
(Fig. 4). This strategy could be generalized 
to the simultaneous analysis of several loci. 
For each set of two labeled, allele-specific 
oligonucleotides and one unlabeled, the lat- 
ter is given a nonhybridizing 3' sequence 
extension of a unique length. This results in 
different migration rates for the ligation 
products, characteristic of each locus. 

In contrast to gene detection techniques 
based on immobilizing the target DNA, 
such as DNA blots, the hybridization re- 
ported here was performed in solution and 
in a small volume, which reduced the time 
required for hybridization (17). It also obvi- 
ated the step of immobilizing the target 
DNA. Both ligation and binding of the 
biotinylated oligonucleotides are efficient 
and rapid steps that should permit quantita- 
tive detection of target molecules. In gener- 
al, there are three rate-limiting steps in gene 
detection techniques. The first is sample 
preparation, which can be greatly simplified 
as demonstrated here. The second is the 
time required for the probes to anneal to the 
target sequence. This is a function of the 
concentration of the probe and can be re- 
duced considerably. The third and most 
time-consuming step in the present tech- 
nique is signal detection by autoradiogra- 
phy. A sufficiently sensitive fluorescent de- 
tection method (18) should drastically re- 
duce this time, permitting the development 
of a rapid, automated gene detection proce- 
dure. 
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Amyloid Protein Precursor Messenger RNAs: 
Differential Expression in Alzheimer's Disease 

In situ hybridization was used to assess total amyloid protein precursor (APP) 
messenger RNA and the subset of APP mRNA containing the Kunitz protease 
inhibitor (KPI) insert in 11 Alzheimer's disease (AD) and 7 control brains. In AD, a 
sienificant twofold increase was observed in total APP mRNA in nucleus basalis and " 
locus ceruleus neurons but not in hippocampal subicular neurons, neurons of the basis 
pontis, or occipital cortical neurons. The increase in total APP mRNA in locus ceruleus 
and nucleus basalis neurons was due exclusively to an increase in APP mRNA lacking 
the KPI domain. These findings suggest that increased production of APP lacking the 
KPI domain in nucleus basalis and locus ceruleus neurons may play an important role 
in the deposition of cerebral amyloid that occurs in AD. 

A LZHEIMER'S DISEASE (AD) IS 

characterized pathologically by large 
numbers of senile plaques and neu- 

rofibrillary tangles throughout the cerebral 
cortex and hippocampus. Senile plaques 
consist of clusters of degenerating neurites 
surrounding an amyloid core composed of 
5- to 10-nm fibrils that stain metachromati- 
cally with Congo red. In many cases of AD, 
amyloid fibrils i r e  also found i n  vessel walls 
(1). A 4.2-kD polypeptide, referred to as A4 
or the p protein, has been isolated from the 
amyloid fibrils found in senile plaques (2) 
and vessel walls (3) of patients with AD. 
There is evidence that A4 may also be a 
component of the paired helical filaments 
found in neurofibrillary tangles (4). 

The gene encoding A4, which is located 
on chromosome 21 (5), produces at least 
three mRNAs (Fig. 1) referred to as 
mP751, and mP770 (6-8). mP695, the 
mRNA that was initially identified (5), en- 

codes an amyloid protein precursor (APP), 
695 amino acids in length, that includes A4 
at positions 597 to 638. iiPP751 is identical 
to except for a 168-nucleotide in- 
sert (6-8). This insert, previously referred to 
as HL124i ( 7 ) ,  would introduce 56 amino 
acids carboxyl terminal to kg2" and con- 
vert v ~ I ~ ~ ~  into an isoleucine. iiPP770 is 
identical to APP751, except for a 57-nucleo- 
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I3 HL 1241 (KPI) 1 19 AA Insert . A4 

Fig. 1. Schematic illustration of the relative size 
and position of the A4 domain and the domains 
encoded by the alternatively spliced exons in the 
APP gene. 

tide insert (8). This insert would introduce 
19 amino acids COOH-terminal to the do- 
main encoded by HL124i and convert ~ a l ~ ~ ~  
into a leucine. In genomic DNA, the 168- 
and 57-nucleotide RNA inserts are encoded 
in two exons separated by an intron of about 
3 kb and flanked by intron-exon consensus 
sequences (8). Thus the three mRNA spe- 
cies appear to arise through alternative splic- 
ing of two exons in the single-copy APP 
gene. The three APP mRNAs appear to be 
differentially regulated because RNA gel 
blot analyses indicate that their relative 
amounts differ in various cultured cells and 
in various fetal and adult tissues (6-8). 

