTHERIA TOXIN (DT) AND RI-
cin are potent toxins composed of
two disulfide-linked polypeptide
chains (1). The B chains bind the toxin to
the cell surface and facilitate transport of the
A chain to the cytosol. The A chains catalyt-
ically inhibit protein synthesis, and a single
molecule of either DT A chain (2) or ricin A
chain (3) in the cytosol is sufficient to kill a
cell. The combination of these three activi-
ties—binding, translocation, and catalysis—
produces the extreme potency of these pro-
teins.
Monoclonal antibodies specific for tu-
mor-cell surface antigens have been linked to
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toxins or toxin subunits to generate a new
class of therapeutic drugs called immunotox-
ins (4). Toxin A chains linked to monoclo-
nal antibodies show a high degree of cell
type selectivity in vitro but little toxicity to
solid tumors in vivo (5). This low toxicity
may be due, in part, to slow transport of the
A chain to the cytosol (6, 7).

Target cell toxicity of immunotoxins can
be increased by including the toxin B chain
in the antibody-toxin complex (8) or by
adding it separately (7, 9). To achieve maxi-
mal in vitro target cell selectivity with im-
munotoxins containing intact ricin, lactose
must be added to the medium to block non—
target cell binding and toxicity of the im-
munotoxin via the ricin B chain. This ap-
proach is feasible in those clinical settings,
such as bone marrow transplantation (10),
where the target cell population can be
incubated in vitro in the presence of lactose.

Without blockage of the B-chain binding
domain, however, whole-toxin conjugates
have a high degree of non—target cell toxici-
ty, thereby reducing their usefulness in vivo
to that of A-chain immunotoxins (11).

Construction of reagents that combine
the potency of intact toxin conjugates with
the cell type selectivity of toxin A-chain
conjugates may be possible if the binding
site on the toxin B chain could be irrevers-
ibly blocked. Covalent and noncovalent
chemical modifications that block the bind-
ing activity of ricin intracellularly also block
its entry function, which suggests that the
binding and translocation functions may be
inseparable (12); however, inactivation of
ricin binding by steric hindrance or by oxi-
dation blocks non—target cell toxicity more
than target cell toxicity (13).

Previously, domain deletion was used in
an unsuccessful attempt to separate the
translocation and the binding functions of
the B chain of DT (I4). Immunotoxins
made with DT A chain, intact DT, and a
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Fig. 1. Toxicity of CRMI102, CRMI03,
CRM107, and native DT to Jurkat cells (A) and
Vero cells (B). Protein synthesis was assayed by
incubating 5 x 10* Jurkat cells in 100 pl of
leucine-free RPMI 1640 medium containing 2%
fetal bovine serum (FBS) in 96-well microtiter
plates. DT (@), CRM102 (x), CRM103 (O), or
CRM107 (A) was added in 11 pl of buffer and
incubated with cells for 16 hours at 37°C. Cells
were then pulsed with 20 pl of phoss)hatc buff-
ered saline containing 0.1 nCi of ["*C]leucine,
incubated for 1 hour at 37°C, harvested onto glass
fiber filters by means of a PHD cell harvester
(Cambridge Technology), washed with water,
dried, and counted. The results are expressed as a
percentage of the ['“C]leucine incorporation in
mock-treated control cultures.
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cloned fragment of DT (MspSA) that lacks
the COOH-terminal 17-kD region of the B
subunit were compared. The intact DT con-
jugate was 100 times as toxic as the MspSA
conjugate, which, in turn, was 100 times as
toxic as the DT A-chain conjugate. The
COOH-terminal 17-kD region, which con-
tains the cell surface binding site (15), there-
fore potentiates immunotoxin activity 100-
fold. It was not possible to determine
whether this COOH-terminal translocation
activity was distinct from the binding activi-
ty. Similarly, CRM45 of DT was linked to
the hormone MSH, and PE40 of pseudo-
monas toxin was linked to the growth factor
TGFa, in attempts to eliminate the toxin
binding site and maintain the B-chain entry
function (16). In this report we identify
point mutations in the COOH-terminal re-
gion that Jocate the DT binding site and that
enable full separation of the binding and
translocation functions of the toxin.

