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Abstract—The ¢4 allele of the apolipoprotein E gene constitutes the major genetic risk factor to develop Alzheimer’s disease. If
and how this protein contributes to the pathological cascade of Alzheimer's disease is not know allbke particularly affects
the cholinergic defect, which is one of the most consistent neurotransmitter problems in an Alzheimer’s disease brain.

We have analysed several parameters of the cholinergic system in brain of apolipoprotein E knockout mice as well as in
transgenic mice overexpressing human apolipoprotein E4. We analysed the distribution of cholinergic fibers, the number and
morphology of cholinergic neurons and the enzymatic activity of acetylcholinesterase and choline acetyltransferase in different
brain regions. Finally, we analysed the distribution and the binding parameteis]bémicholinium-3, a specific marker for the
high affinity choline transporter in different brain sections and regions.

This extensive effort failed to show any consistent difference in the cholinergic parameters studied, in either the apolipoprotein
E4 transgenic mice or in the apolipoprotein E knockout mice, compared to age-matched non-transgenic mice. We conclude that the
apolipoprotein E4 is not deleteriopsr sefor the cholinergic system in mouse brah 2000 IBRO. Published by Elsevier Science
Ltd.
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Alzheimer's disease (AD) is the most common type of amyloid plaques, neurofibrillary tangles, synaptic loss, cell
dementia, manifesting as a severe deterioration of differentloss and neurotransmitter derangem@it:>! A consistent
mental functions* Familial AD is due to mutations in the finding in AD is the cholinergic deficit, although other neuro-
amyloid precursor protein or in the presenilin gefe#n transmitter systems are impairéd? The cholinergic
sporadic AD, the frequency of thet allele of the apolipo- problem continues to attract interest because its magnitude
protein E (ApoE) gene is increased and constitutes the majorparallels the severity of dementi&® Drugs that target the
genetic risk factor (40—-50% of AD patients), decreasing the cholinergic system are at this moment the main type available
age of onset?4931 for symptomatic treatment of AD patients!®

The ApoE protein is an important determinant of lipid The presence of4 alleles appears to have a direct impact
transport in non-nervous tissues (for review see Ref. 26). In on amyloid accumulation, neurofibrillary tangle formation,
the central nervous system (CNS) it is the principal lipo- neurotrophin receptor loss and on the severity of the cholin-
protein of cerebrospinal fluid. The ApoE mRNA is mainly ergic deficit®355240364The presence of ApoE4 reduced the
present in astrocytes, but also in neuréi¥The lipoproteins metabolism of cholinergic neurons and altered the plasticity
contain principally cholesterol ester, cholesterol and phos- of cholinergic dendrites in AD patients” In addition, AD
pholipids3®44 The ApoE protein plays an important role in patients carrying:4 alleles respond less well to cholinergic
lipid metabolism by mediating the binding of lipoproteins to therapy?*® Reduced levels of cholinergic markers have also
the low-density lipoprotein receptor and the low-density lipo- been reported in normal subjects carryisg alleles® The
protein-receptor-related proteiti?® In response to damage, combined evidence underlines the possibility that the
astrocytes in the CNS synthesize and release ApoE within ApoE4 isoform may have a deleterious effect on the cholin-
the lesion, presumably to scavenge for cholesterol and phos-ergic circuitry. On the other hand, a cholinergic deficit has
pholipids originating from cellular and myelin debris, while also been claimed for ApoE knockout mi&? although
others suggested a role for ApoE in synaptic plastitity. controversy remains at this poifit® One hypothesis proposed

Post-mortem AD brain is characterized by the presence of that cholinergic neurons could be more vulnerable or depen-
dent on lipid metabolism mediated by ApoE because they use
phophatidylcholine as the source of choline for acetylcholine
§To whom correspondence should be addressed. #eB2-16-3458-88; synthesi§7

fax: + 32-16-3458-71.
E-mail addressfredvi@med.kuleuven.ac.be (F. Van Leuven). The controversy prompted us to analyse whether ApoE

Abbreviations: AChE, acetylcholinesterase; AD, Alzheimer's disease; Knockout mice and transgenic mice overexpressing the
ApoE, apolipoprotein E; ApoE o/o, ApoE knockout; ChAT, choline human ApoE4 isoform in their brain develop cholinergic
acetyltransferase; CNS, central nervous system; DB, diagonal band; defects.

