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Abstract

The 100,000 X g supernatant fraction of human brain contains endogenous inhibitors of antagonist binding to th¢ muscarinic
receptor. Significantly greater inhibition was observed with Alzheimer’s than non-demented control supernatant fractions. Low
molecular weight inhibitor was separated from larger inhibitor species by membrane dialysis (3,500 dalton cut-off). The activity of
low molecular weight inhibitor was greatly increased by sulfhydryl reducing agents. While the low molecular weight inhibitor was
stable to heat, acid and base for short time periods ( < 20 min), it was inactivated by acid hydrolysis (509 loss after 16 h, 100%
loss after 96 h). The low molecular weight inhibitor activity is elevated approximately three-fold in Alzheimer’s brain. The low
molecular weight inhibitor from Alzheimer’s brain was found to be a non-competitive inhibitor. This is the first report of
endogenous inhibitors in human brain of ligand binding to the muscarinic receptor and of increased inhibitor activity in

Alzheimer’s disease.
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1. Introduction

Available evidence indicates that the muscarinic
cholinergic receptor (mAChR) and cholinergic trans-
mission are crucial to memory and learning [6,8,10]. A
loss of cholinergic function, including markedly de-
creased levels of brain choline acetyltransferase [7] and
a loss of cholinergic neurons in the nucleus basalis [31],
have been demonstrated in patients with Alzheimer’s
disease (AD), the most prevalent memory disorder [8].
Numerous clinical studies have been conducted to treat
AD patients through pharmacologic manipulation of
the cholinergic system [8]. Consequently, endogenous
substances regulating central muscarinic cholinergic
function are of considerable importance.

Several investigators have reported the presence of
endogenous inhibitors of antagonist binding to the
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biol. Aging, 13 (1992) S41.
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mAChR in mammals [1,4,9,15,12,24]. However, the ex-
act nature and identity of the mammalian inhibitors
remains unknown. Hu et al. [20] have recently reported
that protamine causes complex allosteric modulation of
the mAChR of rat heart, and Jerusalinsky et al. [21]
have isolated two polypeptides from snake venom which
selectively inhibit binding of antagonists to the central
mAChR. We now report the presence in human brain
of endogenous inhibitors of antagonist binding to the
mAChR, at least one of which is a low molecular
weight substance whose activity is significantly in-
creased in AD.

2. Materials and methods
2.1. Materials

Materials used were as follows: [*Hlquinuclidinyl benzilate (47
Ci/mol) was from Amersham. B-Mercaptoethanol, dithiothreitol,
Tris-HCl, atropine sulfate, vitamin B,. acetylcholine, acetyl-
cholinesterase (EC 3.1.1.7), E. coli alkaline phosphatase (EC 3.1.3.1).
choline, and Sephadex G-10 and G-25 were purchased from Sigma.
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Spectra /Por 3 dialysis tubing was from Spectrum Labs, BCA protein
reagent kit was from Pierce, glass fiber filter circles were from
Whatman, Optifluor was from Packard and [*H]pirenzipine (70
uCi/mmol) was from DuPont NEN.

2.2. Membrane muscarinic cholinergic receptor preparations

mAChR Method A. For the initial inhibitor studies, subcellular
membranes from non-demented adult human frontal cortex (normal
tissue by neuropathology) were prepared according to Frey et al. [14]
a modification of von Hungen and Roberts [30]. All steps were
performed at 4°C. Frontal cortex gray matter was homogenized with
a Waring blender in 9 vols, of 0.32 M sucrose. The homogenate was
centrifuged at 1000 X g for 10 min. The resulting supernatant frac-
tion was centrifuged at 15,000X g for 25 min, the pellet discarded,
and the supernatant fraction was then centrifuged at 100,000X g for
60 min. The resulting pellet, containing microsomal membranes and
accompanying muscarinic receptors, was resuspended at 5% w/v in
water and allowed to lyse for 1 h at 4°C. This resuspension was
centrifuged at 100,000 g for 60 min. The final washed pellet was
then resuspended at 15% wt/vol in 50 mM Tris-HCl, pH 8.1,
aliquoted, frozen in liquid nitrogen and stored at —70°C for use in
the binding assays. Thawed aliquots were briefly re-homogenized in
a glass /glass hand-held homogenizer prior to assay.

mAChR Method B. Membranes rich in mAChRs were prepared
by a modification of the method used by Marks and Collins [23].
Gray matter from non-demented adult human frontal cortex was
homogenized in 9 vols. of 50 mM Tris-HCI, pH 7.4, at 37°C, using 5
strokes of a glass/Teflon motor-driven homogenizer. The ho-
mogenate was centrifuged at 27,000 X g for 20 min at 4°C, and the
subsequent pellet resuspended in 10 vols. of cold deionized water
with 5 strokes of the homogenizer. The resuspension was incubated
at 37°C for 5 min, then was centrifuged as before. The resulting
pellet was resuspended, incubated and centrifuged again as above.
The final pellet was weighed, resuspended at 15% w/v in 50 mM
Tris-HCI buffer, aliquoted in small portions, flash-frozen in liquid
nitrogen and stored at —70°C for subsequent assays for protein
content and binding. Before use in binding assays, the thawed
membrane preparation was briefly re-homogenized with 10 strokes in
a glass /glass homogenizer. A typical mAChR membrane preparation
bound 300 pmol *H-QNB /g protein.