The sequence of the 56amino acid insert 
encoded by HL124i is highly homologous 
to Kunitz-type protease inhibitors (6-8), 
which are specific for serine proteases such 
as aypsin, chymotrypsin, elastase, plasmin, 
and cathepsin G (9). Moreover, there is 
evidence that this inert confers trypsin-in- 
hibitory activity upon transfected COS-1 
cells (8). Although this domain could serve a 
variety of functions relevant to AD (lo), its 
potential role in amyloidogenesis is particu- 
larly intriguing. If this domain functions as a 
protease inhibitor in vivo, it could, depend- 
ing on its specificity, either promote amyloi- 
dogenesis (by inhibiting proteases that de- 
grade A4) or impede amyloidogenesis (by 
inhibiting proteases involved in the genera- 
tion of A4 h m  the APP). 

In this study we used in situ hybridization 
to assess APP mRNA in several different 
neuronal populations of 11 sporadic AD 
(1 1) and 7 control brains well matched for 
age (AD, 75.6 + 2.1 years; control, 
73.7 + 2.8 years) and postmortem interval 
(AD, 4.2 + 0.4 hours; control, 4.7 + 0.9 
hours). Total APP mRNA and the subset of 
APP mRNA containing the Kunitz protease 
inhibitor (KPI) insert were assessed in sepa- 
rate experiments. To evaluate total APP 
mRNA, we hybridized with a "s-labeled 
RNA (cRNA) complementary to the 3' 
untranslated region found in all of the APP 
mRNAs [bases 2801 to 3143 of the APP751 
sequence published by Ponte et al. (6)]. To 
evaluate APP mRNA cont ' ' the KPI 
insert, we hybridized with~5S-labeled 

cRNA complementary to HL124i [bases 
1019 to 1138 of the Ponte sequence (6)]. In 
each experimenh sets of AD and control 
sections h m  the same brain region were 
processed side by side to optimize compari- 
son of mRNA levels in AD and control 
cases. Antisense cRNA was applied to three 
serial cryostat sections h m  each tissue 
block, and, to control for nonspecific bind- 
ing, a fourth serial section was hybridized 
with noncomplementary RNA of the same 
size, concentration, and specific activity [ad- 
ditional methodological details can be found 
in (ll)]. 

In every experiment the antisense probes 
for total APP and KPI insert-containing 
mRNA labeled neuronal perikarya in the 
AD and control cases, whereas the noncom- 
plementary probes produced very few grains 
above the emulsion background (Figs. 2 to 
4). We did not observe specific grains 
(grains with antisense probe minus grains 
with sense probe) over glial or endothelial 
cells in either AD or control cases. 

The results of our quantitative analysis of 
APP mRNA in various brain regions are 
s u m m k d  in Fig. 5. In our initial experi- 
ments, we focused on the nucleus basalis of 
Meynert (nbM) and the locus ceruleus 
(LC), two subcortical nuclei that project 
diffusely to the cerebral cortex, degenerate in 
AD (12, 13), and have axons that are found 
in senile plaques (14). In the nbM, the probe 
for total APP mRNA (Fig. 2, A and B) 
produced 95% more specific grains over 
choliergic neurons in the 11 AD cases 
(80 2 6) than in the 7 controls (41 + 10) 
(P = 0.005). The probe for KPI-containing 
APP mRNA (Fig. 3, A and B), however, 

produced essentially the same number of 
specific grains in these same AD (57 2 7) 
and control (60 + 11) cases. Thus the 
expression of the APP gene is significantly 
increased in AD nucleus basalis neurons, 
and this increase appears to be due exclusive- 
ly to an increase in APP mRNA lacking the 
protease inhibitor domain. The fact that 
only this form (presumably all A P P 4  in- 
creases is interesting because it indicates that 
there is altered post-transcriptional process- 
ing of APP mRNA in AD. 

