References and Notes

1. Recognition: N. R. Ellis and R. Hope, J. Exp.
Psychol. 77, 613 (1968); J. C. Jahnke and D. E.
Erlick, ibid., p. 641; B. B. Murdock, Jr. ibid., p.
79; H. G. Shulman, Verbal Learn. Verbal Be-
hav. 9, 449 (1970). Recall: R. G. Crowder,
Principles of Learning and Memory (Erlbaum,
Hillsdale, N.J., 1976).

2. C. L. Hull, Psychol. Rev. 42, 491 (1935); W. M.
Lepley, Psychol. Monogr. 46, 205 (1934).

3. R. C. Atkinson and R. M. Shiffrin, in The
Psychology of Learning and Motivation, K. W.
Spence and J. T. Spence, Eds. (Academic Press,
New York, 1968), p. 89; N. C. Waugh and D. A.
Norman, Psychol, Rev. 72, 89 (1965).

4. J. P. Buchanan, T. V. Gill, J. T. Braggio, Mem.
Cognit. 9, 651 (1981); W. A. Roberts and P. J.
Kraemer, Anim. Learn. Behav. 9, 587 (1981); S.
F. Sands and A. A. Wright, Science 209, 938
(1980); H. C. Santiago and A. A. Wright, J. Exp.
Psychol. Anim. Behav. Process. 10, 498 (1984).

5. L. Standing, J. Conezio, R. N. Haber, Psychon.
Sci. 19, 73 (1970).

6. Repeated measures analyses of variance (serial
position by subjects) for polynomial trends were
used. (Unreported trends for functions tested
were not significant, P > 0.05.) Significant lin-
ear trends for humans (H) and pigeons (P): H at
0 seconds, F(1, 5) = 11.6, P = 0.019; H at 100
seconds, F(1, 5) = 23.3, P = 0.005; P at 0 sec-
onds, F(1, 3) = 1003.7, P < 0.001; P at 10 sec-
onds, F(l, 3) = 46.2, P = 0.006. Significant
quadratic trends: H at 10 and 25 seconds com-
bined, F(1, 4) = 11.4, P = 0.027; P at 1 and 2
seconds combined, F(1, 3) = 18.1, P = 0.024,
Because there were only two monkeys serial
position by block was tested. Significant linear
trends: 0 seconds, F(1, 3) = 865, P < 0.001; 30
seconds, F(1, 3) = 156.9, P < 0.001; significant

quadratic trend, 2 and 10 seconds combined,
F(1, 3) = 60.1, P = 0.004.

7. J. M. Gardiner, C. P. Thompson, A. S. Maskar-
inec, J. Exp. Psychol. 103, 71 (1974); M. Glanzer
and A. R. Cunitz, Verbal Learn. Verbal Behav.
5, 351 (1966); H. L. Roediger, III and R. G.
Crowder, ibid. 14, 590 (1975).

8. L. Postman and L. Phillips, Q. J. Exp. Psychol.
17, 132 (1965).

9. N. R. Ellis and R. Hope in (/).

10. Decay: J. Brown, Q. J. Exp. Psychol. 10, 12
(1958). End point: G. H. Bower, in Adaptation
Level Theory, M. H. Appley, Ed. (Academic
Press, New York, 1971), p. 175.

11. M. Glanzer, in The Psychology of Learning and
Motivation, G. H. Bower, Ed. (Academic Press,
New York, 1972), p. 129.

12. G. Keppel, in Verbal Behavior and General
Behavior Theory, T. R. Dixon and D. L. Hor-
ton, Eds. (Prentice-Hall, Englewood Cliffs,
N.J,, 1968), p. 172; L. Postman, K. Stark, D.
Henschel, J. Exp. Psychol. 82, part 2 (1969). H.
G. Shulman and E. Martin, ibid. 86, 230 (1970).
Performance changes in this article took place in
seconds rather than in minutes, hours, or days
as in the paired-associate tasks.

13. L. Postman, K. Stark, J. Fraser, Verbal Learn.
Verbal Behav. 7, 672 (1968).

14. G. Keppel and B. J. Underwood, ibid. 1, 153
(1962); L. Postman, ibid., p. 109.

15. H. E. Ebbinghaus, Uber des Geddichtnis
(Duncker, Leipzig, 1885), translated by H.
Ruger and C. E. Bussenius and reprinted as
Memory: A Contribution to Experimental Psy-
chology (Dover, New York, 1913).