2.3. Inhibitor preparation

Brain tissue selection. We have been preparing the soluble in-
hibitor from human brain tissue obtained from cases of AD and
non-demented controls matched for age, sex and postmortem inter-
val between death and freezing of tissue. These cases come from our
large dementia brain bank of about 1,500 cases of AD, other demen-
tias and normal non-demented controls. On chart review, the AD
cases met retrospective clinical criteria for primary degenerative
dementia according to the Diagnostic and Statistical Manual of
Mental Disorders — 3rd version: revised (American Psychiatric Asso-
ciation, 1987). The pathologic diagnosis of AD was based on the
presence of an age-adjusted moderate-to-severe number of neuritic
plagues in the neocortex similar to published criteria without evi-
dence of other neurologic disease [22,25). Cases were excluded if
their medical histories revealed recent exposure to drugs with cholin-
ergic central nervous system activity. Non-demented control cases
were without clinical or neuropathologic evidence of neurologic or
psychiatric disease. Autopsy brain tissue was frozen in liquid nitro-
gen and stored at —70°C between 5 and 24 h after death.

Method A. For the initial inhibitor studies, 100,000 X g super-
natant fractions were prepared from either AD or normal control
frontal cortex gray matter by the same subcellular fractionation
procedure as in mAChR Method A, except that the tissue was
initially homogenized in 9 vols. of water and the third centrifugation

was for 90 min (instead of 6} min) to insure that all insoluble
membrane fragments were pelleted. The final pellet was discarded
and the supernatant fraction was frozen in liquid nitrogen and stored
at —70°C. For gel filtration analysis, these supernatant tractions
were concentrated by lyophilization and resuspended to 1720 the
original volume in water.

Method B. Gray matter from human frontal cortex (either normal
non-demented or AD by neuropathology) was homogenized in 9 vols.
of 1.0 M acetic acid for 40 s at 80°C in a Waring blender, heated for
S min in an 80°C water bath, then centrifuged at 1200 g for 10 min
at 4°C. The resulting supernatant fraction was centrifuged at 11,000
X g for 20 min at 4°C. The 11,000 g supernatant fraction was
centrifuged at 100,000 X g for 100 min at 4°C, then the 100,000 g
supernatant fraction was lyophilized and resuspended in water at
1 /20 the original homogenate volume. The 100,000 g supernatant
fraction was transferred to a Spectra/Por 3 dialysis (3500 dalton
cut-off) membrane bag, and dialyzed against 20 vols. of water at 4°C
for 24 h with gentle stirring. The resulting < 3500 dalton fraction
(dialysate) was lyophilized and resuspended in water to the volume
originally placed in the dialysis bag, then both the <3500 (low
molecular weight (MW) inhibitor) and > 3500 fractions (dialysis
retentate) were frozen in liquid nitrogen and stored at —70°C for
subsequent assays for protein content and inhibitor activity. A typical
low MW inhibitor preparation contained about 2.5 mg/ml protein.

2.4. Inhibitor activity assay

Assay method A. Inhibitor activity was measured using a modifica-
tion of the method of Fields et al. [13] to assess the binding of
[*Hlquinuclidiny! benzilate ((*H]JQNB), a non-specific muscarinic
receptor antagonist, to the mAChR. [*HJQNB binding was deter-
mined with 45 mM Tris-HCl, pH 7.4, at 37°C, 30 mM g-
mercaptoethanol (8-ME), 75 wg,/ml membrane (mAChR method B)
and 2.5x 107! M [*HJQNB, with and without addition of inhibitor.
To control for non-specific binding, 12.5 uM atropine sulfate (an
mAChR antagonist) was added to several tubes. Subtracting non-
specific binding from total binding yielded specific binding. The Tris
buffer, 8-ME, inhibitor fraction, mAChR preparation and enough
water to make all reaction volumes equal 4 ml total, were combined
in glass test tubes, mixed and preincubated in an ice bath for 30 min.
Preincubation of the inhibitor with the mAChR as described resulted
in more consistent inhibition. The binding reaction was initiated by
adding [*H]JQNB, vortexing the tubes briefly, and then incubating
the tubes in a 37°C water bath with moderate shaking. After 60 min
the binding reaction was terminated by adding 5 ml of cold 50 mM
Tris buffer, pH 7.4, to each tube and chilling the tubes in an ice bath.
The tube contents and 3X5 mil rinses were filtered through What-
man GF/B glass fiber filters using a vacuum manifold. The dried
filters were placed in scintillation fluor and counted in a Beckman
LS-7000 scintillation counter set for tritium detection. Counting
efficiency was about 45%.

