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ABSTRACT
In Alzheimer’s disease (AD), premature demise of acetylcholine-producing neurons and the consequent
decline of cholinergic transmission associate with the prominent cognitive impairments of affected individuals. However, the enzymatic activities of acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) are altered rather late in the disease progress. This raised questions regarding the causal involvement of AChE and BChE in AD. Importantly, single nucleotide polymorphisms (SNPs), alternative
splicing, and alternate promoter usage generate complex expression of combinatorial cholinesterase
(ChE) variants, which called for testing the roles of specific variants in AD pathogenesis. We found accelerated amyloid fibril formation in engineered mice with enforced over-expression of the AChE-S
splice variant which includes a helical C-terminus. In contrast, the AChE-R variant, which includes a
naturally unfolded C-terminus, attenuated the oligomerization of amyloid fibrils and reduced amyloid
plaque formation and toxicity. An extended N-terminus generated by an upstream promoter enhanced
the damage caused by N-AChE-S, which in cell cultures induced caspases and GSK3 activation, tau hyperphosphorylation, and apoptosis. In the post-mortem AD brain, we found reduced levels of the neuroprotective AChE-R and increased levels of the neurotoxic N-AChE-S, suggesting bimodal contribution
to AD progress. Finally, local unwinding of the α-helical C-terminal BChE peptide and loss of function
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of the pivotal tryptophan at its position 541 impair amyloid fibril attenuation by the common BChE-K
variant carrying the A539T substitution, in vitro. Together, our results point to causal yet diverse involvement of the different ChEs in the early stages of AD pathogenesis. Harnessing the neuroprotective
variants while reducing the levels of damaging ones may hence underlie the development of novel
therapeutics.
KEY WORDS: Acetylcholinesterase, Alzheimer’s disease, apoptosis, beta-amyloid, butyrylcholinester-

ase

Alzheimer’s disease (AD), the leading cause of
dementia in the elderly today, is a neurodegenerative disorder with an urgent and unmet medical need.1–3 AD is characterized by several hallmarks including increased levels of amyloid beta
42 (Aβ42) and the consequent generation of toxic
oligomers and plaques, intracellular accumulation of neurofibrillary tangles composed of
hyperphosphorylated tau protein, synaptic deficits, and neuronal loss.1–3 The currently used cholinesterase inhibitor therapies mainly offer palliative relief, and a thorough understanding of the
early stages of the disease is needed for successful
future interventions. Interestingly, both acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) are localized in amyloid plaques, and early reports showed that AChE is capable of facilitating Aβ fibril formation.4 However, AChE is not
one but several enzymes generated by alternate
promoter usage and alternative splicing (Figure
1).5,6 At the C-terminus, skipping of exon 5 and
inclusion of exon 6 generates the normally abundant AChE-S variant which includes a helical Cterminus7 and is attached as tetramers through a
dedicated structural unit to the synaptic cleft.8
Inclusion of in-frame intron 4 and exon 5 generates the stress-induced monomeric and soluble
AChE-R variant with its naturally unfolded Cterminal peptide.9 AChE has been attributed roles
in apoptosome formation and apoptosis.10 However, it remained unclear if different variants participate in this function similarly. Also, AChE is
widely expressed in the healthy brain; it therefore
remained unclear whether it plays similar role(s)
in the apoptotic pathway in the healthy brain and
in AD. Based on these arguments, we reasoned
that differential expression of AChE variants may
be causally involved in the pattern of neuronal
death seen in AD. To address the specific func-
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tions of these variants in AD we first compared
the effect of recombinant, highly purified AChE-S
and AChE-R on amyloid β-sheet formation using
thioflavin-T incorporation assay. While AChE-S
facilitated the formation of β-sheets, AChE-R
surprisingly inhibited oligomerization and βsheet formation. The neurotoxic amyloid peptides
Aβ40 and Aβ42 were dose-dependently modulated by the two variants, and masking the Cterminus of AChE-R using a specific antibody
blocked this effect.11
Several neurotoxic Aβ oligomers have thus far
been described,12,13 and while it is generally believed that soluble Aβ is the main toxic species in
AD,2 insoluble amyloid plaques also induce damage to dendrites and disrupt normal neuronal
wiring.14 For these reasons the in-vivo effect of
AChE-S and AChE-R was examined in the APPsw
mouse model, carrying the amyloid precursor
protein (APP) with the “Swedish” mutation leading to early-onset Alzheimer’s disease. Two missense mutations in APP result in these mice in
increased Aβ42/40 ratio, amyloid plaque formation, synaptic deficits, and learning and memory
impairments. To challenge the hypothesis that
specific AChE variants could affect the progress of
these neuropathology hall-marks, we crossed the
APPsw mice with mice engineered to over-express
either AChE-S or AChE-R. Similarly to the invitro results, we found that AChE-S facilitated the
formation of plaques.15 Mice co-expressing AChES and APPsw showed more plaques, and these
appeared earlier in the double-transgenic mice
than in mice transgenic for APPsw alone. Moreover, APPsw/AChE-S mice showed memory impairments that were tightly correlated with plaque burden.16 In contrast, AChE-R reduced the
overall brain area covered with these aggregates.11
Secondary outcomes of amyloid toxicity were also
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Figure 1. Genomic location and gene structure of BChE and AChE. Both enzymes encode many different variants, BChE due to multiple polymorphisms and AChE because of alternate promoter usage and 3’ alternative
splicing. Noted are those single nucleotide polymorphisms in BChE which generate the two most frequent variants in Middle Eastern populations, the C-terminal A539T substitution in BChE-K and the N-terminal D70G
mutation in “atypical” BChE which causes post-anesthetic depression and is linked to apnea.43 BChE-K retains
approximately 70% of its hydrolytic activity due to inherent instability, whereas “atypical” BChE retains only
25% of this activity. In AChE, alternate promoters generate N-terminally extended variants, and alternative
splicing changes the C-terminus of the protein.39

