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Abstract 

The 100,000 x g supernatant fraction of human brain contains endogenous inhibitors of antagonist binding to the 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 (50% loss after 16 h, 1(1()°~4 
loss after 96 h). The low molecular weight inhibitor activity is elevated approximately three-fold in Alzheimcr'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. Introduct ion 

Avai l ab le  ev idence  ind ica tes  tha t  the  muscar in ic  
cho l inerg ic  r e c e p t o r  ( m A C h R )  and chol inerg ic  t rans-  
mission are  crucial  to m e m o r y  and  l ea rn ing  [6,8,10]. A 
loss of  cho l inerg ic  funct ion,  inc luding m a r k e d l y  de-  
c r eased  levels of  b ra in  chol ine  ace ty l t r ans fe rase  [7] and  
a loss of  cho l inerg ic  neu rons  in the  nucleus  basal is  [31], 
have been  d e m o n s t r a t e d  in pa t i en t s  with A l z h e i m e r ' s  
d i sease  (AD) ,  the  most  p reva len t  m e m o r y  d i so rde r  [8]. 
N u m e r o u s  cl inical  s tudies  have been  c o n d u c t e d  to t rea t  
A D  pa t i en t s  t h rough  pha rmaco log i c  m a n i p u l a t i o n  of  
the  chol inerg ic  system [8]. Consequent ly ,  e n d o g e n o u s  
subs tances  regu la t ing  cen t ra l  muscar in ic  chol inerg ic  
funct ion are  of  cons ide rab le  impor t ance .  

Several  inves t igators  have r e p o r t e d  the  p re sence  of  
e n d o g e n o u s  inhibi tors  of  an tagon i s t  b ind ing  to the  

" An abstract of some of these findings was published in Neuro- 
biol. Aging, 13 (1992) $41. 
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m A C h R  in m a m m a l s  [1,4,9,15,12,24]. However ,  the ex- 
act na tu re  and  ident i ty  of  the  m a m m a l i a n  inhibi tors  
r ema ins  unknown.  Hu et al. [20] have recent ly  r e p o r t e d  
tha t  p r o t a m i n e  causes  complex  a l los ter ic  modu la t ion  of  
the  m A C h R  of  rat  hear t ,  and  Je rusa l insky  et al. [21] 
have i so la ted  two po lype p t i de s  f rom snake venom which 
select ively inhibi t  b ind ing  of  an tagonis t s  to the cent ra l  
m A C h R .  W e  now repor t  the p re sence  in human  bra in  
of  e n d o g e n o u s  inhib i tors  of  an tagonis t  b ind ing  to the 
m A C h R ,  at least  one  of  which is a low molecu la r  
weight  subs tance  whose activity is s ignif icantly in- 
c r ea sed  in A D .  

2. Materia ls  and methods  

2.1. Materials" 

Materials used were as follows: [~H]quinuclidinyl benzilatc (47 
Ci,/mol) was from Amersham. /3-Mercaptoethanol, dithiothreitol, 
Tris-HCI, atropine sulfate, vitamin B~2, 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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Spec t ra /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 [3H]pirenzipine (70 
~zCi/mmol) was from DuPont  NEN. 

2.2. Membrane muscarinie 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 mat ter  was homogenized with 
a Waring blender in 9 vols. of 0.32 M sucrose. The homogenate  was 
centrifuged at 1000× g for 10 min. The resulting supernatant  frac- 
tion was centrifuged at 15,000× g for 25 min, the pellet discarded, 
and the supernatant  fraction was then centrifuged at 100.000× g for 
60 rain. The resulting pellet, containing microsomal membranes  and 
accompanying muscarinic receptors, was resuspended at 5% w / v  in 
water and allowed to lyse for I h at 4°C. This resuspension was 
centrifuged at 100,000× g for 60 rain. 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 - 7 0 ° C  for use in 
the binding assays. Thawed aliquots were briefly re-homogenized in 
a g lass /g lass  hand-held homogenizer  prior to assay. 

mAChR Method B. Membranes  rich in m A C h R s  were prepared 
by a modification of the method used by Marks and Collins [23]. 
Gray mat ter  from non-demented  adult  human frontal cortex was 
homogenized in 9 vols. of 50 m M  Tris-HCl, pH  7.4, at 37°C, using 5 
strokes of a g lass /Tef lon  motor-driven homogenizer.  The ho- 
mogenate  was centrifuged at 27,000× g for 211 rain 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-HCl buffer, aliquoted in small portions, flash-frozen in liquid 
nitrogen and stored at -7(1°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 g lass /g lass  homogenizer.  A typical m A C h R  membrane  preparation 
bound 300 pmol 3 H - Q N B / 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 dement ia  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 
dement ia  according to the Diagnostic and Statistical Manual o f  
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 
plaques 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 - 7 0 ° C  between 5 and 24 h after death.  