Laird and Groman mutagenized Coryne-
bacterium with nitrosoguanidine and ultravi-
olet irradiation and isolated several classes of
mutants within the DT structural gene (17).
Leppla and Laird further characterized sev-
eral of the mutant proteins and found that
three of them (CRM102, CRM103, and
CRM107) retained full enzymatic activity
but had defective receptor binding (18).

A comparison of the toxicities of these
three mutants with that of native DT on two
cell types is shown in Fig. 1. Vero cells have
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Fig. 2. Binding of native DT, CRMI102,
CRM103, and CRM107 to Vero cells. Tracer
12]-labeled DT binding was determined by com-
petition with cold DT (O), CRM102 (W),
CRM103 (<), and CRM107 (®). DT was la-
beled with Biobeads to 7 x 10° cpm/p.g, as re-
ported previously (25). Vero cells, plated the
previous day at 5 X 10° cells per milliliter per well
in Costar 24-well plates, were incubated in 150 .l
of Dulbecco’s minimum essential medium and
10% FBS and 25 mM Hepes (pH 7.0), with *°I-
labeled DT (8 ng/ml) and appropriate concentra-
tions of DT and CRMs. After incubating 6.5
hours at 4°C, cells were washed four times in
complete medium, solubilized in 0.IN NaOH,
and counted. Tracer binding varied between 900
and 1500 cpm, depending on the experiment. No
nonspecific binding was subtracted.
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a higher number of DT receptors than do
Jurkat cells and are thus more sensitive to
DT inhibition of protein synthesis than are
Jurkat cells. CRM102 and CRM103 are
1/1,000 as toxic as native DT is, and
CRM107 is 1/10,000 as toxic as native DT
is, to both Vero cells and Jurkat cells (19).

The binding activity of native DT and the
three CRM mutants to Vero cells is shown
in Fig. 2. Whereas most cell types, including
lymphoid cells such as Jurkat, have undetect-
able levels of DT receptors (20), Vero cells
contain 10° DT receptors per cell and have
been used extensively to study DT binding
(20). At 4°C the affinity of both CRM102
and CRM103 is 1/100 that of native DT,
and the affinity of CRM107 is 1/8000 that
of native DT (21).

The reduced affinity correlates with the
reduced toxicity for CRM107 but differs by
a factor of 10 for CRM102 and CRM103.
Binding was determined after 6 hours at
4°C, while toxicity was determined after 24
hours at 37°C. The discrepancy between
binding and toxicity for CRM102 and
CRM103 may reflect differences in tempera-
ture and time in the two assays. Binding
cannot be determined at 37°C since energy
inhibitors commonly used to block internal-
ization decrease the number of surface DT
receptors (20). Alternatively, the mutation
or mutations within CRM102 and
CRM103 may inhibit toxin activities other
than binding that may account for the ten-
fold difference between toxicity and bind-
ing.

The location of the amino acid changes
within the B chain for each of the three
CRMs is shown in Fig. 3. CRM103 con-
tains a single mutation at position 508
(Ser — Phe). CRM102 contains a similar
mutation at position 508 but has an addi-
tional mutation at position 308 (Pro—
Ser). CRM107 contains two mutations, one
at position 390 (Leu— Phe) and one at

Fig. 3. Location of the

Msp |

position 525 (Ser — Phe). That CRM102
has two mutations, whereas CRM103 con-
tains only one, indicates that the two mu-
tants are independent isolates. The presence
of multiple GC-AT transitions is consistent
with nitrosoguanidine-induced mutagene-
sis.

The binding affinity of CRMI103 and
CRM102 that is 1/100 that of DT demon-
strates that the serine at position 508 is
important for toxin binding. The conserva-
tive change in CRM107 at position 390
(Leu — Phe) suggests that the alteration at
position 525 causes the 8000-fold difference
in binding activity, such that CRM107 is
less active than DT. The mutations at posi-
tions 508 and 525 are consistent with data
that suggest that the DT binding domain
lies within the carboxyl 17-kD portion of
the molecule (15). Both mutations exchange
a phenylalanine for a serine.

