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Abstract

In Alzheimer’s disease, histochemically visualized cholinesterases with altered pH optimum for
activity and inhibitable by indoleamines and the protease inhibitor bacitracin emerge in association
with plaques and tangles. It has been suggested that these cholinesterases may participate in the
pathologic process. However, it is not known whether the properties of cholinesterases observed in
Alzheimer’s disease are due to requirements of histochemical procedures or actual biochemical
properties of these enzymes. Using biochemical assays of acetylcholinesterase and
butyrylcholinesterase activities, we demonstrate here that serotonin and bacitracin result in a
significantly greater and dose-dependent inhibition of cholinesterases in Alzheimer’s disease
cortex when compared with age-matched controls. In contrast, variations in pH did not distinguish
cholinesterases in Alzheimer’s disease and control cortex. We also confirmed significant reduction
of acetylcholinesterase activity in Alzheimer’s disease cortex and increased butyrylcholinesterase
activity that only approached significance. We conclude that inhibition by indoleamines and
bacitracin is a biochemical characteristic of a proportion of cholinesterases in Alzheimer’s disease
that most likely represents the pool associated with plaques and tangles. Most of the available
cholinesterase inhibitors are relatively incapable of inhibiting cholinesterases associated with
plaques and tangles. The findings of the present investigation open the way for attempts to isolate
cholinesterases associated with plaques and tangles and design or discovery of inhibitors
specifically targeted to cholinesterases in these lesions.
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Introduction

One of the major neurochemical abnormalities in the brains of patients who suffer from
Alzheimer’s disease (AD) is a severe depletion of cortical cholinergic markers (see [1] for
review). The cortically projecting cholinergic system displays substantial loss in AD, both at
the level of neurons located within the basal forebrain [1-3] and at the level of axons and
terminals located within the cerebral cortex [1, 4]. Abnormalities in basal forebrain
cholinergic neurons and cortical cholinergic axons, and depletion of cortical cholinergic
innervation in AD occur relatively early in the course of the disease and are more substantial
and widespread than loss of other cortically projecting neurotransmitter-specific systems [1,
5, 6]. These observations, along with the fact that the basal forebrain cholinergic system is
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involved in the cognitive processing of memory and attention [1], have made this system a
target of therapy in AD.

Acetylcholinesterase (AChE, EC 2.3.1.6) is a relatively selective enzyme responsible for
hydrolysis of the cholinergic transmitter acetylcholine. It is present in all cholinergic
structures and in a subpopulation of non-cholinergic neurons throughout the nervous system
[1, 7]. Recent observations indicate that butyrylcholinesterase (BuChE, EC 3.1.1.8), which
is present in a subpopulation of cortical and subcortical neurons, is also capable of
hydrolysis of acetylcholine [8-10]. Both enzymes are also present in glial cells [11].

In the AD brain, cholinesterases (ChE) are not confined to normal neural elements [12]. Our
observations and those of others have indicated the presence of histochemically
demonstrable and intense AChE and BuChE activities in plagues and tangles (AD-ChEs)
[13, 14]. This observation is a consistent findings and has been demonstrated in many
cohorts and by various groups [12, 15, 16]. In addition, plaques found in the aged human
and non-human primate and tangles in the aged human brain contain AChE and BuChE
activities [17-19].

In an earlier series of experiments, we demonstrated a number of properties which
distinguish ChEs in plaques, tangles and glial cells in histochemical systems [12]. First,
ChEs in normal neurons and axons were visualized best at a pH of 8.0 whereas AD-ChEs in
plaques, tangles and glial cells required a much lower pH (6.8) for optimum visualization
[13]. Furthermore, ChEs in plaques and tangles but not those in neurons and axons displayed
similarities to aryl acylamidase activity (AAA) [20]. A proportion of both AChE and BuChE
in the CNS possess an AAA activity that catalyses the hydrolysis of acylamides of aromatic
amines [21]. The AAA activity of ChEs is inhibited by indoleamines [22, 23]. We found that
indoleamines, such as serotonin (5-HT) and its precursor 5-hydroxytryptophan (5-HTP),
were potent inhibitors of AD-ChE activity in plaques and tangles but did not affect ChEs in
neurons and axons [20]. Of great interest, unlike ChEs in neural structures, AD-ChEs were
also inhibited by the general protease inhibitor bacitracin and by carboxypeptidase inhibitor
[20]. These findings suggest that AD-ChEs may possess novel targets and may interact with
substrates other than acetylcholine [12].