Assay method B. Initial binding studies followed essentially the
same assay procedure as method A, but omitted the 8-ME and the
preincubation on ice, and used the muscarinic receptor membrane
preparation mAChR method A.

2.5. Protein assay

Protein concentrations were measured using the bicinchoninic
acid {BCA) protein assay method, essentially as described by Smith
et al. [28].

2.6. Alkaline phosphatase treatments

Twenty ul of low MW inhibitor preparation were incubated with
1 unit of alkaline phosphatase in 0.4 M Tris-HCl (pH 8.0) at 25°C for
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Fig. 1. Inhibition of [*H]JQNB binding to normal human brain
mAChR by supernatant fractions from twelve matched pairs of
normal and AD frontal cortex. Brains were matched for age (AD
70+ 6: normal 70+ 7) and sex (AD 8 male, 4 female; normal 9 male,
3 female). The mean age of dementia onset was 63 + 8 years and the
mean duration of disease 843 years. Values shown are average
percent inhibition +standard error of duplicate determinations. For
Figs. 1-3, assays (Method B) were performed without 8-ME using a
microsomal membrane mAChR preparation (nAChR Method A)
and 100,000 X g supernatant (Inhibitor preparation method A).

60 min. Before the treated inhibitor was tested in the binding assay
(Assay method A), the alkaline phosphatase was inactivated by
placing the sample in a boiling water bath for 10 min, followed by an
ice-water bath for 20 min. Heat-treated controls were included to
account for any effect of inactivated alkaline phosphatase on the
binding assay.

3. Results

While examining subcellular fractions of human
frontal cortex from both Alzheimer’s patients and nor-
mal non-demented control cases, we noted that the
100,000 X g supernatant fractions inhibited [*HJQNB
binding to the mAChR of the microsomal membrane
fraction from normal brain (Fig. 1). The inhibition was
dependent on the amount of supernatant fraction
added to the QNB binding assay (not shown). Compar-
ison of supernatant fractions prepared from the frontal
cortex gray matter of 12 neuropathologically-confirmed
AD cases and 12 non-demented controls matched for
age and sex demonstrated a significantly greater inhibi-
tion (P <0.05) of [*H]JQONB binding by AD super-
natant fractions (Fig. 1).

Both the AD and control supernatant fractions sig-
nificantly decreased mAChR density (B,,,), with a
greater reduction in B, ,, observed when the AD su-
pernatant fraction was added (Fig. 2, Table 1). Further,
while addition of both AD and normal supernatant
fractions increased the dissociation constant (K ), only
the increase caused by the AD supernatant was statisti-
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Fig. 2. Scatchard analysis of the effects of AD and normal super-
natant fractions on [*HJQNB binding to mAChR. Representative
100,000 X g supernatant fractions from AD and normal frontal cor-
tex were assayed for inhibitor activity using a microsomal membrane
mAChR preparation. B, values are 1.0 pmol/g protein for the
control without supernatant (O), 0.85 pmol /g for the normal super-
natant fraction (a), and 0.46 pmol/g for the AD supernatant
fraction (0O), from the Scatchard analysis [27]). See Table 1 for the
means and standard errors of the B, and K, values for all 12
matched pairs.

cally significant (Fig. 2, Table 1). The above differences
could not be explained by patient age, sex or duration
of illness. Variations in postmortem time interval (5-24
h) were not associated with any significant effects on
either inhibitor activity or binding parameters (not
shown). These initial studies indicated that one or
more endogenous inhibitors of antagonist binding to
the mAChR were present in the soluble fraction of
human frontal cortex grey matter and suggested in-
hibitor activity was elevated in AD. In addition to
inhibiting [*HJQNB binding, the 100,000 x g super-

Table 1
Effect of normal and AD brain 100,000 X g supernatant fractions on
[*HIONB binding parameters

No additions Normal AD

Binding parameters

Ky (pM)
B . (pPmol /g protein)

