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Abstract: The laminar distribution of binding to a number
of postsynaptic neurotransmitter receptors was assessed au-
toradiographically in postmortem samples of area 23a in
posterior cingulate cortex from 13 Alzheimer and nine age-
matched control cases. Specific binding in all Alzheimer cases
was compared to that in control cases, and the following
alterations were observed: reduced muscimol binding in most
layers; no changes in pirenzepine binding; and elevated cy-
anopindolol binding in layers Ic, Illc, and IV. The Alzheimer
cases were classified further on the basis of neuronal degen-
eration: class 1, no neuron loss; class 2, greatest losses in
layer II or III; class 3, greatest losses in layer IV; and class 4,
greatest losses in layer V or VI. This classification uncovered
further alterations in ligand binding patterns. First, muscimol
binding was reduced in layers II and III only in class 2 cases
and in layers V and VI only in class 4 cases. Second, piren-
zepine binding was reduced in layers Ic, Illa-b, and VI of
class 1 cases and layers Va and VI of class 4 cases. In spite

of neuron degeneration in classes 2 and 3, there was no change
in pirenzepine binding in these classes. Third, elevated cy-
anopindolol binding occurred in classes 3 and 4, whereas
classes | and 2 had normal levels of binding. These resuits
suggest that cases of Alzheimer’s disease express heterogene-
ities in neocortical pathology which are reflected in the lam-
inar patterns of binding to postsynaptic receptors. Reductions
in muscimol binding to the y-aminobutyric acid, receptor
had the closest relationship with neuron degeneration,
whereas pirenzepine binding appeared to reflect a compen-
sation in muscarinic receptors for changes in neuron densities.
Key Words: Neurotransmitter receptors—Autoradiogra-
phy—Cerebral cortex—Neurodegenerative disease. Vogt B.
A. et al. Laminar alterations in y-aminobutyric acid,, mus-
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cingulate cortex in Alzheimer’s disease. J. Neurochem. 57,
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Alterations in neurotransmitter receptor binding in
the neocortex of patients with dementia of the Alz-
heimer type (DAT) have been demonstrated for a
number of systems. Whereas binding to y-aminobu-
tyric acid (GABA) (Reisine et al., 1978; Chu et al.,
1987), M; acetylcholine (Mash et al., 1985), serotonin,,
and serotonin, (Cross et al., 1984; Reynolds et al., 1984;
Middlemiss et al., 1986; Palmer et al., 1987) receptors
isreduced in DAT, 8, adrenoceptors increase in density
(Kalaria et al., 1989a). Receptor binding studies gen-
erally presume that the neocortex is damaged uniformly

based on consistent demonstration of neurofibrillary
tangles and neuritic plaques in the hippocampus.
However, Brun and Englund (1981) have shown that
there can be a wide range of neuron loss in neocortex.
The greatest variation among cases that they observed
was between no loss and 80% loss in posterior cingulate
cortex, and it was presumed that these losses reflected
progressive stages or grades of a uniform disease pro-
cess. We have proposed recently that laminar specific-
ities in neuron degeneration in posterior cingulate cor-
tex may reflect up to five distinct classes of DAT (Vogt
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et al., 19906). Furthermore, these classes do not cor-
respond to the deposition of neurofibrillary tangles or
neuritic plaques in either the neocortex or hippo-
campus.

A number of recent experimental radioligand bind-
ing studies have localized classes of receptors to cortical
neurons using selective ablation techniques. Thus,
GABA,, muscarinic, acetylcholine, and serotonin;,
receptors are on both proximal and apical tuft dendrites
of cortical neurons (Vogt and Burns, 1988; Vogt and
Hedberg, 1988; Crino et al., 1990; Vogt, 1990). Al-
though DAT is a chronic disease which is expressed
clinically over a period of 5-15 years and possibly even
longer (Jarvik, 1988), the simple hypothesis should be
considered that alterations in postsynaptic receptor
binding in DAT are related to neuron degeneration.
No investigation of DAT has analyzed jointly altera-
tions in receptor binding and neuron density in the
same neocortical layers. The coverslip autoradiographic
technique of Young and Kuhar (1979), in conjunction
with neuron counting and thioflavin S staining in ad-
jacent sections, provides the technical base for this ap-
proach.