Method A. For the initial inhibitor studies, 100,000× g super- 
na tant  fractions were prepared from either AD or normal control 
frontal cortex gray mat ter  by the same subcellular fractionation 
procedure as in m A C h R  Method A, except that the tissue was 
initially homogenized in 9 vols. of water and the third centrifugation 

was for 90 rain (instead ot 60 rain) 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  fractions 
were concentrated by lyophilization and resuspended If~ 1~20 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 foJ 
5 rain in an 80°C water bath, then centrifuged at t200× g for 10 min 
at 4°C. The resulting supernatant  fraction was centrifuged at 11,000 
× g  for 20 rain at 4°C. The l l , 0 0 0 × g  supernatant  fraction was 
centrifuged at 100,000× g for 1011 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 Spec t ra /Por  3 dialysis (35011 dalton 
cut-off) membrane  bag, and dialyzed against 211 vols. of water at 4°C 
for 24 h with gentle stirring. The resulting < 35110 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°( .  TM for 
subsequent  assays for protein content  and inhibitor activity. A typical 
low MW inhibitor preparation contained about 2.5 m g / m l  protein. 

2.4. Inhibitor actil,ity 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 
[3H]quinuclidinyl benzilate ([3H]QNB), a non-specific muscarinic 
receptor antagonist,  to the mAChR.  [3H]QNB binding was deter- 
mined with 45 mM Tris-HCl, pH 7.4, at 37°C, 30 mM /3- 
mercaptoethanol  (/3-ME), 7 5 / x g / m l  membrane  ( m A C h R  method B) 
and 2.5 × 10 10 M [3H]QNB, with and without addition of inhibitor. 
To control for non-specific binding, 12.5 /xM atropine sulfate (an 
m A C h R  antagonist) was added to several tubes. Subtracting non- 
specific binding from total binding yielded specific binding. The Tris 
buffer, /3-ME, inhibitor fraction, m A C h R  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 m A C h R  as described resulted 
in more consistent inhibition. The binding reaction was initiated by 
adding [3H]QNB, 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 m M 
Tris buffer, pH 7.4, to each tube and chilling the tubes in an ice bath. 
The tube contents and 3 × 5 ml rinses were filtered through What-  
man G F / 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 /3-ME and the 
preincubation on ice, and used the muscarinic receptor membrane  
preparation m A C h R  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/~1 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 



I~H. Frey II et al. /Brain Research 655 (1994) 153-160 155 

40 

Z 
© 30 
I--- 

H 
I 
Z 

20 

Z 
Ld 
(D  

L~ 10 

CONTROL AD 

Fig. 1. Inhibition of [31-:I]QNB 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 8 + 3  years. Values shown are average 
percent inhibition + standard error of duplicate determinations. For 
Figs. 1-3, assays (Method B) were performed without /3-ME using a 
microsomal membrane mAChR preparation (mAChR 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. 
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Fig. 2. Scatchard analysis of the effects of AD and normal super- 
natant fractions on [3H]QNB binding to mAChR. Representative 
100,000x g supernatant fractions from AD and normal frontal cor- 
tex were assayed for inhibitor activity using a microsomal membrane 
mAChR preparation. B,m,~ values are 1.0 pmol /g  protein for the 
control without supernatant ([]), 0.85 pmol /g  for the normal super- 
natant fraction (zx), and 0.46 pmo l /g  for the AD supernatant 
fraction (o),  from the Scatchard analysis [27]. See Table 1 for the 
means and standard errors of the B,,,,,,, and K d values for all 12 
matched pairs. 

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 [3H]QNB 
binding to the m A C h R  of  the microsomal membrane 
fraction from normal brain (Fig. 1). The inhibition was 
dependent  on the amount of supernatant fraction 
added to the Q N B  binding assay (not shown). Compar- 
ison of supernatant fractions prepared from the frontal 
cortex gray matter of  12 neuropathologically-confirmed 
A D  cases and 12 non-demented controls matched for 
age and sex demonstrated a significantly greater inhibi- 
tion ( P <  0.05) of  [3H]QNB binding by A D  super- 
natant fractions (Fig. 1). 