39 +6 6l +9 111 +25*
1.5+40.2 1.1+03* 0.9+ 0.2%*

The effect of supernatant fractions from 12 matched pairs (described
in Fig. 1 legend) on the binding of [*HJQNB to mAChR from normal
human brain was studied. Binding parameters obtained in the pres-
ence of either normal or AD supernatant fractions were compared to
those obtained with no addition of supernatant fractions. Significant
differences are indicated by * P < 0.05 or ** P < 0.005.
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Fig. 3. Chromatography of inhibitor from AD and normal brain on
Sephadex G-10. 2.5 ml vols. of the 100,000 X g supernatant samples
from normal (O) and AD (a) frontal cortex were applied to a
Sephadex G-10 column (0.8x 68 cm), equilibrated with 50 mM
Tris-HCI, pH 7.4, at 4°C, eluted at a rate of 6 ml/h, collected in 3.4
ml fractions and tested for inhibition of [°’HJQNB binding. Molecular
weight standards [blue dextran (2 10° daltons), vitamin B, (1350),
acetylcholine (182) and NaCl (58)] eluted as indicated.

natant fraction from AD brain also inhibited the bind-
ing of [*Hlpirenzepine, an M, antagonist (not shown).
Chromatography of the AD and non-demented con-
trol supernatant fractions on either. Sephadex G-10
(Fig. 3) or Sephadex G-25 (not shown) revealed two
peaks of inhibitor activity, one in the void volume and
one (the low MW inhibitor) that eluted after vitamin
B,, (1,350 daltons). This indicated at least two in-
hibitory factors. Since the low MW inhibitor eluted
ahead of acetylcholine (182 daltons) (Fig. 3), and its
activity was not destroyed by acetylcholinesterase (not
shown), it was not acetylcholine. Further, choline, the
major breakdown product of acetylcholine, did not
cause inhibition of QNB binding at concentrations up
to 2.5 uM in the assay (not shown). This corresponds
to a tissue concentration of 500 uM which is at least
ten times greater than physiologic levels in rat brain
[3]. Thus it is unlikely that the inhibitor is choline.
Following these preliminary studies, we focused our
efforts on characterizing the low MW inhibitor (Inhibi-
tor prep method B) and comparing its activity in AD
and non-demented control brain. Also, because the
microsomal membrane preparation (mAChR method
A) used in the initial studies contained only a small
fraction of the cellular mAChRs, all subsequent studies
were conducted with a lysed, washed 27,000 X g mem-
brane preparation (mAChR method B) which was much

higher in mAChR density [5] (see section 2 for details).
Similar inhibition was observed by AD and non-de-
mented control supernatant fractions with cither mem-
brane preparation (not shown).

The activity of the low MW inhibitor from AD brain
was not decreased by treatment with base (0.1 M
NaOH for 20 min at 2°C) or acid (0.1 M HCI for 20
min at 2°C). The low MW (182-1,350 daltons) and
stability of the inhibitor suggested it might be a pep-
tide. Guidotti et al. [16] have previously reported the
homogenization of rat brain tissue in I M acetic acid at
80°C for the isolation of an endogenous peptide. The
use of acid and heat not only inactivates proteases but
also denatures and precipitates many contaminating
proteins. Utilizing a modification of Guidotti’s proce-
dure followed by centrifugation and dialysis of the
100,000 X g supernatant fraction through Spectra /Por
3 (Inhibitor preparation method B), we obtained two
fractions, one > 3,500 daltons and the other < 3,500
daltons. Both fractions retained inhibitor activity. Thus
the low MW inhibitor could also be separated by
dialysis through Spectra /Por 3 membranes from other
larger MW inhibitors.

Our research was greatly simplified by the discovery
that the activity of the low MW inhibitor from either
AD or non-demented control brain was greatly in-
creased by B-ME. With small amounts of low MW
inhibitor, which were insufficient to cause inhibition in
the absence of B-ME, inhibitor activity was increased
in a concentration-dependent manner with B-ME.
Maximum inhibition was observed with 30 mM B-ME
(Fig. 4). Dithiothreitol (DTT), another sulthydryl re-
ducing agent, similarly caused a dramatic increase in
the activity of the low MW inhibitor with 0.25 mM
DTT giving maximum inhibition (not shown). Neither
0.25 mM DTT nor 30 mM B-ME altered [*HIQNB
binding more than + 7% with our standard assay con-
ditions. Because inclusion of 30 mM B-ME in the assay
not only maximally increased the activity of the low
MW inhibitor but also gave higher assay reproducibil-
ity, all subsequent assays included 30 mM B-ME.

The activity of the > 3,500 dalton inhibitory fraction
from AD brain was also increased by B-ME or DTT
(not shown). Analysis of the > 3,500 dalton and
< 3,500 dalton fractions prepared from five
Alzheimer’s brains revealed that 64 + 2% of the recov-
ered activity was found in the low MW fraction.