The strategy of the present study was as follows. First,
the laminar binding pattern for a number of ligands
was determined in area 23a of posterior cingulate cortex
for all DAT cases combined and compared to those in
control cases. Second, the DAT cases were classified
according to the layers in which most neurons had de-
generated. Third, receptor binding data were reana-
lyzed by class to determine whether there were classes
of cases which had changes in binding that were am-
plified beyond changes for all DAT cases and/or classes
of cases in which binding was essentially normal. The
following issues were also of interest: (a) what was the
relationship between the layers with maximal changes
in receptor binding and those with greatest neuron loss?
and (b) were there changes in binding in layer I where
there were essentially no neurons in either control or
DAT cases?

MATERIALS AND METHODS

Case material

Thirteen cases diagnosed as DAT on clinical and neuro-
pathological criteria (McKhann et al., 1984) were used in this
study. A summary of the data for these cases and the nine
neurologically intact, age-matched control cases is presented
in Table 1. There was no evidence of neuropathological ab-
normalities in the control cases; this included a lack of any
neurofibrillary tangles or neuritic plaques in cingulate cortex
after staining with thioflavin S. Ages at death were closely
matched at 68 £ 3 versus 71 + 2 years for the control versus
DAT cases, respectively. The postmortem interval to the time
of freezing to —70°C was shorter for the DAT cases, but it
should be noted that intervals as long as 24 h have virtually
no influence on muscarinic acetylcholine receptor binding
in rat brain (Syapin et al., 1987). Finally, brain weights of
1,151 + 42 g for DAT cases were lower than those of 1,312
+ 43 g for control cases (F' = 6.9, p = 0.017).

The drug histories of patients in this study were surveyed

for compounds with CNS actions that were administered for
1 or more weeks during the 6 months prior to death. Six of
the 13 DAT cases received compounds which have antago-
nistic actions at muscarinic acetylcholine receptors, including
atropine, chlorpromazine, diphenhydramine, loxapine, me-
toclopramide, or thioridazine. Three DAT patients received
benzodiazepine agonists, including oxazepam or temazepam,
and two received morphine. Of the nine control cases, six
received morphine, three benzodiazepine agonists (triazolam,
oxazepam, or alprazolam), two the B-adrenoceptor antagonist
atenolol, and one chlorpromazine.

Neuropathological assessment

The methods for neuropathological assessment of these
cases have been described thoroughly elsewhere (Vogt et al.,
19905), and so will be restated only briefly here. Blocks of
posterior cingulate cortex, including the corpus callosum (see
Fig. 1), were dissected and frozen to —70°C, or 1-2-cm thick
coronal slabs were frozen to this temperature and cingulate
cortex later removed without intermediate thawing. For re-
ceptor binding studies, sections were cut at a 16-um thickness
and mounted on chrome-alum-coated slides, whereas sections
for thionin and thioflavin S staining were cut at a 48-um
thickness.

In order to classify these cases according to neuron loss,
the perikarya of thionin-stained neurons in area 23a which
had nucleoli were drawn with a drawing tube attachment to
a light microscope at a final magnification of 650X. Strips of
neurons 160 um in width were drawn extending from layer
1I to the white matter of area 23a (see Fig. 1 and Vogt, 1985,
for the location and structure of this area). Adjacent sections
were also stained with thioflavin S (Schwartz et al., 1964)
and were analyzed for the distribution of neurofibrillary tan-
gles and neuritic plaques with an epifluorescent microscope.
The distribution of these structures was plotted with an x-y
plotter attached to the microscope stage and the total number
of neuritic plaques calculated for area 23a and in layer I of
all cingulate areas. The total number of neurofibrillary tangles
in area 23a was also calculated for each case.

