
bridization was species independent; 
Scr-1 cDNA from the mouse library was 
hybridized to sections of brain from an 
infected hamster (Fig. 4a). Most of the 
labeled cells appeared to be neurons, as 
judged by their morphology and anatom- 
ic distribution. The Scr-1 probe also hy- 
bridized preferentially to tissue sections 
of brain from three of three patients with 
neuropathologically confirmed Alz- 
heimer's disease. In Alzheimer's dis- 
ease, hybridization again was focal-in 
the cerebral cortex (Fig. 4c); but, in 
contrast to scrapie, the Scr-1 probe was 
localized in cellular processes rather 
than in cell bodies. By staining sections 
with thioflavine S after in situ hvbridiza- 
tion to locate neuritic plaques and tan- 
gles, we found that the foci in cerebral 
cortex correspond to neuritic plaques 
that occur in the central nervous system 
of aging humans and with increased fre- 
quency in those with Alzheimer's dis- 
ease [reviewed in (20)l. There was no 
increase in annealing of the Scr-1 probe 
to the neurofibrillary tangles of Alz- 
heimer's disease or to tissues lacking 
senile plaques from three control pa- 
tients (Fig. 4d). The Scr-l probe also 
hybridized to relatively rare senile 
plaques in the brain tissues of three 
patients with multi-infarct dementia, 
Pick's dementia, and multiple sclerosis. 
The annealing of Scr-1 to tissues was 
specific, since pretreatment with ribonu- 
clease reduced hybridization by 75 to 90 
percent; and heterologous probes, as 
controls for sequence specificity (to 
measles virus, herpes simplex virus, and 
cytomegalovirus) hybridized at levels 
comparable to those of uninfected ham- 
ster and schizophrenia controls. 

These findings provide evidence that 
the scrapie agent induces increased 
expression of at least one mRNA that 
has a number of intriguing properties as a 
possible marker for infection. This 
mRNA is expressed in brain neurons of 
two rodent species and is increased in 
some brain areas with the focal pattern 
of gene expression observed in other 
slow and persistent infections (21). Re- 
duced hybridization after ribonuclease 
treatment was not complete. This partial 
resistance to ribonucleases is unusual; it 
has not been observed in conventional 
virus infections (21) but is a property of 
interferon mRNA in situ (22) and may 
prove to be of interest in view of the 
nuclease resistance of scrapie infectivity 
(1). These observations suggest further 
that increased expression of some cellu- 
lar RNA's may be common to infection 
by unconventional agents and to degen- 
erative changes in the aging human brain 
best exemplified by Alzheimer's disease. 

The experimental strategy described in 13. H. M. Wisniewski, M. E. Bruce, H. Fraser, 
Science 190 1108 (1975). this report will be useful in obtaining 14, A. G. ~ ic i inson .  M. E. Bruce. J. R, Scott. 

markers for degenerative human dis- 
5. ~~;~~~;~; ;~~92~71$+9~fJ i4 ; ,  

eases and in selecting probes to investi- 16. c. M. Eklund, W. J. Hadlow, R. C. Kennedy, 
Proc. Soc. Exp. Biol. Med. 112, 974 (1963). gate the pathogenesis of these condim 17. T. ~ ~ ~ i ~ t i ~ ,  E. F. ~ r i t ~ ~ h ,  J. sambrook, in 

tions. Molecular Cloning (Cold Spring Harbor Labora- 
tory, Cold Spring Harbor, N.Y., 1982), pp. 197- 
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Plasticity of Hippocampal Circuitry in Alzheimer's Disease 

Abstract. Two markers of neuronal plasticity were used to compare the response 
of the human central nervous system to neuronal loss resulting from Alzheimer's 
disease with the response of rats to a similar neuronal loss induced by lesions. In rats 
that had received lesions of the entorhinal cortex, axon sprouting of commissural 
and associationalfibers into the denewated molecular layer of the dentate gyrus was 
paralleled by a spread in the distribution of tritiated kainic acid-binding sites. A 
similar expansion of kainic acid receptor distribution was observed in hippocampal 
samples obtained postmortem from patients with Alzheimer's disease. An enhance- 
ment of acetylcholinesterase activity in the dentate gyrus molecular layer, indicative 
of septa1 afferent sprouting, was also observed in those patients with a minimal loss 
of cholinergic neurons. These results are evidence that the central nervous system is 
capable of a plastic response in Alzheimer's disease. Adaptive growth responses 
occur along with the degenerative events. 
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Several neurological disorders, includ- 
ing Parkinson's, Huntington's, and Alz- 
heimer's diseases, are associated with 
neuronal loss in specific brain regions 