In the LC (Figs. 4 and 5), the probe for 
total APP mRNA produced 94% more spe- 
cific grains over pigmented noradrenergic 
neurons in the AD cases (180 + 19) than in 
the controls (93 2 18) (P = 0.02). As in 
the nbM, the probe for KPI-containing APP 
mRNA produced the same number of spe- 
cific grains in the AD (63 + 6) and control 
(62 2 10) cases. Thus LC neurons also 
showed a significant increase in APP mRNA 
in AD, and, as in the nbM, the increase was 
due exclusively to an increase in APP 
mRNA lacking the KPI domain. 

To evaluate APP mRNA in LC and nbM 
neurons undergoing neurofibrillary degen- 
eration, we analyzed APP mRNA in neuro- 
fibrillary tangle-bearing and tangle-fke neu- 
rons after staining with Congo red. The 
probes for both total and KPI-containing 
mRNA consistently produced fewer specific 
grains over the tangle-bearing than over the 
tangle-& neurons. Thus the increases in 
APP mRNA that we observed were largely 
due to changes in tangle-free rather than 
tangle-bearing neurons. 

Analysis of subicular hippocampal neu- 
rons, another population that shows marked 

Fig. 2. In situ hybridiza- 
tion with a 3SS-labe1ed q .  " *i 
cRNA probe for total 
APP mRNk (A) AD 
nbM. (8) Control nbM. 
(C) Control nbM, non- 
complementary probc 
matched to the probe for 
total APP mRNA. (D) 
AD subicuium. The 
dosed arrow identities a . - . . 
neurofibnllary tangle 
within a subicular neu- 
ron. Hybridizations 
were performed with 0.6 c 
nM probe (3 x 109 
cpm/nmol), and the . . 
autoradiographic e q o  4,~ 
sure time was 1 day. . 

i l r  

Stain: (A to C) 0.4% 
cresyl violet in water; 
(D) hematoxylin and 
Congo red. Method- 

A 
ological details are in 
(11). Magnification: (A 
to C) x1250; (D) 
X m .  b 
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degenerative changes in AD, gave results 
very different from those observed in nbM 
and LC neurons. In the 11 AD and 7 
control cases, the number of specific grains 
produced over subicular neurons by the 
probe for total APP mRNA (AD, 43 + 5; 
control, 48 + 6) and the probe for KPI 
insert-containing mRNA (AD, 37 + 5; 
control, 38 + 3) was essentially identical in 
the AD and control cases (Fig. 5). In an 
effort to identify changes that might have 
been missed in analyzing the subicular pop  
ulation as a whole, we evaluated tangle- 
bearing and tangle-free neurons separately 
in Congo red-stained sections from 5 of the 
AD cases. With the probe for total APP 
mRNA (Fig. 2D) and the probe for KPI- 
containing APP mRNA (Fig. 3D), the 
number of specific grains produced over 
tangle-bearing neurons was essentially the 
same as that over tangle-free neurons. Thus 
subicular neurons differ from those in the 
nbM and LC in that the pathologic process 
that occurs in subicular neurons is not asso- 
ciated with an increase in APP mRNA. 
Higgins et al. evaluated total APP mRNA in 
the hippocampus and reported increased 
APP gene expression in parasubicular neu- 
rons in AD (IS), but Higgins (16) has also 
found no change in neurons of the subicu- 
lum. 

In five of the AD and control cases, the 
same sections used to evaluate LC neurons 
were also used to evaluate grains over neu- 
rons in the basis pontis, a population that 
does not appear to be affected by AD. The 
specific grains produced over these neurons 
by the probe for total APP mRNA (AD, 
45 + 6; control, 35 + 8) and the probe for 
KPI insert-containiig mRNA (AD, 33 + 
4; control, 25 + 4) were not sigdicantly 
different in the AD and control cases. 

