elevated on the lesioned side as com-
pared to the control side when mitochon-
dria are fueled with pyruvate (21). This
would result in the activation of various
calcium-dependent mechanisms and of
proteolytic processes that could induce
the dissolution of axoplasm and disrup-
tion of the cytoskeleton (22), as has been
proposed for degenerative changes in
peripheral neurons (9). The activation of
these proteolytic processes might be re-
sponsible for the initial atrophy in the
denervated dendrites, as well as the sub-
sequent generation of appropriate sites
for reinnervation (I-3).

Our results suggest that different
forms of plasticity in the hippocampus
might be initiated by similar biochemical
mechanisms. The modification of the
state of phosphorylation of «-PDH by
high-frequency stimulation (¢) or learn-
ing (11) and by hippocampal denervation
might result in a decreased ability of
mitochondria to rapidly eliminate excess
cytosolic calcium, followed by an activa-
tion of calcium-sensitive proteolytic pro-
cesses. In plasticity induced by high-
frequency stimulation or learning, this
activation could be limited in time and
space and result in local membrane
changes that cause the unmasking of
neurotransmitter receptors (23) or a
change in spine shape (24). With dener-
vation, this activation would be more
dramatic in extent and longer lasting,
leading initially to a resorption of den-
dritic spines and later to reactive synap-
togenesis. This raises the possibility that
plasticity reflects the potential ability of
synaptic connections to evolve from sta-
bility to instability to irreversible insta-
bility and degeneration.

MICHEL BAUDRY
JANNON FuUcCHS
MARKUS KESSLER
DENISE ARST
GARry LyNCH
Department of Psychobiology,
University of California, Irvine 92717

References and Notes
1. C. Gall, J. R. McWilliams, G. Lynch, Brain Res.

(11795é0)37 (1979); J. Comp. Neurol. 193, 1047
2. G. Rose, C, W, Cotman, G. Lynch, Brain Res.

Bull. 1 87(1976) C. Gall G. Rose, G. Lynch, J.
Comp. Neurol. 183, 539 (1978)

3. G. Lynch, B, Stanﬁeld, C. W. Cotman, Brain
Res. 59, 155 (1973); J. Zimmer, ibid. 64, 293
(1973); G. Lynch and C. W. Cotman, in The
Hippocampus, R, Isaacson and K. Pribram,
Eds. (Plenum, New York, 1975), vol. 1. p. 123;
C. Gall and G. Lynch, Curr. Top. Dev. Biol. 15,
159 (1980).

4. M. Browninig, T, Dunwiddie, W. Bennett, W.
Gispen, G. Lynch, Science 203, 60 (1979).

5. D. G. Morgan and A. Routtenberg, Biochem.
Biophys. Res. Commun. 95, 569 (1980); G. Ma-
gilen, A. Gordon, A. Au, 1. Diamond, J. Neuro-
chem. 36, 1861 (1981); M. Browning, W. Ben-
?legté, P. Kelly, G. Lynch, Brain Res. 218, 255

1).

6. M. Browning, M. Baudry, W. Bennett, G.

Lynch, J. Neurochem. 36, 1932 (1981).

SCIENCE, VOL. 216, 23 APRIL 1982

7. G. Lynch and M. Baudry, in The Clinical Neu-
rosciences {Churchill Livingstone, Edinburgh,
in press).

8. H. Rasmussen, Science 170, 404 (1970); R. W.
Gundersen and J. N. Barrett, J. Cell Biol. 87,
546 (1980).

9. W. W. Schlaepfer, Brain Res. 136, 1 (1977);

and S. Micko, J. Cell Biol. 78, 369 (1978).