A number of investigations have indicated that ChEs may be involved in the pathology of
the amyloid-p peptide (AB), a major constituent of plaques. Administration of ChE
inhibitors has been shown to interfere with AB production, most likely by reducing the levels
of the amyloid precursor protein from which A is cleaved [24-26]; however at least in
some instances this effect may be due to other properties of these agents separate from
enzymatic inhibition [25]. Both AChE and BuChE appear to influence the aggregation of Ap
[27, 28], a major event in the process of plaque formation. They also increase the toxicity of
AP [28, 29]. Our preliminary observations indicate that inhibition of both AChE and BuChE
activities reduces the toxic effects of Ap in the aged primate brain (Maloof et al., Soc. for
Neurosci. Abst., Session # 830.12, 2004). BUChE expression increases as plaques go
through the process of maturation from the diffuse type to the pathologic compact variety
[30]. The proposed influence of BUChE in the pathology of plaques appears to be greater
than that of AChE [31]. Importantly, while AChE activity is decreased in the AD brain,
BuChE activity either remains unchanged or is increased [12, 32, 33].

Given the possible involvement of AD-ChEs in disease pathology, it would be highly
desirable to fully characterize these enzymes. A major question in this regard is whether the
characteristics of AD-ChEs described earlier are true biochemical properties of these
enzymes or are a by-product of the requirements for the histochemical procedures used, such
as tissue fixation. In the present set of experiments, we used homogenized fresh frozen
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cortical tissue from Alzheimer’s disease and non-demented brains in a biochemical assay of
cholinesterase activity. We found that, similar to our histochemical observations,
indoleamines and bacitracin inhibited a considerably greater proportion of biochemically
determined AChE and BuChE activities in AD cortex when compared with non-demented
controls.

Materials and Methods

Materials

Cases

The following chemicals were obtained from Sigma-Aldrich Inc. Acetylthiocholine iodide,
butyrylthiocholine iodide, 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB), AChE inhibitor
BW284C51 (1,5-bis (4-allyl dimethylammonium phenyl) pentan-3-one dibromide), the
BuChE inhibitor Iso-OMPA (tetraisopropyl pyrophosphoramide), 5-HT (serotonin), 5-HTP,
bacitracin, Tween 20, Triton X-100, disodium EDTA and sodium phosphate (monobasic and
dibasic).

Cortical tissue from nine clinically and pathologically confirmed cases of AD and eight age-
and sex-matched control cases with no clinical or pathologic evidence of neurological or
psychiatric disorders were used in these experiments (Table). Age (control 78.4 = 3.7; AD
75.5 = 4.6) and postmortem interval (control 15.2 + 0.9; AD 17 + 2.7) were not different in
the two groups of brains (p>0.05). Following autopsy, brain tissue blocks were rapidly
frozen on dry ice and stored at —80° C until used. Identical cortical regions from the middle
temporal gyrus (Brodmann area 20) and prefrontal cortex (Brodmann area 9), areas that
show abundant accumulation of plaques and tangles in AD brains [34], were used for
analysis. Tissue from inferior parietal lobule (Brodmann area 39-40), which was available
from a few cases, was used in trial experiments to confirm the pattern of changes detected in
the other cortical areas.

Biochemical Determination of Cholinesterase Activity

AChE and BUChE enzyme activities were assayed according to the method of Ellman et al.
[35] with slight modifications. It has been reported that use of the detergent Triton-X100
may inhibit BUChE activity [36]. For this reason, the effects of Triton-X100 and Tween
were compared and the detergent that resulted in the highest BUChE activity was used in the
remainder of the experiments. Tissue samples were thawed on ice and sonicated at medium
power in 50 mM phosphate buffer containing 10mM EDTA and 0.5% Tween or Triton-
X100 to yield 5-10 mg of tissue per ml of the sonicate. Five pl of this tissue preparation was
added to 445 ul of a solution containing 50 mM sodium phosphate, 0.75 mM specific
BuChE inhibitor iso-OMPA or the specific AchE inhibitor BW284C51 (for determination of
AchE and BuChE activity, respectively), and DTNB. This mixture was incubated at 37° C
for 30 minutes to inhibit BUChE and AchE activities, respectively. Blanks contained the
sonication medium without tissue. Then 50 ul of a 5 mM solution of acetylthiocholine
iodide (for determination of AchE activity) or butyrylthiocholine iodide (for determination
of BUChE activity) were added to this solution and the optical density (OD) of 200 ul of this
mixture was determined at 412 nm in a spectrophotometer. The rest of the solution was
allowed to incubate at 37° C for 30 minutes and the OD determined in 200 ul of this solution
at 412 nm. The net OD after the last incubation of the sample minus the blank was used to
calculate the level of ChE activity in tissue. ChE activity was determined in duplicate or
triplicate and expressed as mmol/hr/g protein. Protein was measured using the Bio-Rad
colorimetric assay.
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Investigation of the effects of pH, Indoleamines and Bacitracin

