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Butyrylcholinesterae (BChE) and an altered form of acetylcholinesterase (AChE) accumulate in the plaques and 
tangles of Alzheimer’s disease (AD). The sources for these plaque- and tangle-bound cholinesterases have not been 
identified. We now report that AChE and BChE activities with pH preferences and inhibitor selectivities identical to 
those of plaque- and tangle-bound cholinesterases are found in the astrocytes and oligodendrocytes of control and AD 
brains. These glial-type cholinesterases are selectively inhibited by indolamines and protease inhibitors. In control 
brains glial-type cholinesterases appear confined to the intracellular space, whereas in patients with AD they decorate 
plaques and tangles as well. In control and AD brains AChE-positive glia are distributed throughout the cortical 
layers and subcortical white matter, whereas BChE-positive glia reach high densities only in the deep cortical layers 
and white matter. In non-AD control brains, the ratio of BChE to AChE glia was higher in entorhinal and inferotem- 
poral cortex, two regions with a high susceptibility to the pathology of AD, than in primary somatosensory and visual 
cortex, two areas with a relatively lower susceptibility to the disease process. There were no age-related differences 
in the density or distribution of cholinesterase-positive glia. In comparison with age-matched control specimens, AD 
brains had a significantly higher density of BChE glia and a lower density of AChE glia in entorhinal and inferotem- 
poral regions but not in the primary somatosensory or visual areas. These results suggest that glia constitute a likely 
source for the cholinesterase activity of plaques and tangles and that a high ratio of BChE- to AChE-positive glia may 
play a permissive or causative role in the neuropathology of AD. 
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Amyloid plaques in the neuropil (NP) and neurofibril- 
lary tangles (NET) are the major neuropathological 
hallmarks of Alzheimer’s disease (AD). Light and elec- 
tron microscopic studies have demonstrated that these 
structures contain histochemically and immunohisto- 
chemically definable acetylcholinesterase (AChE) and 
butyrylcholinesterase (BChE) and that these cholines- 
terases (ChEs) have different histochemical properties 
from the ChE associated with intact neuronal cell bod- 
ies and axons 11-61. For example, the AChE of N P  
and NET is more resistant to traditional ChE inhibitors 
but much more sensitive to indolamines and some pro- 
tease inhibitors 17-91, requires more substrate for in- 
hibition [lo}, and is histochemically more intensely re- 
active at a lower p H  than the AChE of normal neurons 
and axons [?I]. 

In the normal cerebral cortex AChE is widely dis- 
tributed in cholinergic axons and in the perikarya of 

both cholinergic and cholinoceptive neurons. These 
constituents of cholinergic pathways undergo severe 
degeneration in AD (see {llf for review). The enzy- 
matic peculiarities of the NP- and NlT-bound AChE 
suggest that this enzyme is unlikely to constitute the 
pathological remains of premorbidly AChE-positive ax- 
ons and perikarya. There are also considerable discrep- 
ancies in the distribution of premorbid AChE-rich neu- 
ronal cell bodies and AChE-rich tangles. For example, 
layer I1 neurons of entorhinal cortex, which are known 
to be highly vulnerable to forming AChE-rich tangles, 
express relatively little AChE in normal brains C3, 41. 
Furthermore, premorbid neurons of the cerebral cor- 
tex do not express sufficient BChE to account for the 
abundant and widespread BChE activity in N P  and 
NIT. These considerations led us to explore the possi- 
bility that the NP- and NFT-bound ChEs may arise 
from nonneuronal sources. The purpose of this re- 
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Table 1. Characteristicx of Control aizd Alzheimeri Disease (AD) Cam Used f i r  Choline.rteru.re Analy.~ is 
~ 

Diagnosis Age (yr) Sex Autolysis Time (hr) Hemisphere Cause of Death 

Control 
Control 
Control 
Control 
Control 
Control 
Control 
Control 
Control 
Control 
Control 
A D  
A D  
A D  
A D  
A D  

20 
35 
55 
68 
69 
71 
72 
75 
76 
84 
91 
67 
77 
79 
82 
87 

M 
F 
F 
M 
F 
M 
F 
M 
M 
F 
LM 

F 
F 
F 
F 
F 

9 
18 
8 

24 
21  
14 

12 
27 

3.5 
4 

12 
17 
6 
6 

12 

7.5 

~~ ~ 

L 
R 
R 
R 
R 
L 
R 
R 
L 
R 
L 
R 
R 
R 
R 
K 

Gunshot 
Respiratory failure 
Cardiac failure 
Cardiac arrest 
Cardiopulmonary failure 
Cardiac arrest 
Respiratory failure 
Cardiac failure 
Cardiac failure 
Cardiac failure 
Cardiac failure 
Respiratory failure 
Respiratory failure 
Cardiac arrest 
Cardiac arrest 
Cardiac failure 

port is to describe experiments aimed at investigating 
whether the astrocytes and oligodendrocytes of the ce- 
rebral cortex could be providing a potential source of 
nonneuronal ChE for the NP and NFT. 