Receptor binding protocols

Unlabeled muscimol was purchased from Research Bio-
chemicals (Wayland, MA, U.S.A.). Radiolabeled ligands were
purchased from New England Nuclear and included the fol-
lowing compounds: [*H]muscimol (sp. act. 23.2 Ci/mM),
[PH]pirenzepine (sp. act. 84 Ci/mM), and [**’I)iodo-(—)-cy-
anopindolol (sp. act. 2,200 Ci/mAM). Muscimol binding was
evaluated as previously reported (Vogt and Hedberg, 1988):
preincubation of sections in 50 mM Tris buffer for 40 min
at 20°C, incubation in the same buffer with 2 nM,
(*H]muscimol for 15 min at 20°C, followed by two buffer
washes of 2 min each at 4°C and one distilled water wash at
4°C. Nonspecific binding was determined in a parallel series
with 100 M unlabeled muscimol. Nonspecific binding was
5.4 £ 0.3% of total binding. Pirenzepine binding was eval-
uated as previously reported (Vogt and Burns, 1988): incu-
bation of sections in Krebs-Henseleit buffer with 12 nM
[*H]pirenzepine for 70 min at 25°C, followed by two washes
in buffer for 3 min each at 4°C. Nonspecific binding was
determined with coincubation of a series in 1 M atropine.
Nonspecific binding was 17 + 2.8% of total binding. Finally,
(—)-cyanopindolol binding was evaluated according to the
procedure described by Vogt et al. (19904): incubation of the
sections in 20 mA/ Tris buffer with 135 mM sodium chloride,
65 pM ['*Iliodo-(—)-cyanopindolol, and 1 uM unlabeled se-
rotonin for 120 min at 24°C, followed by three buffer washes
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TABLE 1. Summary of case data

Control All DAT Class 1 Class 2 Class 3 Class 4
(n=19) (n=13) (n=3) (n=3) (n=4) (n=3)
Age at death
(yr + SEM) 68 =+ 3 71 £2 714 72+6 69 +2 71+ 4
Age at disease onset
(yr £ SEM) — 64 +2 6716 66 =6 61 +3 61+2
Length of disease
(yr £ SEM) —_ 7.5+0.7 6.3+09 6.7 £0.7 7.8+1.3 93+ 19
Postmortem interval
(h = SEM) 13+1 6+ 17 85 8§+4 4+ 14 S+24
Brain weight
(g + SEM) 1,312 + 43 1,151 + 42° 1,240 + 38 1,095 + 4 1,131 + 123 1,127 + 39
Neuron density (perikarya = SEM/160 um wide layer)
Layer 11 27+ 3 22+2 27+ 6 164 21+ 3 24 +4
Layer [lla-b 45+ 6 34+4 46 + 7 19 + 3¢ 36+6 36+4
Layer Ilic 34+4 30£4 41+ 6 19+3 31+7 317
Layer IV 19+2 14+3 27+ 6 12+2 g+ 14 12+ 4
Layer Va 39+3 27 + 3% 41 +3 29+ 4 24 + 2¢ 17 £ 5¢
Layer Vb 18+2 20+ 3 33+ 9 16 + 4 18 + 4 11=%5
Layer VI 705 62 + 8 101 + 10¢ 62+ 13 51 +11° 38 + 3¢

2 p < 0.01; bp < 0.05, compared to control values.
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FIG. 1. Specific binding and neuron density were assessed in pos-
terior cingulate cortex at the level indicated on the medial surface
(CS, cingulate sulcus). Analysis was performed in area 23a as
designated by the dots in the coronal section. Specific binding of
[*HImuscimol in all DAT cases was reduced significantly in com-
parison with control cases as shown by the stars next to individual
p values for each layer. An ampilified reduction in muscimol binding
occurred in layers I, llla-b, and lllc in class 2 cases, but not in
other cases.
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for 20 min each at 4°C and one 5-s water wash at 4°C. Se-
rotonin was included routinely in this assay to assure that no
cyanopindolol binding occurred to serotonin receptors.
Nonspecific binding was determined in a parallel series with
1 uM propranolol. Nonspecific binding was 39 = 3.4% of
total binding.

Autoradiographs were prepared according to the method
of Young and Kuhar (1979). Coverslips were acid-cleaned
and dipped in Kodak NTB-2 nuclear tract emulsion. The
dried coverslips were attached to slides with cyanoacrylate
and exposed in the dark at —20°C for 3 weeks to 3 months
for tritiated compounds and 3-5 days for iodocyanopindolol.
Autoradiographs were developed to the point at which grains
just began to overlap in the layer with highest binding. They
were developed in Kodak D-19 without hardener, fixed in
Kodak Rapid Fixer, and then counterstained with thionin.