Acid hydrolysis (6 M HCI, 110°C, for 16 h) of the
low MW inhibitor isolated from either AD or normal
brain resulted in loss of approximately 50% of inhibitor
activity (Fig. 5). While most peptides are completely
hydrolyzed under these conditions, those with peptide
linkages between non-aromatic hydrophobic amino
acids such as valine, leucine or isoleucine require longer
times for complete acid hydrolysis [29]. Peptides with
amino-terminal valine, leucine or isoleucine are also
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Fig. 4. Low MW inhibitor activity increased by S-ME. Low MW
inhibitor from AD brain was assayed (Method A) for activity in the
presence of increasing concentrations of B-ME. Binding in the
absence of inhibitor was compared to binding in the presence of
inhibitor at the 8-ME concentrations shown in 4 separate experi-
ments. Points shown are the averages of duplicate determinations of
a representative experiment. For the subsequent experiments shown
in Figs. 5-9, 30 mM B-ME was included in the assay (Method A)
which utilized a lysed, washed 27,000 X ¢ membrane mAChR prepa-
ration (mAChR Method B) and low MW inhibitor preparation
(Method B).

known to be resistant to acid hydrolysis [29]. Acid
hydrolysis for 96 h of low MW inhibitor prepared from
three normal and three AD brains resulted in nearly
complete loss of inhibitor activity for all but one of the
six inhibitor preparations (Fig. 6). Treatment of the low
MW inhibitor with alkaline phosphatase did not alter
inhibitor activity, indicating that the inhibitor is not a
phosphomonoester.

Beginning with an equal wet weight of tissue,
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Fig. 5. 16 h acid hydrolysis of low MW inhibitor from normal and AD
brain. Low MW inhibitor prepared from 4 normal and 5 AD brains
was heat-sealed under N,(g) in glass ampules containing 6 M HCl
and heated to 110°C [18] in a Pierce Reacti-Block. Control ampules
with inhibitor but no acid were kept at 23°C or at — 70°C. After 16 h,
acid hydrolyzed samples were dried under N,(g), resuspended and
neutralized before being assayed in triplicate for inhibitor activity.
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6N HC1

100
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Fig. 6. 96 h acid hydrolysis of low MW inhibitor from normal and AD
brain. Low MW inhibitor prepared from 3 normal and 3 AD brains
were acid hydrolyzed with 6 M HCI at 110°C as described in Fig. S.
After 96 h, the ampules were opened and the contents were dried,
resuspended, neutralized and assayed in triplicate for inhibitor activ-
ity. Control ampules with inhibitor but no acid were kept at — 70°C.

< 3,500 dalton fractions were prepared from the frontal
cortex gray matter of 5 severe AD cases (81 + 5 years)
and 4 normal cases (86 + 5 years). In all cases. the
activity of the low MW inhibitor increased with incrcas-
ing concentration of inhibitor in the assay, reaching a
maximum of 93-94% inhibition for the inhibitor from
both the AD and normal brain tissuc. (See Eadic-
Hofstee analysis (Fig. 7).) A Hill plot analysis of these
data (Fig. 8) revealed only slight positive cooperativity
with a Hill coefficient of 1.2 for the inhibitor from both
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Fig. 7. Eadie-Hofstee analysis of inhibition of [*HJQNB binding by
normal and AD low MW inhibitors. Low MW inhibitor was prepared
from 4 normal (©) and 5 AD (m) brains. The mean percent inhibi-
tion of [*H]JQNB binding is presented for both AD and normal low
MW inhibitor preparations for each volume of inhibitor tested. AD
and normal low MW inhibitors caused a maximum inhibition of 937
and 94%, respectively, from the Eadie-Hofstee analysis [11.19]). In
Figs. 7 and 8, each point shown represents the mean of four or five
triplicate determinations of inhibitor activity.
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Fig. 8. Hill plot of inhibition of [*H]JQNB binding by the low MW
inhibitor isolated from AD and normal brain. A Hill plot of the data
in Fig. 7 is shown [17]. 1 pl of low MW inhibitor was derived from
1.9 mg of frontal cortex gray matter for both AD and normal brain.
The volume of low MW inhibitor required to produce half-maximal
inhibition of [*HJQNB binding is determined from the intersection
with the dashed line where (1/1,, — I)=1. The Hill coefficient is
determined from the slope of each line.
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Fig. 9. Eadie-Hofstee plot of the effect of low MW inhibitor from
AD brain on [*HJQNB binding. Low MW inhibitor preparations
from 6 AD brains were pooled. Zero (0), 2.5 ul(0) or 10 pl (&) of
inhibitor were added to the assay. Assay concentrations of [’ HJQNB
ranged between 0 and 400 pM. Analysis of the resulting data by
Eadie-Hofstee plot yielded the following B,,,, values: no inhibitor =
309 pmol/g protein; 2.5 wl inhibitor = 236 pmol /g protein; 10 ul
inhibitor = 100 pmol /g protein. The kinetic analysis was performed
three times. In the representative analysis shown, each point is the
average of duplicate determinations.