Materials and Methods 
Tissue Preparation 
The observations in this report are based on the following 
16 brains (Table 1): 3 younger nun-AD brains (20, 35, and 
5 5  years old), 8 aged non-AD brains (68,69, 71, 72, 75, 76, 
84, and 91 years old), and 5 A D  brains (67, 77, 77, 82, and 
87 years old). Interval from death to autopsy was 24 hours 
or less in all cases. In our experience, these intervals do not 
interfere with ChE histochemistry. Coronal slabs 1 to 2 cm 
in width were cut and immersion-fixed in 4% paraformalde- 
hydei0.l M phosphate buffer (pH 7.4) for 24 to 30 hours. 
After fixation, tissue was taken through gradually increasing 
concentrations of sucrose (10-40%) in 0.1 M phosphate 
buffer (pH 7.4). Fixed tissue slabs were then frozen on dry 
ice and cut by microtome into sections of 40-pm thickness. 

Diagnostic Euuhation 
Diagnosis of A D  was based on clinical history of progressive 
dementia and on evidence of multifocal, thioflavine S his- 
tofluorescent plaque and tangle populations in quantity and 
distribution satisfying the criteria reviewed by Khachaturian 
f12f. The non-AD control designation was based on specific 
clinical historical information about the absence of dementia 
or preagonal neurological disease and on the absence of 
plaques and tangles in sufficient quantities for the diagnosis 
of AD. The brains from several of the aged patients displayed 
rare tangles in entorhinal cortex and medial temporal cortex, 
and some plaques in these and other cortical areas, but fewer 
than required for a diagnosis of AD. Cresyl violet staining 
was used for identification of cytoarchitectonic boundaries. 

Histochemist y 
Brain sections were mounted on chrome-alum-treated 
slides, dried overnight, and rinsed in 100 mM maleate buffer 

prior to histochemical analysis. Visualization of ChE was 
achieved by tissue incubation in diluted (10%) Karnovsky- 
Roots solution followed by metal ion-diaminobenzidine in- 
tensification [ 13, 141. This Karnovsky-Roots solution con- 
tains 100 niM maleic acid (disodium salt), 0.5 mM sodium 
citrate, 0.3 mhl  cupric sulfate, and 0.05 mM potassium fer- 
ricyanide. Acetylthiocholine iodide (0.366 mM) was used as 
the substrate to identify AChE activity. The same concentra- 
tion of butyrylthiocholine iodide was used as the substrate 
for identification of BChE activity. Incubation times were 2 
to 5 hours. Following incubation, sections were rinsed in 100 
mM Tris buffer (pH 7.6). Intenslhcation was performed by 
incubation with 0.008% (wt/vol) cobalt chloride in 100 mM 
Tris buffer ( p H  7.6). Sections were again rinsed with Tris 
buffer, and development was carried out in 0.5 mgiml of 
diaminobenzidine tetrahydrochloridc and 0.0 1 %' (volivol) 
hydrogen peroxide in the Tris buffer. Finally, sections were 
rinsed, dehydrated in graded alcohols, cleared in xylenes, and 
coverslipped under Permount. These techniques are de- 
scribed in detail elsewhere {3 ,  7). 

In experiments investigating the enzymatic properties of 
the cholinesterases we varied the p H  of the maleate buffer 
and incubation medium between 6.8 and 8.0 using glacial 
acetic acid, and assessed the response of the enzymes to the 
inhibitor substances. For this purpose sections were preincu- 
bated with selected concentrations of inhibitor for 30 min- 
utes to 1 hour, and the same concentration of inhibitor was 
added to the histochemical reaction medium for the full incu- 
bation period. 

For experiments where the anatomical distribution of the 
ChE-positive glia was examined, the pI1 of the histochemical 
medium was in the range of 6.8 to 7.0. In these studies the 
AChE reaction medium contained 0.1 mM iso-OMPA or 
ethopropazine to inhibit BChE and other non-AChE ChEs. 
As previous experiments had shown that the AChE inhibitors 
do not alter the resultant distribution of the RChE-reaction 
product, BChE-positive glia were examined both with and 
without specific AChE inhibitor (e.g., BWL84C5 1) present. 

ChE activity was identified by the presence of the brown- 
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blue reaction product. This reaction product was not ob- 
tained when incubations were performed without the addi- 
tion of the acetylthiocholine or  butyrylthiocholine substrates 
to the histochemical medium. 