EDTA, ethylenediaminetetra-acetate; HAChT, high affinity choline Different aspects of the cholinergic system are affected in

transporter; iso-OMPA, tetraisopropylpyro-phosphoramide; MS, medial : .
septum; NBM, nucleus basalis magnocellularis; TBS, Tris-buffered AD and possibly influenced by the presence ofs4ellele of

saline. ApOE 32569205 Among these we studied: (i) the extent of
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cholinergic fiber innervation in the cortex and hippocampus were collected in 0.1 M phosphate buffer (pH 7.4) and were incubated
by acetylcholinesterase (AChE) histochemistry; (i) the AChE  as free-floating sections, as descriéd.

and choline acetyltransferase (ChAT) activity levels in differ-

ent areas of the brain; (iii) the cholinergic cell number and Morphometric analysis of cholinergic cells

gross morphology by immunohistochemistry against ChAT;  Basal forebrain cholinergic neurons were defined from anatomical
and finally we included (iv) the study of high affinity choline landmarks, taken from the mouse brain af-F?ﬁhe anterior commis-
transporter (HAChT), a well known presynaptic marker. sure, anterior and the lateral ventricles defined the ventral border of the

! . : medial septum (MS). The meeting of the body of the corpus callosum
This effort failed, however, to demonstrate a consistent ;; the midiine marked the anterior boundary and the midline crossing

cholinergic problem in the brain of ApoE4 transgenic mice of the anterior commissure and the appearance of the fornix marked the
or in the ApoE knockout mice. The results demonstrated that posterior boundary. Five thick coronal sections (48) were analysed
the ApoEd isoform is not deleterioper sefor the cholinergic & v 208 &R s e el wice (boordinates from Brogma:
system, and that Tepo”ed claims of a cholinergic deficit in 1.10 mm to 0.5 mm). The cholinergic cells of the horizontal limb of the
ApoE knockout mice must be due to factor other than the giagonal band (DB) were defined as the group of immunopositive cells
mere absence of ApoE. residing below the anterior commissure, anterior and the anterior
commissure, posterior. The appearance of the anterior commissure,
posterior marked the anterior boundary and the connection of the
EXPERIMENTAL PROCEDURES lateral ventricles marked the posterior boundary. Seven thick coronal
) sections (4Qum) were analysed with 8Qim intervals (coordinates
Materials from Bregma: 0.38 mm to-0.34 mm). The cholinergic cells of the

The rat monoclonal antibody against ChAT was purchased from hucleus basalis magnocellularis (NBM) straddle the border between
Boehringer (Mannheim, Germany). Secondary antibodies conjugated the lateral globus pallidus and the internal capsule. The anterior bound-
with biotin were from DAKO (Glostrup, Denmark)3fi]Acetyl co- ary was defined as the connection of lateral ventricles (coordinate from
enzyme A and JH]hemicholinium-3 were purchased from NEN Bregma:—0.34 mm) and the posterior boundary was defined with the
Life Science Products (Boston, MA, U.S.A.). Atropine, hemicholinium-  dorsal hippocampus (coordinates from Bregma.34). Seven thick
3, tetraisopropylpyro-phosphoramide (iso-OMPA), 1,5-bis (4-allyldi- coronal (40um) sections were analysed with g0 intervals. In
methylammoniumphenyl) pentan-3-one dibromide (Bw284c51), €ach mouse brain the same number of sections and similar total
choline iodide, acetyl coenzyme A, hemicholinium-3, acetylthiocho- distance for each nucleus were analysed for cholinergic cell quantifica-

line iodide, tetraphenylborate, and 3-heptanone were purchased fromtion to guarantee that similar volumes of each nucleus were quantified.
Sigma (St. Louis, MO, U.S.A)). For each section, immunopositive neuronal profiles were counted

manually on photographs taken withal0 objective on a Zeiss IM35

inverted optic microscope. The final magnification of the photograph
Mice was four times the negative (3015 cm). This procedure allows clear
visualization of cholinergic cells. The total area covered for each

Transgenic mice overexpressing the human ApoE4 protein in the > ¢ ; ;
: : e : photograph was 6791000u.m?, enough to include all immunoposi-
brain were generated as described and maintained in the FVB tive cells of each cholinergic nucleus analysed.

genetic background. Their phenotype characterization is reported else- The number of neuronal profiles counted in each set of five or seven

where> Mice deficient in ApoE (ApoE o/o) were generatecnd ; : :
maintained in the C57BI/6 background. All mice were identically ?negcigrfb)gﬂffﬂé?e? total number of cells per animal, corrected accord-

housed in a temperature and humidity controlled vivarium, kept on a P . - .
; : ; In addition, ChAT immunopositive cells were counted on images
12-h dark/light cycle (light on 07:00 EST), with free access to food and digitized on a Leica DMR micr%scopex(zo objective), equipped witr?

water. Age-matched non-transgenic mice of FVB strain were used S, CCD video camera and connected with a computerized image analy-

control for ApoE4 transgenic mice (five to six months) and age- _. : ; :
g A : - sis system (AIS/C, Imaging Research, Canada). The image was incre-
matched non-transgenic mice of C57BI/6 strain for ApOE 0/o (six to mented by 200% and, using a viewing box, neurons were identified on

nine months). Experiments were carried out according to the European : 5 :
P i Nirant the screen and counted. Two fields of 66570 um* were considered
Communities Council Directive of 24 November 1986 (86/609/EEC). for the analysis of the MS, one for the DB and two for the NBM. Both

All efforts were made to reduce the number of animals used and to .
minimize animal suffering. procedures gave very comparable numbers of neuronal profiles.

