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SUMMARY In a study of 17 patients with histologically proven Alzheimer's disease the relationship
between psychological, pathological and chemical measures of disorder was examined. Severity of
dementia, determined by mental test performance, correlated highly with pathological change in
large cortical neurons (cell loss and reduction in nuclear and nucleolar volume and cytoplasmic
RNA content), to a lesser extent with cortical senile plaque and neurofibrillary tangle frequency and
reduction in acetylcholine (ACh) synthesis, and not with reduction in choline acetyltransferase
(CAT) activity. A strongly significant relationship was demonstrated between cell loss and
reductions in nuclear and nucleolar volume and cytoplasmic RNA content. Reduction in CAT
activity and senile plaque frequency were significantly correlated, thereby linking changes in the
sub-cortical projection system of the nucleus basalis with the cortical pathology. The pattern of
correlations suggests that the dementia of Alzheimer's disease is largely a reflection of the state of
largd cortical neurons, and it is argued that abnormalities in the latter may not be directly related to
primary loss of cholinergic neurons in the subcortex.
Interest in pre-senile dementia has been re-awakened
by the finding of several independent groups that in
the cerebral cortex of patients with Alzheimer's
disease there is a reduction in the activity of the
enzyme choline acetyl-transferase (CAT) which
catalyses the synthesis of acetylcholine (ACh).5-4
Post-synaptic muscarinic receptors are apparently not
greatly affected,5 thus raising the possibility of
therapy by the use of agents enhancing the activity of
the cholinergic system. The implication of a
cholinergic specific projection system to the cerebral
cortex in the pathogenesis of Alzheimer's disease6
reinforces such a possibility. However, it cannot
necessarily be inferred that deficiencies in cortical
CAT activity reflect a reduced ability of the brain to
synthesize ACh, and indeed the results of animal
studies suggest that CAT may not be the rate limiting
enzyme of ACh synthesis.7 Nevertheless, the concept
that the cortical abnormalities of Alzheimer's disease
might be secondary to a primary failure of subcortical
projection systems to the cortex8 is attractive because

of its theoretical and possibly therapeutic
implications.
If it were the case that a cholinergic specific
subcortical system is the sole or contributory cause of
the psychological changes of Alzheimer's disease then
consistent relationships ought to exist between
measures of cholinergic activity, the nature and
degree of pathological change in the cerebral cortex,
and the severity of the dementia. In necropsy series of
Alzheimer's disease in elderly subjects the
relationship between CAT activity, the frequency of
senile plaques and neurofibrillary tangles, and the
degree of dementia have been studied,9-12 but the
results have not been in uniform agreement.
The lack of consistency in reported correlations
between the neurochemical, pathological and
psychological measures in Alzheimer's disease may be
partly attributable to methodological differences, the
tendency for necropsy studies to include the very old
and more severely advanced forms of the disease and
for psychological measures to be made some time
before pathological and biochemical examination of
the brain. Moreover, the effects of terminal illness and
postmortem change on the brain may introduce
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with which chemical and pathological indices of
impairment could be compared. Cortical tissue from
the right middle temporal gyrus permitted the
neurochemical assay of CAT activity, and also the
determination of ACh synthesis in cortical
synaptosomes. In addition to the pathological
measurement of neurofibrillary tangle and senile
plaque frequency in the cortex the number of
pyramidal nerve cells was counted and the state of
their perikarya assessed by estimates of reductions in
their nuclear and nucleolar volume and cytoplasmic
RNA content.
The assessment of ACh synthesis enabled a more
complete description of cholinergic function in the
cerebral cortex and its interrelationships with
pathological change in large cortical neurons and
dendrites, and the degree of dementia.
Methods

with excess slow wave activity, maximal fronto-anteriorly
with the emphasis over the temporal lobes.
Computed tomography of the brain revealed the presence
of cerebral atrophy without other structural change.

Histological and biochemical analysis
Cerebral cortical biopsy and all subsequent procedures were
as previously described,13 except that other sections were cut
at 16 um thickness and stained with Azure B for
measurements of cytoplasmic RNA content, nuclear and
nucleolar volume in pyramidal cells."4 In these sections the
number of nucleolated pyramidal nerve cells was also
counted in cortical layers III and V in 10 consecutive
non-overlapping microscope fields using a Weibel graticule
at a magnification of x 250 (equivalent to a field size of
0 176 mm2) from which the mean number of such cells per
field was calculated. These values of packing density were
corrected for atrophy by measuring the decrease in cortical
thickness, and expressing values as number per unit volume
(Nv) according to:t~ x m
Nv=n x 1000
aX

Subjects
The study group consisted of 17 patients, 11 female and 6
male, who had presented in the presenium with a progressive
deterioration of mental function, and in whom a histological
diagnosis of Alzheimer's disease was made following right
temporal lobe biopsy. '3 A further patient, with
histologically confirmed Alzheimer's disease'3 was not
included in the present series since the site of biopsy was the
right frontal lobe. The procedure of cerebral biopsy was
approved by the Manchester Central District Ethical
Committee. At the time of investigation the patients' mean
age was 59 years, range 52-69 and mean duration of illness
3 7 years, range 1-8 years.
In all patients impaired memory was a prominent feature.