Evaluation of Glial Cell Density 
ChE-positive glia were counted in selected brain regions. In 
all regions the stained sections were charted with an X-Y 
plotter. All identifiable glia containing specific histochemical 
reaction product were counted. The following four areas rep- 
resenting different types of cortex, with differential suscepti- 
bility to A D  pathology, were examined for counting pur- 
poses: entorhinal (ENTO), inferior temporal (ITC), primary 
somatosensory (SI), and primary visual (VI) areas. The first 
two areas were examined as they are severely and selectively 
vulnerable to atrophy. tangle formation, and neuritic tlegen- 
eration in AD. The other two areas were chosen because 
they are relatively resistant to these pathological alterations 
of AD. 

Glia were identified by their characteristic nuclear appear- 
ance and paucity of cytoplasm. The morphology of the nucle- 
olus and nuclear chromatin was used to distinguish neuroglia 
from small neurons. No attempt was made to differentiate 
fibrillary astroglia from protoplasmic astroglia or astrocytes 
from oligodendrocytes even though the difference between 
the two was easily detected in most cases. Occasional microg- 
lial staining was also seen but represented a small minority 
of the ChE-positive glial population. 

At a magnification of 400 x , a square ocular grid scored 
into 10 x 10 equal divisions of 0.01 mm each was placed 
with one side parallel to the pial surface in a representative 
sector in the area under investigation. Every other grid in 8 
adjacent columns was counted. Each of the 8 columns 
spanned the entire cortical thickness and was extended 6 
grids deep into the adjacent white matter where every other 
grid was counted as well. The deeper parts of the white mat- 
ter were not included in this study. The 1 grid that remained 
just above the plotted white matter boundary and all that 
were below this line were considered to be in white matter. 
The others were counted as part of cortex. Counting was 
done within the entire grid excluding those cells touching 
the side of the grid, to avoid counting cells twice. The mean 
number of glia per ocular grid (i.e., per 0.01 mm2) and the 
standard deviation was calculated for cortex and white matter 
separately. Statistics included analysis of variance (ANOVA), 
normality testing, and Newman-Keuls multiple range test- 
ing. Because of the significant differences between cortical 
and white matter densities of ChE-positive glia, these values 
were analyzed separately in the statistical tests. A combined 
value was used to calculate BChEiAChE glial ratios. 

Results 
Intense ChE reaction product was detected in intact 
perikarya and axons as well as in plaques and tangles. 
The perikaryal and axonal enzyme was almost exclu- 
sively of the AChE tj’pe, whereas plaques and tangles 
were associated with AChE as well as BChE reactivity. 
Numerous neuroglia in AD as well as non-AD speci- 
mens, with nuclear characteristics of both oligoden- 
droglia and astroglia, displayed specific ChE reaction 
product predominantly in the nuclear region (Fig 1). 

Fig I .  Acetylcholinesterase (AChE) reactit~ity in tangles (t), neu- 
ropil threads (n), astroglia (ag), and oligouhdroglia (og) of en- 
t o rh id  cortex in the brain of a 67-year-old patient with Ah- 
heimer’s disectse. The reactivitji i J  speczfic for AChE as the 
expeTiment was performed in  the presence of  1 0-4 M iso- 
OMPA, a specific but~~lchol inest~ase inhibitor. ( x 1,800 be- 
fore 32% reduction., 

When acetylthiocholine was used as the substrate in 
the histochemical solution, glial reaction product was 
inhibited by up to 0.1 mM of BW284C51 (a specific 
AChE inhibitor) but not by iso-OMPA (a specific 
BChE inhibitor). When butprylthiocholine was used as 
the substrate, the glial histochemical reaction product 
was inhibited by 0.1 mM iso-OMPA but not by 
BW284C5 1. Thus neuroglia displayed specific AChE 
and BChE activities. 

These specific neuroglial ChE activities were more 
intensely reactive in histochemical medium of p H  6.8 
in comparison with reaction conditions of p H  8.0, 
which provided more intense staining of normal peri- 
karya and axons. Physostigmine and tacrine were more 
potent inhibitors of normal perikarya and axonal AChE 
than glial AChE or BChE (Table 2). Whereas 0.00001 
mM concentrations of physostigmine and tacrine inhib- 
ited the AChE activity of perikarya and fibers, up to 
0.1 mM of these inhibitors was required for inhibition 
of glial ChE. The plaques and tangles displayed pH 
preferences and inhibitor responses identical to those 
of glia. 