. . Size of cholinergic neurons
Immunohistochemistry i ) i
. . ) ) _ Atotal of 100 neurons was assessed in each nucleus in each animal

‘Mouse brain was fixed by cardiac perfusion under deep anesthesiapy measurement of cross-sectional area (a total of 400 neuronal
with 5 ml saline followed by 20 ml cold fixative (4% paraformalde- profiles per genotype). Using a objective 20, fields of 665<
hyde, 0.2% picrid acid, 0.1 M phosphate buffer, pH 7.4) and post-fixed 470.m were digitized and incremented by 400%. The image was
for 2'h in the same solution. Fixed brain was stored“@®,4n 30%  processed with the detail extractor function that enhances the contrast
sucrose, 0.1 M phosphate buffer (pH 7.4). Free-floating coronal serial and accentuates the edges of the neuronal profiles. The neuronal
sections (4Qum) were collected in 0.1 M phosphate buffer (pH 7.4)  profiles were identified on screen and the cross-sectional ared) (

and processed as follows: (i) incubation for 1 h at room temperature was calculated. The results are presented as the mean cross-sectional
with 10% rabbit serum, 0.1 M Tris, 150 mM NaCl, pH 7.4 (TBS); (i)  area (neuronal size) S.E.M.

overnight incubation at°€ with antibody to ChAT (diluted 1:200 in

0.2% Triton-X-100, 20% rabbit serum, 0.2% albumin in TBS); (iii) . .

incubation for 30 min at room temperature with biotin-conjugated Biochemical assays

rabbit anti-rat |gG (d|luted 1:300 in 20% non-immune rabbit serum, Ap0E4 transgenic rnice7 ApoE o/o mice and age_matched non-

0.1% albumin in TBS); and (iv) incubation with avidin conjugated to  ransgenic mice were killed by cervical dislocation and brain was

peroxidase (ABC, DAKO, Denmark), followed by visualization of  removed. The hippocampus and the cortex were carefully dissected,

peroxidase activity with diaminobenzidine (1 mg/ml) and:Ohl washed in 0.1 M phosphate-buffered saline and 150 mM NaCl (pH 7.4)

(0.01%) in TBS. and weighed. The tissue was homogenized in nine volumes of ice cold

buffer A [50 mM Tris-HCI, pH. 7.4, 1.0 M NaCl, 2.5 mM EDTA and

50 mM MgCh, (pH 7.4)] containing a cocktail of proteinase inhibitors

and using a glass-teflon homogenizer. The suspension was centrifuged
Mouse brain was fixed by cardiac perfusion under deep anesthesiaat 150,009 at £C for 1 h in a Beckman TLA 100.4 rotor to recover the

with 5 ml of saline followed by 20 ml of cold 4% paraformaldehyde in  salt-soluble (SS) fraction. The pellet was resuspended in buffer A

0.1 M phosphate buffer (pH 7.4). Brain was post-fixed overnight in the containing 1% Triton X-100, and centrifuged at 30,60 4C for

same fixative and placed in 30% sucrose, 0.1 M phosphate buffer 1 h to recover the Triton X-100-soluble (TS) fraction. This method

(pH 7.4) for two days at . Serial coronal frozen sections (40n) allows the extraction of more than 90% of the total AChE enzymatic

Acetylcholinesterase enzyme histochemistry
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Fig. 1. Immunohistochemistry for choline acetyltransferase in the brain of non-transgenic, ApoE o/o and ApoE4 transgenic mice. ChAT-imreinoreacti

neurons in the medial septum (A—D) and in the nucleus basalis magnocellularis (E—H). Sea&0hem. View of the hippocampus (I-L) and frontal cortex

(M-P) following AChE histochemistry. Scale ba'500.m. A, E, I, M, non transgenic mice from the FVB strain. B, F, J, N, ApoE4 transgenic mice. C, G, K,
O, non-transgenic mice from the C57Bl strain. D, H, L, P, ApoE o/o mice4.

activity.>® The protein concentration was measured by the method of vials and counted. After correction for background (no brain extract)

Bradford1°

Acetylcholinesterase enzymatic activity assay

AChE activity was determined by the method of EllmfarBriefly,
5 wl brain extract was mixed with 20@I of reaction buffer (0.5 mM
phosphate buffer, pH 7.4, 0.02% DTNB, 0.02% acetylthiocholine and
0.1 mM iso-OMPA), and after 5 min incubation at room temperature,
the reaction was stopped withuIM Bw284c51, a potent AChE inhi-
bitor. The optical density was measured at 405 nm (Victor multilabel

ChAT activity was calculated (normalized to the protein content of the
samples) and expressed relative to the levels in brain of non-transgenic
mice.

High affinity choline transporter assay

The high affinity choline transporter (HAChT) was assayed with
[®H]hemicholinium-3 as described. Serial frozen coronal brain
sections (1.m), from the level of the genus of the corpus callosum
to the ventral hippocampus, were mounted on glass-slides coated with

counter, Wallac). AChE activity was expressed as relative units and poly-lysine to reduce non-specific binding cHJhemicholinium-3.

normalized to the protein content of the samples.

