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Abstract

Cholinergic deficits in Alzheimer’s disease are typically as-
sessed by choline acetyltransferase, the enzyme that synthe-
sizes acetylcholine. However, the determining step in acetyl-
choline formation is choline uptake via a high affinity trans-
porter in nerve terminal membranes. Evaluating uptake is
difficult because regulatory changes in transporter function
decay rapidly postmortem. To overcome this problem, brain
regions from patients with or without Alzheimer’s disease
were frozen within 4 h of death and examined for both
choline acetyltransferase activity and for binding of [*H]-
hemicholinium-3 to the choline transporter. Consistent with
the loss of cholinergic projections, cerebral cortical areas
exhibited marked decreases in enzyme activity whereas the
putamen, a region not involved in Alzheimer’s disease, was
unaffected. However, [*H]hemicholinium-3 binding was sig-
nificantly enhanced in the cortical regions. In the frontal
cortex, the increase in [*H]hemicholinium-3 binding far ex-
ceeded the loss of choline acetyltransferase, indicating trans-
porter overexpression beyond that necessary to offset loss
of synaptic terminals. These results suggest that, in Alzhei-
mer’s disease, the loss of cholinergic function is not dictated
simply by destruction of nerve terminals, but rather involves
additional alterations in choline utilization; interventions
aimed at increasing the activity of cholinergic neurons may
thus accelerate neurodegeneration. (J. Clin. Invest. 1994.
94:696-702.) Key words: acetylcholine, function in Alzhei-
mer’s disease ¢« Alzheimer’s disease ¢ autopsy, rapid, in Alz-
heimer’s disease « choline acetyltransferase, in Alzheimer’s
disease * choline transporter, in Alzheimer’s disease

Introduction

Alzheimer’s disease, morphologically characterized by the ab-
normal presence of senile plaques and neurofibrillary tangles,
is distinguished neuroanatomically by the loss of cholinergic
projections to the cerebral cortex, a deficit that has provided a
focus for studies of potential therapies for cognitive defects (1—
3). Unfortunately, the rapid postmortem degradation of acetyl-
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choline has rendered it virtually impossible to evaluate directly
how the disease affects levels or turnover of this transmitter.
Accordingly, studies have focused on choline acetyltransferase
(acetyl-CoA:choline O-acetyltransferase, EC 2.3.1.6), the en-
zyme that synthesizes acetylcholine from choline and acetyl
CoA, and on the high affinity choline transporter that takes up
choline from the synapse and translocates it to the presynaptic
terminal. Although nearly all investigations show that Alzhei-
mer’s disease is characterized by loss of choline acetyltransfer-
ase (1-3), this enzyme is not the rate-limiting step in acetylcho-
line biosynthesis and its activity is not affected by changes in
neuronal activity (4—6); thus, the reduction of choline acetyl-
transferase activity substantiates the loss of cholinergic nerve
terminals but gives no indication of the state of cholinergic
function of the remaining terminals.

The issue of cholinergic function in brain regions damaged
by Alzheimer’s disease is vital to understanding both the origins
and potential therapy of cognitive impairment. The loss of dopa-
minergic function in Parkinson’s disease does not lead to overt
symptoms until the majority of nerve terminals has degenerated
and even then can be offset by administration of the dopamine
precursor, L-dopa (7); the treatment enables sufficient dopamine
synthesis to keep pace with increased impulse activity that off-
sets the deficiency in the number of nerve terminals. In contrast,
administering choline, the precursor to acetylcholine, has pro-
duced variable but largely disappointing results in Alzheimer’s
disease (for review see reference 3), despite the fact that deficits
in choline acetyltransferase indicate a smaller synaptic loss than
the dopaminergic deficit in Parkinson’s disease (8). This dispar-
ity suggests that the cholinergic neurons have a limitation in
their ability to acquire or use choline (1) that transcends the
straightforward strategy of simply providing an increase in di-
etary intake of the appropriate neurotransmitter precursor. To
an extent, this reflects basic differences in the biosynthetic steps
leading to formation of dopamine as compared with acetylcho-
line. Dopamine is formed from L-dopa by L-aromatic amino acid
decarboxylase, which is in plentiful supply in a wide variety
of cells. Acetylcholine can be formed from choline only in
cholinergic neurons. Therefore, it is of critical importance that
the rate-limiting step in acetylcholine synthesis is the uptake of
choline from the synapse and that the activity of the high affinity
transporter, located solely on cholinergic nerve terminals, is
directly affected by neuronal impulses (4—6). In animal studies,
upregulation of choline transport is readily obtained after ma-
nipulations that enhance cholinergic tone (4, 6, 9, 10). However,
this step has rarely been evaluated in Alzheimer’s disease be-
cause measurement of choline uptake requires the isolation of
nerve terminal particles (synaptosomes) that maintain their via-
bility for only a short period after death; indeed, the component
of choline transport specifically associated with increased neu-
ronal impulse activity decays the most rapidly (11). By ob-