The relation of binding to translocation in
DT was examined by linking each of the
CRMs and native DT to a new binding
domain, the monoclonal antibody UCHT]1,
specific for the T3 antigen on human T cells.
Unlike the unconjugated CRMs, all three
CRM immunotoxins are highly toxic (Fig.
4). Excess antibody blocks toxicity, demon-
strating that the toxicity is antibody-medi-
ated. The immunotoxins prepared with
CRM103 and CRM107 are as toxic as the
immunotoxin prepared with native DT,
whereas the immunotoxin prepared from
CRM102 is less toxic by a factor of approxi-
mately 10. The tenfold decrease in UCHT1-
CRMI102 toxicity relative to UCHTI-
CRM103, despite identical binding activity
of CRM102 and CRM103, suggests that
the amino acid at position 308 contributes
to the translocation activity of DT. That the
conjugates prepared with CRMI103 and
CRM107 are as toxic as conjugates prepared
with native DT indicates that binding of the
toxin to its receptor is not necessary for
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efficient translocation of the toxin-A frag-
ment to the cytosol. Therefore, the DT
binding and translocation functions can be
separated.

Native DT and UCHT1-DT inhibit Jur-
kat cell protein synthesis 50% at
3 x 107 "M (Figs. 1 and 4). The toxicity of
UCHTI1-DT to T3-bearing cells is 100
times that to other cells (22), and the selec-
tivity exists solely because cross-linking DT
to antibody inhibits DT-mediated toxicity
100-fold. The mutant toxins CRM102,
CRM103, and CRM107 inhibit Jurkat cell
protein synthesis 50% at 1 X 107’M to
4 x 107®M (Fig. 1), whereas the UCHT1-
CRM immunotoxins act at 3 X 107''M to
3x107'"°M (Fig. 4). This 1,000- to
10,000-fold difference between the CRMs
and the UCHTI1-CRMs in the concentra-
tion required to inhibit protein synthesis
represents an increase from three to four
orders of magnitude in CRM-immunotoxin
selectivity over the native DT immunotoxin.

The toxicities of the different immunotox-
ins were compared on nontarget Vero cells,
which lack antibody binding sites but ex-
press a high number of DT cell surface
binding sites. UCHT1-DT inhibits Vero
protein synthesis 90% at 6 X 107'°M, be-
cause of toxicity via the DT binding site. In
contrast, the three CRM immunotoxins had
no effect on protein synthesis at this concen-
tration. To determine the full extent of non—
target cell toxicity of the binding site—inacti-
vated immunotoxins, large amounts of a
monoclonal antibody—CRM107 conjugate
were made, purified, and assayed on Vero
cells. A full dose-response curve (Fig. 5)
shows that the CRM107 immunotoxin is
1/2,000 times as toxic as the native DT
immunotoxin and is 1/200,000 times as
toxic as DT. Because the CRM107 immu-
notoxins are as toxic to target cells as native
DT (Figs. 1 and 4), the sclectivity of
CRM107 immunotoxins to any one cell
type may be as great as 200,000-fold. Thus,
the loss of toxicity of the CRM:s is exhibited
also by the CRM immunotoxins on nontar-
get cells. Preliminary studies in vivo show
that CRM107 is at least 1/100 as toxic to
guinea pigs as DT. A large decrease in non—
target cell toxicity of CRM107 immunotox-
ins occurs in vitro and in vivo.

Immunotoxins made with antibodies and
whole toxins that are genetically altered in
their binding domain have several advan-
tages over antibody-toxin A-chain conju-
gates. First, as shown with DT, the B-chain
translocation activity can be utilized in the
absence of its binding function to increase
the potency of CRM107 conjugates 10,000~
fold over that of A-chain conjugates (14).
Furthermore, recent data suggest that the
disulfide linkage between various A chains
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Fig. 4. Comparison of the toxicities of immuno-
toxins made by conjugating UCHT1 with
CRM102, CRM103, CRM107, and native DT.
The antibody was linked to the toxins via a
thioether bond as described previously (22). Im-
munotoxins were separated from unconjugated
antibody and toxin by gel filtration on a TSK-
3000 high-performance liquid chromatography
column. The immunotoxin peak was collected,
and toxicity was evaluated with the protein syn-
thesis assay described in the legend to Fig. 1.
UCHTI1-DT (O), UCHTI-CRM102 (V),
UCHT1-CRM103 (A), and UCTHI-CRM107
(O) were incubated with 5 x 10* Jurkat cells for
16 hours, followed by a l-hour pulse with
[*C]leucine. Incubation with excess free UCHT1
(100 pg/ml) blocked toxicity (closed symbols).
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Fig. 5. Non—target cell toxicity of a CRM107
immunotoxin and a native DT immunotoxin
compared to DT toxicity. Immunotoxins were
made and purified as in the legend to Fig. 4 with
the control monoclonal antibody 454A12 that
does not react with Vero cells. Vero cells were
incubated for 24 hours with native DT, the
454A12-DT immunotoxin, and the 454A12-
CRM107 immunotoxin then pulsed with
[**C]leucine for 2 hours and processed as de-
scribed in the legend to Fig. 1. DT (@), DT
immunotoxin (A), CRM107 immunotoxin (M).