To investigate the effects of pH on ChE activities in control and AD cortex, phosphate
buffer with five different pHs varying at 0.5 increments between 6.3 and 7.8 was used in the
biochemical reaction. In a second set of experiments, we tested the pH used for usual
enzymatic reactions (7.4) and the pHs at which optimum ChE activity is seen
histochemically in neurons/axons (8.0) and plaques/tangles (6.8) [12, 13].

Inhibition of ChEs by the indoleamines 5-HT and 5-HTP and by the general protease
inhibitor bacitracin in control and AD cortex were investigated through determination of
ChE activity in the absence or presence of 1073, 1074, 107> and 106 M concentration of
each compound.

Statistical Analysis

Results

Statistical analysis was carried out using the GraphPad Instat software (version 3.0,
GraphPad Software, Inc.). All data were normally distributed, therefore analysis of variance
followed by Tukey’s post hoc tests were used to determine significant effects. The
probability for accepting a significant effect was set at p<0.05.

To determine differential inhibition by indoleamines and bacitracin in control compared
with AD cortex, in each case the ChE activity in the presence of each concentration of
inhibitor was expressed as percentage of ChE activity in the absence of inhibitor and the
percentage data was used for statistical analysis.

Tween VS Triton X-100

AchE and BuChE activities measured in the presence of 0.5% of the detergent Tween 20
were consistently and significantly greater in both cortical areas and in both control and AD
cortex when compared with the same concentration of Triton X-100 (p<0.05, Fig. 1).
Therefore, in the remainder of the experiments, Tween 20 was used as detergent.

Cholinesterase Activity in Control and Alzheimer Cortex

Averaged AchE activity in all cortical areas was significantly lower in AD cortex when
compared with controls (50%, p<0.009, Fig. 2). Averaged BuChE activity was higher in AD
cortex (50%, Fig. 2), but this difference only approached statistical significance due to high
variability (p=0.086).

Effect of pH on Cholinesterase Activity

In virtually all cases, both AchE and BuChE activity showed an increase with increasing pH.
This increase was statistically significant for AchE activity when the lowest pHs (6.0-6.8),
were compared with the highest pHs (7.8-8.0, p<0.05). The increases in BUChE activity
were not statistically significant (p>0.05). At all pHs, there was less AchE activity in AD
cortex when compared with controls. Additionally, the non-significant increase in BuChE in
AD cortex was seen at all pHs (data not shown).

Inhibition of Cholinesterase Activity by Indoleamines and Bacitracin

5-HT resulted in minimal inhibition of AchE and BuChE activity in control cerebral cortex
(p>0.05 for all concentrations when compared with no inhibitor condition, Fig. 3A and B).
However, in AD cortex, substantial dose-dependent inhibition was obtained at several
concentrations. The proportion of total AchE that was inhibited in AD was significantly
greater when compared with the condition with no inhibitor. (p<0.05-0.01, Fig 3A).
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Similarly, the proportion of BuChE inhibited in AD cortex was significantly greater when
compared with no inhibitor condition (p<0.05-0.01, Fig 3B). An inverted U-shaped dose-
response curve was obtained for 5-HT dose and extent of AchE and BuChE inhibition.
Identical results were obtained in the temporal and frontal cortices. Trial experiments using
5-HTP or parietal cortex tissue showed identical pattern of inhibition (data not shown).

Similar to indoleamines, bacitracin resulted in minimal inhibition of AchE and BuChk
activity in control cortex (p>0.05 for all concentrations when compared with no inhibitor
condition, Fig 3C and D). In contrast, in AD cortex, bacitracin resulted in substantial dose-
dependent inhibition of AchE. The proportion of AchE in the presence of the three lower
concentrations of bacitracin was significantly lower in AD cortex when compared with the
no inhibitor condition (p<0.05-0.01, Fig 3C). Additionally, the proportion of BUChE in the
presence of the three lower concentrations of bacitracin was significantly lower when
compared with no inhibitor condition (p<0.05-0.001, Fig 3D). As was the case with
indoleamines, an inverted U-shaped dose-response curve was obtained for bacitracin dose
and extent of AchE and BUChE inhibition and identical results were obtained in frontal and
temporal cortex. Trial experiments using parietal cortex tissue displayed an identical pattern
of inhibition.