taining synaptosomes within 2 h postmortem, we have recently
found that choline uptake in cortical regions of patients with
Alzheimer’s disease is not decreased, but rather is elevated (12);
in keeping with the rapid decay of the impulse-activity —related
component of uptake, the elevation is not found when the post-
mortem wait is prolonged (2, 13). These results suggest that,
in Alzheimer’s disease, the remaining cholinergic nerve termi-
nals are attempting to compensate for synaptic loss by increas-
ing their capacity to take up choline, yet, unlike the situation
for dopaminergic function in Parkinson’s disease, they fail to
make up for the deficit.

A number of uncertainties exist in evaluating the origin
and meaning of the changes in high affinity choline uptake in
Alzheimer’s disease. The uptake process involves not only the
activity of the choline transporter itself, but also the metabolic
status of the terminal (to provide the driving energy for trans-
port), factors influencing the choline concentration gradient (re-
moval of free cytoplasmic choline by its incorporation into
acetylcholine and phospholipids), packaging of acetylcholine in
synaptic vesicles, and leakage of choline back into the synapse.
As a first step in delineating the contribution of each of these
factors, the current study evaluates expression of the transporter,
as evaluated with the specific radioligand, [*H]hemicholinium-3
(14), in tissues obtained after rapid autopsy. We have contrasted
[*Hlhemicholinium-3 binding with effects on choline acetyl-
transferase activity in cortical regions affected by Alzheimer’s
disease and in a region (putamen) that does not show the charac-
teristic cholinergic degeneration.

Methods

Patient selection and diagnostic criteria. 40 patients from the Rapid
Autopsy Program, a component of the Duke University Joseph and
Kathleen Bryan Alzheimer’s Disease Research Center, were included
in this study: 24 with Alzheimer’s disease (two with coexisting Pick’s
disease) and 16 controls (1 with amyotrophic lateral sclerosis, 1 with
gliosis, and 5 with cancers not involving the nervous system). None of
the patients received anticholinergic or antihistaminic medications dur-
ing the week before death. The methods for patient recruitment into the
program and the standard protocols for terminal care (including 100%
oxygen by nasal prongs and oral or intravenous fluids) were approved
by the Duke University Medical Center Institutional Review Board.

To meet the criteria for rapid autopsy, the postmortem delay from
the time of death to freezing of tissues on dry ice was under 4 h; in
fact, only two samples were obtained at more than 2 h postmortem.
Approximately 1 g of gray matter was removed from the superior frontal
gyrus, the superior parietal lobule, and the putamen. Adjacent sections
from each neocortical area were submitted for histological analysis by
techniques described previously (12); paraffin sections were stained with
hematoxylin and eosin with a Luxol fast blue counterstain for myelin,
a silver stain for neuritic plaques and neurofibrillary tangles, and a
Congo red stain for amyloid. By these criteria, the Alzheimer’s disease
group could be clearly distinguished from the controls (cortical plaques/
mm? = 44+3 vs. 1+2 in controls, P < 0.0001; cortical tangles/mm?’
=9+2 vs. 0=0 in controls, P < 0.0005).

Tissue preparation and biochemical assays. Tissues were stored at
—80°C until analysis; preliminary studies showed no degradation of
choline acetyltransferase activity or [*H]hemicholinium-3 binding char-
acteristics after storage (data not shown); in addition, samples were
compared from the same patients in a previous study of choline acetyl-
transferase activity (12), and activity was found to be unchanged after
as much as 7 yr of storage. Whenever possible, samples from patients
in the control and Alzheimer’s disease groups were run concurrently.