In a preliminary assessment of cerebral 
cortex, we analyzed the occipital region 
where neurons in the vicinity of amyloid 
plaque wres could be evaluated easily. In 
sections stained with Congo red, we ana- 
lyzed occipital cortical neurons adjacent to 
amyloid plaque cores in five of the AD cases. 
The number of specific grains produced 
over these neurons by the probe for total 
APP mRNA was essentially identical to the 
number produced over neurons from the 
same region in five control cases. The same 
result was obtained after hybridization with 
the probe for APP mRNA containing the 
KPI insert. Thus, in cerebral cortex as in 
subiculum and basis pontis, we have been 
unable to demonstrate altered expression of 
the APP gene in AD. Additional data on 
other cerebral cortical regions are needed, 
however, before concluding that APP gene 
expression in the cerebral cortex is not af- 
fected by AD. 

The fact that increases in APP mRNA neurons, such as those in the nbM and LC, 
lacking the KPI domain occur in nbM and that have long, arborizing axons that project 
LC neurons but not in others could be due diffusely to cerebral cortex. An alternative 
to a selective effect of AD pathology on possibility, consistent with our observation 

Fig. 3. In situ hybridiza- r-- tion with a 35S-labeled 
cRNA probe for APP 
mRNA containing the . 
KPI insert. (A) AD 
nbM. (B) Control nbM. . 
(C) Control nbM, non- 
complementary probe -. 
matched to the probe for .$ KPI-containing APP 
mRNA. (D) AD subicu- 
l m .  Closed arrows 
identify nemfibrillary 1. 

tangles within subicular A 

neurons. Open arrows 
identify ghost tangles. C' Cw " -- --&-- 

Notice that there are no 
grains over the ghost * 
tangles. Hybridizations 
were performed with 0.6 

:e: 
nM probe ( 1 x 1 0 9  f 
cpm/nmol), and the , 
autoradiographic expo- 
sure time was 4 days. I 
Stain: (A to C) 0.4% 
cresyl violet in water; 
(D) hematoxylin and @ 

* *B. 
Congo red. Method- ) : -fi . & . 
ological details are in 
(11). Maphat ion:  (A to C) ~500;  (D) ~ 9 0 0 .  

Fig. 4. In situ hybridization of LC neurons with 3SS-labeled cRNA probes. (A) AD, probe for total 
APP mRNA. (B) Control, probe for total APP mRNA. (C) Control, noncomplementary probe 
matched to the probe for total APP &A. (D) AD, probe for KPI-containing APP mRNA. (E) 
Control, probe for KPI-containing APP mRNA. (F) Control, noncomplementary probe matched to 
the probe b r  KPI-containing APP mRNk Although dillicult to illustrate photographically, we readily 
distinguished exposed silver grains h m  the neuromelanin pigment in LC neurons by first focusing in 
the plane of the tissue section, to identify the penkaryon to be counted, and then focusing above the 
tissue seaion in the plane of the autoradiographic emulsion to count grains. Hybridizations for total 
APP mRNA were performed with 0.6 nM probe ( 3  x lo9 cpm/nmol), and the autoradiographic 
exposure time was 1 day. Hybridizations for KPI-containing mRNA were performed with 0.6 nM 
probe (1 x lo9 cpm/nmol), and the autoradiographic exposure time was 4 days. Stain, 0.4% cresyl 
violet in water. Methodological details are in (1 I). Magnification, x 1250. 
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that increased expression occurs predomi- 
nantly in tangle-free LC and nb~-neurons, 
is that increased APP gene expression may 
occur as part of a compensatory response 
that develops uniquely in surviving nbM 
and LC neurons as other cells in these 
populations are lost. 

Previous in situ hybridization studies by 
this (17) and other laboratories (18) have 
established that most, if not all, of the APP 
mRNA in the central nervous system (CNS) 
is produced by neurons. In their recent 
analysis of total APP mRNA in cerebral 
cortex, Lewis et al .  (19) found no correlation 
between the density of positively hybridiz- 
ing neurons in various regions of cerebral 
cortex and the density of Thioflavin S- 
stained neuritic plaques in those regions. On 
this basis, these authors suggested that the 
amyloid P protein in senile plaques might be 
derived from nonneuronal sources such as 
plasma proteins, from long corticocortical 
projection neurons, or from cortically pro- 
jecting brainstem neurons. 