Discussion

Consistent with previous reports [12, 32, 33], we observed a significant loss of AchE
activity in AD cortex when compared with non-demented controls. The literature reports
increased or no change in BUChE activity in AD cortex [12, 32, 33]. We found increased
BuChE activity in AD cortex that only approached significance. Thus, our findings support
the well- established loss of AchE activity in AD cortex and stable or possible increase of
BuChE activity.

Our histochemical findings had indicated pH dependency of AchE and BuChE activities in
normal neural structures and plaques/tangles [12, 13]. ChE activity in the former was
visualized best at pH 8.0, whereas that in the latter required a lower pH of 6.8. If this
dependence of activity on pH is true biochemical property of ChEs in the two compartments,
then it would be expected that at pH 6.8, the ChEs that emerge in plaques and tangles would
result in higher biochemically measured AchE and BUChE activities in AD cortex when
compared with controls. However, we did not observe such a pattern. AchE and BuChE
activity displayed a consistent elevation with increased pH. Furthermore, AchE activity was
always lower in AD cortex regardless of pH. In addition, BUChE activity showed the same
pattern in AD when compared with controls at all pHs tested. Therefore, it appears that the
differences in pH optimum for visualizing ChE activities in plaques and tangles in tissue
sections is due to fixation or other properties of histochemical systems and not true
differential biochemical property of ChEs in AD and control cortex.

In contrast to pH, inhibition patterns clearly distinguished biochemically determined ChE
activity in AD cortex from those in normal brains. At the range of concentrations used,
indoleamines and bacitracin resulted in virtually no inhibition of AchE or BUChE in cortical
tissue from normal control subjects when compared with no inhibitor condition. On the
other hand, these agents resulted in a dose-dependent inhibition of a proportion of AchE and
BuChE in AD. Thus, inhibition by indoleamines and bacitracin appears to be an intrinsic
biochemical property of a proportion of ChEs in AD cortex. Given that indoleamines and
bacitracin selectively inhibit ChEs in plaques and tangles in histochemical systems [20], it is
very likely that the biochemically inhibitable ChEs we observed in AD cortex belong to the
pool of enzyme associated with these pathological lesions.
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The biochemical observations reported here support our earlier suggestion that a distinct
pool of AchE and BUuChE emerge in AD cortex, associated with plaques and tangles [12].
We have found that ChEs with identical histochemical properties to those found in plaques
and tangles are also found in glial cells [11]. Thus the biochemically different pool of ChEs
is AD may originate in glia which display significant proliferation and activation in the
course of the disease process [37, 38].

At present, amelioration of the cholinergic deficit in AD is accomplished through
administration of ChE inhibitors [8]. The rationale for the use of these agents is to inhibit the
hydrolytic enzyme AchE and thereby increase the available pool of the neurotransmitter
acetylcholine. Importantly, recent evidence has confirmed that butyrylcholinesterase
(BuChE), another major ChE in the brain, is also capable of hydrolyzing ACh [8-10], and
therefore its inhibition may further enhance cholinergic transmission in AD.

As reviewed earlier, ChEs are most likely involved in the pathology of plagues. AChE and
BuChE influence AB production [24-26], its aggregation [27,28] and its toxicity [28,29],
and BUChE appears to influence the maturation of plaques [30]. Since AD-ChEs are
associated with the pathology of AD and emerge in the course of the disease, it is likely that
it is this pool of ChEs that is involved in the pathology of Ap summarized above. These
considerations indicate that it may be desirable to inhibit the biochemically distinct pool of
AD-ChEs that are associated with plaques, tangles and glial cells and that such a strategy
may provide a means of retarding the disease process in AD. However, we have shown
using histochemical systems that with few exceptions, commonly used ChE inhibitors, are
considerably less effective in inhibiting ChEs in plaques and tangles when compared with
ChEs in neurons and axons [12].

The selective biochemical properties of AD-ChEs observed in our experiments justify a
search for new inhibitors that can selectively target this pool of ChEs. However, such a
search requires isolation of ChEs associated with plaques, tangles and glial cells for testing
of the specificity of any inhibitors discovered or designed. A previous report [39] and our
preliminary observations (Yan et al., Soc. Neurosci. Abst., Session # 115.10, 2007) indicate
that isolation of AD-ChEs through passive release or digestion of proteins that may anchor
them to cells and the extracellular matrix, may provide a mechanism for selective isolation
of ChEs associated with plaques, tangles and glial cells. Future experiments are required to
determine whether these strategies are specific enough and yield sufficient amounts of AD-
ChEs to make them useful for development and testing of AD-ChE inhibitors.
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Figure 1.

