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The number of Thioflavine
S-positive
neurofibrillary
tangles
(NFT) and neuritic plaques
(NP) was determined
in visual
and auditory cortical regions of 8 patients with Alzheimer’s
disease. On both a regional and laminar basis, NFT exhibited
very distinctive
and consistent
distribution
patterns.
The
mean (-tSEM) number of NFT in a 250-Nrn-wide
cortical traverse was very low in area 17, primary visual cortex (0.9 *
l.O), increased
20-fold in the immediately
adjacent
visual
association
cortex of area 18 (19.7 + 3.8), and showed a
further doubling
in area 20, the higher-order
visual association cortex of the inferior temporal gyrus (35.5 f 8.8). Similar differences
in NFT number were present between
primary auditory (1.8 * 0.5) and auditory association
(18.9 f
5.4) regions. On a laminar basis, NFT were predominantly
present in layers Ii1 and V, although there were striking regional differences
in the proportion
of NFT in these 2 layers.
Layer Ill contained
79% of the NFT in layers Ill and V in area
18, 41% in area 20, and only 27% in area 22.
In contrast,
NP showed
different, and less specific,
regional and laminar distribution
patterns. Total NP number
was similar in the 3 visual areas, although there were marked
regional differences
in the type of NP present. Nearly 80%
of the NP in area 17 was of the NPc type (i.e., contained
a
dense, brightly fluorescent
core), whereas over 70% of the
NP in both areas 18 and 21 was of the NPnc type (i.e., lacked
a dense, brightly fluorescent
core). NP were present in every
cortical layer but were most numerous
in layers Ill and IV.
The distinctive
distribution
patterns of NFT are very similar
to the regional and laminar locations of long corticocortical
projection
neurons in homologous
regions of monkey neocortex. This association
suggests that NFT reside in the cell
bodies of a subpopulation
of pyramidal
neurons,
namely,
those that furnish long corticocortical
projections.
In contrast, the distribution
patterns
of NP suggest that multiple
neuronal systems contribute
to their formation.
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Neurofibrillary tangles(NFT) and neuritic plaques(NP) are the
histological hallmarks of Alzheimer’s disease(AD). NFT representthe accumulation of abnormal paired helical filamentsin
the cytoplasm of neurons, whereasNP are composedof dystrophic neuritesand glial processes,with or without an amyloid
core (Terry and Wisniewski, 1970). In the cerebralcortex, NFT
appear to develop primarily in the cell bodies of pyramidal
neurons,and both NFT and NP are thought to be more common
in association than in primary sensory or motor regions (for
reviews, seeTerry and Katzman, 1983; Kemper, 1984; Perry,
1986). However, the preciseelementsof cortical circuitry compromisedby thesepathological changeshave remainedobscure.
Over the past 20 years, improvements in neuroanatomical
techniques, especially tract-tracing and immunohistochemical
methods,have allowed for the detailed study of the organization
of neocorticalcircuitry in primate brain. Suchstudieshave helped
define the regional and laminar locations of the origins and
terminationsofcortical efferentsand afferents,respectively.These
distribution patterns have beenextensively characterized in visual cortical regions(for reviews, seeTiggesand Tigges, 1985;
Valverde, 1985;Van Essen,1985)and have alsobeenexamined
in auditory cortical regions(Galaburda and Pandya, 1983; Pandya and Yeterian, 1985).
In order to determine what elementsof cortical circuitry might
be involved in the pathological changesof AD, we quantified
the regional and laminar distributions of both NFT and NP in
visual and auditory cortices from brains of patients with AD.
The regional and laminar distributions of NFT were strikingly
similar to the known distribution of pyramidal neurons that
furnish long corticocortical projections in homologousregions
of monkey cortex, indicating that NFT may reside in the cell
bodies of that subclassof pyramidal neurons that furnish long
corticocortical projections in human neocortex. In contrast, NP
had different and lessspecificregional and laminar distributions
than did NIT, a finding consistentwith other observationsthat
suggestedthat multiple neuronal systemscontribute to NP formation.
Materials and Methods
Brains from 8 patients (age range, 48-82 years) with a clinical diagnosis
of AD were analyzed in this study. The clinical diagnosis in each case
was confirmed by neuropathological
evaluations that demonstrated

atrophy andthe presence
of both NFT andNP in multipleregionsof
the neocortexand hippocampus.
Brains were removed and placed in either 4% paraformaldehyde or
10% formalin for 3-10 d. Coronal blocks of tissue were taken from 3
cortical locations: the medial occipital lobe 2.0-3.0 cm rostra1 to the
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Figure 1. Cresyl violet-stained sections of Brodmann’s areas 17 (A), 18 (B), and 20 (C’) from the brain of a patient with AD. Roman numerals
indicate the cortical layers. Despite the cortical pathology present in AD, note that the cytoarchitectonic characteristics and laminar boundaries of
these regions are still clearly discernible. Calibration bar, 300 Km (4-c).