Tissues were thawed in 19 vol of ice-cold 10 mM sodium-potassium
phosphate buffer (pH 7.4) and homogenized with a Polytron (Brinkmann

Instruments, Inc., Westbury, NY). Depending upon region, the tissue
homogenate was diluted as much as eightfold before performing choline
acetyltransferase assays, in order to ensure that enzyme activity mea-
surements would remain linear over the incubation time used. Assays
were conducted essentially as described by Lau et al. (15), using 30
pl of diluted homogenate in a total volume of 60 ul containing final
concentrations of 60 mM sodium phosphate (pH 7.9), 200 mM NaCl,
20 mM choline chloride, 17 mM MgCl,, | mM EDTA, 0.2% Triton X-
100, 0.12 mM physostigmine (Sigma Chemical Co., St. Louis, MO),
0.6 mg/ml bovine serum albumin (Sigma Chemical Co.), and 50 uM
[**Clacetyl-coenzyme A (DuPont Medical Products, Wilmington, DE;
sp act 56 mCi/mmol, diluted with unlabeled compound to 6.3 mCi/
mmol). Blanks contained water instead of the tissue homogenate. Sam-
ples were preincubated for 15 min on ice and transferred to a 37°C
water bath for 30 min, and the reaction was terminated by placing the
samples on ice; the labeled acetylcholine was then extracted and
counted. The original homogenate was also analyzed for total protein
(16), and the enzyme activity was expressed as micromoles of acetylcho-
line formed per milligram of protein per hour. The daily consistency
and linearity of the assay was verified by including samples prepared
from rat cerebral cortex.

To assess [*H]hemicholinium-3 binding (DuPont Medical Products;
sp act 121 Ci/mmol), the tissue homogenate was diluted fourfold and
sedimented at 40,000 g for 15 min, and the supernatant solution was
discarded. The membrane pellet was resuspended (Polytron) in 5-10
parts of buffer relative to the original weight of tissue and resedimented,
and the resultant pellet was resuspended using a smooth glass homoge-
nizer fitted with a Teflon pestle, in 10 mM sodium-potassium phosphate
(pH 7.4) plus 150 mM NaCl, to provide a final protein concentration
of ~ 5—10 mg/ml. [*H]Hemicholinium-3 binding was then determined
essentially as described by Vickroy et al. (14), using tissue membrane
preparation containing ~ 1-2 mg of protein in a final volume of 1 ml
of sodium-potassium phosphate/NaCl buffer and ligand concentrations
ranging from 0.25 to 8 nM. Incubations lasted 20 min at 25°C and were
stopped by dilution with 5 ml of ice-cold buffer, followed by rapid
vacuum filtration onto Whatman GF/C filters (Whatman Inc., Clifton,
NJ) (presoaked for 30 min with 0.1% polyethyleneimine in buffer),
which were then washed twice with additional buffer. The nonspecific
component was defined as radioligand binding in the presence of an
excess concentration (10 uM) of unlabeled hemicholinium-3 (Sigma
Chemical Co.) and was typically 10% of the total in a region enriched
in cholinergic projections (putamen), but as much as 65% in regions
relatively poor in cholinergic terminals (cortical regions). Binding values
were calculated as femtomoles bound per milligram of membrane pro-
tein to correct for any differences in recovery of membranes from patient
to patient. All samples were evaluated in duplicate or triplicate for both
total and nonspecific binding and K; and maximum binding capacity
(Bmax)' values determined for each preparation.

In addition to measuring choline acetyltransferase activity and [*H]-
hemicholinium-3 binding capacity, the ratio of these two measures was
also calculated to provide an index of the change in choline transporter
sites (binding) relative to the loss of cholinergic nerve terminals (enzyme
activity) (12, 17-20).