Choline acetyltransferase enzymatic activity assay

ChAT activity was measured as descriBédriefly, 5wl of brain
extract homogenate was added toplOreaction buffer containing
75 mM sodium phosphate, pH 7.4, 600 mM NaCl, 40 mM MgClI
0.1 mM Bw284c51, 0.05% bovine serum albumin, 10 mM choline
iodide, and 0.3 mM JH]acetyl-CoA (specific activity of 40 mCi/
mmol). The mixture was incubated for 30 min af@7and the reaction
was stopped by the addition of 150 of tetraphenylboron (75 mg/ml

The sections were air-dried and kept-a?(°C until used. Sections
were equilibrated at room temperature and incubated for 30 min in
50 mM glycine—glycine (pH 7.8), 200 mM NaCl and six different
concentrations, ranging from 1.25 to 30 nMH[hemicholinium-3
(120 Ci/mmol). After washing twice for 2 min in cold buffer, followed
by rinsing in cold water, the sections were air-dried and exposed to
[®H]Hyperfilm (Amersham, U.K.) for two weeks. Non-specific binding
was determined by addition of 1M hemicholinium-3 to the incuba-
tion mixture. Plastic embedded tritium standardd[Micro-scale,
activity levels, 3—110 nCi/mg, Amersham, U.K.) were co-exposed
with tissue section. Autoradiographic images from the sections were

in 3-heptanone), gently mixed and centrifuged. One hundred microliters scanned and the optical density from the hippocampus, frontal cortex

of the organic top layer were removed and placed into scintillation

and entorhinal cortex was quantified by using the analytical imaging
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Fig. 2. Quantitative analysis of basal forebrain cholinergic neurons of apolipoprotein E4 transgenic, apolipoprotein E o/o, and non-tracesg8izie (i)
and number (B) of ChAT-immunoreactive neurons in the medial septum (MS), horizontal limb of the diagonal band (DB) and nucleus basalis magnocellular
(NBM) of ApoE4 transgenic and ApoE o/o mice (grey bars) and non-transgenic mice (blackrbars).
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Fig. 3. Acetylcholinesterase and choline acetyltransferase activity in hippocampus (H), frontal cortex (FC), and parietal cortex (PC) abtgolipép

transgenic, apolipoprotein E o/o, and non-transgenic mice. A: Acetylcholinesterase activity in the salt soluble fraction (SS) from apalipdprateigenic

and apolipoprotein E o/o mice (grey bars) and non-transgenic mice (black bars). B: Acetylcholinesterase activity in the Triton soluble fraétton (TS

apolipoprotein E4 transgenic and apolipoprotein E o/o mice (grey bars) and non-transgenic mice (black bars). C: Choline acetyltransfgréssmactivit

apolipoprotein E4 transgenic and apolipoprotein E o/o mice (grey bars) and non-transgenic mice (black bars), in salt and Triton soluble fréitieds co
Each data point is the mean of determinations on four individual mice of each genetic make-up.
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Fig. 4. Autoradiograms of®H]hemicholinium-3 binding sites of apolipo-
protein E4 transgenic, apolipoprotein E o/o and non-transgenic mice. A:
Schematic representation of a mouse brain section through the striatum
(left) and through the hippocampus (right). The brain areas used for the
quantitative determination &€, (dissociation constant) arg},., (maximal
binding sites) (shown in Table 1) are indicated. MC, motor cortex, SC,
somatosensory cortex, Pir, piriform cortex, EC, entorhinal cortex, H, hippo-
campus, A, amygdala, S, striatum. B: Representative autoradiographs from
sections through the striatum (left) and through the hippocampus (right) are
shown for ApoE4 transgenic, ApoE o/o, and non-transgenic mice as
indicated.

station AIS/C. The optical density value from the non-specific binding
was subtracted from each of the values. Each brain region was
measured bilaterally in one section per concentration for each of the
mice analysed (mice of each genotype). TKieand theB.x Were
obtained by modified Scatchard analysis®flhemicholinium-3 bind-

ing curves®

Statistics

Student’s two-tailed-test was used to determine the statistical sig-
nificance P < 0.05). The averages are expressed as the mé&k.M.