occipital pole; the inferior temporal gyrus at the level of the lateral
geniculate nucleus; and Heschel’s gyri and the adjacent lateral surface
of the superior temporal gyrus. Tissue blocks were then washed in a
series of cold, graded sucrose solutions and sectioned coronally in a
cryostat at 40 WM. Sections were mounted on gelatin-coated slides and
air-dried. They were then defatted in xylene, rehydrated, stained with
1% aqueous Thioflavine S (Schwartz, 1972) dehydrated in a series of
alcohols, and coverslipped with Permount. Thioflavine S is a fluorescent
stain that visualizes both extracellular amyloid and intracellular paired
helical filaments. Thus, in Thioflavine S-stained material, NFT are evident as fluorescent material in the perinuclear cytoplasm and proximal
processes of neurons (Fig. 2), whereas NP appear as the accumulation
of fluorescent fibrous material, with or without a dense, brightly fluorescent core (Fig. 5). Although some quenching of the fluorescence
occurs, stained structures remain clearly visible even after prolonged
exposures under the fluorescent microscope. Other sections were stained
with cresyl violet.
Cytoarchitectonic regions (Fig. 1) were identified according to published criteria (Brodmann, 1909; Bailey and Von Bonin, 1951). The
following Brodmann’s areas were studied: the portion of area 17 (primary visual cortex) located within the calcarine sulcus; area 18, the
visual association cortex located immediately adjacent to area 17; area
20, the higher-order visual association cortex of the inferior temporal

gyrus; area 4 1, the cytoarchitectonically distinct primary auditory region
of Heschel’s gyti, and the portion of area 22 (auditory association cortex)
located immediately lateral to Heschel’s gyri in the superior temporal
gyrus.
Sections stained with Thioflavine S were examined under a computerassisted Zeiss inverted microscoue (Young et al.. 1985) usina the Zeiss
filter pack 487702 (excitation waveiength,365-395
nm). Foieach cortical region, NFf were counted in a 250-pm-wide cortical traverse from
10 sections (80-120 pm apart) per brain at a magnification of 250x.
NP in the 3 visual areas were counted in a 500-km-wide cortical traverse
from 8 sections (80-l 20 pm apart) per brain at a magnification of 100 x .
NP were divided into 2 categories based upon their morphological appearance (Fig. 5): NP containing any degree of a dense, brightly fluorescent core (neuritic plaque, with core-NPc) were distinguished from
those lacking this appearance (neuritic plaque, no core-NPnc).
The
laminar distributions of NFT and NP were determined by comparing
the distance from the pial surface of each NFT and NP in a Thioflavine
S-stained section with the distance from the pial surface of the laminar
boundaries on an adjacent Nissl-stained section.
Differences in the number of NFT and NP among cortical areas, or
across cortical layers within areas, were compared with 2-factor (area x
case or layer x case), repeated-measures (section) analyses of variance.
Tukey’s method (a level = 0.05) was used for between-group compar-
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Figure 2. Representative examples of neurofibrillary tangles (NFT) as revealed by Thioflavine S staining. Note that the fluorescent material is
present in the cell bodies and apical and/or basilardendritesof whatappearto bepyramidalneurons.Calibrationbar, 40 pm.
isons (Kleinbaum and Kupper, 1978). Statistical significance ofthe Pearson correlationcoefficients
wasdeterminedusingl-samplet tests(Ros-

ner, 1982).