No patient could give the correct date, nor retain a name and
address over a one minute interval. In two male patients
amnesia was the sole deficit, whereas in others disturbance
of perceptuo-spatial and constructional abilities was evident.
These patients had difficulty dressing and had become lost in
familiar surroundings. Examination revealed difficulty in
drawing, in copying hand configurations and calculation.
Location and spatial orientation of objects and body parts
was generally more severely affected than was perceptual
discrimination and identification of objects.
In 10 patients amnesia and visuo-spatial disorder were
combined with language disturbance. Speech characteristically was fluent, although output was reduced.
Paraphasic errors were noted. Impairment of
comprehension, repetition and naming, and also of reading,
writing and communication by gesture and pantomime were
also evident.
In contrast to profound cognitive difficulties, social
conduct was well preserved. There was generally some
retention of insight, which appeared inversely proportional
to the degree of amnesia. Anxiety and querulousness were
common but psychotic symptoms were absent at referral.
Neurological signs of mild degree were observed in a
proportion of patients and consisted of akinesia and rigidity,
defective tactile localisation and postural awareness.
Electro-encephalograms were abnormal in all patients,

t

Do

where n = mean number of nucleolated nerve cells per
field
a = area of measuring field (0 176 mm2)
t = nominal section thickness (16 pm)
Do = mean cortical thickness in control patients

(3-43 mm)

mean cortical thickness in Alzheimer's disease
patients. This ranged from 1-45 to 3 24mm,
mean 2 33 + 0 47 mm, representing a 32-3%
(p < 0 001) decrease compared to control
values.
Percentage loss of pyramidal cells from both layers III and V
and percentage decreases in nuclear and nucleolar volume
and cytoplasmic RNA content were calculated for each of
the Alzheimer's disease patients by comparing individual
patient values with the corresponding mean value calculated
from five control patients.

D,

=

Table 1 Frequency of senile plaques and neurofibrillary
tangles in temporal cortex ofpatients with Alzheimer's
disease
Patient

SP (n/mm2)

NT (n/mm2)

A
B
C
D
E
F
G
H
I
J
K
L
M
N
0
p

2-6
67
173
19-8
123
177
21.1
187
108
42-7
34-4
16 4
192
93
84
13-4
51.4
0

31
12-9
252
31-3
26-8
26-7
30-0
29-4
02
542
196
14.7
357
23-6
157
28-8
38-4
0

Q
Control mean

Psychological testing
A rating of magnitude of dementia from 0-9 was obtained
on the basis of patients' mental test performance as
previously described. 13 Language, perceptuo-spatial
functions and memory were each rated from 0-3 in terms of
extent of impairment, and the overall clinical rating
represented a cumulation of these three assessments.
Additional performance measures were obtained from the
Wechsler Adult Intelligence Scale (WAIS)," a modified
version of the Token Test,16 and a continuous Visual
Reaction Time task, involving key press responses to
computer generated random digits on a video monitor.
These latter tests were chosen owing to their demands
respectively on linguistic and perceptuo-spatial functions,
known to be impaired in the patient group. Moreover, they
provide an easily quantifiable measure of performance.
Actual scores on the WAIS clearly may not provide an
accurate reflection of extent of acquired disorder since these
take no account of premorbid level of performance. Reading
vocabulary, frequently used to estimate premorbid
intellectual function17 was however impaired in several
patients in whom an acquired dyslexia was combined with
visuo-spatial deficits, and therefore was unhelpful in
determining the extent of decline. Nevertheless, the
occupational and educational status of patients in the study
group was sufficiently homogeneous, and the spectrum of
performance on the WAIS sufficiently broad, that ranking of
patients according to scores appeared to provide an
appropriate measure of relative severity.
Statistics

Correlative analyses were carried out using Spearman's
nonparametric correlation statistic (r), based on ranks.'8 A
one-tailed test of significance was applied, in accordance
with the unidirectional prediction that an increase in clinical
severity of dementia corresponds to an increase in

pathological and chemical measures of disorder.
Comparisons between data from Alzheimer's disease and
control groups were carried out using a two-tailed Student's
t test.