AD and normal brain. However, the volume of the
< 3,500 dalton fraction tfrom AD brain required 1o
produce half-maximal inhibition of QNB binding, was
2.7 times less than that for normal brain (£ < 0.005).
These data suggest that low MW inhibitor activity is
about three times greater in AD brain than in normal
control brain on a per gram wet weight tissue basis.

Analysis of the effect of low MW inhibitor from AD
brain on binding to the mAChR as a function of
[*HJONB concentration indicates that the principal
effect is to decrease B, ,, (Fig. 9). No significant effect
on K, was observed, suggesting that the low MW
inhibitor is a non-competitive inhibitor.

4. Discussion

This is the first report of endogenous inhibitors in
human brain of ligand binding to the mAChR and of
increased inhibitor activity in AD. The data presented
demonstrate that inhibitor activity is greatly increased
by the reducing agents B-ME (Fig. 4) and DTT. It is
not known whether these sulfhydryl reagents are acting
on the inhibitors or on the membrane itself to alter the
interaction of the inhibitor with the mAChR.

Our comparison of endogenous inhibitor activity in
100,000 X g supernatant fractions of AD and non-de-
mented brain indicates that inhibitor activity is signifi-
cantly increased in AD brain (Figs. 1 and 2, Table 1).
This difference is even more evident in the < 3,500
dalton fraction containing the low MW inhibitor whose
activity is increased approximately three-fold in AD
(Fig. 8). This inhibition appears to be non-competitive
as no significant effect on K, a measure of receptor
affinity for the ligand, was observed (Fig. 9).

The characteristics of the low MW inhibitor from
AD brain differ from those of several other inhibitors
of ligand binding to the mAChR reported to occur in
the tissues of other mammals. The earliest report of an
endogenous factor interfering with antagonist binding
to the mAChR was from Acton et al. [1] who described
a competitive inhibitor from bovine brain with an ap-
proximate MW of 1,500. Though similar in size, the
low MW inhibitor from AD brain exhibits non-compe-
titive kinetics (Fig. 9).

Creazzo and Hartzell [4] have isolated from rat
heart and brain an endogenous low MW inhibitor of
the mAChR. The activity of this endogenous soluble
factor was blocked by DTT. While this is opposite to
the effect of DTT described here for the low MW
inhibitor found in AD brain, there are a number of
similarities including low molecular weight and resis-
tance to heat and acid.

Diaz-Arrastia et al. [9] have also reported a low
MW, moderately heat- and acid-stable inhibitor iso-
lated from calf thymus which required Zn?* (10-500
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uM) for activity and whose activity was totally de-
stroyed by hydrolysis with 6 M HCI at 110°C for only 6
h. As shown, even 16 h of hydrolysis with 6 M HCl only
destroyed half of the activity of the low MW inhibitor
from human brain (Fig. 5) and addition of 100 M
Zn?* did not increase activity of the inhibitor (not
shown). However, again in spite of these differences,
there are a number of similarities including low MW,
heat and acid stability and similar non-competitive
kinetics with certain assay conditions.

Fryer and El-Fakahany [15] have also reported an
endogenous factor in rat heart supernatant fractions
which altered the affinity of rat heart mAChR for
selective antagonists. The activity of this factor was
destroyed by heat, however, clearly distinguishing it
from the inhibitor activities described here for human
brain. Fang et al. [12] have found a heat-stable,
trypsin-sensitive, soluble factor from guinea pig ileal
muscle that reduced the B, for [?HJQNB but did not
alter K,. However, the MW of this factor was greater
than 10,000. Finally, Maslinski et al. [24] have de-
scribed a soluble trypsin-sensitive factor (MW < 10,000)
from rat thymocytes which reduced the B,,, for
[*HIQNB but did not alter the K,. Although this
trypsin-sensitive soluble factor was inactivated by heat
(£, ,,=12 min at 56°C), its other properties are not
inconsistent with those we describe here for the low
MW inhibitor from AD brain.

Peptides isolated from non-mammalian sources have
also been found to alter ligand binding to the mAChR.
Hu et al. [20] have reported that salmon protamine
caused allosteric modulation of mAChR but did not
alter B,,.. This differs not only from our low MW
inhibitor in its action but also from that reported by
others [4,9,24] who also observed a decrease in B,,.
Jerusalinsky et al. [21] have described two polypeptides
from snake venom that selectively inhibited binding of
[*Hlpirenzepine. These polypeptides, around 7,000
MW, are competitive inhibitors and thus appear to
differ from the low MW inhibitor found in AD brain
both in size and type of inhibition.

It is not possible to ascertain from the studies per-
formed thus far whether or not the low MW inhibitor
is a peptide. While the inactivation of the inhibitor by
prolonged acid hydrolysis is consistent with a peptide
having linkages between non-aromatic hydrophobic
amino acids or amino terminal valine, leucine or
isoleucine, our preliminary results with immobilized
and soluble proteases do not allow any firm conclu-
sions at this time. Inactivation of the low MW inhibitor
by acid hydrolysis together with its elution ahead of
acetylcholine on Sephadex G-10 make it extremely
unlikely that the inhibitor is simply a metal ion.