Results
Neurofibrillary tangles
Examples of the morphological appearanceof NFT are shown
in Figure 2. As far ascould be determinedwith light microscopy,
the vast majority, if not all, of the NFT were located in the cell
bodies of pyramidal neurons.
The number of NFT present in a 250~pm-widecortical traverse differed markedly among cortical regions. In the 6 cases

Table 1.
with AD

Case
4101
4163
4037
5147
1885
4114
Meaw

Distribution

Age

of NFT

in cortical

visual

regions

of patients
Table 2.
with AD

Corticalregion

(yr)

17

82
74
71
68
63
62

0.2
0.1
0.1
0.5
2.0
2.4

18
+ 0.1

+
+
*
k
t

0.1
0.1
0.3
0.6
0.5

0.9 + 1.0*

in which visual areaswereexamined(Table l), the mean(* SEM)
number of NFT in area 17 (primary visual cortex) wasvery low
(0.9 + 1.0). In contrast, in the immediately adjacent area 18
(visual associationcortex), there was a 20-fold increasein the
number of NFT (19.7 + 3.6). Area 20 (higher-order visual association cortex of the inferior temporal gyrus) was characterized by a further doubling in NFT number (35.5 t- 8.8). These
differencesamong regions were evident in each case,with the
exception of number 4101, in which areas 18 and 20 did not
differ in NFT number (Table 1).
Similar differencesin NFT distribution were presentbetween
the auditory regions (Table 2). Primary auditory cortex (area
41) had a very low number of NFT (1.6 + 0.5), whereasarea
22 (auditory associationcortex) had a greater than lo-fold in-

9.8
13.0
15.0
19.9
30.3
30.4

Distribution

of NFT

20
k
Ik
+
k
+
k

1.5
0.7
1.5
2.2
1.6
2.3

19.7 zk 3.6t

7.8
24.4
22.1
57.5
63.5
37.5

31 1.1

k 1.6
I!L 1.3
f 3.9
+ 5.2
T 2.0

35.5 +I 8.8$

Values for each case are the mean (+SEM) number of tangles in a 250-Mm-wide
cortical traverse (n = 10 sections).
0 ANOVA: F2 10= 14.19; p = 0.0012. Values not sharing the same superscript are
significantly different @ < 0.05).

Case
4101
4114
4037
3385
0586

Age

W
82
62
71
71
48

Meana
Values for each case are the mean
cortical traverse (n = 10 sections).
a ANOVA:
F,,a = 12.03; p = 0.026.

in cortical

auditory

regions

Cortical region
41

22

0.3
1.2
1.3
2.0
3.2

7.6
10.9
12.7
34.9
28.2

rt 0.1
-t 0.2
rfr 0.4
+ 0.5
k 0.8

1.6 + 0.5

of patients

-I 1.0
t 1.1
t 0.8
t 1.8
AZ 1.4

18.9 k 5.4

(+ SEM) number of tangles in a 250-Nrn-wide
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Figure 3. Thioflavine S staining of neurofibrillary tangles (NFT) and neuritic plaques (NP) in (A) area 17, primary visual cortex of the occipital
lobe, and (B) area 20, higher-order visual association cortex of the inferior temporal gyms, in the brain from a patient with AD. Roman numerals
indicate the cortical layers. Note the large number of NFf in layers III and V, but not in layer IV, of area 20 (B). In contrast, no NFT are present
in area 17 (4). Most of the NP in area 17 (A) contain a dense, brightly fluorescent core (NPc type), whereas most NP in area 20 (B) lack this core
(NPnc type). SeeFigure 5 for more details on NP type. Calibration bar, 200 pm (A, B).
crease in NFT number (18.9 * 5.4). These differences were
present in each of the 5 cases examined (Table 2).
The number of NFT in each area tended to increase in parallel
across cases. For example, there was a highly significant positive
association between the number of NFT in areas 17 and 18 (r =
0.950, p = 0.004) and a trend toward a significant correlation
between areas 18 and 20 (Y = 0.766, p = 0.076). In addition,
the number of NFT in a given region tended to be inversely
related to the age of the patient at the time of death. There were
strong negative correlations between patient age and the number
ofNFTinarea
17(r= -0.809,p=O.O51),area
18(r= -0.941,
p = 0.005), area 20 (Y = -0.801, p = 0.056), and area 41 (r =
-0.868, p = 0.056) but not area 22 (r = -0.440, NS).
On a laminar basis, NFT were predominantly present in layers
III and V (Figs. 3B and 4). However, there were striking regional
differences in the relative proportion of NFT in these 2 layers.
In area 18, layer III contained 79% of the NFT in layers III and
V, whereas in area 20, only 41% of the NFT were located in
layer III. These differences were highly significant (F,,5 = 38.19;
p < 0.002). In addition, area 22 had an even greater shift in the
laminar distribution of NFT, such that only 27% of NFT were
present in layer III.
Neuritic plaques
The morphological appearances of both NPc (neuritic plaque,
with core) and NPnc (neuritic plaque, no core) are shown in
Figure 5. The regional and laminar distributions of NP were
different from, and less specific than, those of NFT. In contrast
to the striking differences among visual regions in NFT number,
the number of NP was virtually identical across these 3 regions
(Table 3). The mean (+SEM) number of NP in a 500~pm-wide
cortical traverse for 6 cases was 17.9 f 2.2 in area 17, 18.2 +