Results

Neuropathological
Cortical sections from the 17 patients were found on
light microscopy to contain the characteristic changes
of Alzheimer's disease, namely senile plaques and neurons bearing neurofibrillary tangles. Senile plaques
were most frequently observed in layers I-III in the
cerebral cortex and neurofibrillary tangles in neurons
of all cortical layers (table 1), but were not present in
the five biopsy controls. In Alzheimer's disease
patients senile plaque and neurofibrillary tangle frequencies were significantly correlated (r 0-78, p <
=

0.001).
The number of pyramidal cells in cortical layers III
and V and measures of nuclear volume, nucleolar
volume and RNA content in such cells, hereafter
termed "perikaryal" measures, are shown in table 2.
The number of pyramidal nerve cells was reduced
compared to control values by an average of 60% in
layer III and 56% in layer V. Nuclear volume was
reduced in the pyramidal cells of layers III and V by
38% and 36% respectively, nucleolar volume by 27%
and 34% and RNA content by 22% and 25%. Correlations were performed between all possible combinations of percentage decrease in cortical thickness,
pyramidal cell frequency and their nuclear and
nucleolar volume and cytoplasmic RNA content in

Table 2 Pyramidal cell counts and measures ofperikaryalfunction in temporal cortex ofpatients with Alzheimer's disease
Patient

A
B
C
D
E
F
G
H
1
J
K
L
M
N
O
p

Q

Control
mean
*

Cytoplasmic RNAt

Frequency ofpyramidal cells*

Nuclear volunet

Nucleolar volumet

layer III

layer V

layer III

layer V

layer III

layer V

layer III

layer V

10-3
10-0
8-9
59
7-2
8-4
11-3
7-4

16-5
13 3
15-9
9-4
9-6
12-0
13-7
11-8
3-9
109
8-2
8-6
6-9
6-8
8-5
5-6

1611 +41
2015 + 64
1439 + 53
1325+40
1146+46
1838 + 58
1531 + 38
1099 + 31
1202 + 35
1059+40
942+39
1150+ 31
675 + 39

17-1 +0-5
15-7 + 0-5
14-1 + 0-6
11-1 +0-3
12-0+0-4
14-7 + 1-0
12-9+0-4
16-0 ± 0-8
12-9 + 0-6
13-1 +0-7
11-2+0-4
10-3+0-4
13-9 ± 0-9
13-1 +0-6

17-6+0-4
14-7 +05
14-5 ± 0-4
10-8+0-3
11-5+05
12-9 + 0-5
13-3 +0-4
12-8 + 0-4
12-4 + 0-6
9-2+0-3

34-1 + 1-0
33-3 + 0-9
31-0 + 0-8
26-4+0-9
27-3+0-8
32-7 + 1-0
28-0+0-9
28-9 + 0-7
26-8 + 0-8
27-1 +0-7

36-2+0-9
34-0 ± 0-9
32-6 ± 0-9

2-4
8-0
4-4
53
4-5
5-3
5-1
3-6

1512+ 54
1490 + 67
1304 + 47
1115+ 31
1068+26
1612 + 80
816+ 23
837 + 35
1119 + 39
1165+54
942+25
747+ 23
599 + 31
913+47
1071 +65
1009+22
821 +23

1431 +90
1111 +25
1182+26

12-8±0-7
9-8+0-2
10-9+0-3

11-4±0-5
10-7+0-3
9-9+0-2

26-7 + 0-7
27-2+0-8
26-6+0-7
28-3+0-9
23-9+0-8

23-2 + 0-2

1714 + 71

2018 + 136

17-7 + 0-5

18-1 + 0-3

36-3 + 0-7

995

17-4 + 0-6

10-9

unitsaren x 10-3 permm3

t units are pm3

+ standard error

1122+52

110+03

9-8+0-3
10-9 + 0-5
10-2+0-4

28-5±0-9
28-0±0-9

27-5±0-9
27-6±0-8

29-7 + 0-9
27-0+0-9
28-7 ± 0-7
27-7 + 0-9
24-1 +0-7
27-6+0-9
31-1 +0-7
28-1 + 0-8
25-1 +0-8

27-5+0-8

26-7+0-9
24-7+0-9
37-9 + 0-6
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Table 3 Correlations between reductions in cortical thickness, pyramidal cell number andperikaryal change in Alzheimer's
disease

Nuclear volume III
Nuclear volume V
Nucleolar volume III
Nucleolar volume V
RNA content III
RNA content V
Cortical thickness
Pyramidal cells III
Pyramidal cells V

Nuclear
Nuclear
volume III volume V

Nucleolar Nucleolar RNA
RNA
Cortical
volume III volume V content III content V thickness

0 59**
0.46*
0 50*
0 44*
0-35
0-28
0.41*
0-43

0-67**
0-56**
056**
0 30
0 52*
0-56**

Pyramidal Pyramidal
cells III
cells V

-

0 31
0-66**
0-36
0-44*
0-42*
0-61**
057**

0 64**
0-69***
0 74***
0 94***
0-92***

-

0-69***
0 50*
057**
0 70***

-

0.48*

0-60**
0-72***

0 79***
0-80***

-

095***

-

Spearman's (r) rank correlation.
*** = p < 0-001; ** = p < 0-01; * = p < 0 05.