10. The means = standard error (S.E.M.) for a
group of 22 control rats were: pyruvate-support-
ed calcium accumulation, 423 * 40; succinate-
supported, 1555 = 118; and ATP-supported,
707 + 63 ng per milligram of protein. The ratio
of pyruvate to succinate was 0.27 = 0.02 and of
pyruvate to ATP was 0.60 = 0.05. None of
these values show a statistically significant dif-
ference from the corresponding values found in
the control unlesioned side (Table 1). This is
consistent with the fact that the crossed tem-
poro-ammonic pathway contributes a very small
number of terminals in the hippocampus,

11. D. G. Morgan and A. Routtenberg, Science 214,
470 (1981).

12. H. Mclllwain and H. Bachelard, Biochemistry
and the Nervous System (Churchlll Livingstone,
Edinburgh, ed. 4, 1971).

13. N. E. Saris and K. E. O. Akerman, Curr. Top.
Bioenerg. 10, 103 (1980); M. Winstrom and K.
Krab, ibid., p. 51.

14. Since it has been reported by several groups [R.
Jope and J. P. Blass, J. Neurochem. 26, 709
(1976); R. G. Conwa and A, Routtenberg,
Brain Res. 170, 313 (1979)] that killing the rat by
decapitation results in a rapid dephosphoryla-
tion of PDH, our data might indicate that the
PDH phosphatase is less active on the lesion
than on the control side.

15. P. M. Nemeth, D. Meyer, R, A. P. Karu, J.
Neurochem. 35, 1351 (1980).

16. J. C. LaManna, S. I. Harik, A. I. Light, M.
Rosenthal, Brain Res. 204, 87 (1981),

17. J. F. Marshall, J. W. Critchfield, M. R. Koz-
lowski, ibid. 212, 367 (1981).

18. S. A. Deadwyler, M. O, West, J. H. Robinson,
Science 211, 1181 (1981).

19. F. L. Bygrave, Curr. Top. Bivenerg. 6, 260
(1977).

20. G. L. Becker, G. Fiskum, A. L. Lehninger, J.
Biol. Chem. 255, 9009 (1980); D. G. Nicholls and
1. D. Scott, Biochem. J. 186, 833 (1980).

21. M. Baudry, C, Gall, J. Fuchs, M. Kessler, D
Arst, G. Lynch, in preparation.

22. D. S. Gilbert, B. J. Newby, B. H. Anderton,
Nature (London) 256, 586 (1975) R. J. Lasek
and P. Hoffman, in Cell Motility, R. Gold-
man, T. Pollard, i Rosenbaum, Eds. (Cold
Spring Harbor Laboratory, Cold Spring Harbor,

Y., 1976), p. 1021; W. W. Schlaepfer, Pro-
gress in Neuropathology, H. Zimmerman, Ed.
(Raven, New York, 1979), vol. 4, p. 101.

23, M. Baudry, M. C. Bundman, E. K. Smith, G. S.
Lynch, Science 212, 937 (1981); M. Baudry, M.
Oliver, A. Creager, A. Wieraszko, G. Lynch,
Life Sci. 27, 325 (1980).

24, K. Lee, F. Schottler, M. Oliver, G. Lynch, J.
Neurophysiol. 44, 247 (1980).

25. H. M. Duncan and B. Mackler, J. Biol. Chem.
241, 1694 (1966); E. C. Slater and W. D. Bonner,
Biochem. J. 52, 85 (1952).

26. M. S. Olson, S. C. Dennis, M. S. De Buysere,
A. Padma, J. Biol. Chem. 253, 7369 (1978).

27. A. B. Leiter, M. Weinberg, F. Isohashi, M. F
Utter, T. Linn, ibid., p. 2716.

28. Supported by NSF grant BNS76-17370 and by
grant AG00538 to G.L. from the National Insti-
tute of Aging.

2 November 1981; revised 11 January 1982

Cholinergic Innervation in Neuritic Plaques

Abstract. Although several studies of Alzheimer’s disease suggest that the
Sfrequency of neuritic plaques in the cerebral cortex is correlated with the severity of
dementia and with reduction in presynaptic cholinergic markers in the cortex, the
relationship between cholinergic cortical innervation and the pathogenesis of
plaques is unknown. The hypothesis was tested that the neurites in the plaque
consist, in part, of presynaptic cholinergic axons, many of which arise from neurons
in the basal forebrain. This hypothesis was tested by analyzing the character and
distribution of plaques in monkeys, aged 4 to 31 years, with staining for acetylcholin-
esterase and also with Congo red and silver stains. Immature and mature plaques
were rich in acetylcholinesterase. As the plaques matured, the amount of amyloid
increased, and the number of neurites and the activity of acetylcholinesterase
decreased. End-stage amyloid-rich plaques lacked acetylcholinesterase. These ob-
servations indicate that changes in cortical cholinergic innervation are an important
feature in the pathogenesis and evolution of the neuritic plaque.