RESULTS

The cholinergic cells, in mammalian brain located in
several nuclei of the basal forebrain, are defined as ChAT-
immunoreactive neurons. These nuclei do not have clear bound-
aries and are intermingled with non-cholinergic célisve
have mapped these nuclei in the brain of non-transgenic mice
from the FVB and the C57BI/6 mouse strains, which were
used throughout this study as controls. In both strains the
cholinergic structures were anatomically similar. No evidence
for reduced cholinergic cell size or morphological alterations
was observed in any of the transgenic mice analysed, i.e.
ApoE4 transgenic mice or ApoE o/o mice (Figs 1A—H and
2A). Furthermore, the number of cholinergic cells measured
in age-matched non-transgenic mice and in transgenic mice
was not significantly different (Fig. 2B). AChE enzymatic

Table 1. Quantitative analysis oiH]hemicholinium-3 binding in brain of apolipoprotein E4 transgenic mice, apolipoprotein E o/o mice and age-matched non-transgenic mice

ApoE o/o

C54BlI

ApoE4

FVB

Bax (fmol/mg tissue) Ky (NM) Bax (fmol/mg tissue) Ky (NM) Bax (fmol/mg tissue) Ky (NM) Bax (fmol/mg tissue)

Kq (M)

110+ 21
52+ 3
71+ 4
94+ 8

8+0.6
10+2

10+ 3
10+1

87+ 14
97+ 12
78+ 6
92+9
110+ 11

78+ 11
78+ 12
82+ 10
81+10

8+1
8+1
61
71

97+ 19
103+ 18
116+ 21
124+ 25

+93
5-0.3

61
6:0.2

Somatosensory cortex (SC)
Piriform cortex (Pir)
Entorhinal cortex (EC)
Hippocampus (H)

Motor cortex (MC)
Amygdala (A)

97+ 15
330+41
275+ 24

10+ 3
11+3
4+0.4

298+ 37
348+ 32

82+ 10
266+ 23
37411

5+0.7

5+1
6+1

120+ 20
300+ 27
341+ 22

+
4+ 0.5

Striatum (S)

Brain sections were incubated with six different concentrations (1.25—30 nMM#if¢micholinium-3 (120 Ci/mmol). Autoradiographic images from the sections were scanned and the optical density in the different

brain areas illustrated in Fig. 4 were quantified and standardized with values of the tritium microscale standards (fmol/mg of tissue). Sdgsibafdtebinding curves allowed the calculation of the dissociation

constant Ky) and the maximum binding siteB.,) per region @

4, meant S.E.M.). Differences, analysed by Studerttest @ < 0.05), were not significant.
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activity co-localizes with ChAT in mouse brain, indicating patients carrying:4 alleles??4°374’Even the presence of one
that AChE histochemistry is a reliable marker for cholinergic ApoE4 allele appears sufficient to induce cholinergic deleter-
fibers?® In none of the transgenic mice did AChE enzymatic ious effects in normal subjects,suggesting that the
activity histochemistry reveal major changes in the pattern of ApoE4 isoform could exert a chronic effect on the cholinergic
fiber distribution in the hippocampus (Fig. 1 I-L) and frontal circuitry.
cortex (Fig. 1 M—P). The outcome of our studies indicated that no cholinergic
The AChE activity (in salt and in Triton brain extracts) and malfunction was detected, either in transgenic mice over-
the ChAT activity were not different in the frontal cortex, in  expressing the human ApoE4 isoform or in ApoE deficient
the parietal cortex and in the hippocampus of ApoE4 trans- mice. ApoE null mice have been proposed as a suitable mouse
genic mice and ApoE o/o mice compared to age-matched model for cholinergic hypofunctiof? This proposition was
non-transgenic mice (Fig. 3). not supported either by our extensive quantitative experi-
Hemicholinium-3 is a specific ligand for high affinity —mental work or by the results of other groups in other
choline transporter (HAChT) in rodent brain and was used mouse straing6:43.30
as a reliable marker for cholinergic termin&tsThe regional The present results provide a solid quantitative and quali-
distribution of PH]hemicholinium-3 binding sites was tative basis to conclude against the proposition that ApoE is
analysed in the brain of ApoE4 transgenic mice, ApoE o/o absolutely necessary for maintaining normal functioning of
mice and age-matched non-transgenic mice. Neither thethe cholinergic system. It is also possible that other proteins
qualitative (Fig. 4) nor the quantitative data from selected compensate for the function of ApoE. In addition, we demon-
brain regions (Table 1) revealed changes in the distribution, strate for the first time that overexpression of human ApoE4
in the maximum number of binding siteB(.) and in the in mouse brain is noper sedeleterious for the cholinergic
dissociation constantKg) in ApoE4 transgenic mice and  system. The poor outcome of AD patients carrying the ApoE4
ApoE o/o0 mice compared to age-matchadn-transgenic allele to cholinergic therapy and the presence of stronger
mice (Fig. 4; Table 1). cholinergic deficit in those patients may be due to a general
impairment in the neuronal remodeling process. In addition,
the increased load of amyloid plaques and neurofibrillary
tangles in AD patients is modulated by the presence of the
We have undertaken an extensive analysis of cholinergic 4 allele5%7Since the load of amyloid plaques and neuro-
parameters in mice overexpressing the human ApoE 4 fibrillary tangles in AD brain correlates with the severity of
protein and in ApoE knockout mice with the objective to the cholinergic deficit, the effect of the ApoE4 isoform on the
analyse whether these mice develop cholinergic problems.cholinergic system could be indire®*8It has been reported
The parameters analysed were chosen because they arthat carriers ofe4 alleles have a poor outcome after head
compromised in AD braif?%>% The limiting step for the  injury and brain stress, although no molecular data are avail-
synthesis of acetylcholine is the choline transgdithe high able?*6Possibly, the influence of the allelic variants of ApoE
affinity choline transporter is particularly interesting because in on the cholinergic problems might become evident only after
addition to being a well-known presynaptic cholinergic marker, the cholinergic system has been damaged. This possibility,
the level of the transporter is regulated by the activity of the which would be an indirect effect, remains to be tested in our
cholinergic neurons, thereby constituting a functional marker of ApoE4 and ApoE knockout mice. Our results exclude a direct
cholinergic synapses. The rationale to perform this study was toxic effect of the ApoE4 isoform on the cholinergic system in
the reported increased severity of cholinergic problems in AD mouse brain, in the absence of other insults.