both layers III and V (table 3). Percentage reduction
in nucleolar volume was highly correlated with reduction in cytoplasmic RNA in both layers, perhaps not
an unexpected finding since the ribosomal RNA of the
cytoplasm is produced within the nucleolus. In contrast, correlations between changes in nuclear volume
and both nucleolar volume and cytoplasmic RNA
content were generally weak or non-significant.
Reduction in cortical thickness related most strongly
to the extent of nerve cell loss from both layers III and
V of the cortex, and more weakly to perikaryal change
in surviving cells, while a strong relationship was demonstrated between reductions in frequency of pyramidal cells and in perikaryal indices.
Senile plaque frequency was significantly correlated
with perikaryal measures in layer V: an increase in
plaques corresponded to an increase in the degree to
which perikaryal measures were reduced (r = 0 43, p
< 0 05; r = 0 43, p < 0 05; r = 0-48, p < 0-05 for
nuclear volume, nucleolar volume and cytoplasmic
RNA content respectively). Plaque frequency did not
correlate significantly with perikaryal measures in
layer III, nor with cell loss in layers III and V.
Neurofibrillary tangle frequency correlated
significantly with cell loss in layers III and V and with
perikaryal measures in layer V: an increase in tangles
corresponding to an increase in extent of cell loss (r =
0-47, p < 0 05; r = 0 43, p < 0 05 for layer III and
layer V respectively), and reduction of perikaryal
measures (r = 0-42, p < 0-05; r = 0 45, p < 0-05; r
= 0-60, p < 0 01) for nuclear and nucleolar volume
and RNA content in layer V respectively. A significant
relationship between tangle frequency and RNA content in layer III was also demonstrated (r = 0-46, p <
0 05).
Biochemical
ACh synthesis and CAT activity were reduced in
Alzheimer's disease patients (table 4), the mean values
for synthesis and enzyme activity being respectively
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41% and 39% of control values, statistically
significant at p < 0 001 (Student's t test). Values of
ACh synthesis and CAT activity were significantly
correlated (r = 0-55, p < 0 05).
Pathological-biochemical correlates
Reduction in CAT activity correlated significantly
with increased senile plaque frequency and to a lesser
degree neurofibrillary tangle frequency (table 5).
Reduction in ACh synthesis was not related to plaque
or tangle frequency. Although reductions in both
CAT activity and ACh synthesis correlated with loss
of pyramidal cells there was not a consistent
relationship between biochemical and "perikaryal"
measures of disorder. Significant correlations were
found only between measures of ACh synthesis and
percentage reductions in nuclear and nucleolar volume in layer V.
Table 4 CATactivity and ACh synthesis in temporal cortex
ofpatients with Alzheimer's disease
CA Tactivity

ACh synthesis

(nmol/min/mg)

(dpm/min/mg)

A
B
C
D
E
F
G
H
I
J
K
L
M
N
0
P

4-20
3-80
2-70
108
4 45
na
3-92
na
484
na
3-23
2-40
na
na
na

Q

093
8 2 + 2-4 (7)
54 - 12-6

460
313
2-39
3-96
4-18
2-46
4-35
3 30
261
2-19
2-39
1-84
1-27
2-20
1-77
292
221
6-9 + 1-3 (13)
52 -8-7

Patient

Control mean + SD
range
na = data not available

3.99

Table 5 Pathological-chemical correlations

CAT activity
ACh synthesis

Senile
plaques

Neurofibrillary Pyramidal cell loss

-0-69*

-0O 5*
-0 10

-0 19

tangles

Nuclear volume

Nucleolar volume

layer III

layer V

layer III

layer V

layer III

layer V

-055*
-0 64t

-0 46
-0 62t

-0-37
-0-35

-0-03
-0-42*

-0-42
-0-22

-0 49

-0-61t

Cytoplasmic RNA
layer III layer V
-0-24
-0-41

-0-26
-0-22

Spearman rank correlation coefficients: r
t = p < 0-01; * = p < 0-05.
Correlations with CAT activity are based on values from II patients, and with ACh synthesis from 17 patients.
A high level of disorder is represented for chemical measures by low values and for pathological measures by high values, hence the inverse correlations.

Neuropsychological
Patients differed in terms of severity of dementia, clinical ratings ranging from a score of 2 in the two male
patients with a selective amnesic disorder to 9 in a
female patient with a combination of profound
memory, perceptuo-spatial and language disturbance
(table 6). Verbal and Performance scores on the
WAIS, Token Test and Reaction Time measures also
demonstrated different degrees of impairment in the
patient group. The discriminatory power of these tests
was limited by the floor level performance observed in
the three most severely affected patients. Nevertheless,
the tests were able successfully to distinguish between
mild, moderate and severe degrees of disability, and
inter-test correlations and correlations between test
measures and clinical ratings of severity of dementia
were significant at least at the p < 0-01 level, with the
exception that Verbal and Performance scales of the
WAIS yielded a correlation of only 0-57, p < 0 05.
The strongest relationship was demonstrated between
WAIS Performance scale scores and reaction time

-0-92, p < 0*001, prolonged response
latencies associated with low Performance scores.

measures, r

=

Psychological-neuropathological correlates
A strong and consistent relationship was demonstrated between psychological and "perikaryal" measures: poor psychological performance was associated
with loss of pyramidal cells and reduced nuclear and
nucleolar volume and RNA content (table 7). Weaker
and less consistent relationships were demonstrated
between psychological measures and measures of senile plaque and neurofibrillary tangle frequency. Pathological correlations with the severity of dementia,
as measured by the clinical rating, are depicted in fig 1.