In contrast to traditional ChE inhibitors, bacitracin 
and carboxypeptidase inhibitor (CPI; from potato) 
were more potent inhibitors of glial ChE than of peri- 
karyal and axonal AChE in AD brain and non-AD con- 
trols (see Table 2; Fig 2). Bacitracin severely reduced 
glial AChE at concentrations as low as 0.05 mM. CPI 
inhibited all glial AChE at 0.05 mhf concentrations. 
Plaque and tangle AChE was similarly inhibited by 
bacitracin and CPI. Nouroglial BChE was also highly 
susceptible to these protease inhibitors and was 
completely inhibited by 0.5 mM concentrations of bac- 
itracin. as was plaque and tangle BChE (see Table 2; 
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Tuble 2. Inhibitor Effects of Cholinesteruses in Alzheimer's Diseuse (AD) 

AChE in Intact 
Baseline Enzyme Axons and Plaque and Plaque and 
Activity (mM) Perikarya Tangle AChE Tangle BChE Glial AChE Glial BChE 

Physostigmine 
0.0000 1 
0.1 

Tacrine 
0.00001 
0.1 

0.05 
0.1 

Bacitrdcin 
0.05 
0.1 
0.5 
1 

5-HTP 
0.05 
0.1 
0.5 
1 

5-HT 
0.05 
0.1 
0.5 
1 

CPI 

L-Tryptophan 
0.05 
0.1 
0.5 
1 

0.05 
0.1 
0.5 
1 

Tyrosine 
1 

T yramine 
1 

Glycine 
1 

Pepstatin A 
1 

Tryptamine 

+ + +  
- 

+ + +  
- 

+ + +  
- 

+ + +  
- 

+ + +  
- 

+ + +  
- 

+ + +  
- 

+ + +  
- 

+ + +  
+ + +  

+ 
- 

+ + +  
+ + +  
+ + +  
+ + +  

+ +  
+ 

+ 
+ 
+ 
- 

+ 
+ 
+ 
+ 

+ + +  
+ + +  
+ + +  
+ + +  

+ t  
+ 
- 

- 

+ t  
+ 
+ 
- 

+ + +  
+ + +  
+ + a  

+ +" 

+ + +  
+ + +  
- 

+ + +  
+ +  
- 

+ 
- 

+ + +  
+ + +  
+ + +  
+ + t  

+ + +  
+ + +  
+ + +  
+ +  

+ + +  
+ + +  
+ 
- 

+ + +  
+ + +  
+ +  
+ +  

+ +  
+ +  
+ +  
+ 

+ + +  
+ + t  
+ + t  
+ + +  

+ + +  
+ + +  
+ + +  
+ +  

+ + +  
+ + +  
+ +  

-I- + + 
+ + +  
+ +  
+ +  

-I- + + 
+ + +  
+ + +  
+ +  + 

+ + +  + + +  + + +  + + +  + + +  

+ + +  + + +  + + +  + + +  + + +  

+ + +  + + +  + + +  + + +  + + +  

+ + +  + + +  + + +  + + +  + + +  
Comparisons are based on matching tissue sections from the same cytoarchitectonic area and cortical layer in the brains described in Materials 
and Methods. The examination included the hippocampus, entorhinal cortex, inferotemporal cortex, insula, medial fronral correx, and the 
cingulate gyrus. Only the results that were consistently obtained in all specimens investigated for a given variable are included. The results 
show the various effects of different substances on the visualization of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) in glia 
and the histopathological structures of A D  in comparison with perikaryal and fiber AChE. 

"At these concentrations of 5-hydroxytryptamine (5-HT), a patchy precipitate formed over the sections. In the areas that wrre free of these 
precipitates, the AChE staining in intact neuronal cell bodies and axons appeared to be preserved or only very slightly decreased. 

+ + -i- = intense baseline staining; + + = moderate decrease from baseline intensity; + = severe decrease from baseline intensiry; ( -  ) = 
total inhibition of staining. 
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see Fig 2). The acid protease inhibitor pepstatin A had 
no effect on either ChE activities in any tissue compo- 
nent at 0.1 mM concentrations (see Table 2). 

Selected indolamines also inhibited glial AChE with- 
out substantially affecting that of neurons and axons. 
At concentrations of 0.05 mM, 5-HT and 5-HTP com- 
pletely inhibited glial AChE (see Table 2; see Fig 2). 
Tryptophan and tryptamine were less effective inhibi- 
tors of glial ChE. The AChE of neuronal cells and 
axons was not inhibited at any of these indolamine 
concentrations. Neuroglial AChE was as sensitive, or 
more sensitive, to the effects of indolamines than 
plaque and tangle AChE. Glial BChE exhibited similar 
properties as glial AChE with the exception that glial 
BChE was more sensitive to L-tryptophan and less sen- 
sitive to 5-HT than glial AChE. Formation of the ChE 
reaction products was unaffected by 1 mM concentra- 
tions of tyrosine, tyramine, and glycine. These results 
indicate that glial ChE has enzymatic properties like 
that of N P  and NFT but different from neuronal 
AChE. 