16. We thank M. J. Watkins and R. G. Crowder for
their thoughtful comments on a draft of this
manuscript.

10 December 1984; accepted 22 May 1985

Reduced Numbers of Somatostatin Receptors in the

Cerebral Cortex in Alzheimer’s Disease

Abstract. Somatostatin receptor concentrations were measured in patients with
Alzheimer’s disease and controls. In the frontal cortex (Brodmann areas 6, 9, and 10)
and temporal cortex (Brodmann area 21), the concentrations of somatostatin in
receptors in the patients were reduced to approximately 50 percent of control values.
A 40 percent reduction was seen in the hippocampus, while no significant changes
were found in the cingulate cortex, postcentral gyrus, temporal pole, and superior
temporal gyrus. Scatchard analysis showed a reduction in receptor number rather
than a change in affinity. Somatostatin-like immunoreactivity was significantly
reduced in both the frontal and temporal cortex. Somatostatin-like immunoreactivity
was linearly related to somatostatin-receptor binding in the cortices of Alzheimer’s
patients. These findings may reflect degeneration of postsynaptic neurons or cortical
afferents in the patients’ cerebral cortices. Alternatively, decreased somatostatin-
like immunoreactivity in Alzheimer’s disease might indicate increased release of
somatostatin and down regulation of postsynaptic receptors.
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One approach to studying Alzheimer’s
disease is to examine its neurochemistry
after death. Several neurochemical defi-
ciencies related to the illness have thus
far been identified. The best studied is a
reduction in choline-acetyltransferase
activity in the cerebral cortex, which has
been attributed to a loss of cholinergic
neurons in the basal nucleus of Meynert
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(1). Less marked cortical deficiencies of
noradrenaline, serotonin, substance P,
and y-aminobutyric acid have been de-
scribed (2). In addition, a widespread
reduction in cortical somatostatin-like
immunoreactivity (SLI) has been associ-
ated with Alzheimer’s disease (3). Im-
munocytochemical studies have suggest-
ed that the alteration reflects degenera-
tion of intrinsic somatostatin cortical
neurons (4), and somatostatin appears to
be a neurotransmitter or neuromodulator
in the central nervous system having
electrophysiologic effects on central neu-
rons (5). The clinical importance and role
of this peptide in the pathophysiology of
Alzheimer’s disease remains unknown.
Recently somatostatin receptors have
been reported in the brain, the pituitary,

and peripheral tissues (6). We have char-
acterized somatostatin receptors in the
human brain (7). Since the receptor is an
integral component of the mechanism by
which somatostatin activates or modu-
lates neuronal activity, a study of soma-
tostatin receptors may provide further
insight into the role of somatostatin in
Alzheimer’s disease. In addition, an un-
derstanding of receptor changes associ-
ated with disease has implications for the
development of drugs that modify recep-
tor function. We have measured concen-
trations of somatostatin receptors in
both control and patient tissue post-mor-
tem and have related these findings to
concentrations of SLI.

Postmortem brain tissue from 12 Alz-
heimer’s patients (ten male, two female;
mean age, 76.8 * 2.3 years; range, 72 to
90 years) and from 13 controls (six male,
seven female; mean age, 69.5 + 3.9
years; range, 36 to 86 years) was dissect-
ed as previously described (8). The diag-
nosis in the Alzheimer’s patients was
confirmed by neuropathology in all cas-
es, and other neuropathologic conditions
were excluded. Neuropathologic exami-
nation showed the control tissues were
normal in all cases except one that had
some small lacunar infarcts in the white
matter. Brain tissues from the patients
and controls were handled identically. In
all cases the time between death and
storage of the tissue at —70°C was less
than 24 hours (patients, 11.3 = 2.0
hours; controls, 11.5 = 1.6 hours); we
have found that somatostatin receptors
are stable for up to 24 hours in an animal
model simulating human autopsy condi-
tions.

Tissue extraction and radioim-
munoassay for SLI were carried out as
described (9). The assay recognizes ami-
no acids 6 to 10 of tetradecapeptide
somatostatin. Somatostatin 14 and soma-
tostatin 28 are recognized on an equimo-
lar basis. Somatostatin receptors in hu-
man brain membranes were measured
with '*I-labeled [Leu®, pTrp??, Tyr®]
somatostatin 28 (/0). The peptide was
iodinated by the chloramine-T method
and then purified by high-performance
liquid chromatography (HPLC). It was
eluted isocratically with 0.25M tetraethyl
ammonium formate buffer, pH 3.5, with
17 percent n-propanol as an organic
modifier on a pBondapak C18 column
(Waters Associates, Milford, Massachu-
setts). The major radioactive peak eluted
at 18 minutes and a minor peak, corre-
sponding to less optimal binding, at 32
minutes. The binding of '*’I-labeled
[Leu®, pTrp?, Tyr*’]somatostatin 28 to
somatostatin receptors was performed in
a final volume of 100 wl tris-HCI buffer
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Table 1. Scatchard analysis of somatostatin binding sites in the cortices of Alzheimer’s patients

and controls.

Bmax K
(wet-weight, ( nI\[;)
fmol/mg)
Middle temporal gyrus (Brodmann area 21)
Controls (6) 1.53 £ 0.18 0.98 + 0.13
Patients (6) 0.70 = 0.07* 0.53 = 0.10%
Superior temporal gyrus (Brodmann area 22)
Controls (6) 1.63 + 0.34 1.44 + 0.46
Patients (6) 1.42 = 0.15 1.14 = 0.19
Frontal cortex (Brodmann area 9)
Controls (5) 1.33 = 0.21 1.22 + 0.28
Patients (4) 0.69 + 0.127 1.06 = 0.07
*P < 0.01. P < 0.05.
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Fig. 1. Somatostatin-receptor binding (means *+ standard error of the mean) in Alzheimer’s
patients and controls. The number of subjects tested is at the bottom of each column. Data were
analyzed with the Mann-Whitney U test. Abbreviations: BA, Brodmann area; NS, not
significant. *P < 0.10; **P < 0.05; ***P < 0.001.