Quantification of autoradiographs

Because the classification of DAT cases was based on neu-
ron degeneration in area 23a of posterior cingulate cortex,
autoradiographs were quantified in this region (see Fig. 1).
Each cortical layer or sublayer was first identified with bright-
field illumination, and then dark-field illumination was used
so that a computerized image-analysis system (Image Tech-
nology model 1000, Donsanto Corp., Natick, MA, U.S.A.)
could be used to count grain densities. Grain counts were
corrected visually for miscounts due to overlapping grains,
and cases were often counted by two individuals who were
unaware of case classification to assure accuracy in terms of
both cytoarchitectural localization of specific layers and ab-
solute grain densities. Grains were quantified per 2,500 pm?
of a cortical layer in three sections from each case, incubated
with or without an unlabeled blocker to determine nonspecific
and total binding, respectively. Specific binding was deter-
mined by subtracting these two values. Mean + SEM values
were calculated for control, all DAT, and each class of DAT.

There were inherent sources of variation in developing the
autoradiographic series, such as exposure time, temperature
of the D-19 developer, and development time. In order to
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control for these factors, groups of two or three control cases
were used to standardize series of DAT cases. Thus, if binding
was higher in one set of control cases than another, the former
set was reduced by an appropriate factor, as was the binding
for DAT cases processed in the same series. In some instances,
control and DAT cases were reprocessed to check absolute
grain densities. There were four muscimol series, all of which
were adjusted to the first. The grain densities for specific
muscimol binding were highest in layer ITla-b of control cases.
The grain densities in this layer and correction factors were
as follows: (a) 335 = 19 grains (mean = SEM); (b) (875
+ 31) =+ 2.6; (¢) (370 = 25) + 1.1; and (d) (259 £ 6) X 1.3.
There were four pirenzepine series, all of which were adjusted
to the first based on binding in layer II where it was highest:
(a) 383 * 19 grains; (b) (288 = 24) X 1.33; (c) (283 + 31)
% 1.33; and (d) (437 = 31) X 0.87. There were two iodocy-
anopindolol series which were corrected based on highest
binding in layer Illa-b. The first series had 643 * 48 grains
and the second had 380 =+ 32 grains, and so the latter series
was multiplied by 1.7.

Because grain density was evaluated by a unit of area (2,500
um?), reductions in the thickness of a layer would result in
an underestimation of changes in binding associated with
DAT. The thickness of each layer was calculated from the
cortical strips on which neuronal perikarya were drawn. All
layers had the same vertical thickness in controls and classes
1, 2, and 3 cases. However, layers Va and VI of class 4 cases
had a reduced thickness: layer Va thickness was 407 + 24
um in controls and 273 £+ 76 um in class 4 cases, and layer
VI thickness was 957 + 70 um in controls and 633 + 96 um
in class 4 cases. Thus, grain densities in layers Va and VI of
class 4 cases were reduced according to the percentage to
which each of these layers shrank in each case.

Specific binding for control and all DAT cases was com-
pared for each layer with a one-way analysis of variance.
Subsequently, the DAT cases were separated into classes, and
the binding was calculated for each class and plotted graph-
ically. Protected ¢ tests for multiple comparisons (Couch,
1982; software produced for IBM-AT computers by Dynamic
Microsystems, Inc., Silver Springs, MD, U.S.A.) were per-
formed and p < 0.05 accepted as statistically significant. Pro-
tected 1 tests were also used for analysis of case data, neuron,
neurofibrillary tangle, and neuritic plaque densities, and
laminar thickness. Finally, the Pearson product moment
correlation coeflicient was used to determine the level to
which muscimol binding was correlated with clinical and
neuropathological features of DAT.

RESULTS

Case classification

An average number of neurons was calculated for
each layer of the nine control cases, as shown in Table
1. The number of neurons in a cortical layer was also
determined for each DAT case and percentage differ-
ences calculated between the control means and that
for individual DAT cases. If losses were less than 40%,
the case was characterized as class 1. The remaining
cases were classified according to the layer in which
there was the greatest percentage of neuron loss, 1.e.,
class 2 with losses in layer II or II, class 3 with greatest
losses in layer IV, and class 4 with greatest losses in
layer V or VI. There were no examples in this series

of class 5 cases in which severe neuron degeneration
occurred throughout all layers (Vogt et al., 19905). Av-
erage neuron density by layer for these cases is pre-
sented in Table 1. When all DAT cases were considered
as a group, there was only a small loss of neurons in
layer Va. When evaluated by class, class 1 cases had
more neurons on average in the deep layers than did
control cases. Class 2 cases had a very selective loss of
neurons in layer I1la-b. Class 3 cases had a loss of neu-
rons in layers IV and Va, as well as in layer VI; the
latter loss was not as large as it was for class 4 cases.
Finally, class 4 cases had extensive neuron loss in layers
Vaand VI

There were no differences among these classes in
terms of the age at which the disease became clinically
apparent or the length of the disease. There were also
no differences among these classes in terms of the total
number of neuritic plaques or neurofibrillary tangles
in area 23a.