Lamination 
The density of AChE-rich glia was almost equal in the 
cortex and juxtacortical white matter in ENTO and 
ITC (Table 3). In the SI and VI areas there was 
a (nonsignificant) trend toward a higher density of 
AChE-positive glia in cortex compared with white mat- 
ter. In contrast, BChE-positive glia in ENTO and ITC 
were significantly denser ( p  < 0.05) in white matter 
(see Table 3; Figs 3 ,  4). The BChE lamination effect 
was less pronounced in VI and SI. Thus ACE-rich 
glia are found in all cortical layers and white matter, 
whereas BChE-containing glia reach high densities only 
in white matter and deep cortical layers, especially in 
ENTO and ITC. 

Regional Distribution 
No significant regional differences were found in 
AChE glial densities in either the AD or non-AD 
brains. The density of white matter BChE-positive glia 
was greater in ENTO than in ITC, but this reached 
significance ( p  < 0.01) only in AD brains. Further- 
more, the density of BChE-rich glia in white matter of 
ENTO and ITC was significantly greater ( p  < 0.01) 
than that in SI and V1 in both AD and non-AD brains. 
Non-AD and AD brains showed a higher ratio of 
BChEiAChE-rich glia in ENTO and ITC than in VI 
and SI. 

Young Versus Old 
In areas that we had available (inferotemporal and en- 
torhinal), no statistically significant difference was seen 
in the density of AChE- and BChE-positive glia (in 
white matter or cortex) when young and aged non-AD 
specimens were compared (see Table 3). The ratio of 
BChE/AChE neuroglia in ENTO and ITC were nearly 

identical in these two groups. Thus there was no appar- 
ent effect of aging in these regions of the temporal 
lobe. 

AD Verszls Control 
Brahs with AD had a significantly higher ( p  < 0.01) 
density of BChE-rich glia in the white matter of ENTO 
and ITC when compared with the same areas in age- 
matched control brains. A similar comparison of SI and 
VI showed no significant differences. Also, a notable 
but nonsignificant trend toward reduced concentra- 
tions of AChE-positive glia was observed in ENTO and 
ITC in AD when compared with the non-AD controls. 
Thus the BChE/AChE glial ratio in entorhinal and in- 
ferotemporal areas was higher in AD than in age- 
matched controls. N o  such difference occurred in VI 
or SI. 

Neuropathology 
We did not quantitate the degree of atrophy or the 
density of thioflavine S-positive plaques and tangles in 
the AD brains. However, in keeping with a volumi- 
nous literature on this subject 1151, a qualitative exami- 
nation showed that the degree of atrophy and tangle 
densities were much higher in ENTO and ITC than 
in SI and VI areas. These latter two areas contained 
numerous plaques (many of which were nonneuritic) 
but relatively rare tangles and almost no atrophy. 

Discussion 
The normal brain displays widespread AChE activity 
in the axons and cell bodies of cholinergic pathways. 
This neuronal AChE is greatly reduced in the course 
of AD [16, 17). In AD, abundant AChE and BChE 
activity emerges in plaques and tangles {l-31. We had 
reported that the AChE in plaques and tangles had 
enzymatic properties that differed from those of neu- 
ronal AChE and that the amount of plaque- and tangle- 
bound BChE greatly exceeded the small quantities of 
neuronal BChE that can be detected in normal brain 
[4, 7, 8). These observations suggested that the plaque- 
and tangle-bound ChEs are likely to have a nonneu- 
ronal source. The enzymatic properties that we have 
identified in the ChEs expressed by neuroglia show 
that these cells can provide such a nonneuronal source 
for the ChEs associated with the histopathological 
structures of AD. 

Our experiments also demonstrated the existence of 
laminar and heretofore unsuspected regional variations 
in the differential densities of AChE- and BChE- 
positive neuroglia. We found, for example, that AChE- 
positive glia are located in all cortical layers and the 
subcortical white matter, whereas BChE-positive glia 
reach high densities only in the deepest cortical layer 
and the subjacent white matter. We had previously 
shown that AChE-rich tangles were located throughout 
the cortical laminae, whereas BChE-rich tangles were 
located only in deeper cortical layers and subjacent 
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Table 3 .  Comparison of Acetylcholinesterase (AC hE)- and Butyykholinestera.re (BChE)-Positive Neuroglia 
in Alzheimer'J Disease (AD) and Control Brain (Aged and Youny 

AChE BChE 
BChEI AChE 

CtX Wm Ctx Wm Total(Wm + Ctx) 