Data analysis. Data are presented as means*standard errors of the
mean. All variables were first subjected to a three-factor ANOVA (fac-
tors of diagnostic category, region, and sex; data were log-transformed
whenever variance was heterogeneous). Because none of the variables
indicated a significant interaction of sex X diagnosis, or of sex X diagno-
sis X region, data from males and females were combined, and a two-
factor ANOVA (diagnosis, region) was run. Where this test indicated
a significant effect of diagnosis or a significant interaction of diagnosis
X region, a subsequent lower-order analysis (Fisher’s protected least
significant difference) was conducted to evaluate differences attributable
to diagnosis within each region. In addition, effects in the two cortical
regions were compared to each other (two-factor ANOVA) to determine

1. Abbreviation used in this paper: B.,,, maximum binding capacity.
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Table I. Characteristics of the Patient Population

Alzheimer’s
Variable Control disease Significance

Males/Females 11/5 8/16 P < 0.03
Age

Mean+SE 67+2 79+2 P < 0.0002

Range 48-79 57-93
Postmortem delay (min)

Mean+SE 89+13 57+2 P < 0.007

Range 49-258 36-83

whether diagnostic effects could be distinguished in frontal versus pari-
etal cortex, and each cortical region was compared separately with the
putamen in a similar fashion. The number of males and females in each
group was compared using Fisher’s exact test. For all tests, significance
was assumed at P < 0.05.

Because of differences in sex ratio, postmortem delay time, and
age between the Alzheimer’s disease and control groups (see below),
multivariate analysis was also conducted to determine whether differ-
ences in these variables significantly affected either choline acetyltrans-
ferase activity or [*H]hemicholinium-3 binding activity. In addition,
regression was used to obtain values for the control group extrapolated
to the sex ratio, average postmortem delay time, and average age of the
Alzheimer’s disease group. In no case did these corrections offset any
of the significant differences between the two diagnostic categories.

Scatchard plots of [*H]hemicholinium-3 binding were fitted by linear
regression analysis, and the Ky and B, values were calculated from
the slope and abscissa intercept, respectively.

Results

The limited availability of preselected individuals and the rigor-
ous requirements to enable rapid autopsy to take place do not
provide a prospective framework for specific matching of pa-
tient variables. Accordingly, the population of controls available
in this study differed in several aspects from the population
with a diagnosis of Alzheimer’s disease (Table I). First, whereas
the Alzheimer’s disease cohort had a predominance of females,
the controls had more males. In addition, the controls tended to
be slightly younger, and tissues were obtained with a somewhat
longer postmortem delay time. Accordingly, where biochemical
variables exhibited significant differences between the two co-
horts, regression analyses also were conducted to evaluate
whether these three potential confounding factors contributed
to the differences (see below).

In keeping with the major cholinergic defect associated with
Alzheimer’s disease (12, 21-23), choline acetyltransferase ac-
tivity was severely reduced in cortical regions, whereas the
putamen, a region generally unaffected by the disease, displayed
normal values for enzyme activity (Fig. 1). Over the age range
covered by these patients, enzyme activity was not significantly
correlated with age (r = 0.04, NS); similarly, neither sex (r
= 0.06, NS) nor postmortem delay time (» = 0.03, NS) contrib-
uted to the difference in values. To ensure that summing up of
the small differences attributed to these variables did not ac-
count for the difference in choline acetyltransferase activity
between control and Alzheimer’s disease groups, we used multi-
ple regression to calculate a value for control enzyme activity
matched to the sex ratio, age, and postmortem delay of the
Alzheimer’s disease group. This procedure did not change the
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Figure 1. Choline acetyltransferase activity in rapid autopsy tissue ob-
tained from controls (CON) and patients with Alzheimer’s disease
(ALZ). Two-factor ANOVA across all three regions indicates a signifi-
cant main effect of diagnosis (P < 0.009) and interaction of diagnosis
X region (P < 0.005). ANOVAs conducted separately for the two
cortical regions and for the putamen are shown within the panels, and
asterisks denote significant differences from corresponding control val-
ues. In addition, the effect in the frontal cortex is distinguishable from
that in the putamen (interaction of diagnosis X region, P < 0.04), as
is the effect in the parietal cortex (P < 0.03). Effects in frontal cortex
are equivalent to those in parietal cortex (no interaction of diagnosis
X region).

conclusions; calculated values for frontal cortex, parietal cortex,
and putamen were 2.9, 1.9, and 84 nmol/h per mg protein,
respectively, which were not significantly different from the
actual control values but were significantly different from the
cortical values in the Alzheimer’s group (frontal cortex, P
< 0.001; parietal cortex, P < 0.005; putamen, NS).