(I). From animal studies it is well known 
that the central nervous system (CNS) 
can modify its neuronal circuitry in re- 
sponse to injury-induced denervation. 
When one set of axons is lost, the re- 
maining afferents can sprout and replace 
the lost connections to maintain synaptic 
density (2). It is uncertain, however, 
whether plastic responses occur in the 
human brain after neuronal loss induced 
by aging, injury, or disease. 

Recently, severe loss of cells was ob- 
served in the entorhinal cortex and subic- 
ulum of patients with Alzheimer's dis- 
ease (AD); this cell loss was suggested to 
underlie some of the memory deficits in 
the disease (3). The perforant path, aris- 
ing from the entorhinal cortex, is the 
major cortical input to the hippocampus, 
terminating on the granule cell dendrites 
in the outer two-thirds of the dentate 
gyrus molecular layer and on the distal 
portions of pyramidal cell dendrites of 
the hippocampus and subiculum (4). In 
response to the loss of entorhinal input in 
rodents, the dentate molecular layer un- 
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dergoes a major reorganization of its sprout to form new synapses with the layer adjacent to the zone of entorhinal 
inputs. After clearing of the degenerating denervated target cells. The commissur- innervation. After an entorhinal lesion, 
nerve terminals, the remaining afferent al and associational (CA) fibers, originat- this zone expands until it occupies the 
fibers, an extrinsic afferent from the sep- ing in the contralateral and ipsilateral inner half of the molecular layer (5). 
tum and two intrinsic afferents, the com- dentate hilus, respectively, normally ter- Sprouting of the septal input is concen- 
missural and associational systems, minate in the inner third of the molecular trated in the outer half of the molecular 

layer (6). 
A high density of the kainic acid (KA) 

subtype of excitatory amino acid recep 
tors is restricted to the inner third of the 
dentate molecular layer, corresponding 
to the terminal zone of the CA system 

i 
(7). We used [vinylidene-)H]KA (60 Cil 
mmol; New England Nuclear) and in 
vitro autoradiography to determine 
whether KA receptors redistribute to 
parallel the expansion of the CA system 
after an entorhinal cortex lesion in rats 
and in response to the neuronal loss in 
the entorhinal cortex in patients with 

I AD. Acetylcholinesterase (AChE) activ- 
ity was used as a marker of the choliner- 
gic septal input. Our results indicate that 

1 
the lesion-induced expansion of the CA 
system was accompanied by an expand- 
ed distribution of KA receptors in rats 
and that a similar expansion occurred in 
the hippocampus in patients with AD. 
Furthermore, in AD patients who did not 
have a severe loss of cholinergic input to 
the hippocampus, intensified AChE ac- 
tivity was observed in the outer molecu- 

Fig. 1. Color-enhanced autoradiograms of 13H]KA binding to human and rodent hippocampal lar layer. sections. Increasingly higher binding-site densities are indicated by blue, green, yellow, and 
red. (A) Control rat hippocampus. (B) Rat hippocampus after an entorhinal cortex lesion. (C) Male Sprague-Dawley rats (Is0 to 200 
Hippocampus from a 73-year-old male control patient. (D) Hippocampus from a 69-year-old g) received unilateral knife-cut lesions of 
male patient with AD. Abbreviations: g, granule cell layer of the dentate gyms; m, mossy fibers; the angular bundle (8). Thirty days after 
i, inner portion of the dentate gyms molecular layer corresponding to the CA system terminal the the rats were decapitated zone; o, outer portion of the molecular layer corresponding to the perforant path terminal zone. 
Arrows indicate the region of highdensity KA-binding sites corresponding to the CA terminal and the brains were removed and 
zone. Expansion of this region is visible in (B) and @). frozen in powdered dry ice. Human 

brain samples were obtained postmor- 
tem from patients with clinically and 

outer molecdk layer, indicative of sprouting of the cholinergic septa1 input, is visible in (B) and the molecular layer. This correlates with 
0). the magnitude of the CA afferent fiber 
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sprouting (5). These results provide ana- 
tomical evidence that receptor induction 
is correlated with afferent sprouting. 