modulated: AChE-R reduced gliosis and restored
dendritic density. In parallel to the mouse studies,
we further explored human brain tissues from AD
patients and matched controls. Total AChE expression in the AD brain was reduced only to a
minor extent, but AChE-R levels were drastically
reduced to about 20% of control levels,11 supporting the notion that loss of this naturally rare variant may be involved with amyloid plaque development in the human brain as well.
In addition to the alternate C-terminus of
AChE, changes in the composition of the Nterminus are also important for the functions and
properties of this enzyme. Several alternate promoters in mouse and human AChE have been
reported.9 Among these, of particular interest is
an upstream promoter leading to an N-terminal
extension via an in-frame translation start site.
This N-terminal extension can be combined with
either the AChE-S or AChE-R unique C-termini
leading to four different variants (AChE-S, AChERambam Maimonides Medical Journal

R, N-AChE-S, and N-AChE-R). Transfection of
primary cortical neurons and cell lines of other
tissue origins with the four variants demonstrated
that the N-AChE-S variant is the only one which
induces apoptosis. Further, N-AChE-S levels are
increased following thapsigargin treatment which
induces apoptosis by increasing intracellular calcium levels. Concomitant activation of caspases 3
and 9 was observed following N-AChE-S transfection. Moreover, the apoptotic effect of N-AChE-S
was abolished by small interfering RNA (siRNA)
against AChE, cholinesterase inhibitors, apoptosis
inhibitors, and by transfection of the antiapoptotic Bcl proteins.17,18 A key player in apoptosis and Alzheimer’s disease is glycogen synthase
kinase 3 (GSK3).19,20 We therefore investigated
whether N-AChE-S affects GSK3 activation. Indeed, reduced levels of serine-phosphorylated
inactive GSK3 were observed after N-AChE-S
transfection. One substrate of GSK3 is the microtubule-associated protein tau. As expected, N-
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AChE-S also induced tau hyperphosphorylation,
and the expression pattern of these two proteins
in the post-mortem cortex of AD patient donors
was remarkably similar. Attempts to generate NAChE-S transgenic mice have thus far been unsuccessful given that over-expression of N-AChES is lethal, with almost no embryo passing the
morula stage.18 Given that most AD mouse models used to date do not show neuronal death, a
major hall-mark of AD, combining existing models with mild N-AChE-S over-expression may lead
to a new and more relevant model. To delineate
the mechanism(s) of N-AChE-S-induced apoptosis we hence searched for protein partners in vitro and found that GSK3, the Aurora and cyclinG-dependent kinases (GAK), membrane integrin
receptors and the death receptor FAS all interact
with N-AChE-S.18 Therefore, N-AChE-S seems to
be a key factor in apoptosis, especially in the ADrelated context of calcium dys-homeostasis and
tau hyperphosphorylation.