AD 
ENTO 
ITC 
SI 
VI 

ENTO 
ITC 
SI 
VI 

ENTO 
ITC 

Aged non-AD 

Young non-AD 

5.7 ? 3.4 
2.3 t 2.3 
8.1 +- 4.2 
9.6 t 7.5 

8.5 ? 1.5 
8.6 ? 1.5 
9.2 * 2.3 

12.1 * 0.6 

8.0 t 0.5 
9.5 2 2.6 

7.4 f 7.1 
1.5 ? 1.7 
3.0 ? 1.8 

0.65 2 0.19 

12.8 2 3.3 
9.5 2 5.8 
5.3 * 2.1 
3.7 2 2.3 

10.7 2 1.9 
15.9 i: 4.3 

1.7 +_ 0.97 46.5 & 12.8 
1.2 t 0.9 30.8 t 11.7 

0.7 t 1 0.34 i 0.30 
0.77 f 0.59 (1.4 t 2.7 

4.6 2.3 16.5 +- 4.9 
2.0 t 1.6 17 ? 6.1 
2.1 5 0.9 5.4 ? 3.9 
1.1 f 1.3 1.1 -c 0.4 

0.59 -C 0.16 16.6 -c 4.7 
1.2 ? 0.6 19.0 +- 3.0 

3.7 
6.7 
0.47 
0.10 

0.99 
1.0 
0.52 
0.13 

0.91 
0.80 

Numerical values are mean neuroglial counts and standard deviations for a tissue area of 0.01 mm'. All specimens from normal control subjects 
>65 years old were considered aged, those <65 years of age were considered young. 

Ctx = cerebral cortex; Wm = white matter: ENTO = entorhinal area; ITC = inferotemporal area; S1 = primary somatosensory area; VI = 
primary visual area. 

white matter 218). This concordance in laminar distri- 
bution supports the inference that glia may constitute 
the source of the ChE in the histopathological struc- 
tures of AD. 

Previous investigators had shown that astrocytes 
and oligodendroglia express ChE activity. These stud- 
ies had also reported that BChE-positive glia are most 
predominant in subcortical white matter, whereas 
AChE-positive glia are found in all layers of the cere- 
bral cortex fl9-2 11. Biochemical studies indicate that 
BChE activity in the human brain is higher in white 
matter than gray matter of the cerebral cortex {22-241. 

Fig  2. Inhibitor sensitivity of cholinesterase-positive neuroglia. ' (A) Medial frontal area, layer 5 in  the brain of an 82-year-old 
patient with Alzheimer's disease (AD).  At a pH of 6.8 acetyl- 
cholinesterase (AChEI activity is seen in plaques (p) and tangles 
(t) and in the few remaining cholinergic axons (a). Many neuro- 
glia (g) are also AChE positive. (Bi Same brain region processed 
using the same AChE reaction but in the presence of 0.05 mM 
5-HT (serotonin). The AChE in  plaques, tangles, and glia is 
almost completely inhibited, but the neuronal AChE in axons 
(a) and neuronal cells (c) remains intact. (A, B: x 5 78 before 
13% reducti0n.i (Ci Inferotemporal area from the brain of a 
71 -year-okd control subject. There is intense butyykcholinesterase 
IBChE) activity in rare plaques (p) and numerous neuroglia 
(arrowheads j. Etythrocyte-containing vessels yield a faint but 
nonspecific reaction (open arrow). Note that BChE-positive 
glia are much denser in layer 6 (LV1) and in  the subcortical 
white matter (wm). (0) Same part of the brain proceued with 
the identical BChE reaction in  the presence of 0.5 mM bacitra- 
cin. The nonspecific vessel staining persists (open arrow), but 
the plaque- and tangle-associated and glial BChE is completeb 
inhibited. 

The differential lamination of AChE and BChE glia 
that we observed is consistent with these findings and 
also leads to the suggestion that most cortical ChE- 
positive glia express only AChE, whereas the glia in 
deeper cortical layers and white matter also express 
BChE. We do not know if this latter group of glia 
expresses both AChE and BChE or if there are two 
independent populations, each expressing one of these 
ChEs. 

The suggestion that neuroglia provide a possible 
source for the plaque- and tangle-associated ChEs is 
based on the observation that they express ChEs with 
identical patterns of pH preference and inhibitor selec- 
tivity to indolamines and protease inhibitors. The con- 
verse possibility that plaques and tangles provide the 
source for the glial ChEs cannot be supported because 
non-AD brains, young as well as old, also contain glia 
with identical ChE enzymatic profiles. The different 
direction of change displayed by BChE and AChE glia 
also challenges the possibility that the prominence of 
ChE-expressing glia could be a secondary and nonspe- 
cific outcome of the gliosis associated with AD. 