Alzheimer’s disease (AD) and senile
dementia of the Alzheimer’s type
(SDAT) are the most common causes of
dementia in middle and late life (I, 2).
The principal histological hallmarks of
the disease are neurofibrillary tangles
and neuritic plaques. The latter are com-
posed of degenerating axonal terminals,
amyloid, and reactive cells (I, 3, 4).
Although not all reports agree (5), in
studies utilizing systematic testing, pa-
tients with severe dementia showed the
greatest number of neuritic plaques (6)
and the most profound loss of the corti-
cal cholinergic presynaptic markers, ace-
tylcholinesterase (AChE) and choline
acetyltransferase (CAT) (7, 8).

Our previous studies of AD/SDAT (9)
have shown a severe loss of neurons in
the nucleus basalis of Meynert (nbM), a
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nucleus of the basal forebrain (/0) that
projects directly and diffusely to neocor-
tex (I1). Neurons in the nbM provide the
major source of cortical cholinergic in-
nervation. The nbM shows high levels of
CAT activity, and its large neurons are
rich in AChE and stain with antibodies
directed against CAT (12-15); undercut-
ting the cortex or selective destruction of
the neurons in the nbM is associated
with reductions in cortical AChE and
CAT levels (13, 15). These lines of evi-
dence, in conjunction with the observa-
tion that some plaques in patients with
AD/SDAT contain AChE (16), suggest
that some of the dystrophic neurites in
immature and evolving plaques may be
degenerating intracortical branches of
nbM axons. If this hypothesis is cor-
rect, the neurite-containing plaques
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should stain for AChE and, as the neur-
ites disappear, AChE activity should de-
cline and be virtually absent in compact
plaques. Since rhesus monkeys develop
neuritic plaques with increasing age (4),
we examined representative samples of
frozen and fixed frontal cortices of three
31-year-old, one 26-year-old, two 9-year-
old, and two 4-year-old monkeys (I7,
18). Frozen sections (25 or 40 um) were
thaw-mounted, fixed with 1 percent
phosphate-buffered formaldehyde, and
stained for AChE (19). They were also
stained with Congo red to permit visual-
ization of both amyloid (Congo red bire-
fringence in polarized optics) and AChE
activity (bright image in dark field).
Quantitative estimates (20) of the type,
number, and densities of plaques were
made in comparable parts of fixed (21)
and frozen cortex (Table 1). Each plaque
was classified as immature, classical, or
end-stage (amyloid-rich), depending on
the numbers of large neurites and
amount of amyloid (5).

In the frontal cortex of the four oldest
monkeys, stains with silver or Congo red
dye demonstrated varying numbers of
plaques similar to those reported in hu-
mans (22); the 4- and 9-year-old monkeys
did not have plaques in this part of the
cortex. The AChE staining and the Con-
go red stains disclosed foci of the reac-
tion product similar in size and distribu-
tion to the plaques demonstrated by the
other techniques (Fig. 1). Immature
plaques contained little amyloid and
were rich in AChE activity that was
often contained in neurite-like forms.
Classical plaques contained large
amounts of amyloid and showed marked
AChE activity. End-stage plaques, more
frequent in the 31-year-old monkeys,
particularly in animals L and O (Table 1),
showed abundant amyloid, relatively
few neurites, and very little AChE activi-
ty. Only by combining Congo red stains
with AChE histochemistry were we de-
finitively able to recognize these foci that
stained weakly for AChE as plaques.