Figure 2. Structural effects of alanine-to-tryptophan substitution in position 539 of BChE. Shown is molecular
modeling of the helical C-terminal peptides of the “usual”
(wild-type) BChE (gray) and the BChE-K variant (yellow),
as these interact with the proline-rich Lamellipodin peptide with which BChE is associated in the serum. Note that
the A-to-T mutability, characteristic of the K variant, and
which is schematically drawn below, induces a kink. This
impairs protein-protein interactions of the BChE-K Cterminal peptide, possibly by changing the positioning of
the adjacent tryptophan – as we could experimentally
validate by nuclear magnetic resonance measurements.26

Rambam Maimonides Medical Journal

Contrasting the many variants of AChE, there
is no evidence that BChE transcripts undergo alternative splicing or are generated from different
promoters. However, the BChE gene is considerably more susceptible to mutability than the
AChE gene. Over 40 genomic variants have been
described, with some of them having profound
effects on the hydrolytic properties of this enzyme. Among these polymorphisms, the alanineto-threonine substitution at position 539 is the
most frequent one, with allelic frequencies of
0.13–0.21 (Figure 1). This variant, termed BChEK, is a long-debated risk factor for AD. While several studies found that BChE-K confers high risk
to develop AD,21 others have found no association,22 or even found it to be protective.23 We
therefore took a biochemical approach and compared the influence of “usual” BChE (BChE-U)
and BChE-K on amyloid oligomerization and toxicity. BChE-U was found to act similarly to AChER and attenuated amyloid oligomerization.24,25
This effect was mainly dependent on a tryptophan
residue which disturbs an amphipathic α-helix at
the C-terminus (Figure 2). The effect of BChE-K
seems to be a complex one, with its reduced hydrolytic activity protecting cholinergic transmission, whereas its impaired C-terminal structure
interferes with this protein’s capacity to attenuate
amyloid fibril formation.26 Therefore, the combined effect of BChE-K may depend on other factors modulating its activity, which could explain
at least some of the controversy reported in the
literature.27
The cholinesterases are not unique in the different features conferred by their modified N- and
C-termini; rather, many other neurodegeneration-related proteins show different and sometimes inverse features when their N- and/or Ctermini are modified, either by alternative splicing or due to alternate promoter usage or single
residue substitutions. Examples of functionally
effective alternative splicing in the terminal regions include presenilins 1 and 2,28,29 APP,30 the
APP-binding protein Fe65,31 and neurexins and
neuroligins.32 Examples of disease-associated single nucleotide polymorphisms (SNPs) are also
abundant in the termini of two genes that have
recently been implicated in amyotrophic lateral
sclerosis (ALS): numerous mutations in the Cterminus of both TDP-43 and FUS, both involved
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in pre-mRNA processing and which generate inclusions in motor neurons, are reported in ALS
pedigrees suggesting their causal involvement in
the disease.33 Furthermore, usage of alternate
promoters leading to inclusion of 5’ in-frame extension has been reported for example in the
apoptosis regulator protein Bim in sympathetic
neurons.34
Last, but not least, regulation of cholinesterase
(ChE) levels by micro-RNA should be discussed.
Over 40 different micro-RNAs are complementary to the 3’-untranslated region (UTR) of AChE
mRNA, compared to 14 other micro-RNAs that
are complementary to BChE’s 3’-UTR. Intriguingly, those do not overlap each other, suggesting
specificity of such regulation. Also, specific ChEtargeted micro-RNAs show different evolutionary
conservations and tissue distributions. We have
recently shown that micro-RNA-132 arrests
AChE-S mRNA translation in macrophages following inflammatory processes, thus retrieving
homeostatic cholinergic signaling.35 Further studies will be required to explore the potential involvement of this mechanism in other diseases
(e.g. neurodegeneration).
Taken together, our data demonstrate that
both N- and C-terminal modulations in cholinesterases have profound roles in AD pathogenesis
and that they all affect key features of AD including amyloid oligomerization, amyloid toxicity,
plaque formation, tau hyperphosphorylation,
apoptosis, and learning and memory impairments
(Figure 3). The fact that some cholinesterase variants are protective against Aβ toxicity while others facilitate such effects offers a new possibility
for therapeutic intervention. For example, cholinesterase inhibitors have been shown to upregulate AChE-R levels by a feedback mechanism.36,37 This may explain some of the beneficial
effects attributed to such inhibitors.38 AChE-R is
also increased in the brain following stress and
inflammation,39-41 possibly as a neuroprotective
attempt. Further, increasing the brain levels of
the neuroprotective variants by other means, for
example by preventing the massive degradation of
AChE-R seen in the AD brain,11 may help to control Aβ toxicity. The selective knock-down of specific variants using siRNA may also support efforts to specifically reduce the levels of cholinesterase variants that promote AD pathogenesis.42
Rambam Maimonides Medical Journal