20

20

1

AREA

18

AREA

22

I

15

I

II

III
Cortical

IV

v

VI

Layers

Figure 4. Laminar distributions of neurofibrillary tangles (NFT) in
area 18 (visual association cortex of the occipital lobe), area 20 (higherorder visual association cortex of the inferior temporal gyrus), and area
22 (auditory association cortex of the superior temporal gyms) in brains
from patients with AD. Bars represent the mean number of NFT in
each cortical layer in a 250-pm-wide cortical transverse from 6 cases.
Values used for each case are the means of 10 sections. Vertical lines
represent the SEM.
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Figure 5. Representative examples of neuritic plaques (NP) as revealed by Thioflavine S staining. NPnc, shown in A-C, lack a dense, deeply
fluorescent core, whereas NPc, shown in D-F, contain some decree of a dense, deeply fluorescent core. Arrowsin B indicate NFT. Calibration bar,
60 pm (A-F).
1.9 in area 18, and 2 1.3 + 0.9 in area20. Note that a substantial
number of NP were present in area 17, a region practically
devoid of NFT. A similar dissociation in the presenceof NP
and NFT was evident in primary auditory cortex.
Although the total number of NP was similar in the 3 visual
regions,there were marked differencesin the type of NP present
in each region (Fig. 6). In area 17, 79% of the NP were of the
NPc type, whereasthe vast majority of the NP in areas18(72%)
and 20 (76%) were of the NPnc type. Theseregional differences
in the distribution of eachtype of NP were presentin every case
and were highly significant (F2,,0= 35.87; p < 0.0001).
In contrast to NPT, NP number was not associatedwith the
Table 3. Distribution
with AD

of NP in visual cortical regions of patients

Case

Cortical region
17

18

4101
4163
4037
5147
1885
4114

15.6
10.6
19.5
26.0
14.8
20.9

18.9
12.0
19.3
26.0
17.5
15.4

Mean’

+
k
k
k
f
+

1.2
1.0
1.2
2.6
1.3
1.2

17.9 f 2.2

20
-t
*
k
iz
5
It

1.5
1.7
1.8
2.2
1.6
1.3

18.2 IL 1.9

17.9
20.5
22.3
23.8
20.0
23.1

+ 1.3
+ 1.5
k 2.8
k 1.4
IfI 1.8
+ 1.7

21.3 -t 0.9

Values for each caseare the mean (+SEM) number of plaques in a 500~pm-wide
cortical traverse (n = 8 sections).
n ANOVA: F,,,,= 2.16,NS.

ageof the patient at time of death in area 17 (Y = -0.328, NS),
18 (r = -0.021, NS), or 20 (Y = -0.647, NS). In addition, no
significant correlationswere found betweenNP type and patient
age.
The laminar distribution of NP in the 3 visual regions is
shown in Table 4. NP were present in all cortical layers but
were most numerous in layers III (20%) and IV (46%) of area
17 and in layer III of area 18 (59%) and area 20 (56%). There
were also minor differencesin the laminar distributions of the
2 NP types. That is, the distribution ofNPnc wasslightly skewed
toward the supragranularlayers,whereasthe distribution ofNPc
was slightly skewedtoward the infragranular layers.
Discussion
Regional and laminar distributions of NFT
Based upon their morphological appearanceand laminar distribution, most NFT appearedto be located in the cell bodies
of pyramidal neurons,an observation consistentwith the reports
of previous investigators(seeKemper, 1984,for review; Pearson
et al., 1985). On both a regional and laminar basis, NFT exhibited very distinctive and consistentpatterns of distribution.
In each caseof AD we examined, NFT were rarely present in
the primary visual cortex, Brodmann’s area 17. However, there
was a 20-fold increase in the mean number of NFT in the
immediately adjacent visual associationcortex of area 18 and
a further doubling of NFT number in area 20, the higher-order
visual associationcortex of the inferior temporal gyms. Thus,
the number of NFT progressivelyincreasedacrossareas17, 18,
and 20 in a manner that parallelstheir position in the proposed
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Table 4. Laminar distribution
patients with AD