Psychological-biochemical correlates

Measures of ACh synthesis correlated significantly
with clinical rating of dementia severity, and the visual
reaction time test performance: low values of ACh
synthesis corresponding to a high rating of dementia
severity and prolonged response latencies (table 8).

Table 6 Psychological performance in patients with Alzheimer's disease
Patient

A
B
C
D
E
F
G
H
I
J
K
L
M
N
0
P

Q

Token test % correct Continuous reaction
time

Clinical rating of
severity

WAIS

Verbal

Performance

2
2
4
4
5
5
6
6
6
6
7
7
7
7
7
8
9

123
97
96
77
65
83
68
nt
65
56
70
58
81

99
95
73
53
nt
53
63
nt
50
59
52
54
nt

96
99
65
16
7
63
18
nt
28
23
40
40
nt

81
nt
nt

nt
nt
nt

15
nt
nt

2-0
2-3
56
40 7
480
45
30
nt
17 7
9-5
18 8
28-5
nt
490
nt
nt
nt

= not testable. For statistical purposes this was regarded as synonymous with "floor" level performance, and patients were ranked most
severely affected.
A normal "non-demented" score on the Clinical rating scale is 0. For the Visual reaction time task mean RT obtained from 5 non-demented
control subjects (mean age 52 years) was 1I5 s (range 1-2-1-8 s).

nt
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Table 7 Psychological-pathological correlations
Senile
plaques

Clinical rating (17)
WAIS verbal (16)

WAIS performance (16)

Token test (16)
Visual RT test (17)

0-33
-0 45*
-0-16
-0-37
0-18

Neurofibrillary Pyramidal cell loss
tangles
layer III layer V

0 27
-0 47*
-0-33

-0-65t
0-39

0-67t
-0-61t
-0 53*
-0 58t
0-67t

0 71:

-0-63t
-0-59t
-0-61t
0-70:

Nuclear volume

Nucleolar volume

Cytoplasmic RNA

layer III

layer V

layer III

layer V

layer III

0-61t

0 62t
-0 56*
-0-42
-0 43*

0 71$
-0 68t
-0-47*

0.50*
-0 43*

0 71:
-0 56*

-0-62t
-0 60t
-0-62t
0-64t

-0-52*
-0-66t
0-61t

-0-54*
059t

0 45*

layer V

0-60t

-0-65t
-0 47*
-0-64t

-0-56*
-0-65t
0-60t

0.47*

0-05.
= pP 0-001; t p 0-01;
= number of patients on which correlations based.
High levels of impairment are represented for pathological measures and for the clinical rating and reaction time test by high values; for other psychological
measures high impairment is represented by low scores, hence the inverse correlations.
<

=

<

*

= p <

No significant correlation was demonstrated between
ACh synthesis and other psychological measures.
Measures of CAT activity did not correlate
significantly with any of the psychological measures.
The relationship between ACh synthesis and clinical rating of dementia is illustrated in fig 1.

tangles. In contrast, the extent of reduction of CAT
activity correlated with both plaque and tangle fre-,
quency, the correlation with plaques being the stronger. CAT activity showed no significant correlation
60-

Relationship between duration of symptoms and
psychological, pathological and chemical measures of
disease severity
There were no significant correlations between the
length of illness and severity of disorder, as measured
by psychological, pathological and chemical indices.
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The relationship between psychological, pathological
and chemical indices of disease has been examined in
a group of 17 patients with Alzheimer's disease who
shared common pathological and biochemical
changes in the cerebral cortex. In accordance with the
prediction that increased severity in terms of one
index would correspond to increased severity in terms
of another, all correlation coefficients were in this
predicted direction. The strongest and most consistent
correlations were found between psychological performance and the degree of change within large cortical neurons, namely cell loss and reductions in nuclear
and nucleolar volume and cytoplasmic RNA content.
Other neuropathological measures, the frequency of
senile plaques and neurofibrillary tangles showed only
weak correlations with psychological measures,
coefficients tending nevertheless to be higher for
tangle than for plaque frequency. The degree of reduction in ACh synthesis was significantly correlated with
the extent of cognitive impairment as indexed by the
clinical rating scale and visual reaction time test performance, but not with other measures of psychological performance. Reduction in ACh synthesis correlated also with nuclear and nucleolar volume in
layer V and with measures of cell loss, but not with the
frequency of senile plaques and neurofibrillary