Both the A D  and control supernatant fractions sig- 
nificantly decreased m A C h R  density (Bmax) , with a 
greater reduction in Bma x observed when the A D  su- 
pernatant fraction was added (Fig. 2, Table 1). Further, 
while addition of both A D  and normal supernatant 
fractions increased the dissociation constant (Kd), only 
the increase caused by the A D  supernatant was statisti- 

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 m A C h R  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 [3H]QNB binding, the 100,000 X g super- 

Table 1 
Effect of normal and AD brain 100,000 × g supernatant fractions on 
[3H]QNB binding parameters 

Binding parameters No additions Normal AD 

K d (pM) 39 +_ 6 61 + 9 111 + 25 * 
Bm~,x (pmol /g  protein) 1.5 +-0.2 1.1 +_0.3 * 0.9+ 0.2 ** 

The effect of supernatant fractions from 12 matched pairs (described 
in Fig. 1 legend) on the binding of [3H]QNB 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 100,000x g supernatant samples 
from normal (©) and AD ( • )  frontal cortex were applied to a 
Sephadex G-t0 column (0.8×68 cm), equilibrated with 50 mM 
Tris-HCl, 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 [3H]QNB binding. Molecular 
weight standards [blue dextran (2 × 106 daltons), vitamin Bl2 (1350), 
acetylcholine (182) and NaCI (58)] eluted as indicated. 

natant fraction from AD brain also inhibited the bind- 
ing of [3H]pirenzepine, an M~ antagonist (not shown). 

Chromatography of the A D  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 
Bl2 (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 p.M in the assay (not shown). This corresponds 
to a tissue concentration of 500 t~M 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  preparat ion (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 preparat ion (mAChR method B) which was much 

higher in mAChR density [5] (see section 2 h)r dctalts) 
Similar inhibition was observed by All  and non-de k 
merited control supernatant fractions with either mem- 
brane preparat ion (not shown). 

The activity of the low MW inhibitor from AD brain 
was not decreased by treatment with base (0.1 M 
N a O H  for 2(1 min at 20( ̀  ) or acid (0. l M HCI for 2t/ 
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 1 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 Spec t r a /Po r  
3 (Inhibitor preparat ion 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 Spec t r a /Po r  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 /3-ME. With small amounts of low MW 
inhibitor, which were insufficient to cause inhibition in 
the absence of /3-ME, inhibitor activity was increased 
in a concentrat ion-dependent  manner  with /3-ME. 
Maximum inhibition was observed with 30 mM /3-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 /3-ME altered [3H]QNB 
binding more than +_ 7% with our standard assay con- 
ditions. Because inclusion of 30 mM ~-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 /3-ME. 

The activity of the > 3,500 dalton inhibitory fraction 
from AD brain was also increased by ~ -ME or DTT 
(not shown). Analysis of the > 3,500 dalton and 
< 3,500 dal ton  f ract ions  p r e p a r e d  f rom 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, l l0°C, for 16 h) of the 
low MW inhibitor isolated from either A D  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, teucine or isoleucine are also 
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Fig. 4. Low MW inhibitor activity increased by /J-ME. Low MW 
inhibitor from AD brain was assayed (Method A) for activity in the 
presence of increasing concentrations of /J-ME. Binding in the 
absence of inhibitor was compared to binding in the presence of 
inhibitor at the /J-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 /J-ME was included in the assay (Method A) 
which utilized a lysed, washed 27,000X g membrane mAChR prepa- 
ration (mAChR Method B) and low MW inhibitor preparation 
(Method B). 

k n o w n  to be  r e s i s t an t  to ac id  hydro lys i s  [29]. A c i d  

hydrolys is  for  96 h o f  low M W  i n h i b i t o r  p r e p a r e d  f r o m  

t h r e e  n o r m a l  and  t h r e e  A D  b ra in s  r e s u l t e d  in n e a r l y  

c o m p l e t e  loss o f  i n h i b i t o r  act ivi ty  for  all bu t  o n e  o f  t he  

six i n h i b i t o r  p r e p a r a t i o n s  (Fig.  6). T r e a t m e n t  o f  t h e  low 

M W  i n h i b i t o r  wi th  a lka l i ne  p h o s p h a t a s e  d id  no t  a l t e r  

i n h i b i t o r  act ivi ty,  i n d i c a t i n g  tha t  t he  i n h i b i t o r  is no t  a 
p h o s p h o m o n o e s t e r .  