Although nonspecific binding was as much as 65% in mem-
brane preparations from cortical regions, reliable Scatchard de-
terminations of the binding of [*HJhemicholinium-3 to the high
affinity choline transporter were obtained nonetheless (Fig. 2),
in large part because of the plentiful amount of tissue available
from human brain. Despite the loss of cortical cholinergic nerve
terminals exemplified by the decline in choline acetyltransferase
activity, the number of binding sites (Bn.) Was enhanced sig-
nificantly in the frontal cortex of the Alzheimer’s disease group
(Fig. 3). There was no change in the putamen, a region presump-
tively not involved in the cholinergic degeneration associated
with Alzheimer’s disease; values in the parietal cortex were not
distinguishable either from those in frontal cortex or putamen.
As was true for choline acetyltransferase activity, these conclu-
sions were unchanged when multiple regression was used to
identify whether the intergroup differences in sex (r = 0.07,
NS), age (r = 0.05, NS), and postmortem delay (r = 0.02, NS)
contributed to the apparent effect of the disease. Extrapolating
control values matched to the sex, age, and postmortem delay
of the Alzheimer’s disease group produced calculated values
for B,..x of 16 fmol/mg protein in frontal cortex, 16 in parietal
cortex, and 268 in putamen; using these values to determine
significant differences led to the same conclusion, namely a
significant increase in B caused by the disease in frontal
cortex (P < 0.02) but not in the other regions.

The binding affinity (K,) of [*H]hemicholinium-3 to the
choline transporter was not significantly altered by Alzheimer’s
disease (Fig. 4), and again sex (r = —0.08, NS), age (r = 0.03,
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Figure 2. Representative Scatchard plots of [*H]hemicholinium-3 bind-
ing isotherms from controls (CON) and patients with Alzheimer's dis-
ease (ALZ) for each region.

NS), and postmortem delay (r = 0.04, NS) did not contribute
to any apparent differences in the two populations.
Measurement of the binding capacity of ['H]hemicholinium-
3 in each region does not by itself give a complete picture of
the degree of upregulation of transporter expression. because
the values are manifested against a background of loss of nerve
terminals in cortical regions, but not in the putamen. Accord-
ingly, we also calculated the ratio of the B, of [‘H]-
hemicholinium-3 binding to choline acetyltransferase activity.
a relative measure of transporter expression per nerve terminal;
this procedure is analogous to that previously validated for as-
sessing choline transport per nerve terminal (12. 18) and for
development of transporter binding sites in developing rat brain
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Figure 3. ['H]Hemicholinium-3 binding capacity (B,.) in rapid autopsy
tissue obtained from controls (CON) and patients with Alzheimer's
disease (ALZ). Two-factor ANOVA across all three regions indicates a
significant main effect of diagnosis (P < 0.003). ANOVAs conducted
separately for the two cortical regions and for the putamen are shown
within the panels, and the asterisk denotes a significant difference from
the corresponding control value. In addition, the effect in the frontal
cortex is distinguishable from that in the putamen (interaction of diagno-
sis X region, P < 0.05), but the effect in the parietal cortex is not
distinguishable from either that in the putamen or in the frontal cortex.

(19. 20). Expressed as a ratio, the robust upregulation of trans-
porter sites was clearly present in both cortical regions but not
in the putamen (Fig. 5). The effect in parietal cortex was not
distinguishable from that in frontal cortex. but both cortical
regions were collectively and individually distinguishable from
the lack of upregulation in the putamen. Multiple regression
analysis showed that the sex, age, and postmortem delay difter-
ences between the control and Alzheimer’s disease populations
did not account for the differences (r = —0.005, 0.02, and
—0.02, respectively; all NS), nor did the summation of small
contributions of these variables invalidate the conclusions. Con-
trol values extrapolated from the sex. age. and postmortem delay
values found in the Alzheimer’s disease group were 4.4 in fron-
ial cortex. 7.2 in parietal cortex. and 2.8 in putamen: the cortical
regions thus remained significantly different between the two
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Figure 4. ['H]Hemicholinium-3 binding affinity (K,) in rapid autopsy
tissue obtained from controls (CON) and patients with Alzheimer's
disease (ALZ). Two-factor ANOVA across all three regions indicates
no signiticant differences attributable to diagnosis and no interaction of
diagnosis X region.
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Figure 5. Ratio of [*H]hemicholinium-3 binding capacity to choline
acetyltransferase activity in rapid autopsy tissue obtained from controls
(CON) and patients with Alzheimer’s disease (ALZ). Two-factor AN-
OVA across all three regions indicates a significant main effect of
diagnosis (P < 0.0001) and an interaction of diagnosis X region (P
< 0.0008). ANOVAs conducted separately for the two cortical regions
and for the putamen are shown within the panels, and asterisks denote
significant differences from corresponding control values. In addition.
the effect in the frontal cortex is distinguishable from that in the putamen
(interaction of diagnosis X region, P < 0.0003), as is the effect in the
parietal cortex (P < (0.004). Effects in frontal cortex are equivalent to
those in parietal cortex (no interaction of diagnosis X region).