Re- Corticallayer
gion I
II
III
17
18
20

0.7*
(0.2)
1.2*
(0.2)
1.4*
(0.5)

0.6*
(0.2)
1.1*
(0.2)
2.0*
(0.5)

3.6-f
(0.5)
10.8t
(1.5)
12.0t
(0.6)

in Alzheimer’s

Disease

of NP in visual cortical regions of

IV

v

VI

8.31.
(1.6)
1.6*
(0.4)
2.2*
(0.3)

2.6*$
(0.4)
2.8*
(0.4)
2.9*
(0.5)

(0.4)
0.9*
(0.3)
l.O*
(0.3)

2.3*,t

I
NPc
!ZA NPnc

Differencea
F,,,, = 17.31a
p < 0.0001
F5,25 = 33.72
p < 0.0001
F5,25 = 74.04
p < 0.0001

Values are the mean (*SEM)
number of plaques in each cortical layer in a 500PM-wide cortical traverse from 6 cases. Values used for each case are the means
of 8 sections.
u Within each row, values not sharing the same superscript are significantly different
(p < 0.05).

hierarchical organization ofthe visual system(Van Essen,1985).
Similarly, in the auditory system, very few NFT were present
in primary auditory cortex (area 41), whereasauditory association cortex (area 22) had a greater than lo-fold increase in
NFT.
Thesefindings demonstratea positive correlation betweenthe
regional distribution of NFT in AD brains and the distribution
of pyramidal neurons that furnish long corticocortical projections (i.e., contralateral and distant ipsilateral projections) in
homologousregionsof monkey neocortex. For example, in the
visual system, primary visual cortex has very few distant ipsilateral efferent projections and even fewer contralateral projections (Tigges et al., 1981; Swadlow, 1983). The immediately
adjacent visual association cortex has a substantially greater
number of both types of long efferent projections, and the number of suchprojections increaseseven more in the higher-order
visual associationcortex of the inferior temporal lobe (Cragg
and Ainsworth, 1969; Zeki, 1969; Jones and Powell, 1970).
Similarly, a greater number of long ipsilateral corticocortical
projections originate in auditory associationcortex than in primary auditory cortex (Pandya et al., 1969).
In every cortical region, NFT were primarily located in layers
III and V, the samelayers in which long corticocortical projection neurons reside (Jones, 1981, 1984). However, there were
marked regional differencesin the relative proportion of NFT
in these 2 layers. Of the NFT in layers III and V, 79% were
present in layer III of area 18, 41% in layer III of area 20, and
27% in layer III of area22. This shift in the laminar distribution
of NFT acrosscortical regionsin AD parallelsthe laminar shift
in the distribution of long corticocortical projection neuronsin
homologousregions of monkey cortex. For example, the great
majority of projections from occipital cortex to temporal lobe
originate in layer III (Rockland and Pandya, 1979; Desimone
et al., 1980). The majority of neurons that project to the prefrontal cortex from the occipital and inferior and superior temporal regionsalsoresidesin layer III. However, the ratio of these
neurons in the supra- to infragranular layers progressively decreasesfrom the occipital to the inferior temporal to the superior
temporal regions (Barbas and Mesulam, 1981, 1985; Barbas,
1986)in a manner paralleledby the laminar shift in the location
of NFT in the homologous regions of human neocortex. In
addition, in both the visual and auditory systemsof monkey,
rostrally directed, “feed-forward” projections to higher-order
associationregionsoriginate predominantly in layer III, whereas
caudally directed, “feedback” projections more frequently arise

AREA

17

AREA

18

AREA

20

Figure 6. Distributions
of neuritic
plaques (NP) in area 17 (primary
visual cortex of the occipital
lobe), area 18 (immediately
adjacent visual
association
cortex),andarea20 (higher-ordervisualassociation
cortex
of the inferior
temporal
gyrus) in brains from patients with AD. Solid
bars represent
the mean number
of NPc (NP containing
any degree of
a dense, deeply fluorescent
core) and striped bars represent
the mean
number
of NPnc (NP lacking a dense, deeply fluorescent
core) in each

areain a 500-pm-widecorticaltraversefrom 6 cases.Valuesusedfor
each case are the means

of 8 sections.