In a previous study (17) using a ' 2 5 ~ -  

labeled oligonucleotide probe for total APP 
mRNA, we showed that cholinergic nbM 
neurons in patients with AD have signifi- 
cantly more total APP mRNA than controls. 
The present study with 35S-labeled cRNA 
probes confirms this result, extends it to 
include LC neurons, and shows that in- 
creased APP gene expression does not occur 
in neurons of the subiculum, basis pontis, or 
cerebral cortex. Moreover, this study indi- 
cates that there is altered post-transcription- 
a1 processing of APP mRNA in AD because 
the increases that we observed occurred 

Fig. 5. Specific grains localized over neuronal 
perikarya in various brain regions of AD and 
control cases. The 11 AD and 7 control cases 
analyzed were well matched for age (AD, 
75.6 * 2.1; control, 73.7 * 2.8 years) and post- 
mortem interval (AD, 4.2 +- 0.4; control, 
4.7 t 0.9 hours). The grain counts shown are the 
mean ? SEM and are expressed per average so- 
mal area as described in (11). Each bar shows the 
mean of 5 to 11 cases and represents composite 
data from counts of at least 600 perikarya in the 
nbM, 200 perikarya in the locus ceruleus (LC) 
(where AD cases often had few surviving neu- 
rons), 600 perikarya in the subiculum, and 450 
perikarya in the basis pontis (BP) (A). Specific 
grains (grains with antisense probe minus grains 
with noncomplementary probe) produced by the 
probe for total APP mRNA. *P = 0.005; 
**P = 0.02 by Student t test. (B) Specific grains 
produced by the probe for KPI insert-containing 
APP mRNA. The amount of total and KPI- 
containing APP mRNA cannot be compared 
directly from the data shown because they were 
analyzed in separate experiments: sections hybrid- 
ized with the probe for total APP mRNA 
(3 X lo9 cpdnmol, 0.6 nM) were exposed for 1 
day; those hybridized with the probe for KPI- 
containing APP mRNA (1 x lo9 cpdnmol, 0.6 n 
in (11). 

exclusively in APP mRNA lacking the KPI 
domain. Our finding of increased APP 
mRNA lacking the KPI domain in AD 
correlates well with the observation that 
increased levels of amyloidogenic proteins 
frequently occur in the systemic amyloidoses 
(20) and suggests that the cerebral amyloid 
deposited in AD may derive largely from 
axons projected by nbM and LC neurons. 
Further studies will be required to deter- 
mine if changes in post-translational pro- 
cessing also contribute to amyloid deposi- 
tion in AD. 

The position of the nucleotide sequence 
encoding A4 within the APP cDNAs that 
have been sequenced indicates that amyloid 
deposition requires the proteolytic cleavage 
of A4 from APP. If the KPI domain normal- 
ly inhibits proteases that cleave A4 from the 
APP, then increased levels of amyloid pro- 
tein precursor lacking this domain would 
accelerate the rate at which A4 is generated. 
Castano et  al .  (21) have shown that synthetic 
peptides corresponding to residues 1 to 28 
and 17 to 28 of the 42-amino acid A4 
polypeptide can form Congo red-positive 
amyloid fibrils in vitro under physiological 
conditions. Thus a sufficient amount of A4 
may be all that is necessary to produce 
amyloid fibrils in vivo. We assume that the 
nbM and LC neurons with increased levels 
of KPI-free APP mRNA produce increased 
levels of the corresponding protein and 
transport it along their axons into the cere- 
bral cortex. As a provisional working hy- 
pothesis, we propose that this KPI-free APP 
may be a substrate that is acted upon prefer- 
entially by cerebral proteases to generate 
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tM) were exposed 4 days. Methodological details are 