diagnostic categories (P < 0.01 for both) whereas the putamen
was not different.

To ensure that changes in choline acetyltransferase activity
or [*H]hemicholinium-3 binding attributable to Alzheimer’s dis-
ease did not reflect differences in tissue integrity or in recovery
of membranes used in the binding studies, comparisons were
made of total tissue protein and membrane protein (Fig. 6).
Although the Alzheimer’s disease group showed a significant
overall elevation in total protein, the effect was quite small
(~ 7%) and showed none of the regional selectivity characteris-
tic of the specific cholinergic markers. Although population
differences in sex, age, and postmortem delay did not produce
significant correlations by themselves (r = —0.08. 0.02. and
—0.19, respectively; all NS), the summation of these small ef-
fects actually accounted for the entire difference in total protein.
Extrapolated values of the control group calculated for the age.
sex, and postmortem delay in the Alzheimer’s disease popula-
tion produced total protein values of 106 mg/g tissue in frontal
cortex, 111 in parietal cortex, and 111 in putamen, and these
values were not significantly different from the Alzheimer’s
group. Recovery of membrane protein used in the binding stud-
ies showed no significant effect of disease.

Finally, because many of the frozen tissue samples used in
this study were from the same rapid autopsy patients in whom
we had previously measured high affinity choline uptake in
synaptosomes from fresh tissue at the time of death (12), we
were able to compare the relationship between the expression
of the choline transporter (B, for [*H]hemicholinium-3) and
its function (high affinity [*H]choline uptake). The correlation
coefficient between the two variables was 0.69 and was highly
significant (P < 0.0001).

Discussion

If the decline in cholinergic function in Alzheimer’s disease
represents simply the loss of nerve projections in the affected
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Figure 6. Total tissue protein (rop) and membrane protein (bortom) in
rapid autopsy tissue obtained from controls (CON) and patients with
Alzheimer's disease (ALZ). For total protein. two-factor ANOVA across
all three regions indicates a significant main effect of diagnosis (P

< 0.003). ANOVASs conducted separately for the two cortical regions
and for the putamen are shown within the panels. and the asterisk
denotes a significant difference from the corresponding control value.
However. none of the regions show effects that are distinguishable from
each other (no interactions of diagnosis X region overall. or for any
pair of regions). Differences for membrane protein are not significant
across the three regions.

regions, without alterations in the activity or competence of the
remaining terminals. then it would be expected that all choliner-
gic presynaptic markers would fall in parallel. Our results show
definitively that this is not the case: choline acetyltransferase
activity declines. but the high affinity choline transporter, as
characterized by [*H]hemicholinium-3 binding. does not, and
as a result the ratio of binding to enzyme activity rises markedly
in the affected regions. The absence of any change in ['H]-
hemicholinium-3 binding in the putamen, a region unaftected
by the disease. indicates that there is no widespread abnormality
of transporter sites as would be expected from an inherent ge-
netic defect, but rather that the rise in binding is specifically
associated with regions undergoing cholinergic degeneration.
Similarly, because the putamen experiences the same potential
confounding individual patient variables as the other regions.
namely disparities in proximate cause of death, premortem med-
ication history. length of the agonal state. and presence of hyp-