Muscimol binding

The laminar distribution of specific muscimol bind-
ing in control and DAT cases is shown in Fig. 1 and
Table 2. Binding in control cases was highest in layers
II and IIIa-b, moderate in layers I, Illc, and IV, and
low in layers V and VI. Muscimol binding in all DAT
cases was reduced significantly in layers I, II, Ilc, IV,
and V. Classification of the DAT cases showed that
binding in layer I was reduced to the same extent in
all classes, except in class 3 cases, which had the lowest
binding in layer Ia (149 = 30 grains/2,500 um?) and
essentially normal binding in layer Ic (230 + 19 grains/
2,500 um?). The ratio of muscimol binding in layer Ia
to that in layer Ic was 0.64 + 0.09 for class 3 cases and,
therefore, distinguished this class from all others: class
I, 0.81 = 0.04; class 2, 0.82 + 0.13; class 4, 0.78
+ 0.14. The ratio for control cases was 0.91 + 0.02.
Figure 2 shows an example of muscimol binding in
layer 1 for a control and class 1 case which were pro-
cessed in the same series. Reduced binding was partic-
ularly pronounced in layer Ia.

Muscimol binding in layers II, IIla-b, and Ilic was
reduced to a greater extent in class 2 than that for all
DAT cases, as shown in Figs. 1 and 3. Interestingly,
this class had greatest neuron losses in layer Illa-b (Ta-
ble 1). A relationship between reduced muscimol
binding and neuron densities was also evident in class
4 cases, because binding was lower in layers Va, Vb,
and VI than it was in any other class or in control cases
(Table 2). Without the correction for laminar shrink-
age, binding in class 4 was 145 + 20 in layer Va and
92 + 5 in layer VI. Once again, neuron losses were
greatest in class 4 cases in layers V and VI (Table 1).

Although layer Ia muscimol binding was reduced by
an average of 30% for each class, there were cases with
up to a 62% reduction in this layer. The possibility was
considered that other clinical or pathological factors
might be relevant to cases with particularly low mus-
cimol binding in layer Ia. For example, one case with
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TABLE 2. Muscimol binding

Control All DAT Class 1 Class 2 Class 3 Class 4
Layer n=29) (n=13) (n=3) (n=23) (n=4) (n=3)
Ia 226 + 17 156 + 127 156 £ 117 158 £ 20 149 + 307 160 + 36
Ic 247 £ 17 207 + 9 194 + 174 196 = 17 230 + 19 200 + 16
| 311 + 21 261 £ 13¢ 252 £ 21 218 + 244 286 + 18 279 + 38
Illa-b 330 £ 15 284 + 20 300 £ 36 217 = 39° 316 + 30 290 £ 5
e 287 + 12 240 + 13¢ 256 + 28 215 + 364 261 + 22 221 +23¢
v 230 = 15 194 + 10¢ 207 £ 24 177 £22 194 + 14 197 £29
Va 183 +18 138 + 107 1599 140 = 15 146 + 13 101 + 36¢
Vb 166 + 16 129 + 8 153 £ 12 123 £ 19 126 £5 114 + 21
VI 118 + 14 104+ 5 120 £ 12 102 £ 16 1017 62 + 13¢

“p < 0.05, compared to control cases.

low binding had a large number of layer I neuritic
plaques and, therefore, muscimol binding was corre-
lated with a number of measures of neuropathology in
these cases. There were no correlations between the
following factors: layer I neuritic plaque density and
muscimol binding in layer I (binding in layers Ia and
Ic combined); neuritic plaque density and muscimol
binding in layer la; neurofibrillary tangle density in
layer III and muscimol binding in layer III (binding in
layers Ila-b and Illc combined); age at disease onset
and muscimol binding in layer I; age at disease onset
and muscimol binding in layer III; length of the disease
and muscimol binding in layer I; length of the disease
and muscimol binding in layer III. Thus, neuropath-
ological factors other than neuron density and clinical

features of DAT were not associated with muscimol
binding,.