Our experiments in ENTO, ITC, SI, and VI areas 
indicate that AChE- and BChE-expressing glia are part 
of the normal adult brain and that the density of these 
neuroglia does not display major age-related changes. 
In the normal brain, entorhinal and inferotemporal ar- 
eas contained a higher density of BChE-positive glia 
than primary somatosensory or visual areas. When 
compared with age-matched control brains, the AD 
brain displayed a further increase in the density of 
BChE-positive glia and a decrease in the density of 
AChE-positive glia, but only in the entorhinal and 
inferotemporal regions. In AD, the entorhinal and 
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Fig  4. Each number represents the total count of cholinesterase- 
positike neuroglia in a 10 x 10 reticle of total area 0.01 mm2. 
The center-to-center distance between any two counted ,fields in a 
given row ujas 0.2 mm. Numbers representing gIial counts in  
the white matter are shown in bold. The first row of count.c are 
from the subpial region in layer 1 .  The counts above the designa- 
tion cortex are in the gray matter: those below are in the white 
matter (wm). Note that the cortii-al thickness is rrduced in  Alz- 
heimer's &ease (AD). The control subject was 69 years old. 
The acetylchoIinesterase (AChE) and butyv3lcholinesterase 
(BChE) in  A D  are from matching sections in  the same 82-year- 
old patient. 

Fig  3, Regional and Alzhemerlr direa-re (AD)-related tiaviations 
in the distribution of buty ylcholinesterase (BChEi-positive neu- 
roglia. The conditions j%r the BChE histochemicul reactions in 
A through D are identical. ( X  296 before 18% reduction.i 
(A) Primary somatosensoqy cortex (SIi in a 71-year-old control 
subject. Few BChE-positive glia (arrowheads) are seen, mo.rt!y 
in layer 6 (LVI) and the subcortical white matter (wrn). (€3) 
The same cytoarchitectonic area in an 82-year-old patient with 
AD. BChE activity is seen in pkzques (pi, tangles (t), and neu- 
roglia (arrowheads). A and B have similar densities of neuro- 
&a. (C) Inferntemporal cortex (ITC) from the same control sub- 
ject as in A. There is a higher density of BChE-positive 
neuroglia (arrowheads) than in  SI. The.te neuroglia are also 
concentrated in kzyer 6 (LVI) and white matter (wrn). (D) In- 
ferotemporal cortex (ITC) b o r n  the same A D  patient as in B.  
Thme i.s BChE reactivity in  plaques (p), tangles (t), and numer- 
ous neuroglia (arrowheads). The density of BChE-positive neu- 
roglia i s  higher when compared with SI o f  the same brain (Bi 
and the same cytoarchitectonic area in  the control brain (C). 

inferotemporal areas are known to display earlier and 
more severe neuropathologicd changes than primary 
sensory areas [ 151. Our observations therefore suggest 
that a high density of BChE-positive glia or perhaps a 
high ratio of BChEiAChE glia may act as a permissive 
and/or causative factor in the neuropathology of AD. 

The molecular basis of the enzymatic distinction be- 
tween neuronal and glial AChE is poorly understood 
and may  reflect differential splicing or posttranslational 
modifications. The tetrameric globular form of AChE 
is predominant in neurons, but AD is associated with 
a different distribution of molecular forms and perhaps 
also with the emergence of asymmetrical and mono- 
meric forms in association with plaques and tangles 
125-301. Proteoglycans, which are present in plaques 
and tangles [31-331 and which are a known glial prod- 
uct 134-371, may be the substance that binds ChE to 
plaques and tangles 1251. 

ChEs are phylogenetically ancient and ubiquitous 
molecules that almost certainly participate in processes 
other than neurotransmission, including neural differ- 
entiation, plasticity, and perhaps the cleavage of pep- 
tide bonds. The role of ChEs in protein processing has 
been claimed by some and denied by others 138-551. 
True proteolytic activity is unlikely to be an intrinsic 
property of the AChE or BChE gene products and 
probably reflects the activity of substances that may 
naturally copurify with ChEs [50-55]. However, it is 
generally accepted that ChEs display an intrinsic aryl- 
acylamidase activity that can be inhibited by indol- 
amines E43-473. The existence of the aryl-acylam- 
idase activity together with the esterase activity could 
give the ChEs the potential to act as proteases because 
these two activities may be used collectively for protein 
bond cleavage 148, 491. Our finding that plaque, tan- 
gle, and glial ChEs are selectively vulnerable to indo- 
lamines and protease inhibitors suggests that the cata- 
lytic sites of these ChEs may be more closely associated 
with amidase- (or proteasel-like properties than the 
catalytic sites of the ChE found in the majority of nor- 
mal neurons and their axons 191. 