oxia, the fact that both [*H]hemicholinium-3 binding character-
istics and choline acetyltransferase activity were unchanged in
the putamen by Alzheimer’s disease indicates that these vari-
ables do not account for the differences. The relative increase
in binding in cortical regions most likely represents increased
expression of the choline transporter, rather than the appearance
of a different disease-linked protein capable of binding the li-
gand; there was no change in binding affinity as would be
expected of a second binding site, and instead only the total
number of sites was affected. In addition, previous work using
cholinergic synaptosomes prepared from the fresh tissue at the
time of death has also shown an increase in high affinity choline
uptake capacity in the same regions (12). Because many of the
tissues used in the current study corresponded to those for which
prior work on synaptosomal uptake was conducted, we were
able to correlate the changes in binding and uptake, showing
that about half of the change in synaptosomal choline uptake
was accountable from the change in [?H]hemicholinium-3 bind-
ing (r* = 0.48). This agreement is quite good when one consid-
ers that the number of transporter binding sites is a static mea-
sure that does not take into account dynamic metabolic pro-
cesses that contribute to active choline uptake, such as energy
gradients that provide the motive force for uptake, formation
of acetylcholine and its sequestration in vesicles inside the ter-
minal, and intraneuronal transmitter breakdown and efflux of
choline. Presumably, disease-related differences in these meta-
bolic factors account for the other half of the functional transport
changes found in cortical regions from the Alzheimer’s disease
group as compared with controls.

The significance of the rise in [*H]hemicholinium-3 binding
relative to choline acetyltransferase would be straightforward if
binding were simply preserved (i.e., unchanged) in the face of
cholinergic degeneration. Because choline uptake, rather than
choline acetyltransferase, is rate-limiting in acetylcholine syn-
thesis (4—6), a decline in the number of terminals could be
offset by a compensatory increase in the activity of remaining
terminals and a resultant maintenance of total uptake capacity.
However, we actually obtained an increase in [*H]-
hemicholinium-3 binding in absolute terms, not just relative to
choline acetyltransferase, suggesting that expression of trans-
porter molecules is not just maintained in the face of neurode-
generation, but is actually increased well above the level of
expression seen in normal brain. Again, this change in a static
measure corresponds to a functional increase in choline trans-
port, as indicated by direct measurement of [*H]choline uptake
in synaptosomes (12). A direct proof of choline transporter
overexpression in regions undergoing degeneration associated
with Alzheimer’s disease will have to await the cloning of
the gene coding for the transporter and development of the
corresponding cDNA probe.

In any case, the marked overexpression of transporter pro-
tein as evidenced by [*H]hemicholinium-3 binding suggests that
choline utilization by remaining neurons in the degenerating
area is far higher than would be expected merely from compen-
satory increases in cholinergic neuronal activity. Indeed, animal
studies confirm that cholinergic lesions alone do not produce a
net upregulation of choline transporter activity in the surviving
neurons (24); thus, it is unlikely that the marked increase in
[*H]hemicholinium-3 binding in cortical regions in Alzheimer’s
disease is secondary to neurodegeneration, but rather that the
change in transporter expression is a primary component of the
disease. In all cells, choline is used for membrane phospholipid

formation, but uniquely in cholinergic neurons, it is also used
in neurotransmitter synthesis; the presence of a specific choline
transporter can thus be regarded as essential to the increased
demand for choline in these neurons. Wurtman (1) has proposed
that a defect in the ability to use choline, in the presence of
increased demand for neurotransmitter synthesis and for turn-
over of membrane phospholipids during membrane loss/resyn-
thesis, leads to neuronal ‘‘autocannibalization’’ and sequentially
to neurodegeneration. Our results are completely concordant
with this view, namely that a basic defect in choline metabolism
is an underlying contributor to neuron loss in Alzheimer’s dis-
ease. In this scenario, inadequate incorporation of choline into
membrane components and/or neurotransmitter leads to a posi-
tive feedback loop in which depletion of transmitter stores con-
tributes to failure of neurotransmission, producing compensa-
tory increases in impulse activity and a further increase in de-
mand for choline. Upregulation of choline transport, while
maximizing choline availability, would be effective only if suf-
ficient choline is available and would not correct the underlying
defect in intracellular choline utilization. Indeed, both free cho-
line and phosphatidylcholine, the major choline-containing
phospholipid, are deficient in Alzheimer’s disease brains (25),
suggesting that enhanced choline transport capabilities cannot
compensate fully for the underlying defects. A further test of
this relationship exists outside the framework of a neurodegen-
erative disease. During brain development, where increased de-
mand for choline is associated with the need for expansion of
the membrane surface in association with axonal outgrowth,
the high affinity choline transporter is also overexpressed both
relative to choline acetyltransferase activity and in terms of
absolute activity (19, 20). Transporter expression during devel-
opmental membrane expansion is likewise superimposed on
changes related to cholinergic nerve impulse activity (18, 20,
26). However, unlike the case in Alzheimer’s disease, the devel-
opmental overexpression is accompanied by increased choline
availability (27).