DISCUSSION

REFERENCES

1. Abercrombie M. (1946) Estimation of nuclear population from microtome sectforest Rec94, 239-247.

2. Alberts M. J., Graffagnino C., McClenny C., DeLong D., Strittmatter W., Saunders A. M. and Roses A. D. (1995) ApoE genotype and survival from

intracerebral haemorrhageancet346,575-576.

3. Allen S. J., MacGowan S. H., Tyler S., Wilcock G. K., Robertson A. G. S., Holden P. H., Smith S. K. F. and Dawbarm D. (1997) Reduced cholinergic

function in normal and Alzheimer’s disease brain is associated with apolipoprotein E4 gendéypesci. Lett239,33-36.
4. Anderson R. and Higgins G. A. (1997) Absence of central cholinergic deficits in ApoE knockoutRmigghopharmacology32,135-144.

5. Arendt T., Biickner M., Lange M. and Bigl V. (1992) Changes in acetylcholinesterase and butyrylcholinesterase in Alzheimer’s disease resemble

embryonic development—a study of molecular fortdeurochem. Int21, 381—-396.

6. Arendt T., Holzer M. and Brekner M. K. (1999) Cortical load of PHF-tau in Alzheimer’s disease is correlated with cholinergic dysfurkctiwural
Transm.106,513-523.

7. ArendtT., Schindler C., Bakner M. K., Eschrich K., Bigl V., Zedlick D. and Marcova L. (1997) Plastic neuronal remodeling is impaired in patients with
Alzheimer’s disease carrying apolipoprotei allele.J. Neuroscil5,516—-529.

8. BiererL. M., Haroutunian V., Gabriel S., Knott P. J., Carlin L. S., Purohit D. P., Perl D. P., Schmeidler J., Kanof P. and Davis K. L. (1995) Nezabchemi
correlates of dementia severity in Alzheimer's disease: relative importance of the cholinergic systsuarochem64, 749—760.

9. Bissette G., Seidler F. J., Nemeroff C. B. and Slotkin T. A. (1996) High affinity choline transporter status in Alzheimer’s disease tissue from rapid

autopsy Ann. N. Y. Acad. Sc¥77,197-204.

10. Bradford M. M. (1976) A rapid and sensitive method for the quantification of microgram quantities of protein utilizing the principle of protein dye
binding. Analyt. Biochem72,248-254.

11. BoylesJ. K., Pitas R. E., Wilson E., Mahley R. W. and Taylor J. M. (1985) Apolipoprotein E associated with astrocytic glia of the central négwous sys
and with nonmyelinating glia of the peripheral nervous syst&nalin. Invest.76,1501-1513.

12. Chapman S. and Michaelson D. M. (1998) Specific neurochemical derangement of brain projecting neurons in apolipoprotein E-deficient mice.

J. Neurochem70, 708—-714.

13. Corder E. H., Saunders A. M., Strittmatter W. J., Schmechel D. E., Gaskell P. C., Small G. W., Roses A. D., Haines J. L. and Pericak-Vance M. A. (1993)

Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer’s disease in late onset f&unibesel3, 921-923.
14. Cummings J. L. and Kaufer D. (1997) Neuropsychiatric aspects of Alzheimer’s disease: the cholinergic hypothesis Keuisitledyy4 7, 876—883.



15.

16.

17.

18.

19.
20.

21.

23.

24.

25.

26.

30.

31.

32.

33.

34.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Cholinergic parameters in ApoE transgenic mice 417

Ellman G. I., Courtney K. D., Andres V. and Featherstones R. M. (1961) A new rapid colorimetric determination of cholinesteraseBaatheimy.
Pharmac.7, 88—95.

Fagan A. M., Murphy B. A., Patel S. N., Kilbridge J. F., Mobley W. C., Bu G. and Holtzman D. M. (1998) Evidence for normal aging of the septo-
hippocampal cholinergic system in apoE/(-) mice but impaired clearence of axonal degeneration products following irffxl. Neurol.151,
314-325.

Fonnum F. (1974) A rapid radiochemical method for the determination of choline acetyl transfefdserochem24, 407—-409.