B e g i n n i n g  wi th  an e q u a l  w e t  w e i g h t  o f  t issue,  
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Fig. 5. 16 h acid hydrolysis of  low MW inhibitor from normal and A D  
brain. Low MW inhibitor prepared from 4 normal and 5 AD brains 
was heat-sealed under Nz(g) in glass ampules containing 6 M HCI 
and heated to 1111°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 N2(g), resuspended and 
neutralized before being assayed in triplicate for inhibitor activity. 
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Fig. 6.96 h acid hydrolysis of low MW inhibitor from normal and AI )  
brain, Low MW inhibitor prepared from 3 normal and 3 AD brains 
were acid hydrolyzed with 6 M HCI at I I(I°C as described in Fig. 5. 
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 7(l°C. 

< 3,500 d a l t o n  f r ac t i ons  w e r e  p r e p a r e d  f r o m  the  f ron ta l  

c o r t e x  gray m a t t e r  o f  5 s e v e r e  A D  cases  (81 _+ 5 years )  

a n d  4 n o r m a l  cases  (86_+ 5 years) .  In all cases,  the  

act ivi ty  o f  t he  low M W  inh ib i to r  i n c r e a s e d  wi th  increas-  

ing c o n c e n t r a t i o n  o f  i n h i b i t o r  in the  assay, r e a c h i n g  a 

m a x i m u m  of  9 3 - 9 4 %  inh ib i t ion  for  t he  i nh ib i t o r  f rom 

b o t h  the  A D  and  n o r m a l  b ra in  t issue.  (See  E a d i e -  

H o f s t e e  analys is  (Fig.  7).) A Hil l  p lo t  analysis  o f  t he se  

d a t a  (Fig.  8) r e v e a l e d  only  s l ight  pos i t ive  c o o p e r a t i v i t y  

wi th  a Hi l l  c o e f f i c i e n t  o f  1.2 for  the  i nh ib i t o r  f r o m  bo th  
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Fig. 7. Eadie-Hofstee analysis of inhibition of [~tt]QNB binding by 
normal and AD low MW inhibitors. Low MW inhibitor was prepared 
from 4 normal (o) and 5 AD ( I )  brains. The mean percent inhibi- 
tion of [3H]QNB 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 93C~ 
and 94%, respectively, from the Eadie-ttofstee 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 [3H]QNB 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 /.tl 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 [3H]QNB binding is determined from the intersection 
with the dashed line where (I/lm~x - 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 [3H]QNB binding. Low MW inhibitor preparations 
from 6 AD brains were pooled. Zero (o), 2.5/.tl (D) or t0 /.tl (A) of 
inhibitor were added to the assay. Assay concentrations of [3H]QNB 
ranged between 0 and 400 pM. Analysis of the resulting data by 
Eadie-Hofstee plot yielded the following Brna× values: no inhibitor = 
309 pmol/g protein; 2.5 /tl inhibitor = 236 pmol/g protein; 10 #1 
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 ihc 
< 3,500 dalton fraction from AD brain required t~ 
produce half-maximal inhibition of QNB binding, was 
2.7 times tess than that for normal brain ( t ' <  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 
[3H]QNB concentration indicates that the principal 
effect is to decrease Bm~ ~ (Fig. 9). No significant effect 
on K a 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 fl-ME (Fig. 4) and Dq~ .  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 d, 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 Dlq ' .  While this is opposite to 
the effect of D T T  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 2+ (10-500 
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~ M )  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 HCI only 
destroyed half of the activity of the low MW inhibitor 
from human brain (Fig. 5) and addition of 100 p,M 
Zn 2+ 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-competit ive 
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  m A C h R  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 Bm~ X for [3H]QNB but did not 
alter K d. 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 
[3H]QNB but did not alter the K d. Although this 
trypsin-sensitive soluble factor was inactivated by heat 
(tl/2 = 12 min at 56°C), its other propert ies 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 m A C h R  but did not 
alter Bma x. 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 Bm~ x. 
Jerusalinsky et al. [21] have described two polypeptides 
from snake venom that selectively inhibited binding of 
[3H]pirenzepine. 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. 

Andr iamampandry  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 t reatment  
with alkaline phosphatase,  unlike the one reported by 
Andr iamampandry  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 
m A C h R  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 
m R N A  following stimulation of mAChR has been pre- 
sented and reviewed by da Penha Berzaghi et al. [5]. 
Endogenous inhibitors of m A C h R  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. 
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