Andriamampandry and Kanfer [2] have reported
that a phosphomonoester elevated in AD brain inhibits
choline acetyltransferase. The low MW inhibitor de-

scribed here, however, is not inactivated by treatment
with alkaline phosphatase, unlike the one reported by
Andriamampandry and Kanfer.

Studies now in progress to further purify the low
MW inhibitor from human brain and to determine its
MW, composition and receptor specificity should help
to identify this potentially important regulator of
mAChR function. Increased activity of endogenous
inhibitors of mAChR function in AD may contribute to
the cholinergic deficit of this disease and interfere with
therapeutic attempts to increase mAChR activity. Also,
evidence for increased levels of hippocampal nerve
growth factor and brain-derived neurotrophic factor
mRNA following stimulation of mAChR has been pre-
sented and reviewed by da Penha Berzaghi et al. [5].
Endogenous inhibitors of mAChR function, such as
those described here for human brain, may alter this
regulation leading to reduced levels of brain neu-
rotrophic factors and neurodegeneration. Further,
Nitsch et al. [26] have reported that release of amyloid
precursor protein derivatives is stimulated by activation
of mAChR. Thus, endogenous inhibitors of antagonist
binding to the mAChR may play a role in the regula-
tion of amyloid release and deposition which con-
tributes to the neuropathology of AD.

Acknowledgements

We would like to acknowledge the assistance of the
following people: Mark Thomas, Elizabeth Jensen,
Kristin Semrad and Susan Senogles. We thank Michael
Luxenberg, Ph.D. for assistance with statistical analysis
and Marilu LaVoie for secretarial assistance. This re-
search was supported by a grant from the Ramsey
Foundation and by donations from the Robert Wood
Johnson 1962 Charitable Trust, the National Associa-
tion of Retired Federal Employees, the 3M Founda-
tion and Leroy F. Stutzman.

References

[1] Acton, G., Dailey, J.W., Morris, S.W. and McNatt, L., Evidence
for an endogenous factor interfering with antagonist binding at
the muscarinic cholinergic receptor, Eur. J. Pharmacol., 58
(1979) 343-344.

[2] Andriamampandry, C. and Kanfer, J.N., Inhibition of cytosolic
human forebrain choline acetyltransferase activity by phospho-
L-serine: a phosphomonoester that accumulates during early
stages of Alzheimer’s disease, Neurobiol. Aging, 14 (1993) 367
372.

[3] Cohen, E.L. and Wurtman, R.J., Brain acetylcholine: control by
dietary choline, Science, 191 (1976) 561-562.

[4] Creazzo, T.L. and Hartzell, H.C., Reduction of muscarinic
acetylcholine receptor number and affinity by an endogenous
substance, J. Neurochem., 45 (1985) 710-718.

[5] da Penha Berzaghi, M., Cooper, J., Castren. E., Zafra, F.,



160 W.H. Frey Il et al. / Brain Rescarch 655 (1994) 133160

Sofroniew, M., Thoenen, H. and Lindholm, D., Choiinergic
regulation of brain-derived neurotrophic factor (BDNF) and
nerve growth factor (NGF) but not neurotrophin-3 (NT-3)
mRNA levels in the developing rat hippocampus, J. Neurosci..

13(9) (1993) 3818-3826.

Davies, P, A critical review of the role of the cholinergic

systems in human memory and cognition, Ann. NY Acad. Sci.,

444 (1985) 212-216.

[7] Davies, P. and Maloney, A.J.F., Selective loss of central cholin-
ergic neurons in Alzheimer’s disease, Lancer, 2 (1976) 1403.

[8] De Souza, E.B., Preclinical strategies for symptomatic treatment
of cognitive deficits seen in Alzheimer’s disease: focus on
cholinergic mechanisms. In B. Corain, K. Igbal, M. Nicolini, B.
Winblad, H. Wisniewski and P. Zatta (Eds.), Alzheimer’s Dis-
ease: Advances in Clinical and Basic Research, Wiley, Chichester,
1993, pp. 539-548.

[9] Diaz-Arrastia, R., Ashizawa, T. and Appel, $.H., Endogenous
inhibitor of ligand binding to the muscarinic acetyicholine re-
ceptor, J. Neurochem., 44 (1985) 622-628.

[10} Drachman, D.A. and Leavitt, J., Human memory and the
cholinergic system: a relationship to aging? Arch. Neurol., 30
(1974) 113-121.

[11} Eadie, G.S., The inhibition of cholinesterase by physostigmine
and prostigmine, J. Biol. Chem., 146 (1942) 85-93.