and antibody is unstable in vivo (23). Re-
duction of the disulfide linkage leads to
rapid loss of immunotoxin in vivo and the
release of free antibody that can bind to the
tumor cells and compete with intact immu-
notoxins. Use of whole toxins permits con-
struction of noncleavable thioether linkages
between toxin and antibody. Finally, intact
toxins are less susceptible to proteolytic in-
activation than toxin-A fragments (24) and
may survive longer in vivo.

Intact DT contains three activities: (i)
enzymatic adenosine 5'-diphosphate (ADP)—
ribosylation activity, located in fragment A;

(i) cell-surface receptor binding; and (iii)
cytosol translocation activity, located in
fragment B. This report shows that the
binding activity can be separated from the
translocation activity and a greatly improved
cell type—specific toxin can be made. The
new immunotoxins have full A-chain activi-
ty and full B-chain translocation activity, but
they lack native DT binding (have 1/100 to
1/8000 the binding activity) and possess a
new binding domain covalently attached.
This new type of immunotoxin combines
the full killing efficiency of the native toxin
with the high specificity for cell type of
monoclonal antibodies.

REFERENCES AND NOTES

1. R. J. Collier, Bacteriol. Rev. 39, 54 (1975); S.
Olsnes, K. Refnes, A. Pihl, Nature (London) 249,
627 (1974).

. M. Yamaizumi ¢t al., Cell 18, 1009 (1979).

. K. Eiklid, S. Olsnes, A. Pihl, Exp. Cell Res. 126, 321
(1980).

. S. Olsnes and A. Pihl, Pharmacol. Ther. 15, 355
(1982); G. Moller, Immunol. Rev. 62, 47 (1982).
5. R. J. Youle and M. Colombatti, in Monoclonal
Antibodies in Cancer, J. A. Roth, Ed. (Futura,

Mount Kisco, NY, 1986), pp. 173-213.

6. P. Casellas, B. J. P. Bourrie, P. Gros, F. K. Jansen,
J. Biol. Chem. 259, 9359 (1984).

7. R.]J. Youle and D. M. Neville, Jr., #bid. 257, 1598
(1982).

8. P. E. Thorpe et al., Nature (London) 271, 752
(1978); R. J. Youle, G. J. Murray, D. M. Neville,
Jr., Proc. Natl. Acad. Sci. US.A. 76, 5559 (1979);
R. J. Youle and D. M. Neville, Jr., ibid. 77, 5483
(1980).

9. D. P. McIntosh et al., FEBS Lett. 164, 17 (1983);
E. S. Vitetta, W. Cushley, J. W. Uhr, Proc. Natl.
Acad. Sci. US.A. 80, 6332 (1983).

10. D. A. Vallera et al., Science 222, 512 (1983); A. H.
Filipovich et al., Lance: 1984-1, 469 (1984).

11. E. O. Gregg ¢t al., J. Immunol. 138, 4502 (1987).

12. R.J. Youle, G. J. Murray, D. M. Neville, Jr., Cell
23, 551 (1981); J. E. Leonard, Q-c. Wang, N. O.
Kaplan, I. Royston, Cancer Res. 45, 5263 (1985);
R.J. Youle and M. Colombatti, J. Biol. Chem. 262,
4676 (1987).