Pirenzepine binding

Specific binding of pirenzepine in control cases was
highest in layers II and IIla-b and moderate in other
layers (Table 3). Pirenzepine binding in all DAT cases
did not differ from that in control cases. Analysis of
pirenzepine binding by class showed that in classes 2
and 3 binding was equivalent to control values in spite
of significant neuron degeneration in layers Illa-b and
IV, respectively. However, in class 1 cases, pirenzepine
binding was reduced by 26%, 24%, and 32% in layers
Ic, Ila-b, and VI, respectively. Pirenzepine binding was
similar to control levels in layers -1V and Vb of class

FIG. 2. Examples of layer | ligand binding from control and Alzheimer cases which were processed in the same autoradiographic series.
The subdivisions of layer | are indicated in the bright-field photomicrograph (left). The dark-field micrographs show control and reduced
class 1 muscimol binding and control and elevated class 3 cyanopindolol binding.

J. Neurochem., Vol. 57, No. 1, 1991
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FIG. 3. The bright-field micrographs show neurons in layers Il and llla-b in a control and a class 2 case. Muscimol binding in these and a
class 1 case processed in the same autoradiographic series are shown with dark-field micrographs of the same layers. Muscimol binding
in control and class 1 cases was essentially the same; however, there was a pronounced reduction in binding in layer llia-b in the class 2
case, which was associated with neuron degeneration in the same layer.

4 cases, but it was reduced in layers Va and VI by 50%
and 55%, respectively. Before correcting for shrinkage,
binding in layer Va was 246 + 51, and in layer VI it
was 219 * 50. These latter cases had the greatest per-
centage loss of neurons in layers Va and VI.

Cyanopindolol binding

Table 4 presents specific cyanopindolol binding for
seven control and 10 DAT cases. Specific cyanopin-
dolol binding in the control cases was highest in layers
II and IlIa-b and moderate in all other layers. Binding
for all DAT cases was elevated over control values in
layers Ic, Illc, and IV. Classification of the DAT cases
according to neuron losses, however, showed that in-
creased cyanopindolol binding was not uniform. There
were no differences in cyanopindolol binding between

control and class | or class 2 cases. It was clear that
increased cyanopindolol binding among all DAT cases
was accounted for by that which occurred in the class
3 and 4 cases. As shown in Table 4, binding of cyano-
pindolol in class 3 cases was elevated in relation to
control cases in all layers; only binding in layer II was
not increased significantly. An autoradiograph of cy-
anopindolol binding in a class 3 case is compared with
that in a normal case in Fig. 2.

Neuropathological and/or clinical factors may have
contributed to the selective elevation of cyanopindolol
binding in class 3 and 4 cases. Data for classes 1 and
2 were pooled, as well as data for classes 3 and 4. Al-
though age at disease onset, duration of the disease,
and densities of neurofibrillary tangles and neuritic
plaques did not differ between these two groups, neuron

TABLE 3. Pirenzepine binding

Control All DAT Class 1 Class 2 Class 3 Class 4
Layer n=9) (n=13) n=3) (n=3) (n=4) (n=13)
Ia 320+ 24 323+ 19 237+ 17 349 + 33 374 + 17 315+ 41
Ic 355+ 12 349 + 18 263 £ 21° 405 + 41 375+ 8 345 + 27
1 389 + 15 384 + 18 323+ 32 454 + 42 390 £ 21 366 9
Illa-b 378 £ 16 342 + 17 287 £ 17° 374 £ 24 373+ 32 322 + 39
IIic 335+ 12 318+ 17 265 + 26 344 + 27 350 + 33 302 + 41
v 322 + 21 284 + 16 244 + 13 330 £ 32 295 + 27 264 = 43
Va 314 £ 22 254 21 236 £ 12 314 +20 298 + 26 152 + 234
Vb 301 + 17 266 + 15 2305 310 + 31 282 + 23 236 + 35
VI 279 + 19 221 £ 21 189 + 6¢ 278 + 23 275 + 30 125 + 20°