Francis P. T., Palmer A. M. and Wilcock G. (1999) The cholinergic hypothesis of Alzheimer’s disease: a review of pjoftesml. Neurosurg.
Psychiat.66, 137-147.

Franklin B. J. and Paxinos G. (1997) The mouse brain in stereotaxic coordinates, 1st edn. Academic, San Diego.

Geula C. and Mesulam M. M. (1994) Cholinergic systems and related neuropathological predilection patterns in Alzheimer digdzseimer
Diseasegleds Terry R. D. and Kaltzman R. and Bick K. L.), Chap. 15, pp. 263—291. Raven, New York.

Goedert M. (1993) Tau protein and the neurofibrillary pathology of Alzheimer’s diséas®ls Neuroscil6, 460—465.

Gordon |, Grauer E., Genis |., Sehayek E. and Michaelson D. M. (1995) Memory deficits and cholinergic impairments in apolipoprotein E-deficient mi
Neurosci. Lett199,1-4.

Haass C. and Selkoe D. (1993) Cellular processing of beta-amyloid precursor protein and the genesis of amyloid bet2efiéfjd€39—-1042.

Happe H. K. and Murrin L. C. (1992) Development of high-affinity choline transporter sites in rat forebrain: a quantitative autoradiograp¥ithstudy
[3H]hemicholinium-3.J. comp. Neurol321,591-611.

Happe H. K. and Murrin L. C. (1993) High-affinity choline transporter sites: uséHjhgmicholinium-3 as a quantitative markér.NeurocheméO0,
1191-1201.

Hofker M. H., van Vlijmen B. J. and Havekes L. M. (1998) Transgenic mouse models to study the role of APOE in hyperlipidemia and atherosclerosis.
Atherosclerosid37,1-11.

Karnovsky M. J. and Roots L. (1964) A “direct-coloring” thiocholine method for cholinestefasistochem. Cytocheri2, 219-221.

Kitt C. A., Hthmann C., Coyle J. T. and Price D. L. (1994) Cholinergic innervation of mouse forebrain strudtwemp. Neurol341,117-129.

Kowal R. C., Herz J., Goldstein J. L., Esser V. and Brown M. S. (1989) Low-density lipoprotein receptor-related protein mediated uptakeepflcholest
esters derived from apoprotein E-enriched lipoprotefrec. natn. Acad. Sci. U.S.86,5810-5814.

Krzywkowski P., Ghribi O., Gagne J., Chabot C., Kar S., Rochford J., Massicote G. and Porier J. (1999) Cholinergic systems and long-tefompotentiat
in memory impaired apolipoprotein E-deficient mitéeuroscienc®2, 1273-1286.

Mayeux R., Stern Y., Ottman R., Tatemichi T. K., Tang M.-X., Maestre G., Ngai C., Tycko B. and Ginsberg H. (1993) The Apolipepgralieie in

patients with Alzheimer’s diseas&nn. Neurol.34, 752—-754.

McGeer P. L., McGeer E. G., Susuki J., Dolman C. E. and Nagai T. (1984) Aging, Alzheimer’s disease, and the cholinergic system of the basal forebrain
Neurology34, 741-745.

Moechars D., Dewachter |., Lorent K., RevelseBaekelandt V., Naidu A., Tesseur |., Spittaels K., Van Den Haute C., Cordell B., Checler F., Godaux

E. and Van Leuven F. (1999) Early phenotypic changes in transgenic mice that overexpress different mutants of amyloid precursor proté&iminlbrain.
Chem.274,6483-6492.

Moechars D., Lorent K., De Strooper D., Dewachter I. and Van Leuven F. (1996) Expression in brain of amyloid precursor protein mutated in the
secretase site cause disturbed behavior, neuronal degeneration and premature death in transgeM8@idel5, 1265-1274.

Nagy Z. S., Esiri M. M., Jobst K. A., Johnston C., Litchfield S., Sim E. and Smith A. D. (1995) Influence of the lipoprotein E genotype on amyloid
deposition and neurofibrillary tangle formation in Alzheimer’s disebiroscienc&9, 757—-761.

Parnetti L., Senin U. and Mecocci P. (1997) Cognitive enhancement therapy for Alzheimer’'s disegsé&6, 752—-768.

Pericak-Vance M. A. and Haines J. L. (1995) Genetic susceptibility to Alzheimer diJeesds Neuroscill, 504-508.

Perry E. K., Tomlinson B. E., Blessed G., Bergmann K., Gibson P. G. and Perry R. H. (1978) Correlation of cholinergic abnormalities with sesile plag
and mental test scores in senile demeria.med. J2, 1457-1459.

Pitas R. E., Boyles J. K., Lee S. H., Hui D. and Weisgraber K. H. (1987) Lipoprotein and their receptors in the central nervouks byaitebinem262,
14352-14360.