.
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Fig I Relationship between severity of dementia,
measured by the Clinical Rating, and pathological and
chemical indices of disorder in Alzheimer's disease.
CR = Clinical rating. SP = senile plaques, NT =
neurofibrillary tangles. correlations with CR are not
statistically significant. Nuclear and nucleolar volume
and RNA content represent values for layer V.correlations are significant at p < 0-01, p < 0 001 and
p < 0-01 respectively. The correlation between ACh
synthesis and CR is significant at p < 0 01.
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Table 8 Psychological-chemical correlations
Clinical rating of
severity
CAT activity
ACh synthesis

-0-24
-0-63t

WAIS

Verbal

Performance

0-08
0-12

0 05
0-31

Token test

Visual reaction time

0-08
0-16

-0-45*

-0-29

Spearman's (r) rank correlation.
t = p < 001; * = p < 005.
Low chemical values, and low WAIS and token test scores represent high impairment; low values on the clinical rating scale and reaction time
test represent low impairment, hence the inverse correlations.

however with the degree of cognitive impairment, nor
with measures of perikaryal function.
The weak relationship demonstrated in the present
study between neurofibrillary tangle frequency and
severity of dementia contrasts with the highly
significant correlation between tangle count in the
temporal lobe and degree of dementia reported by
others in elderly Alzheimer's disease patients.1' It is
noteworthy however that in this latter study statistical
analysis included non-demented patients, in whom
neurofibrillary tangles were absent. Higher levels of
significance would therefore be expected, since they
reflect the fact that the presence of dementia is associated with the presence of neurofibrillary tangles, and
are not simply a measure of the relationship between
severity of tangles and dementia.
The lack of evidence for a strong relationship
between plaque frequency and severity of dementia
observed in the present study confirms previous
reports derived from necropsy studies."'920 It has
been suggested9 that a threshold effect may underlie
the finding of a non-significant relationship, whereby
increases in severity of dementia may cease to be
detected despite continuing increases in plaque formation. Whilst this argument might apply to necropsy
studies, in which dementia is likely to be advanced at
the time of clinical evaluation of patients, it can less
easily account for the present findings, since the study
group encompassed a wide range of patient severity.
Moreover, a threshold effect in the clinical measurement of dementia, resulting in poor discrimination between patients, would be expected also to
affect correlations with "perikaryal" measures where
strong and consistent relationships were found.
The presence of "perikaryal" changes in
Alzheimer's disease has been reported previously.'4
The significant correlations between decreases in pyramidal cell frequency and reductions in perikaryal
changes, and between these features and degree of
dementia indicate that both neuropathological and
neuropsychological measures accurately reflect a failure of neocortical function. The strong correlation
demonstrated between reduction in cytoplasmic RNA
and frequency of neurofibrillary tangles in large corti-

cal neurons reinforces this point. These findings therefore point to a disorder of large cortical neurons, and
are in keeping with the specific reduction of large
cortical neurons found in senile forms of AD by
others.2' 23 Given that neurofibrillary tangles represent a defect within large cortical neurons it might be
anticipated that tangle frequency would be more
strongly related to "perikaryal" disorder than would
senile plaque frequency. Some support for this prediction was demonstrated. Previous studies of the
relationship between large cortical neurons and
plaque frequency revealed no significant correlation
between the latter and cortical cell counts or cortical

thickness.2'
It might be argued that the abnormalities within
cortical neurons in Alzheimer's disease are simply secondary manifestations of impaired afferent pathways
from areas such as basal forebrain nuclei, locus
coeruleus and raphe nuclei (see Mann et a124 for
review). If this were so then a strong relationship
might have been predicted between changes in nuclear
volume and changes in both nucleolar volume and
RNA content, the three measures simply reflecting a
generalised slowing of metabolic processes stemming
from failing synaptic contacts. However, weak
relationships only were demonstrated, suggesting that
a decreased nuclear volume, and by implication a
reduced mRNA output from the nucleus may precede, or proceed independently from, the changes in
nucleolar volume and cytoplasmic RNA content.
The reductions in ACh synthesis and CAT activity
in the present study probably reflect a functional loss
of cholinergic nerve endings in the cortex and are in
keeping with the reports of reductions in choline

uptake.2526

If structural loss of cholinergic synapses results in a
proportional loss of CAT apoenzyme, then a
significant correlation between an index of structural
synaptic change, (that is senile plaque frequency)
might be expected to occur. If however, remaining
neurons are capable of compensatory increases in the
rate of ACh synthesis, then a similar proportional
relationship between plaques might not obtain. In
accordance with these predictions a significant cor-
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Subcortical cholinergic disorder