Figure 3. Proposed model for the combined effects of
cholinesterases on Alzheimer’s disease progression. Note
that both AChE-R and BChE can potentially attenuate Aβ
oligomerization and its toxic effects, whereas AChE-S
inversely promotes these processes, accelerating neurodegeneration. BChE-K is further impaired in its ability to
attenuate fibril formation and may thus also contribute to
neurodegeneration. N-AChE-S additionally promotes
neurodegeneration of cholinergic neurons by the induction of apoptosis and tau hyperphosphorylation.

Terminally modified ChEs are hence naturally
occurring modulators of amyloid toxicity that
could be harnessed in the battle against this disease.

REFERENCES
1. Ballatore C, Lee VM, Trojanowski JQ. Taumediated neurodegeneration in Alzheimer’s disease and related disorders. Nat Rev Neurosci
2007;8:663–72. doi:10.1038/nrn2194
2. Haass C, Selkoe DJ. Soluble protein oligomers in
neurodegeneration: lessons from the Alzheimer’s
amyloid beta-peptide. Nat Rev Mol Cell Biol
2007;8:101–12. doi:10.1038/nrm2101
3. Small SA, Duff K. Linking Abeta and tau in lateonset Alzheimer’s disease: a dual pathway hypothesis. Neuron 2008;60:534–42. doi:10.1016/j.
neuron.2008.11.007

5

October 2010 w Volume 1 w Issue 2 w e0014

Modified Cholinesterases in Alzheimer’s Disease

4. Inestrosa NC, Alvarez A, Pérez CA, et al. Acetylcholinesterase accelerates assembly of amyloid-betapeptides into Alzheimer’s fibrils: possible role of
the peripheral site of the enzyme. Neuron
1996;16:881–91. doi:10.1016/S0896-6273(00) 801
08-7
5. Soreq H, Seidman S. Acetylcholinesterase – new
roles for an old actor. Nat Rev Neurosci 2001;
2:294–302. doi:10.1038/35067589
6. Meshorer E, Soreq H. Virtues and woes of AChE
alternative splicing in stress-related neuropathologies. Trends Neurosci 2006;29:216–24. doi:10.
1016/j.tins.2006.02.005
7. Dvir H, Harel M, Bon S, et al. The synaptic acetylcholinesterase tetramer assembles around a polyproline II helix. EMBO J 2004;23:4394–405.
doi:10.1038/sj.emboj.7600425
8. Massoulie J. The origin of the molecular diversity
and functional anchoring of cholinesterases. Neurosignals 2002;11:130–43. doi:10.1159/0000650
54
9.