Poirier J., Delisle M. C., Quirion R., Aubert |., Farlow M., Lahari D., Hui S., Bertrand P., Nalbantoglu J. and Gilfix B. M. (1995) ApolipoprotkéleE4 a

as a predictor of cholinergic deficits and treatment outcome in Alzheimer digease.natn. Acad. Sci. U.S.82,12260-12264.

Poirier J., Minnich A. and Davignon J. (1995) Apolipoprotein E, synaptic plasticity and Alzheimer’s didemsdvied.27,663—670.

Procter A. W. (1996) Neurochemical correlates of demeNtawrodegeneratiod, 403—-407.

Puolivali J., Pradier L. and Riekkinen P. Jr (1999) Moderate cortical EEG changes in apolipoprotein E-deficient mice during ageing and scopolamin
treatment but not after nucleus basalis lesi®sycopharmacolog$45,386—392.

Roheim P. S., Carey M., Forte T. and Vega G. L. (1979) Apolipoproteins in human cerebrospin&ridaidhatn. Acad. Sci. U.S.&6, 4646—4649.
Rosenthal H. E. (1967) A graphic method for the determination and representation of binding parameters in a compleXmglgteBiochem?20,

525-532.

Roses A. D. and Saunders A. M. (1997) ApoE Alzheimer's disease, and recovery from braimrAstne$é. Y. Acad. Sc826,200-212.

Salehi A., Dubelaar E. J. G., Mulder M. and Swaab F. (1998) Aggravated decrease in the activity of nucleus basalis neurons in Alzheimer’s disease is
apolipoprotein E-type dependeRtroc. natn. Acad. Sci. U.S.A5,11445-11449.

Saper C. B., German D. C. and White C. L. (1985) Neuronal pathology in the nucleus basalis and associated cell groups in senile dementia of the
Alzheimer’s type: possible role in cell losNeurology35, 1089—-1095.

Saunders A. M., Strittmatter W. J., Schmechel D., George-Hyslop P. H., Perik-Vance M. A., Joo S. H., Rosi B. L., Gusella J. F., Crapper-Maclachlan
D. R., Alberts M. J., Hulette C., Crain B., Goldgaber D. and Roses A. D. (1993) Association of apolipoprotein E4llétk late-onset familial and
sporadic Alzheimer's diseasNeurology49, 1467—-1472.

Sberna G., ®a-Valero J., Li Q. X., Czech C., Beyreuther K., Masters C. L., McLean C. A. and Small D. H. (1998) Acetylcholinesterase is increased in
the brains of transgenic mice expressing the C-terminal fragment (CT100) @faheyloid protein precursor of Alzheimer’s disead3eNeurocheni71,

723-731.

Schmechel D. E., Saunders A. M., Strittmatter W. J., Crain B. J., Hulette C. M., Joo S. H., Pericak-Vance M. A., Goldgaber D. and Roses A. D. (1993)
Increased amyloi@-peptide deposition in cerebral cortex as a consequence of apolipoproteine E genotype in late-onset Alzheimé?roiseaests.

Acad. Sci. U.S.A90, 9649-9653.

Soininen H., Kosunen O., Helisalmi S., Mannermaa A.,"Ralja, Talasniemi S., Ryyireen M. and Riekkinen P. (1995) A severe loss of choline
acetyltransferase in the frontal cortex of Alzheimer patients carrying apolipopegteitiele. Neurosci. Lettl87,79-82.

Terry R. D., Masliah E., Salmon D. P., Butters N., DeTeresa R., Hill R., Hansen L. A. and Katzman R. (1991) Physical basis of cognitive alterations in
Alzheimer’s disease: synapse loss is the major correlate of cognitive impairAmentNeurol.30, 572-580.

Tesseur ., Van dorpe J., Spittaels K., Van den Haute C., Moechars D. and Van Leuven F. (2000) Expression of human apolipoprotein E4 in neurons
causes hyperphosphorylation of protein Tau in the brain of transgenic Artel. Patholl56,951-964.

Van Ree J. H., Van den Broek W. J., Dahlmans V. E., Groot P. H., Vidgeon-Hart M., Frants R. R., Wieringa B., Havekes L. M. and Hofker M. H. (1994)
Diet induced hypercholesterolemia and atherosclerosis in heterozygous apolipoprotein E-deficieAtheiosclerosid11,25-37.

Vogels O. J. M., Broere C. A. J., Ter Laak H. J., Ten Donkelaar H. J., Nieuwenhuys R. and Schulte B. P. M. (1990) Cell loss and shrinkage in the nucleus
basalis of Meynert complex in Alzheimer’s disealskeurobiol. Agingll,3—-13.



418 F. C. Bronfmaret al.

57. Wurtman R. J. (1992) Choline metabolism as a basis for the selective vulnerability of cholinergic n€ends.Neuroscil5, 117-122.
58. XuP.T.,GilbertJ.R., QiuH.L., Ervin J., Rothrock-Christian T. R., Hulette C. and Schmechel E. (1999) Specific regional transcription pfatediipo
E in human brain neuroném. J. Pathol154,601-611.

(AcceptedL0 January2000)