Effects of detergent on AChE and BuChE activities. Use of Tween 20 in the sonication
medium resulted in significantly greater AChE and BUChE activity when compared with the
use of Triton X-100. In the ChE assay system used, Triton X-100 appeared to result in
inhibition of activity. Bars represent mean activity * standard error of the mean. AChE and
BuChE activity in temporal and frontal cortex were averaged and used as data points for
each case. * p<0.05.
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AChE and BuChE- Cont vs. AD
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Figure 2.
Activity of ChEs in AD cortex. AChE activity was significantly lower in AD cases when

compared with controls. BUChE activity was higher in AD when compared with controls,
but the difference only approached significance. Bars represent mean activity + standard
error of the mean. AChE and BuChE activity in temporal and frontal cortex were averaged
and used as data points for each case. * p<0.009, + p=0.086.

Curr Alzheimer Res. Author manuscript; available in PMC 2012 February 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vVd-HIN

Page 11

A B
AChE Inhibition: 5-HT BuChE Inhibition: 5-HT
1007 100~
. 3 Con 1 Control
£5 soq . AD 25 8o . = AD
o Q =5
RE | 4 82
5 £ 60 5 T 60
o
€2 =2
8 g 401 @ o 40
A O =
3= £=
o =
20 = 50l
o4 A1
0 10°® 10° 10 10° 0 0 10 10 10 10°
5-HT Concentration (M) 5-HT Concentration (M)
C D
AChE Inhibition: Bacitracin BuChE Inhibition: Bacitrain
1007
I Control 1009 ]
- pr . —Con
22 % — £5 80 - AD
o2 58
<< Q o=
5 £ 607 < £ s0-
2 * ze
= o g # #
o
204 &7 20 i
o . AL
0 10 10° 104 10° 0 0 10 10°° 104 102
Bacitracin Conventration (M) Bacitracin Concentration (M)
Figure 3.

Inhibition of AChE and BuChE activity in control and AD cortex by 5-HT and the protease
inhibitor bacitracin. (A) In control temporal cortex, 5-HT resulted in inhibition of a
negligible proportion of AChE when compared with no inhibitor condition. In contrast, 5-
HT resulted in inhibition of a substantial proportion of AChE in AD temporal cortex.
Inhibition in AD was significantly greater than the no inhibitor condition at every
concentration of 5-HT used. (B) Similar to AChE, 5-HT resulted in inhibition of a negligible
proportion of BUChE in control temporal cortex and a substantial proportion of BUChE in
AD cortex. BUChE inhibition by 5-HT was significantly greater in AD when compared with
no inhibitor condition for the three lower concentrations of 5-HT. (C) In control temporal
cortex, bacitracin resulted in inhibition of a small proportion of AChE when compared with
the no inhibitor condition. In AD, the proportion of AChE inhibited was substantially higher
and was significantly greater than the no inhibitor condition for the three lowest
concentrations used. (D) Similar to AChE, bacitracin inhibited a small proportion of BUChE
in control frontal cortex and a substantially larger proportion in AD cortex which was
significantly different than the no inhibitor condition for the three lowest concentrations
used. Similar results were obtained in the frontal and temporal cortex. Trial experiments in
the inferior parietal lobule (Brodmann area 40-41) displayed a similar pattern of inhibition
as did trials using 5-HTP as inhibitor. * p<0.05, + p<001, # p<0.001.
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Characteristics of Cases

Table

Case Number | Age (Years) | Sex | Postmortem Interval (Hours) Diagnosis
1 87 F 13 Normal
2 73 M 16 Normal
3 7 F 15 Normal
4 64 F 14 Normal
5 93 M 14 Normal
6 88 M 20 Normal
7 89 M 12 Normal
8 70 F 13 Normal
9 65 M 29.3 Alzheimer’s Disease
10 91 F 27.8 Alzheimer’s Disease
11 66 M 5 Alzheimer’s Disease
12 91 F 22 Alzheimer’s Disease
13 51 F 10 Alzheimer’s Disease
14 69 M 12 Alzheimer’s Disease
15 87 M 13 Alzheimer’s Disease
16 80 M 13 Alzheimer’s Disease
17 80 F 22 Alzheimer’s Disease

F, Female; M, Male.
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