Quantitative studies of plaques stained
with silver impregnation methods
showed that the percentage of compact
plaques increased in parallel with an
increasing density of plaques (Table 1).
Conversely, staining for AChE was
most intense in the animals with fewer
plaques. Older monkeys, with many
plaques, showed diffuse decrease of su-
perficial cortical staining (layer 1) and
patchy AChE staining in the deeper cor-
tical layers.

Our study indicates that immature and
mature plaques contain AChE-rich dys-
trophic axons. Many of the AChE-rich
neurites in these cortical plaques proba-
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Table 1. Quantitative estimates of plaques in
the cortex. The ages for the 31-year-old ani-
mals are estimated because these monkeys
were feral-born. The younger groups are not
included since they showed no plaques in this
part of cortex. All plaques were counted in
the same parts of the cingulate, orbital, and
rectal gyri by three independent observers;
the scores were averaged. End-stage, amy-
loid-rich plaques were those lesions with an
amyloid core containing fewer than two neu-
rites.

Plaques
Num-
Ani- ber
Age Ma- End-
mal & quue;re ture stage
mii. P
meter
M 26 0.80 59.4 5.9
N 31 1.24 36.4 38.0
L 31 2.83 29.4 70.2
O 31 2.33 24.9 74.5

Fig. 1. (A and B) Photomicrographs of identi-
cal fields of a 25-pum-thick frozen section from
a 31-year-old monkey. (A) Tissues stained for
amyloid with Congo red. Cross-polarization
optics discloses foci of amyloid deposition.
(B) Tissues stained for AChE. The AChE
reaction product is seen in dark-field illumina-
tion. Comparison shows that intense AChE
activity is associated with little amyloid,
whereas large accumulations of amyloid (%)
are virtually devoid of AChE activity. (C)
Drawing emphasizing the differences in distri-
bution of AChE and amyloid. The regions
showing the most intense AChE activity are
indicated by solid lines; amyloid birefringence
is outlined by broken lines. Some bright spots
noted in (B) are not present in (C); bright-field
examination disclosed these spots to be lipo-
fuscin (3, 4). Magnification, x160; scale bar,
20 pm. :

bly arise from neurons in the basal fore-
brain, particularly those in the nbM,
since the major AChE staining of the
cortex is derived from the nbM (15), and
AChE activity disappears with loss of
neurites in the compact plaques.

Preliminary observations of the nbM
in our monkeys have not shown neuronal
loss of the magnitude identified in AD/
SDAT (9), nor does the number of corti-
cal plaques in these monkeys approach
that seen in severe AD/SDAT (3, 4), but
is more comparable to that reported in
normal aged human brains (22). The
six oldest monkeys in the Davis collec-
tion (/7), four of which were used in
this study, showed significant impair-
ment of short-term memory with increas-
ing age.

Our studies suggest the following se-
quence of plaque formation. The initial
pathology of immature plaques appears
to be enlargement of neurites, many of
which are rich in AChE. As the disease
progresses, some of these neurites de-
generate; their constituents are liberated
into the microenvironment of the neuro-
pil and are acted on by microglial cells to
form amyloid. Mature plaques, contain-
ing amyloid-rich cores, are argentophilic
and contain neurites that stain for AChE.
Eventually, the dystrophic axons in the
plaque disappear; there is concomitant
loss of AChE staining and CAT activity.
The compact plaque, containing only
amyloid, marks the site of degenerated
terminals of axons from the basal fore-
brain. Since presynaptic cholinergic in-
nervation represents a major input to the
cortex, it is not surprising that the fre-
quency of neuritic plaques is directly
correlated with the loss of CAT activity
and the degree of dementia (6, 7). This
study provides evidence that changes in
cholinergic cortical axons are an impor-
tant component in the pathogenesis and
evolution of the neuritic plaque.
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Systemic Lupus Erythematosus-Like Syndrome in Monkeys

Fed Alfalfa Sprouts: Role of a Nonprotein Amino Acid

Abstract. Hematologic and serologic abnormalities similar to those observed in
human systemic lupus erythematosus (SLE) developed in cynomolgus macaques fed
alfalfa sprouts. L-Canavanine sulfate, a constituent of alfalfa sprouts, was incorpo-
rated into the diet and reactivated the syndrome in monkeys in which an SLE-like
syndrome had previously been induced by the ingestion of alfalfa seeds or sprouts.