Vertical

lines represent

SEM.

from neurons in the infragranular layers (Galaburda and Pandya, 1983; Van Essenand Maunsell, 1983; Van Essen,1985).
Furthermore, within the hierarchical organization of a given
sensory modality, higher-order association regions contain a
greater number of neurons furnishing long “feedback” corticocortical projections than do associationregions located adjacent to the primary sensoryarea. Consistentwith this laminar
organization of long “feedback” corticocortical projections in
monkeys, we found that the number of NFT in layer V was
6-fold greater in area 20, the higher-order visual association
region of the inferior temporal gyrus, than in area 18, a visual
associationregion located adjacent to primary visual cortex.
It should be noted that layer V pyramidal neurons alsogive
rise to many corticofugal fibers, in addition to corticocortical
projections (Jones,1981,1984). Although it ispossiblethat NFT
develop in layer V neurons that do not furnish long corticocortical projections, regional differencesin the number of such
neurons have not been reported. However, as indicated above,
quantitative data are available on layer V long corticocortical
projection neurons, and regional differencesin theseneuronsin
monkeys are very similar to the regional differencesin layer V
NFT in AD brains.
Thus, on both a regional and laminar basis,the distribution
of NFT in human neocortex is very similar to the distribution
of the subset of pyramidal neurons that furnish long corticocortical projections in monkey cortex. This correlation suggests
that NFT residein the cell bodiesof this subclassof pyramidal
neurons, and it is consistent with the hypothesis that the dementia of AD results from the degeneration of long corticocortical projection neurons and the lossof the connectionsthey
furnish (Morrison et al., 1986a).
Consistentwith this hypothesis,and the findings ofthe present
study, are recent reports by Powell and colleagues(Pearsonet
al., 1985; Esiri et al., 1986). This group also found that there
were more NFT in area 18 than in area 17, and that the ratio
of NFT in layer III to layer V was greater in area 18 than in
area 21 (Pearson et al., 1985). In addition, in a recent nonquantitative study, primary auditory cortex was reported to
have fewer NFT than the surrounding auditory associationregions (Esiri et al., 1986).
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Other lines of evidence also support this hypothesis.
1. The prosomatostatin-derived
peptide (PSDP) system of the
cortex is profoundly altered in AD, as reflected in decreased
tissue levels of PSDP (Davies et al., 1980; Rossor et al., 1980),
the presence of PSDP-immunoreactive
profiles in NP (Armstrong et al., 1985; Morrison et al., 1985) and a reduction in
PSDP receptor number (Beal et al., 1985). Although these findings might suggest that there is a loss of PSDP-containing cortical neurons in AD, the density of cortical PSDP-containing
neurons has recently been reported to be normal in this disorder
(Nakamura and Vincent, 1986). In addition, cortical levels of
neuropeptide Y and GABA, both of which have been shown to
coexist with PSDP in cortical neurons (Hendry et al., 1984a, b;
Somogyi et al., 1984), are not decreased in AD (Smith et al.,
1983; Allen et al., 1984; Perry et al., 1984; Dawbarn et al.,
1986). Taken together, these findings suggest that the abnormalities of the PSDP system in AD may reflect a close anatomical relationship between PSDP-containing terminals and those
cortical elements that do degenerate in AD. Recent studies of
the PSDP system in monkey neocortex have demonstrated that
these peptides are present in intrinsic cortical neurons that have
patterns of distribution strikingly similar to those of long corticocortical projection neurons (Lewis et al., 1986; Campbell et
al., 1987). Thus, the abnormalities of the cortical PSDP system
in AD may reflect a synaptic relationship between PSDP-containing processes and the pyramidal neurons that do degenerate
in AD (Morrison et al., 1985, 1986a).
2. The cells lost in the cortex of AD brains, the large neurons
of layers III and V (Terry et al., 198 1; Mann et al., 1985) have
the same size and laminar location as the pyramidal neurons
that furnish long corticocortical projections (Rockland and Pandya, 1979; Desimone et al., 1980; Barbas and Mesulam, 1981;
Jones, 198 1, 1984; Van Essen, 1985; Barbas, 1986).
3. The neurotransmitter
utilized in corticocortical circuits is
believed to be an excitatory amino acid (Baughman and Gilbert,
198 1; Fonnum et al., 198 1; Hicks and Geddes, 198 1). Recent
studies have demonstrated in AD the loss of both glutamate
(Greenamyre et al., 1985) and aspartate (Palmer et al., 1986)
receptors in the neocortex, a profound decrease in glutamate
levels in the terminal field of the perforant pathway (Hyman et
al., 1986) and the presence of NFT in glutamate-immunoreactive neurons (Maragos et al., 1986).
4. The pattern of pathology in the subiculum and entorhinal
cortex described by Hyman et al. (1984), in which the cells
connecting the hippocampal formation with association cortices
and other structures are affected, may be but one example of a
widespread cortical phenomenon in AD.
5. Finally, in immunohistochemical
studies of monkey and
human neocortex, a monoclonal antibody directed against nonphosphorylated neurofilament protein (N-PNFP) labeled a subpopulation of pyramidal neurons (Morrison et al., 1986b). The
laminar and regional distributions of the N-PNFP-immunoreactive cells paralleled the distributions of both long corticocortical projection neurons in monkey neocortex and of NFT