4 p < 0.05, compared to control cases.
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TABLE 4. Cyanopindolol binding

Control All DAT Class 1 Class 2 Class 3 Class 4
Layer n=7) (n=10) (n=23) (n=2) (n=4) (n=1)
Ia 472 + 52 663 + 52 578 + 82 551+9 745 + 94¢ 819
Ic 507 £ 41 706 + 54¢ 611 =74 596 + 21 784 = 96° 900
1I 579 + 49 748 + 52 662 + 99 683 + 29 813 + 98¢ 880
1Ila-b 638 + 59 772 £ 47 634 + 83 760 + 73 867 + 61 832
1IIc 513 £ 51 704 + 37¢ 576 + 50 691 = 21 791 + 43¢ 767
v 460 = 51 647 + 46° 506 + 45 593+ 13 749 + 674 765
Va 446 + 45 605 + 44 484 + 23 516 £2 690 + 60 408
Vb 428 + 47 586 + 42 479 + 29 528 +7 653 + 74° 756
VI 388 + 48 552+ 45 450 + 32 455+ 29 624 + 70¢ 520

4 p < 0.05, compared to control cases.

densities in layers IV, Va, and VI were reduced signif-
icantly in classes 3 and 4 (see also Table 1).

DISCUSSION

The present study demonstrates that alterations in
neurotransmitter receptor binding in Alzheimer’s dis-
ease can be assessed accurately with a combination of
laminar autoradiographic and neuropathological anal-
yses. When receptor binding in all DAT cases is com-
pared to that in control cases, muscimol binding is
reduced in most layers, there are no changes in piren-
zepine binding, and there is an elevation in cyanopin-
dolol binding in layers Ic, Illc, and IV. Although these
results are interesting, they presuppose that DAT is a
uniform neuropathologic entity. However, classifica-
tion of DAT cases according to laminar alterations in
neuron density reveals subgroups of cases (Vogt et al.,
19905) which can have unaltered, increased, or de-
creased ligand binding beyond changes in averages for
all DAT cases. For example, class 1 cases have no neu-
ron losses and muscimol and cyanopindolol binding
1s normal in most layers, whereas pirenzepine binding
is altered in a few layers. Class 2 cascs have neuron
losses mainly in layer IIla-b, as well as reduced mus-
cimol binding in layers II and III and unaltered piren-
zepine and cyanopindolol binding. Class 3 cases have
greatest neuron degeneration in layer IV, reduced
muscimol binding only in layer Ia, and elevated cy-
anopindolol binding in all layers. Class 4 cases have
greatest neuron degeneration in deep layers which also
have significantly reduced muscimol and pirenzepine
binding. In contrast to separation of cases according
to neuron losses, no classical measures of DAT neu-
ropathology, such as thioflavin S-stained neurofibrillary
tangles and neuritic plaques, distinguished among
groups of cases which had significantly different
changes in receptor binding.

Muscimol binding: a measure of neuropathological
class

One of the goals of the present study was to identify
a population of receptors to which binding was differ-
entially altered in each neuropathological class of DAT.
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Although muscimol binding to GABA4 receptors was
altered in layer Ia of all classes, it came the closest to
differentiating among the four classes. Thus, in addition
to the layer Ia reduction, class 1 also had reduced mus-
cimol binding in layer Ic, class 2 had reduced muscimol
binding in layers IT and III, class 3 muscimol binding
was not altered beyond layer Ia, and class 4 had major
muscimol binding losses in layers V and VI. Previous
studies of GABA or muscimol binding in homogenized
cortical tissue showed a decrease (Reisine et al., 1978)
or no change (Bowen et al., 1983; Bowen and Davison,
1986) in binding, respectively. Chu et al. (1987) did
not observe altered GABA 4 binding in autoradiographs
of frontal cortex in DAT. The lack of agreement among
these and the present study may be because subtle lam-
inar differences in binding were lost in homogenized
tissue preparations, there were differences in the cy-
toarchitectural areas analyzed, and no case classifica-
tion was attempted in previous studies. Although dif-
ferences in muscimol binding between classes 1 and 3
were not striking, binding of cyanopindolol was at
control levels in class 1, but extremely high in class 3
cases. Thus, ligand binding observations support the
neuropathological classification scheme proposed by
Vogt et al. (1990b).