Systemic lupus erythematosus (SLE)
has been observed in monkeys fed alfalfa
seeds (I, 2). This primate model of SLE
is characterized by an anemia that re-
sults from the occurrence of antibodies
to red blood cells, by lowered comple-
ment components in the serum, by anti-
bodies to nuclear antigens (ANA), anti-
bodies to double-stranded DNA (anti-
dsDNA), lupus erythematosus (LE) célls
in peripheral blood smears, and the dep-
osition of immunoglobulin and comple-
ment in the kidneys and skin (2). We
have proposed the hypothesis that this
syndrome may be triggered by L-cana-
vanine found in alfalfa seeds (3). L-Cana-
vanine, H,N-C(=NH)-NH-0-CH,-CH,-
CH(NH,)COOH, is the guanidinoxy
structural analog of arginine; it consti-
tutes about 1.5 percent of the dry weight
of alfalfa seeds and alfalfa sprouts (4) and
is toxic to many organisms (5), including
mammals (6).

Twelve adult female cynomolgus ma-
caques (Macaca fascicularis), obtained
in Indonesia, were randomly assigned to
two groups of six animals each and fed,
for 7 months, semipurified food (group 1)
or similar food containing 40 percent
(oven-dried) alfalfa sprouts (group 2).
The percentage composition of semipuri-
fied food (group 1) was: casein, 18; sug-
ar, 30; Alphacel, 12; honey, 10; banana,
10; butter, 3; coconut oil, 8.5; safflower
oil, 2.5; cholesterol, 0.108; and addition-
al vitamins and salts, The amount of 40
percent dried alfalfa sprouts added to the
diet of .animals in group 2 was based on
isocaloric substitution of nutrients; that
is, the percentage composition of oven-
dried alfalfa sprouts was: moisture, 10;
protein, 31.2; fat, 2.08; carbohydrate,

49.4; fiber, 16.1; and ash, 7.3. The calo-
ric value was 270 kcal/100 g (7). Group 2
continued the alfalfa sprout diet for an
additional 3 months. Venous blood was
obtained before dietary manipulation
and at monthly intervals thereafter. The
following determinations were made:
complete blood count and Technicon Se-
quential Multiple Analyzer Computer
Chemistry Screen (SMAC); ANA test by
indirect immunofluorescence with the
use of 4-um sections of frozen mouse
kidney and the HEp-2 human cell line
(Microbiological Associates) (8, 9) as
substrates; anti-dsDNA (10); C3 and C4
components of complement (/7); direct
antiglobulin test (Coombs’ test) for the
determination of antibodies to red blood
cells (12, 13).

Significant differences among animals
ingesting food with or without alfalfa
sprouts were not apparent for the follow-
ing variables: body weight, food intake,
glucose, blood urea nitrogen, creatinine,
sodium, potassium, chloride, carbon di-
oxide, uric acid, calcium, phosphorus,
total protein, albumin, triglycerides, to-
tal and direct bilirubin, alkaline phospha-
tase, lactate dehydrogenase (LDH), se-
rum glutamate oxaloacetic transaminase
(E.C. 2.6.1.1) and v-glutamyl transpepti-
dase (E.C. 2.3.2.2). Plasma cholesterol
values (averaged for the first 6 months of
the diet) were 395 = 101 mg/dl (mean =
S.D.)in monkeys on diet 1 (controls) and
186 = 35 mg/dl in animals on the diet
containing alfalfa sprouts (P < .01, Stu-
dent’s t-test). Additional hematologic
and serologic values are shown in Table
1. Control animals and four monkeys
ingesting alfalfa sprouts did not show
hematologic or serologic abnormalities
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