in AD. In addition, the presence of NFT in AD specimens was
associated with a decrease in the density of N-PNFP-labeled
cells compared to controls. These findings support the hypothesis that NFT arise in long corticocortical projection neurons,
and they also suggest that the vulnerable cortical cells in AD
may contain high intracellular levels of N-PNFP.
Although these data all implicate the long corticocortical projection neurons as the major site of NFT formation, it is possible
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that other cortical neurons develop NFT. For example, we found
a significant correlation between the numbers of NF’I in areas
17 and 18. Consequently, in very severe cases of AD, NFT may
be more common in area 17, perhaps arising in the short corticocortical projection neurons of layer III. It is also possible
that some NFT are present in somatostatin-containing
neurons
(Roberts et al., 1985) although we have not been able to confirm
this observation (D. A. Lewis and J. H. Morrison, unpublished
observations).
Regional and laminar distributions of NP
In contrast to NFT, NP had different and less specific regional
and laminar distributions. On a regional basis, the number of
NP did not differ across the proposed hierarchical levels of the
visual system (Table 3). Within the auditory system, the number
ofNP also did not appear to differ substantially between primary
and association regions. Thus, in both the primary visual and
auditory cortices, NP were clearly present in regions lacking
NFT. Although this dissociation strongly suggests that NP and
NFT do not arise from the same anatomical elements, the structural components of NFT and NP may still be related. For
example, some NP may arise at the terminations of projections
from neurons that contain NFT (Suzuki and Terry, 1967; Pearson et al., 1985). These findings also clearly show that primary
sensory regions are not spared pathologically in AD, although
they lack NFT.
Previous studies have reported that the number of NP appeared to be greater in association than in primary sensory
regions (for reviews, see Terry and Katzman, 1983; Kemper,
1984). In addition, in a recent quantitative study, superior frontal and anterior cingulate regions were found to have a greater
density of NP than visual and auditory cortical regions (Rogers
and Morrison, 1985). Thus, it may be that the distribution of
NP is also correlated with the corticocortical systems, although
less precisely. That is, the relationship between NP and the
corticocortical system may be evident only when comparing the
number of NP in regions that differ substantially with regard to
the presence of corticocortical projections.
However, it seems most likely that multiple chemical and
anatomical systems contribute to NP formation. Cholinergic
and catecholaminergic processes, presumably the terminations
of afferents from the brain stem, have been identified in simian
and human cortical NP (Kitt et al., 1984, 1985; Armstrong et
al., 1986). NP-containing fibers immunoreactive for a number
of different neuropeptides such as PSDP (Armstrong et al., 1985;
Morrison et al., 1985) neuropeptide Y (Chan-Palay et al., 1985;
Dawbam and Emson, 1985), and substance P (Armstrong and
Terry, 1985) have also been described in the neocortex from
patients with AD. Thus, NP may arise at the terminations of
long corticocortical projection neurons, at the terminations of
various afferent fibers from the brain stem, such as those from
cholinergic or noradrenergic neurons, and from the processes
of intrinsic cortical neurons, such as those containing PSDP.
Regional distributions of NP types
Although the total number of NP was quite similar across the
different cortical regions of the visual system, there were marked
differences in the type of NP present in each region. Nearly 80%
of the NP in primary visual cortex were of the NPc type (i.e.,
contained a dense, brightly fluorescent core), whereas over 70%
of the NP in both areas 18 and 21 were of the NPnc type (i.e.,
lacked a dense, brightly fluorescent core). Given the criteria
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utilized in this study for distinguishing these NP types, all NPnc
were probably correctly classified, but it is likely that some NPc
were incorrectly identified as NPnc. That is, since the diameter
of NP may exceed 100 pm, some proportion of the NP in a 40pm-thick section will have been cut through a peripheral portion
of the NP. Thus, some NPc would have been identified as NPnc
because the section counted did not include the core region of
the NP. However, this sampling artifact cannot explain the observed differences in distribution of NP types. This type of error
in classification is equally likely to occur in all regions of cortex,
but more than 50% of the NP in areas 18 and 2 1, and none of
the NP in area 17, would have had to be misclassified in order
to account for the observed regional differences. In addition, the
regional differences in NP type were present in each case examined.
In previous investigations, NP were described as immature,
mature, or burnt-out, based upon their morphological appearance (Terry and Wisniewski, 1970). However, NP have not been
demonstrated to undergo a temporally related series of morphological changes. In the present study, immature NP were
classified as NPnc, and both mature and burnt-out NP were
designated NPc. Instead of representing different stages of NP
formation, it may be that the different morphologic appearances
of NP reflect different sources of NP formation. Studies to determine the histochemical profile of the neurites in NPc and
NPnc are in progress.