much of the A4 that is deposited as cerebral 
amyloid in AD (22). 
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gic nbM neurons [neurons with diameters of over 
20 Km that were clustered benveen the lateral 
anterior commissure and medial optic tract (24)l; 
LC neurons (large pigmented neurons clustered 
appropriately in the floor of the lateral fourth ventri- 
cle); basis pontis neurons (neurons located in the 
midst of the bundles of myelinated fibers that tra- 
verse the basis pontis); hippocampal subicular neu- 
rons [the location of the subiculum is documented 
in figure 1 of Higgins et at. (15)]; and neurons of the 
occipital cortex. The cRNA probes were transcribed 
conventionally using "S-labeled uridine triphos- 
phate (UTP). The probe for total APP mRNA was 
complementary to bases 2801 to 3143 of the APP,,, 
sequence published by Ponte et at. (6). The probe for 
HL124i-containing APP mRNA was complemen- 
tary to bases 1019 to 1138 of the Ponte sequence 
(6). RNA gel blot analysis of total RNA from adult 
rat brain, liver, and kidney, and human fibroblast 
cell lines using our probes for total and HL124i- 
containing APP mRNA showed single bands of 
about 3.2 to 3.4 kb similar to those published 
previously (5, 7). Tissue blocks were rapidly frozen 
by immersion in isopentane cooled with liquid 
nitrogen. Cryostat sections (12 bm) were air dried, 
lived 5 min in 4% (wtivol) paraformaldehyde in 
0.1M sodium phosphate (pH 7), rinsed in 2 x  saline 
sodium citrate (SSC), treated 10 min with freshly 
prepared 0.25% acetic anhydride in O.lM triethano- 
lamine buffer (pH 8), rinsed in 2 x  SSC, dehydrated 
by passage through increasing ethanol concentra- 
tions (70%, 1 min; 80% 1 min; 95%, 2 min), and 
hybridized with 20 ~1 of hybridization solution at 
58°C under baked glass cover slips covered with oil. 
The hybridization solution contained 0.5 mg of 
salmon sperm DNA per milliliter, 1 mg of Escherichia 
coli transfer RNA per milliliter, 300 mM dithiothrei- 
tol, 50% formamide, 1 mM EDTA, 20 mMtris-HCI 
(pH 8), 0.3M NaCI, 10% polyethylene glycol, 5 x  
Denhardt's solution, and 0.6 nM probe. After hy- 
bridization, sections were dipped in chloroform to 
remove the oil, washed at 50°C for 5 min in 1 x SSC 
containing 300 mM P-mercaptoethanol and for 20 
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min in l x  SSC at 50°C, treated with 500 pg 
of ribonuclease A per milliliter in 4 x  SSC at 37°C 
for 30 min, washed twice for 40 min and 5 min 
in l x  SSC at 50°C, rinsed twice for 5 min in 2 x  
SSC at room temperature, and dipped five times in 
water. After drying, sections were dipped in Kodak 
NTB-2 emulsion, exposed for 1 (total APP mRNA 
probe) or 4 (HL124i-containing APP &A) days, 
developed for 2 min with Kodak D- 19, and fixed in 
Kodak Rapid Fix for 1.5 min. After copious rinsing 
in distilled water, sections were stained with cresyl 
violet or hematoxylin and Congo red, dehydrated, 
and mounted. To quantitate the hybridization of the 
APP probes to mRNA within perikarya in the 
various brain regions examined, we focused on the 
plane of the cells, identified the perikaryon to be 
assessed at x 1000 magnification, and superimposed 
a grid of a size chosen so that it just fit within that 
perikaryon. We then adjusted the focus so that the 
grains within the grid (which are not clearly visible 
when one focuses on cells) could all be counted. In 
each tissue block, the average number of grains 
produced over perikarya by antisense probe was 
typically obtained by analyzing 30 randomly chosen 
neurons on each of two or three sections, and the 
number produced by noncomplementary probe was 
obtained by analyzing 30 randomly chosen neurons 
on one section. The number of grains produced by 
the specific binding of antisense probe was then 
calculated by taking the difference between the 
antisense and noncomplementary grain counts. The 
antisenselsense ratio ranged from 5 : 1 to 10: 1 in 
the various cell types examined. To illustrate the 
relative amount of APP mRNA in soma of the 
various regions that we examined, we have expressed 
specific grain counts per average somal area. Aver- 
age somal sizes, which were not appreciably differ- 
ent in the AD and control cases, were deter- 
mined by averaging morphometric measurements 
made on three AD and three control cases with 
the Bioquant I1 system (R&M Biometrics) (nbM 
700, LC 809, basis pontis 264, and subiculum 262 
w 2 ) .  
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rons. We do not know when elevated levels of KPI- 
free APP mRNA develop during the protracted 
course of AD. The effect of elevated KPI-free APP 
mRNA will be greatest if this increase is an early, 
persistent change that develops prior to the loss of 
nbM or LC neurons and least if it is a brief end-stage 
phenomenon that occurs after the depletion of the 
nbM and LC populations. We have no direct evi- 
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gene expression, but there was no statistically signifi- 
cant correlation between the degree of cell loss in the 
nbM or LC and the increase in total APP mRNA. 
Neurons tended, if anydung, to show progressively 
greater increases in total APP mRNA as the number 
of surviving neurons increased, and cases with many 
surviving neurons showed marked increases in total 
APP mRNA. In the AD case with the least loss of 
nbM neurons (26%), for example, the probe for 
total APP mRNA produced 2.8 times more specific 
grains over nbM perikarya than in the mean control 
case. It should also be emphasized that it is the 
change in KPI-free APP mRNA rather than the 
increase in total APP mRNA that is important for 
amyloid deposition according to our hypothesis. 
Although we did not directly evaluate KPI-free APP 
mRNA in this study, analysis of our data suggests 
that this form is a small fraction of total APP mRNA 
in control nbM and LC neurons. Thus, in AD, the 
twofold increase in total APP mRNA (which oc- 
curred exdusively in APP mRNA lacking the KPI 