Our results represent an apparent contradistinction from pre-
vious reports of [*H]hemicholinium-3 binding site in standard
autopsy material, which show a general decrease in binding in
cortical regions and hippocampus in Alzheimer’s disease, albeit
not as much a proportional decrease as is typically found for
choline acetyltransferase (28). These differences are most likely
attributable to short versus prolonged postmortem delay in ob-
taining the tissues. [*H]Hemicholinium-3 binding falls off by
20-40% in the first 4 h postmortem and declines significantly
even with immediate cooling of the brain (29). It is therefore
critical to note that, based on studies of high affinity choline
uptake by the transporter, it is precisely the upregulation associ-
ated with elevated impulse activity that decays the most rapidly
after death (11). Using tissue from rapid autopsy, we have
shown that choline uptake is elevated in cortical regions of
Alzheimer’s disease patients (12), whereas after a lengthy post-
mortem wait, the elevation is lost (2, 13). The results obtained
from rapid autopsy are thus more likely to correspond to the
actual conditions present in the intact presynaptic terminal be-
cause they exhibit activity-related changes whereas the samples
obtained after a delay do not. In concert with this interpretation,
studies of [*H]hemicholinium-3 binding over a wider range of
postmortem delay times (2—-29 h) indicate a wide disparity, with
some of the Alzheimer’s group exhibiting normal or increased
binding (28), as would be expected from samples with the short-
est postmortem delays. In any case, these findings indicate the
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importance of rapid autopsy to enable appropriate interpretation
of the status of cholinergic function in Alzheimer’s disease. In
practical terms, the finding that upregulation of [*H]-
hemicholinium-3 binding parallels the functional changes seen
in choline transport into intact synaptosomes (12) also means
that tissues frozen after rapid autopsy can serve for future evalu-
ations of transporter expression, structure, and function, rather
than limiting inquiries to the immediate evaluation of fresh
tissue. Similar effects of postmortem delay may operate on other
cholinergic markers, such as choline acetyltransferase, albeit to
a lesser extent than for [*H]hemicholinium-3 binding. The de-
gree of choline acetyltransferase deficit in cortical regions of
the Alzheimer’s disease group seen here (30—40%) is less than
that generally found with standard autopsy material (1-3, 8);
this suggests that the diseased tissue undergoes more rapid post-
mortem deterioration, in agreement with previous findings (12).
These results have significant implications for the therapy
of Alzheimer’s disease. If an underlying defect in choline utili-
zation leads to failure of cholinergic neurotransmission and an
ever-increasing, and possibly pathologic, upregulation of im-
pulse activity that worsens the metabolic consequences of the
defect, then the appropriate intervention is to break this positive
feedback loop. Numerous clinical reports where dietary choline
loading has been attempted in an effort to increase cholinergic
neurotransmission have been largely disappointing (3), which
would be predicted if the major defect is in choline utilization
rather than choline availability. Pharmacological interventions
to increase cholinergic tone in this case might be expected to
produce short-term improvement in synaptic function but at the
expense of accelerating neurodegeneration (1). Based on our
findings, the most appropriate therapeutic strategy might be to
administer agents that reduce cholinergic impulse activity and
thus diminish the neuron’s demand for choline; the worsening
of cholinergic neurotransmission and associated cognitive im-
pairment could instead be offset by administering drugs that
augment postsynaptic cholinergic function, such as cholinergic
receptor agonists and cholinesterase inhibitors. Indeed, the rig-
orous testing of these strategies may be the ultimate test of the
cholinergic hypothesis of cognitive impairment in Alzheimer’s
disease or, alternatively, could establish whether the loss of
noncholinergic neurons is equally important (30, 31).
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