The overall KA-binding pattern in hip- 
pocampal samples, from the control pa- 
tients (11) was very similar to that ob- 
served in the normal rat brain. A region 
with a high density of KA-binding sites, 
measuring 150 2 20 p,m (n = 4), occu- 
pied the inner third of the molecular 
layer (Fig. 1C). In AD patients, this 
region had expanded to 260 + 30 p,m 
(n = 4) (a 73 percent increase), so that it 
now occupied over half of the molecular 
layer (Fig. ID). These results suggest 
that the human brain is capable of neuro- 
nal plasticity in response to pathological- 
ly induced neuronal loss. 

Sprouting of the cholinergic septal in- 
put to the outer dentate molecular layer 
in rats with entorhinal lesions can be 
measured by intensification of AChE ac- 
tivity in that zone (6). The use of this 
response as a marker for sprouting in AD 
is often precluded by the loss of choliner- 
gic input to the hippocampus (12). How- 
ever, we observed numerous AChE-pos- 
itive plaques in the denervated dentate 
molecular layer, which is consistent with 
an aberrant sprouting response in this 
region. Furthermore, in those AD pa- 
tients in which significant cholinergic 
input to the hippocampus was present, 
intensification of AChE activity was ob- 
served in the outer half of the dentate 
molecular layer (Fig. 2). These results 
indicate that cholinergic neurons in AD 
patients are also capable of a sprouting 
response. 

It appears that the neuronal loss in the 
entorhinal cortex of AD patients acts as 
a stimulus in a manner similar to that of 
the lesion in the rat brain. The loss 
removes the perforant path input to the 
hippocampus and dentate gyrus, induc- 
ing a compensatory response from adja- 
cent CA system afferents and from septal 
aEerents, if present. The observed ex- 
pansion of a receptor field and the in- 
crease in the activity of a transmitter- 
metabolizing enzyme are in marked con- 
trast to the numerous reports of reduc- 
tions in transmitter-related parameters in 
this disease (13). 

Compensatory growth in the course of 
a degenerative disease indicates that the 
resultant circuitry cannot simply be con- 
sidered as a loss of neural elements. The 

sprouting of septal and CA inputs may 
enhance the efficacy of remaining ento- 
rhinal inputs to compensate for cell loss, 
but also may paradoxically increase the 
vulnerability of hippocampal cells to ex- 
citotoxic activity and facilitate cell 
death. In rodent models the rearrange- 
ment of circuitry after entorhinal lesions 
has been shown to be behaviorally signif- 
icant (14). The influence of neuronal 
plasticity on the behavior of AD patients 
is unknown. 

Loss of neurons, whether occurring 
slowly in the course of a disease or 
rapidly through injury, produces a simi- 
lar end result. The striking similarity 
between the human CNS response to 
AD-induced denervation and the rat 
CNS resDonse to lesion-induced dener- 
vation suggests that rats with lesions of 
the entorhinal cortex may be a model for 
some aspects of AD. The model may 
provide fundamental anatomical and be- 
havioral principles for examining the 
neural degeneration and rearrangement 
in this disease. Comparison of the char- 
acteristics of sprouting in the diseased 
and injured CNS may yield clues to the 
etiology of AD and suggest strategies for 
ameliorating lost function. Potential 
therapeutic approaches include manipu- 
lation of functional plasticity (15) and 
excitatory amino acid transmission (16). 

References and Notes 

1. R. D. Terry et al. ,  Ann. Neurol. 10, 184 (1981); 
P. J. Whitehouse, D. L. Price, R. G. Struble, A. 
W. Clark, J. T. Coyle, M. R. DeLong, Science 
215, 1237 (1982); W. Bondareff, C. Q. Mountjoy, 
M. Roth, Neurology 32, 164 (1982); T. Kemper, 
in Clinical Neurology of Aging, M. Albert, Ed. 
(Oxford Univ. Press, New York, 1984), pp., 9- 
52; G. W. Bruyn, in Handbook of Cl~nrcal 
Neurology, P .  Vinken and G. W. Bmyn, Eds. 
(Elsevier, Amsterdam, 1968), vol. 6, pp. 298- 
378; ibid., pp. 173-211. 