13. P.E. Thorpe ¢z al., Eur. J. Biochem. 140, 63 (1984);
E. S. Vitetta, J. Immunol. 136, 1880 (1986).

14. M. Colombatti ez al., J. Biol. Chem. 261, 3030
(1986).

15. T. Uchida, A. M. Pappenhcimer, Jr., A. A. Harper,
Science 175, 901 (1972); S. Hayakawa, R. Uchida,
E. Mekada, M. R. Moynihan, Y. Okada, J. Biol.
Chem. 258, 4311 (1983); R. H. Proia, S. K. Wray,
D. A. Hart, L. Eidels, ibid. 255, 12025 (1980).

16. J. R. Murphy et al., Proc. Natl. Acad. Sci. US.A. 83,
8258 (1986); V. K. Chaudhary, D. J. FitzGerald, S.
Adhya, I. Pastan, ibid., in press.

17. W. Laird and N. Groman, J. Virol. 19, 220 (1976).

18. S. H. Leppla, personal communication.

19. In four independent experiments the decreasc in
toxicity relative to DT ranged from 500- to 2,000-
fold for CRM102, from 700- to 4,000-fold for
CRM103, and from 5,000- to 12,000-fold for
CRM107.

20. J. L. Middlebrook, R. B. Dorland, S. H. Leppla, J.
Biol. Chem. 253, 7325 (1978); J. L. Middlebrook,
ibid. 256, 7898 (1981); S. Olsnes, E. Carvajal, K.
Sandvig, ibid. 261, 1562 (1986).

21. In two independent experiments differences of less
than 10% were found except for the competition of
CRM107 which, because of its low binding, varied
from 1/8,000 to 1/10,000 as much as DT. The
experiment shown reached the highest level of dis-
placement and is the more reliable figure.

22. R. J. Youle, F. M. Uckun, D. A. Vallera, M.
Colombatti, J. Immunol. 136, 93 (1986).

23. N. L. Letvin et al., ]. Clin. Invest. 77, 977 (1986).

24. S. Yoshitake, K. Watanabe, G. Funatsu, Agric. Biol.

W W

SCIENCE, VOL. 238



Chem. 43, 2193 (1979).

25. E. Mckada and T. Uchida, J. Biol. Chem. 260,
12148 (1985).

26. L. Greenfield et al., Proc. Natl. Acad. Sci. U.S.A. 80,
6853 (1983). )

27. E. Sanger, A. R. Coulson, G. F. Hong, D. F. Hill,
G. B. Petersen, J. Mol. Biol. 162, 729 (1982).

28. A. M. Maxam and W. Gilbert, Methods Enzymol. 65,
499 (1980).

29. We thank W. Laird for helpful discussions and for
suggesting the use of CRMs 102, 103, and 107 in
our investigation. We also thank M. Williams and P.
Brosio of the Cetus DNA-sequencing group for
sequencing the clones, P. Johnson and D. Wilson
for technical assistance, and S. Leppla, J. Raymond,
and J. Zovickian for thoughtful review of the manu-
script.

6 April 1987; accepted 26 June 1987

Family Study of Platelet Membrane Fluidity in

Alzheimer’s Disease

GEORGE S. ZUBENKO,* MI1CHAEL WusYLKO, BRUCE M. COHEN,

Francoi1s BOLLER, IVANA TEPLY

The fluorescence anisotropy of 1,6-diphenyl-1,3,5-hexatriene in labeled platelet mem-
branes, an index of membrane fluidity, identifies a prominent subgroup of patients
with Alzheimer’s disease who manifest distinct clinical features. In a family study, the
prevalence of this platelet membrane abnormality was 3.2 to 11.5 times higher in
asymptomatic, first-degree relatives of probands with Alzheimer’s disease than in
neurologically healthy control subjects chosen without regard to family history of
dementia. The pattern of the platelet membrane abnormality within families was
consistent with that of a fully penetrant autosomal dominant trait. Thus, this
abnormality of platelet membranes may be an inherited factor that is related to the

development of Alzheimer’s disease.