Meshorer E, Toiber D, Zurel D. Combinatorial
complexity of 5’ alternative acetylcholinesterase
transcripts and protein products. J Biol Chem
2004;279:29740–51.
doi:10.1074/jbc.M402752
200

10. Park SE, Kim ND, Yoo YH. Acetylcholinesterase
plays a pivotal role in apoptosome formation. Cancer Res 2004;64:2652–5. doi:10.1158/0008-5472.
CAN-04-0649
11. Berson A, Knobloch M, Hanan M, et al. Changes in
readthrough acetylcholinesterase expression modulate amyloid-beta pathology. Brain 2008;131:
109–19. doi:10.1093/brain/awm276
12. Lesné S, Koh MT, Kotilinek L, et al. A specific amyloid-beta protein assembly in the brain impairs
memory. Nature 2006;440:352–7. doi:10.1038/
nature04533
13. Shankar GM, Li S, Mehta TH, et al. Amyloid-beta
protein dimers isolated directly from Alzheimer’s
brains impair synaptic plasticity and memory. Nat
Med 2008;14:837–42. doi:10.1038/nm1782
14. Meyer-Luehmann M, Spires-Jones TL, Prada C, et
al. Rapid appearance and local toxicity of amyloidbeta plaques in a mouse model of Alzheimer’s disease. Nature 2008;451:720–4. doi:10.1038/nature
06616
15. Rees T, Hammond PI, Soreq H, Younkin S, Brimijoin S. Acetylcholinesterase promotes betaamyloid plaques in cerebral cortex. Neurobiol Ag-

Rambam Maimonides Medical Journal

ing 2003;24:777–87. doi:10.1016/S0197-4580(02)
00230-0
16. Rees TM, Berson A, Sklan EH, et al. Memory deficits correlating with acetylcholinesterase splice
shift and amyloid burden in doubly transgenic
mice. Curr Alzheimer Res 2005;2:291–300.
doi:10.2174/1567205054367847
17. Toiber D, Berson A, Greenberg D, Melamed-Book
N, Diamant S, Soreq H. N-acetylcholinesteraseinduced apoptosis in Alzheimer’s disease. PLoS
One 2008;3:e3108. doi:10.1371/journal.pone.
0003108
18. Toiber D, Greenberg DS, Soreq H. Pro-apoptotic
protein-protein interactions of the extended NAChE terminus. J Neural Transm 2009;116:1435–
42. doi:10.1007/s00702-009-0249-2
19. Jope RS, Johnson GV. The glamour and gloom of
glycogen synthase kinase-3. Trends Biochem Sci
2004;29:95–102. doi:10.1016/j.tibs.2003.12.004
20. Linseman DA, Butts BD, Precht TA, et al. Glycogen
synthase kinase-3beta phosphorylates Bax and
promotes its mitochondrial localization during
neuronal apoptosis. J Neurosci 2004;24:9993–
10002. doi:10.1523/JNEUROSCI.2057-04.2004
21. Wiebusch H, Poirier J, Sevigny P, Schappert K.
Further evidence for a synergistic association between APOE epsilon4 and BCHE-K in confirmed
Alzheimer’s disease. Hum Genet 1999;104:158–63.
doi:10.1007/s004390050929
22. Singleton AB, Smith G, Gibson AM, et al. No association between the K variant of the butyrylcholinesterase gene and pathologically confirmed Alzheimer’s disease. Hum Mol Genet 1998;7:937–9.
doi:10.1093/hmg/7.5.937
23. Holmes C, Ballard C, Lehmann D, et al. Rate of
progression of cognitive decline in Alzheimer’s disease: effect of butyrylcholinesterase K gene variation. J Neurol Neurosurg Psychiatry 2005;76:640–
3. doi:10.1136/jnnp.2004.039321
24. Diamant S, Podoly E, Friedler A, Ligumsky H, Livnah O, Soreq H. Butyrylcholinesterase attenuates
amyloid fibril formation in vitro. Proc Natl Acad
Sci U S A 2006;103:8628–33. doi:10.1073/pnas.
0602922103
25. Podoly E, Bruck T, Diamant S, et al. Human recombinant butyrylcholinesterase purified from the
milk of transgenic goats interacts with betaamyloid fibrils and suppresses their formation in
vitro. Neurodegener Dis 2008;5:232–6. doi:10.
1159/000113711