2. C. W. Cotman and M. Nieto-Sampedro, Science 
225, 1287 (1984); , E. W. Harris, Physiol. 
Rev. 61, 684 (1981); C. W. Cotman and M. 
Nieto-Samvedro. Annu. Rev. Psvchol. 33. 371 
(1982). 

3. B. T. Hvman. G. W. Van Hoesen. A. R. Dama- 
sio, C. t. Barnes, Science 225, 1168 (1984); G. 
W. Van Hoesen, A. R. Damasio, B. T. Hyman, 
Neurology 35 (suppl. I), 219 (1985); M. J. Ball, 
Acta Neuropathol. (Berlin) 42, 73 (1978); M. J. 
Ball et al. ,  Lancet 1985.1, 14 (1985). 

4. G. W. Van Hoesen. D. N. Pandva. N. Butters. 
Science 175, 1471 (1972); 0 .  ~ t e w h d ,  J. Cornp: 
Neurol. 167, 285 (1976); M.-M. Mesulam, Arch. 
Neurol. 36. 814 (1979): G. W. Van Hoesen. 
Trends Neurosci. 5 ,  345(1982); B. T. Hyman et 
al. ,  in (3). 

5. J. Zimmer, Brain Res. 64, 293 (1973); J. R. West 
et al., ibid. 97, 215 (1975); G. Lynch et al. ,  ibid. 
110, 57 (19761: K. S. Lee et al.. Exo. Brain Res. 

6. G. Lvnch et al. .  Brain Res. 42.3 11 (1972): C. W. 
~o tn ian ,  D. A. Matthews, D - T ~ ~ I O ~ ,  G iynch,  
Proc. Natl. Acad. Sci. U.S.A. 70,3473 (1973); J. 
Storm-Mathisen, Brain Res. 80, 181 (1974); 0. 

Steward and J. A. Messenheimer, J. Comp. 
Neurol. 178, 697 (1978). 
D. T. Monaghan and C. W. Cotman, Brain Res. 
252, 91 (1982); A. C. Foster, E. E. Mena, D. T. 
Monaghan, C. W. Cotman, Nature (London) 
289, 73 (1981); M. Berger and Y. Ben-An, 
Neurosci. Lett. 39, 237 (1983). 
R. B. Gibbs. E. W. Hams. C. W. Cotman. J .  
Comp. Neurol. 237, 47 (1985). 
Alzheimer's disease was diagnosed by clinical 
evaluation and neuropathological examination. 
The AD atients studled were four males and 
two femayes (ages 61, 69, 70, 71, 79, and 84); 
brain samples were collected 2 to 8 hours after 
death. The control patients were two males and 
two females (ages 55, 60, 68, and 73); samples 
were collected 3 to 29 hours after death. One 
hemis here of the brain was dissected at autop- 
sy, segcted regions were immediately frozen In 
isopentane and liquid N2, and the opposite hemi- 
sphere was fixed in Formalin for neuropatholog- 
ical examination. Diagnos~s of AD was con- 
firmed by the presence of abundant neurofibril- 
lary tangles and neuritic plaques in the hippo- 
campus, entorhinal cortex, and neocortex in 15- 
Fm sections stained with Bielschowsky's silver 
stain. Sections were also stained with cresyl 
violet, hematoxylin and eosin, and Congo red. 
Frozen tissue samples were stored at -80°C. 
For two AD patients (ages 71 and 79), only 
AChE results were available. 
D. T. Monaghan et al. ,  Nature (London) 306, 
176 (1983); D. T. Monaghan, D. Y. Yao, C. W. 
Cotman, Brain Res. 324, 160 (1984); ibid. 340, 
378 (1985). 
Under conditions that simulated the cooling rate 
for a human brain postmortem [E. G. S. Spokes 
and D. J. Koch, J. Neurochem. 31, 381 (1978); 
P. J. Whitehouse, D. Lynch, M. J. Kuhar, ibid., 
43, 553 (1984)], KA binding to rat brain sections 
was stable for at least 72 hours postmortem (J. 
W. Geddes, I. T. Lott, C. W. Cotman, in 

gram on Successful Aging. 

June 1985; accepted 23 September 1985 

6 DECEMBER 1985 