[12] Fang, Y.-1., lijima, M., Ogawa, M., Suzuki, T. and Momose, K.,
Reduction in the numbers of muscarinic receptors by an en-
dogenous protein, Biochem. Pharmacol., 46 (1993) 637-641.

[13] Fields, J.Z., Roeske, W.R., Morkin, E. and Yamamura, M.I.,
Cardiac muscarinic cholinergic receptors, J. Biol. Chem., 253
(1978) 3251-3258.

[14] Frey II, W.H., Senogles, S.E., Heston, L.L., Tuason, V.B. and
Nicol, S.E., Catecholamine-sensitive guanylate cyclase from hu-
man caudate nucleus, J. Neurochem., 35 (1980) 1418-1430.

[15] Fryer, A.D. and El-Fakahany, E.E., An endogenous factor in-
duces heterogeneity of binding sites of selective muscarinic
receptor antagonists in rat heart, Membrane Biochem., 8 (1989)
127-132.

{16] Guidotti, A., Forchetti, C.M., Corda, M.G., Konkel, D., Ben-
nett, C.D. and Costa, E., Isolation, characterization, and purifi-
cation to homogeneity of an endogenous polypeptide with ago-
nistic action on benzodiazepine receptors, Proc. Natl. Acad. Sci.
USA. 80 (1983) 3531-3535.

[17] Hill, A.V., The possible effects of the aggregation of the
molecules of haemoglobin on its dissociation curves, J. Physiol.,
40 (1910) iv—vii.

[18] Hill, R.L., Hydrolysis of proteins, Adi. Protein Chem., 20 (1965)
37-107.

{6

Pt

[19] Hofstee, B.H.J., On evaluation of constants I and K
enzyme reactions, Science, 116 (1952) 329--331.

[20] Hu, J., Wang, S.-Z., Forray, C. and El-Fakahany, E.E., Complex
allosteric modulation of cardiac muscarinic receptors by pro-
tamine: potential model for putative endogenous ligands, Mol
Pharmacol., 42 (1992) 311-324.

[21] Jerusalinsky, D., Cervenansky, C., Pena, ., Raskovsky, S. and
Dajas, F., Two polypeptides from Dendrouspis angusticeps
venom selectively inhibit the binding of central muscarinic
cholinergic receptor ligands, Neurochem. Int., 20 (1992) 237-246.

[22] Khachaturian, Z.S., Diagnosis of Alzheimer's discase. Arch.
Neurol., 42 (1985) 1097-1105.

[23] Marks, M.J. and Collins, A.C.. Characterization of nicotine
binding in mouse brain and comparison with the binding of
abungarotoxin and quinuclidinyl benzilate, Mol. Pharmacol.. 22
(1982) 554-564.

[24] Maslinski, W., Ryzewski, J. and Bartfai, T., Rat thymocytes
release a factor which inhibits muscarinic ligand binding, J.
Neuroimmunol., 17 (1988) 275-285.

[25] Mirra, S.S., Heyman, A., McKeel, D., Sumi, 5.M., Crain, B.J..
Brownlee, L.M., Vogel, F.S., Hughes, J.P., van Belle, G., Berg,
L. and participating CERAD neuropathologists, The Consor-
tium to Establish a Registry for Alzheimer’s Disease (CERAD),
II. Standardization of the neuropathologic assessment of
Alzheimer’s disease, Neurology, 41 (1991) 479-486.

[26] Nitsch, S., Wurtman, R.J. and Growdon, J.H., Release of
Alzheimer amyloid precursor derivatives stimulated by activa-
tion of muscarinic acetylcholine receptors. Science. 258 (1992)
304.

[27] Scatchard, G., The attractions of proteins for small molecules
and ions, Ann. NY Acad. Sci., 51 (1949) 660-672.

[28] Smith, P.K., Krohn, R.I., Hermanson, G.T., Mallia, A K., Gart-
ner, F.H., Provenzano, M.D., Fujimoto, E.K., Goeke, N.M,,
Olson, B.J. and Klenk, D.C., Measurement of protein using
bicinchoninic acid, Anal. Biochem., 150 (1985) 76-885.

[29] Smyth, D.G., Stein, W.H. and Moore, S.. The sequence of
amino acid residues in bovine pancreatic ribonuclease: revisions
and confirmations, J. Biol. Chem., 238 (1963) 227-234.

[30] Von Hungen, K. and Roberts, S., Adenylate-cyclase receptors

for adrenergic neurotransmitters in rat cerebral cortex, Fur. J.

Biochem., 36 (1973) 391-401.

Whitehouse, P.J., Price, D.L., Struble, R.G.. Clark, A W., Coyle,

J.T. and DeLong, M.R., Alzheimer’s disease and senile demen-

tia: loss of neurons in the basal forebrain, Science. 215 (1982)

1237-1239.

w10

[31