Fig 2 Relationship between psychological,
pathological and chemical disorder in Alzheimer's
disease. Relative strength of relationship is indicated.
= strong;
by
moderate; ---- weak.
SP = senile plaques; NT neurofibrillary tangles,
CA T = choline acetyltransferase; A Ch =
acetylcholine.
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Neary, Snowden, Mann, Bowen, Sims, Northen, Yates, Davison
found in this study is therefore more likely to reflect
retrograde degeneration of ascending cholinergic
Neocortical tracts,30 or a failure of cholinergic cells in the nucleus
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relation was demonstrated between the reduction in
CAT activity and frequency of senile plaques, but not
between plaque frequency and reduction in ACh synthesis. A correlation between CAT activity and
plaques has been reported before,1027 but has not
invariably been demonstrated. 12 Correlations
between chemical, pathological and psychological
measures indicated stronger relationships between
ACh synthesis and other measures than CAT activity.
Measures of ACh synthesis would then appear to be
a more sensitive index of the physiologically active
pool of ACh in the cortex than are measures of CAT
activity. This may be because assays of ACh synthesis
at high potassium ion concentrations actually reflect
the release of neurotransmitter from synaptic nerve
endings.7
Given the absence of a strong and consistent
relationship between cholinergic markers and the
changes in large cortical neurons (that is
neurofibrillary tangle frequency and perikaryal disorder), it cannot be argued that the cortical changes of
Alzheimer's disease are necessarily secondary to a primary subcortical disorder. Moreover, the possibility
exists that subcortical change is secondary and retrograde to primary changes in the cortex. However,
ACh is not the only major neurotransmitter known to
be implicated in Alzheimer's disease.8 Both noradrenergic and serotonergic failure28 may contribute
cumulatively to cortical cellular dysfunction. The
principal relationships demonstrated by the present
study are illustrated in fig 2.
In interpreting the findings it is important to recognise that less than one third of neocortical cholinergic
activity is believed to occur in cortical interneurons.29
The reduction in presynaptic cholinergic activity

basalis.624 Since senile plaques also probably reflect
changes in the synaptic endings of neurons arising
within and projecting from the nucleus basalis3" a
significant correlation between the reduction in CAT
activity and the frequency of senile plaques might
have been anticipated.

The concept of a failure of subcortical systems utilising specific neurotransmitters and underlying the
cortical abnormalities of Alzheimer's disease is an
attractive one 8 because of its therapeutic implications.
However, the finding in the present study of a strong
correlation between the degree of dementia and the
degenerative changes in large cortical neurons suggests that important abnormalities are present in the
cortex as well as the subcortex, and the relationship
between the two may be primary, secondary or may
co-exist in parallel. It is of interest, for example, that
in addition to the loss of large cortical neurons,
significant loss of large neurons in the nucleus basalis,
locus coeruleus and raphe has been observed,624 and
furthermore that the presence of neurofibrillary
tangles was observed within these subcortical cells.
The possibility exists therefore that a fundamental
and possibly common abnormality in large cortical
and subcortical cells underlies the pathogenesis of
Alzheimer's disease. The characterisation of such neurons must be the task of further studies.

We thank Dr CCT Smith for CAT determinations,
Drs J Kincey and M Vaughan for WAIS administration, and Professor John Dobbing for providing
laboratory facilities. We are grateful for financial support to the Medical Research Council, the Brain
Research Trust, the Miriam Marks Charitable Trust
and the North West Regional Health Authority.
References

'Bowen DM, Smith CB, White P, Davison AN.

Neurotransmitter-related enzymes and indices of hypoxia in senile dementia and other abiotrophies. Brain
1976;99:459-96.
2 Davies P, Maloney AJ. Selective loss of central cholinergic
neurones in Alzheimer's disease. Lancet 1976;2:1430.
Perry EK, Perry RH, Blessed G, Tomlinson BE. Necropsy
evidence of central cholinergic deficit in senile dementia.
Lancet 1977;1: 189.
4Rossor M, Fahrenkrug J, Emson P, Mountjoy C, Iversen
L, Roth M. Reduced cortical choline acetyltransferase
activity in senile dementia of Alzheimer type is not
accompanied by changes in vaso-active intestinal polypeptides. Brain Res 1980;201:249-53.
'Bowen DM. Alzheimer's Disease. In: Thompson RHS,