OUNTING EVIDENCE SUGGESTS

that Alzheimer’s disease is associ-

ated with pathologic changes in
cells outside the central nervous system (1,
2). Several of the abnormalities described in
nonneural cells reflect an alteration in cell
membrane structure or function. Among
these is an increase in platelet membrane
fluidity, as revealed by a reduction in the
fluorescence anisotropy of 1,6-diphenyl-
1,3,5-hexatriene (DPH) in labeled mem-
branes. This method provides a measure-
ment of the degree to which the rotation of
DPH molecules in labeled membranes is
hindered and, therefore, provides an index
that is inversely related to membrane fluidity
(3). An increase in platelet membrane fluid-
ity associated with Alzheimer’s disease has
been observed by us in blind studies of
patients from Boston (4, 5) and Pittsburgh
(6, 7), and has been replicated by others in
London (8). Abnormalities of cell mem-
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brane composition and structure have also
been found in brain tissue obtained at au-
topsy from patients who died with con-
firmed Alzheimer’s disease. These abnormal-
ities include changes in brain phospholipid
metabolism as revealed by nuclear magnetic
resonance spectroscopy (9), disordering of
cortical myelin as indicated by x-ray diffrac-
tion (10), and an alteration in the molecular
dynamics of hippocampal membranes as re-
flected by fluorescence spectroscopy (11).

Initial assessments of the specificity of this
platelet membrane alteration in other neuro-
psychiatric disorders have been promising.
The increase in platelet membrane fluidity
associated with Alzheimer’s disease was not
found in platelets from patients with depres-
sion, a common cause of reversible dementia
in the elderly (7), in patients with mania,
which may also be accompanied by a sec-
ondary dementia (12), or in patients with
multi-infarct dementia (8).

A cutoff point for DPH anisotropy of
0.1920 at 37°C (90th percentile for healthy
clderly controls) (Fig. 1) segregates patients
with Alzheimer’s disease into two clinical
subtypes. As a group, patients with in-
creased platelet membrane fluidity (DPH
anisotropy less than 0.1920) suffer from an
carlier symptomatic onset and have a more
rapidly progressive course. A family history
of dementia also appears to be a more
common feature of patients in this group.

?)-

At the cellular level, several lines of evi-
dence suggest that the increase in platelet
membrane fluidity associated with Alz-
heimer’s disease results from an accumula-
tion of internal membranes rather than a
generalized abnormality of cell membranes
(13). Ultrastructural studies have revealed
an excess of atypical cells containing an
overabundant system of trabeculated cister-
nae bounded by smooth membrane in plate-
let preparations from patients with Alz-
heimer’s disease. Menashi ez al. have report-
ed that internal membranes exhibit higher
membrane fluidity than external platelet
membranes, as reflected by DPH anisotropy
(14). Therefore, a relative increase in inter-
nal membranes may account for the increase
in platelet membrane fluidity associated
with Alzheimer’s disease. In support of this
hypothesis, Cohen et 4/. found that platelets
that exhibit increased membrane fluidity
also manifest a reduction in the cholesterol:
phospholipid ratio that could be accounted
for by an approximate doubling of the usual
mass of internal membranes per cell (15). In
addition, when intact platelets from patients
with Alzheimer’s disease are labeled with
DPH, a process that preferentially labels
external membrane, they fail to exhibit an
alteration in fluorescence anisotropy (13).
Moreover, erythrocyte ghosts, which lack
internal membranes, also fail to exhibit an
alteration in membrane fluidity as reflected
by fluorescence (13) or electron spin reso-
nance spectroscopy (16). This evidence sug-
gests that the increase in platelet membrane
fluidity associated with Alzheimer’s disease
may result from a dysregulation of platelet
membrane biogenesis or turnover.

Our family study was conducted to deter-
mine whether increased platelet membrane
fluidity aggregates in the families of patients
with Alzheimer’s disease and, if so, whether
this platelet abnormality selectively runs in
the families of probands who themselves
exhibit the abnormality. A series of 23 pa-
tients with probable Alzheimer’s disease
who had at least one available first-degree
relative living in the Pittsburgh area were
chosen as probands from the large cohort of
patients described in Fig. 1. The diagnosis
of probable Alzheimer’s disease was made
according to currently accepted clinical cri-
teria as applied conjointly by Board-certified
neurologists and psychiatrists (17). An addi-
tional 15 patients with Alzheimer’s disease
that had been confirmed by autopsy, from
whom platelet membranes could not be
obtained but who had at least one available
first-degree relative, also served as probands.
Neuropathologic diagnoses were made by
Board-certified neuropathologists according
to current consensus criteria (18). The par-
ticipation of all neurologically healthy first-
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