6

October 2010 w Volume 1 w Issue 2 w e0014

Modified Cholinesterases in Alzheimer’s Disease

26. Podoly E, Shalev DE, Shenhar-Tsarfaty S, et al.
The butyrylcholinesterase K variant confers structurally derived risks for Alzheimer pathology. J Biol Chem 2009;284:17170–9. doi:10.1074/jbc.
M109.004952
27. Podoly E, Hanin G, Soreq H. Alanine-to-threonine
substitutions and amyloid diseases: Butyrylcholinesterase as a case study. Chem Biol Interact
2010;187:64–71. doi:10.1016/j.cbi.2010.01.003
28. Scheper W, Zwart R, Baas F. Alternative splicing
in the N-terminus of Alzheimer’s presenilin 1.
Neurogenetics 2004;5:223–7. doi:10.1007/s100
48-004-0195-y
29. Smith MJ, Sharples RA, Evin G, et al. Expression
of truncated presenilin 2 splice variant in Alzheimer’s disease, bipolar disorder, and schizophrenia
brain cortex. Brain Res Mol Brain Res
2004;127:128–35. doi:10.1016/j.molbrainres.2004
.05.019
30. Morin PJ, Medina M, Semenov M, Brown AM,
Kosik KS. Wnt-1 expression in PC12 cells induces
exon 15 deletion and expression of L-APP. Neurobiol Dis 2004;16:59–67. doi:10.1016/j.nbd.2004.
01.004
31. Tanahashi H, Tabira T. Characterization of an
amyloid precursor protein-binding protein Fe65L2
and its novel isoforms lacking phosphotyrosineinteraction domains. Biochem J 2002;367:687–
95. doi:10.1042/BJ20020562
32. Craig AM, Kang Y. Neurexin-neuroligin signaling
in synapse development. Curr Opin Neurobiol
2007;17:43–52. doi:10.1016/j.conb.2007.01.011
33. Lagier-Tourenne C, Cleveland DW. Rethinking
ALS: the FUS about TDP-43. Cell 2009;136:1001–
4.
34. Gilley J, Ham J. Evidence for increased complexity
in the regulation of Bim expression in sympathetic
neurons: involvement of novel transcriptional and
translational mechanisms. DNA Cell Biol 2005;
24:563–73. doi:10.1089/dna.2005.24.563
35. Shaked I, Meerson A, Wolf Y, et al. MicroRNA-132

Rambam Maimonides Medical Journal

potentiates cholinergic anti-inflammatory signaling by targeting acetylcholinesterase. Immunity
2009;31:965–73. doi:10.1016/j.immuni.2009. 09.
019
36.Darreh-Shori T, Hellström-Lindahl E, FloresFlores C, Guan ZZ, Soreq H, Nordberg A. Longlasting acetylcholinesterase splice variations in anticholinesterase-treated Alzheimer’s disease patients. J Neurochem 2004;88:1102–13. doi:10.
1046/j.1471-4159.2003.02230.x
37. Kaufer D, Friedman A, Seidman, S, Soreq H. Acute
stress facilitates long-lasting changes in cholinergic gene expression. Nature 1998;393:373–7.
doi:10.1038/30741
38. Pepeu G, Giovannini MG. Cholinesterase inhibitors and beyond. Curr Alzheimer Res 2009;6:86–
96. doi:10.2174/156720509787602861
39. Greenberg DS, Toiber D, Berson A, Soreq H. Acetylcholinesterase variants in Alzheimer’s disease:
from neuroprotection to programmed cell death.
Neurodegener Dis 2010;7:60–3. doi:10.1159/
000285507
40. Loewenstein Y, Denarie M, Zakut H, Soreq H. Molecular dissection of cholinesterase domains responsible for carbamate toxicity. Chem Biol Interact 1993;87:209–16. doi:10.1016/0009-2797
(93)90044-Y
41. Gilboa-Geffen A, Lacoste PP, Soreq L, et al. The
thymic theme of acetylcholinesterase splice variants in Myasthenia gravis. Blood 2007;
109:4383–91. doi:10.1182/blood-2006-07-033373
42. Friedman A, Kaufer D, Shemer J, Hendler I, Soreq
H, Tur-Kaspa I. Pyridostigmine brain penetration
under stress enhances neuronal excitability and
induces early immediate transcriptional response.
Nat Med 1996;2:1382–5. doi:10.1038/nm12961382
43. Meshorer E, Erb C, Gazit R, et al. Alternative splicing and neuritic mRNA translocation under longterm neuronal hypersensitivity. Science 2002;
295:508–12. doi:10.1126/science.1066752

7

October 2010 w Volume 1 w Issue 2 w e0014