nating in neocortex and that have high intracellular levels of
N-PNFP.
In contrast, NP have less distinctive distribution patterns,
suggesting a more heterogeneous origin. For example, some NP
may arise at the terminations of long corticocortical projections
(Suzuki and Terry, 1967; Pearson et al., 1985) whereas others
may be formed in the terminal fields of subcortical afferents or
intrinsic cortical neurons. This heterogeneity in NP origin, in
contrast to the homogeneous origin of NFT, may explain why
the severity of dementia (Wilcock and Esiri, 1982) and cortical
cell loss (Terry et al., 1981; Mountjoy et al., 1983) in AD are
more closely associated with the number of NFT than with the
number of NP.
The dementia of AD involves a progressive, global deterioration of intellectual functions, abilities which appear to require
the integration of information across many specialized regions
of cerebral cortex. The findings of this study may provide an
anatomical basis for the loss of intellectual functions in AD, in
that they are consistent with the hypothesis that the dementia
of AD results from the loss of the structural and functional
integrity of the long corticocortical projection systems (Pearson
et al., 1985; Rogers and Morrison, 1985; Morrison et al., 1986a).
Such a loss would produce a global, cortical disconnection syndrome in which each cortical region functions in isolation.

Relationship of NFT and NP to age
We found strong negative correlations between age at time of
death and NFT number in 4 of 5 cortical regions, although
neither total NP number nor type of NP was significantly associated with age in any of the 3 visual regions. Similarly, in
much larger samples of patients (R. D. Terry, unpublished observations), NFT number was inversely related to age in middle
frontal (n = 95, Y = -0.450, p < 0.001) and inferior parietal
(n = 93, r = -0.575, p < 0.001) regions but not in the superior
temporal regions (n = 98, Y = -0.180, NS). Although the correlations were generally not as strong as with NFT, NP number
was also inversely related to age in these regions (middle frontal:
n = 95, r = -0.345, p < 0.001; inferior parietal: n = 93, r =
-0.362, p < 0.001; superior temporal: n = 98, r = -0.260, p <
0.0 1). These findings are consistent with previous observations
that younger patients with AD have more severe and widespread
histological abnormalities (Hubbard and Anderson,
198 1;
Mountjoy et al., 1983) and a more rapidly progressive clinical
course (Sourander and Sjogren, 1970; Seltzer and Sherwin, 1983).
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Conclusions
In conclusion, our findings indicate that NFT and NP have
different regional and laminar distributions in the cortical visual
and auditory systems of AD brains. NFT exhibit distinctive
patterns of distribution that are very similar to the regional and
laminar locations of long corticocortical projection neurons in
homologous regions of monkey neocortex. This association suggests that the vast majority of NFT reside in the cell bodies of
those pyramidal neurons that furnish long corticocortical projections in human neocortex. These findings, in concert with the
distribution of (N-PNFP) immunoreactive neurons in primate
neocortex (Morrison et al., 1986b), may provide an anatomical
and biochemical profile of the cortical neurons that develop
NFT in AD. That is, the most vulnerable cells may be the
pyramidal neurons that possess long axonal projections termi-
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