Receptor binding in layer I

An interesting feature of muscimol binding is that
binding in layer Ia is reduced to exactly the same extent
in ali classes of DAT. Experimental radioligand studies
support the notion that GABA, receptors in layer 1
are on apical tuft dendrites of cortical pyramidal neu-
rons (Vogt and Hedberg, 1988; Vogt, 1991). It is pos-
sible that reduced muscimol binding in layer I is due
to degeneration of apical tufts, altered synthesis or
transport of the GABA, receptor, and/or a reduced
affinity of the receptor for ligand. Patent apical tuft
degeneration is unlikely, because class 1 cases had no
neuron losses and showed the same reduction in layer
Ia muscimol binding as in other classes of DAT, and
pirenzepine binding was unaltered in layer Ia in any
class. Normal muscimol binding in layers below layer
I, such as layers II-IV of class 1 cases, suggests that
GABA 4 receptor synthesis is intact. However, it is pos-
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sible that in DAT there is a failure to transport receptors
to the apical tuft dendrites secondary to disruption of
the cytoskeleton. It is also possible that in layer I there
is a reduction in the affinity of GABA, receptors for
ligand due to an alteration in their phosphorylation
state (Gyenes et al., 1988; Stelzer et al., 1988).

Pirenzepine binding and classes of DAT

Many early studies of quinuclidinyl benzilate bind-
ing in neocortex suggested that muscarinic receptors
were stable in DAT (e.g., White et al., 1977; Perry et
al., 1978; Rinne et al., 1985). Recent studies have also
shown that pirenzepine and carbachol binding is stable
in DAT (Smith et al., 1987; Flynn et al., 1991). From
a neuropathological perspective, Lang and Henke
(1983) observed that muscarinic receptor binding in
cingulate cortex does not appear to be influenced by
the presence of neurofibrillary tangles or neuritic
plaques. Furthermore, in the present study, many layers
with extensive neuron degeneration, e.g., layer IIla-b
of class 2 cases, had control levels of pirenzepine bind-
ing. One interpretation of these findings is that piren-
zepine binding sites are up-regulated by surviving neu-
rons. These receptors may not be functional, however,
because they may be primarily in a low-affinity state
(Smith et al., 1987; Flynn et al., 1991)

Elevated cyanopindolol binding

Neuropathological studies have demonstrated an
involvement of the locus coeruleus in DAT (Tomlinson
et al., 1981; Bondareff et al., 1982). In view of these
studies, Kalaria et al. (1989a) analyzed $-adrenoceptor
binding in prefrontal and hippocampal cortices where
they observed a substantial increase in the number of
B3> adrenoceptors. Although the present study confirms
an elevation in B-adrenoceptor binding, not all classes
of DAT were influenced to the same extent. Increases
in cyanopindolol binding occurred in classes 3 and 4,
whereas the cases with less severe neuronal damage,
i.e., classes 1 and 2, had normal levels of cyanopindolol
binding. Kalaria et al. (19894) have discussed the pos-
sibility that up-regulation of § adrenoceptors was
caused by denervation supersensitivity or glial prolif-
eration. We propose another mechanism for this up-
regulation: proliferation of the sympathetic innervation
of blood vessels and capillaries. 8 adrenoceptors are
present on cerebral blood vessels (Janowsky and Sulser,
1987; Kalaria et al., 19895}, and Stenevi and Bjorklund
(1978) showed that cholinergic denervation of the hip-
pocampus and posterior cingulate cortex resulted in
sprouting of axons from blood vessels into the neuropil.
It is possible, therefore, that sprouting of noradrenergic
innervation into the cortical neuropil occurs in class 3
and 4 cases and that this accounts for the increased
receptor binding in these classes.

Conclusion

The neocortical layer in which most neurons degen-
erate can be used as the basis for neuropathological
subtyping of DAT and provides an important dimen-

sion along which to study alterations in neurotrans-
mitter receptor binding. It should be possible to expand
the combined disease classification and receptor bind-
ing analysis to other neurodegenerative disorders, as
well as to other neurochemical assays. In terms of DAT,
it now appears warranted to reevaluate the cholinergic
system from this perspective, as well as the seroto-
ninergic, glutamatergic, and GABAergic systems.
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