Current hypotheses for the pathogenesis of AD fo- 
cus on the excessive production, abnormal structure, 
or aberrant processing of a membrane-spanning P- 
amyloid precursor protein (PAPP), which contains an 
amyloidogenic PA4 domain. Normally, the PAPP is 
processed into various moieties. Some result from 
cleavage within the PA4 domain and are therefore non- 
amyloidogenic; others result from alternative cleavage 
sites that yield the uninterrupted sequence of the PA4 
fragment. The PA4 fragment may be released into the 
extracellular space in a soluble state or may lead to 
the formation of che insoluble amyloid plaques seen in 
advanced age and AD 156-581. The insoluble PA4 
deposits may have direct neurotopic effects and may 
conceivably induce local neuritic degeneration and tan- 
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gle formation {SS]. Alternatively, an aberrant biogene- 
sis and turnover of pAPP may exert a pathogenetic 
influence through the loss of a poorly understood but 
crucial function that this protein may have in the nor- 
mal brain. According to recent observations, for exam- 
ple, PAPP (or some of its nonamyloidogenic-released 
forms) may bind proteoglycans of the extracellular ma- 
trix and may participate in cell adhesion, neurite exten- 
sion, and protection from neurotoxicity {59-60al. 
Such observations raise the possibility that PAPP may 
act as a neurotrophic growth factor and that its aberrant 
or deficient function may underlie, at least in part, the 
pathogenesis of AD. 

ChEs may participate in the processing of PAPP and 
may influence its putative trophic functions. Experi- 
ments in chick muscle cultures show that a protease 
activity that copurifies with AChE can cleave PAPP 
within the PA4 domain to generate nonamyloidogenic 
end products {bl]. This AChE-associated protease ac- 
tivity has also been shown to release pAPP from extra- 
cellular matrix preparations 162). The specific effects 
of BChE and of different molecular forms of AChE on 
PAPP remain unknown. 

ChEs may also enter into competitive or comple- 
mentary interactions with the trophic, growth-promot- 
ing, or cell-anchoring functions of PAPP. For example, 
AChE promotes cell differentiation, neurite extension, 
and synaptogenesis in a variety of neural systems (see 
[42} and 1631 for discussion). Recent observations also 
indicate that the plaque- and tangle-associated ChEs 
bind proteoglycans of the extracellular matrix E251. As- 
suming that the plaque and tangle ChEs are derived 
from glia, glial ChE and PAPP may thus share common 
binding sites. These two proteins may even share a 
common origin because recent observations show that 
astroglia constitute one important source of pAPP and 
the soluble PA4 fragment {56]. The excessive accumu- 
lation of glial ChEs at extracellular binding sites that 
are also used by PAPP could interfere or compete with 
the normal function of PAPP. Alternatively, the glial 
ChEs may be secreted in an attempt to promote the 
regenerative processes that can no longer be sustained 
by an aberrant PAPP or that become jeopardized by 
excessive accumulations of the PA4 fragment. 

According to our current hypothesis, glial ChEs rep- 
resent molecular forms that may participate (either di- 
rectly or through associated substances) in peptide 
bond processing and neurotrophic function but that 
probably have little, if any, role in conventional cholin- 
ergic neurotransmission. These glial ChEs, together 
with other glial markers such as protease nexin I 164, 
65), a-1 -antichymotrypsin 1661, and a-1-antitrypsin 
{66a] may help to regulate the dynamic balance be- 
tween tissue proteases and their inhibitors and may 
also influence complex processes related to plasticity, 
regeneration, and cell adhesion. In the normal brain, 

glial ChE is detected predominantly in the intracellular 
space. In AD there may be excess production or secre- 
tion, reduced clearance, or increased adhesion to extra- 
cellular proteoglycans. The resultant extracellular accu- 
mulation of glial ChE may alter the response of the 
nervous system to stress and injury. This may repre- 
sent a direct effect of the ChEs or it may be secondary 
to their interactions with the physiological functions 
and processing of other molecules such as PAPP. The 
way in which glial ChEs reach plaques and tangles and 
their specific role in the genesis of these histopatholog- 
ical structures remains to be elucidated. Our observa- 
tions also suggest that a high ratio of BChEiAChE glia 
may act as a marker for brain regions that are selec- 
tively vulnerable to the neuropathology of AD. Per- 
haps only individuals with a premorbidly excessive 
BChEiAChE ratio are vulnerable to AD or perhaps 
this ratio further increases in specific regions of the 
brain as part of the pathogenetic process. The inference 
that neuroglia contribute to the pathogenesis of AD is 
in keeping with preliminary observations that show 
that astrocytes may participate in the production of 
PA4 and in tangle formation { S G ,  671. 

Large numbers of patients with AD have been given 
ChE inhibitors to enhance central cholinergic transmis- 
sion. Based on our current understanding of the multi- 
faceted neuropathology of AD, it is unlikely that en- 
hancement of cholinergic transmission will, by itself, 
have a substantial therapeutic effect Ell}. As shown in 
Table 2 ,  traditional ChE inhibitors (e.g., physostigmine 
and tacrine) that have been used in these therapeutic 
trials are approximately 100 times less effective in in- 
hibiting glial than neuronal ChE. Our observations sug- 
gest that other ChE inhibitors that can selectively target 
glial ChE may offer an alternative and perhaps more 
effective approach to the treatment and prevention 
of AD. 
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