Davison AN, eds. The Molecular Basis of Neuropathology. London: Edward Arnold, 1981:649-65.
6Whitehouse PJ, Price DL, Struble RG, Clark AW, Coyle
JT, DeLong MR. Alzheimer's disease and senile dementia: loss of neurones in the basal forebrain. Science
1982;215: 1237-9.
'Sims NR, Marek KL, Bowen DM, Davison AN. Production of '4C acetylcholine, and 14C carbon dioxide
from U-14C glucose in tissue prisms from ageing rat
brain. J Neurochem 1982;38:488-92.
8 Rossor M. Parkinson's disease and Alzheimer's disease as
disorders of the isodendritic core. Br Med J
1981;283:1588-90.
9 Blessed G, Tomlinson BE, Roth M. The association
between quantitative measures ofdementia and of senile
change in the cerebral grey matter ofelderly subjects. Br
J Psychiatry 1968;114:797-81 1.
0 Perry EK, Tomlinson BE, Blessed G, Bergman K, Gibson
PH, Perry RH. Correlation of cholinergic abnormalities
with senile plaques and mental test scores in senile
dementia. Br Med J 1978;2:1457-9.
Wilcock GK, Esiri MM. Plaques, tangles and dementia: a
quantitative study. J Neurol Sci 1982;56:343-56.
12Wilcock GK, Esiri MM, Bowen DM, Smith CCT.
Alzheimer's disease: correlation of cortical choline acetyltransferase activity with the severity of dementia and
histological abnormalities. J Neurol Sci 1982;57:407-17.
'3Neary D, Snowden JS, Bowen DM, Sims NR, Mann
DMA, Northen B, Yates PO, Davison AN. Neuropsychological syndromes in presenile dementia due to
cerebral atrophy. J Neurol, Neurosurg Psychiatry 1986;
49:163-174.
4 Mann DMA, Neary D, Yates PO, Lincoln J, Snowden JS,
Stanworth P. Alterations in the protein synthetic capability of nerve cells in Alzheimer's disease. J Neurol,
Neurosurg Psychiatry 1981;44:97-102.
5Wechsler D. The Measurement of Adult Intelligence. Baltimore: Williams and Wilkins, 1944.
16 De Renzi E, Vignolo LA. The Token Test: a sensitive test
to detect receptive disturbances in aphasics. Brain
1962;85:665-78.
17Nelson H, O'Connell A. Dementia: the estimation of premorbid intelligence levels using the new adult reading
test. Cortex 1978;14:234 44.
18Siegel S. Nonparametric Statistics for the Behavioural Sciences. Tokyo: McGraw-Hill, 1956:202-13.
'9 Dayan AD. Quantitative histological studies on the aged
human brain ii. Senile plaques and neurofibrillary tangles in senile dementia. Acta Neuropathol 1970;

237
16:95-102.

20Morimatsu M, Hirai S, Muramatsu A, Yoshikawa K. Senile degenerative brain lesions and dementia. J Am
Geriatr Soc 1975;23:390-406.
21 Terry RD, Peck A, De Teresa R, Schechter R, Horaupian
DS. Some morphometric aspects of the brain in senile
dementia of the Alzheimer type. Ann Neurol
198 1;10: 184-92.
22 Mountjoy CQ, Roth M, Evans NJR, Evans HM. Cortical
neuronal counts in normal elderly controls and
demented patients. Neurobiol Aging 1983;4: 1-11.
23 Mann DMA, Yates PO, Marcyniuk B. Some morphometric observations on the cerebral cortex and hippocampus in presenile Alzheimer's disease, senile
dementia of the Alzheimer type, and Down's syndrome
in middle age. J Neurol Sci (in press).
Mann DMA, Yates PO, Marcyniuk B. Presenile
Alzheimer's disease, senile dementia of Alzheimer type
and Down's syndrome in middle age form an agerelated continuum of pathological changes. Neuropathol
Appl Neurobiol 1984;10: 185-207.
2S Bowen DM, Benton JS, Spillane JA, Smith CCT, Allen SJ.
Choline acetyltransferase activity and histopathology of
frontal neocortex from biopsies of demented patients. J
Neurol Sci 1982;57:191-202.
26 Sims NR, Bowen DM, Allen SJ, et al. Pre-synaptic cholinergic dysfunction in patients with dementia. J Neurochem 1983;40:503-9.
27Mountjoy CQ, Rossor MN, Iversen LL, Roth M. Correlation of cortical cholinergic and GABA deficits with
quantitative neuropathological findings in senile
dementia. Brain 1984;107:507-18.
28Bowen DM, Allen SJ, Benton JS, et al. Biochemical
assessment of serotonergic and cholinergic dysfunction
and cerebral atrophy in Alzheimer's disease. J Neurochem 1983;41:266-72.
29Johnston MV, Young AC, Coyle JT. Laminar distribution of cholinergic markers in neocortex: effect of
lesions. J Neurosci Res 198 1;6:597.
"Pearson RCA, Sofroniew MV, Cuello AC, et al.
Resistance of cholinergic neurones in the basal nucleus
in a brain with senile dementia of the Alzheimer's type
demonstrated by immunohistochemical staining for
choline acetyltransferase. Brain Res 1983;289:375-9.
Price DL, Whitehouse PJ, Struble RG, etal. Basal forebrain cholinergic systems in Alzheimer's disease and
related dementias. Neuroscience Commentaries 1982;

1:84-92.

J Neurol Neurosurg Psychiatry: first published as 10.1136/jnnp.49.3.229 on 1 March 1986. Downloaded from http://jnnp.bmj.com/ on January 9, 2023 by guest.
Protected by copyright.

Alzheimer's disease: a correlative study