domain) appears to occur because of a dramatic 
percentage increase in the relevant KPI-free tran- 
script. 
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Conferring Operator Specificity on Restriction 
Endonucleases 

Mapping and manipulation of very large genomes, including the human genome, 
would be facilitated by the availability of a DNA cleavage method with very high site 
specificity. Therefore, a general method was devised that extends the effective recogni- 
tion sequences well beyond the present 8-base pair limit by combining the specificity 
of the restriction endonuclease with that of another sequence-specific protein that 
binds tightly to DNA. It was shown that the tightly binding lac or A repressor protects 
a restriction site within the operator from specific modification methylases, M-Hha I 
or M-Hph I, while all other similar sites are methylated and thus rendered uncleavable. 
A plasmid containing a symmetric lac operator was specifically cleaved by Hha I, only 
at the site within the operator, after MaHha I methylation in the presence of the lac 
repressor, whereas the remaining 3 1 Hha I sites on this plasmid were methylated and 
thus not cleaved. Analogous results were obtained with the Hae I1 site within the lac 
operator, which was similarly protected by the lac repressor, and with the Hph I site 
within the phage A o~ operator, which was protected by A repressor from MaHph I 
methylation. 

T HE PRESENTLY AVAILABLE RESTRIC- 

tion enzymes cleave DNA at recog- 
nition sites of 4 to 8 bp. Statistically, 

8-bp recognition leads to one cut per 65.5 
kb. For mapping, manipulation, and se- 
quencing of very large genomes (1) restric- 
tion systems with higher specificity are re- 
quired. One of these systems is based on the 
natural methylation of many genomes, but 
such an adventitious modification urocess is 
not easy to control. Another, which has 
been shown to stretch effective recognition 
sites to 10 bp, is based on the joint use of 
modification methylases and restriction en- 
donucleases for a few specific combinations 
of restriction sites (2-4). Finally, a number 
of laboratories have recently sought to cre- 
ate synthetic DNA-cleaving reagents by 
combining a sequence-specific DNA-bind- 
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ing domain with a DNA-cleaving moiety 
(5-7). However, the practical applications of 
these reagents are severely limited by their 
very low cleavage efficiency and inability to 
generate well-defined ends. 

We have devised a general method (Fig. 
1A) for efficiently extending the effective 
recognition sequence of a restriction endo- 
nuclease well beyond previous limits. Our 
method combined the activities of three 
proteins: (i) a repressor, which specifically 
binds to only very rare sites (operators) of 
about 20 bp in length; (ii) a modification 
methylase, which methylates all correspond- 
ing restriction sites with the exception of 
those protected by the repressor; and (iii) a 
restriction endonuclease with the same 
specificity as the modification methylase 
(Fig. 1A). The two specific examples we 
describe are operator-repressor systems of 
(i) the lac operon, which creates an effective 
recognition sequence of 20 bp, and (ii) the 
phage X o~ operator, which gives an effective 
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