Controls

1.00 -

BN

Alzheimer’s patients

0.75 [

Somatostatin-like immunoreactivity (ng/mg protein)

0.50 *
! *
1
- :
* /
* * * * X
0.25 | ol * * *
* * *
* *
13 1311 12§1/2 13 12 11011 1212 12 11 12112
0.00
BA 10 BA 9 BA 6 BA 312 BA 38 BA 21 BA 22 BA 24
Frontal Frontal Premoter Post- Temporal Middle Superior Hippo- Cingulate
pole cortex cortex central pole temporal temporal campus cortex

gyrus

gyrus gyrus

Fig. 2. Somatostatin-like immunoreactivity (means = standard error of the mean) in the
cortices of Alzheimer’s patients and controls. The number of subjects tested is at the bottom of
each column. Data were analyzed with the Mann-Whitney U test. Abbreviations: BA,
Brodmann area; NS, not significant. *P < 0.10; **P < 0.01; ***P < 0.005; ****P < 0.001.
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with 0.1 percent bovine serum albumin,
0.1 percent bacitracin, and 5 mM Mg*".
Tissue (4 mg wet-weight membranes)
was incubated with 0.08 nmol of radiola-
beled ligand (corresponding to 60,000
counts per minute). Nonspecific binding
was determined in the presence of
5 X 107’M somatostatin 14. Reaction
was allowed to proceed for 60 minutes at
27°C. The tissue was separated from the
solution by filtration under suction onto
GF/C filters that were presoaked in 0.3
percent polyethlyeneimine. The filtrate
and filters were washed four times with 4
ml of ice-cold 150 mM tris-HCI buffer,
pH 7.4, and then the radioactivity of the
tissue and the filter was measured by a «y-
counter (Beckman). Each experiment
was performed in triplicate with the
same sample. In routine experiments
with human cortical membranes, the to-
tal binding is 4000 to 6000 counts per
minute of which 2000 are attributed to
nonspecific binding in the filtrate and
filter. Degradation of the radio-ligand
was negligible under the conditions of
our experiment, as ascertained by ex-
traction of iodinated ligand from the in-
cubation solution and its purification
with HPLC.

Scatchard analysis was performed by
incubating cortical membranes with in-
creasing concentrations of radiolabeled
ligand from 0.04 to 1.6 nM. Nonspecific
binding increased linearly with concen-
tration, while specific binding ap-
proached saturation at 0.82 and 1.64 nM.
Scatchard analysis showed a single class
of binding sites. Statistical analysis was
performed with the Mann-Whitney U
test. All data are expressed as the
mean * the standard error of the mean.

We have shown that binding sites in
the human brain for '®I-labeled [Leu®,
pTrp??, Tyr®]somatostatin 28 have
many of the properties expected from a
receptor (4). The dissociation constant is
in the nanomolar range. Binding is satu-
rable with respect to tissue concentra-
tion and reversible as a function of time.
There is an anatomic distribution of re-
ceptors that corresponds well to that
reported in rats (6). Studies of binding
and inhibition demonstrate that tracer is
displaced by native somatostatin and its
analogs but not by unrelated peptides.
The binding affinity of somatostatin ana-
logs is related to their ability to inhibit
the release of growth hormone. Alanine-
substituted analogs, which do not inhibit
growth hormone release, are ineffective
in competing for binding. These findings
suggest that 'ZI-labeled [Leu®, pTrp¥,
Tyr*’]somatostatin 28 binds to a physio-
logically relevant somatostatin receptor
in the human cerebral cortex.
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In the present study we have found
that somatostatin receptors are reduced
in the frontal cortex (Brodmann areas 6,
9, and 10) and temporal cortex (Brod-
mann area 21) (Fig. 1). The cingulate
cortex, postcentral gyrus, temporal pole,
and superior temporal gyrus showed no
significant changes. The concentrations
of receptors were reduced approximate-
ly 40 percent in the hippocampus, but
this change was not statistically signifi-
cant (P < 0.10). Scatchard analysis indi-
cates that the reduction in receptor bind-
ing reflects a decrease in receptor num-
ber (Bmax) rather than a change in recep-
tor affinity (Kp). The value of B, was
reduced in Brodmann areas 9 and 21 in
Alzheimer’s patients. In Brodmann area
21 the receptor affinity was increased in
the Alzheimer’s patients, as reflected by
the reduced value of Ky, (Table 1). In
Brodmann area 22, where there was no
significant reduction in receptor binding,
there was no significant difference be-
tween the values of B, and Kp in the
patients and in the controls. The value of
Kp for all three regions was in the nano-
molar range, and Scatchard analysis in-
dicated a single class of binding sites.
There was no significant relation be-
tween the postmortem interval and re-
ceptor binding for any brain region in the
patients or the controls.

The SLI concentrations were signifi-
cantly reduced in the frontal cortex (ar-
eas 6, 9, and 10) and temporal cortex
(areas 21, 22, and 38). There was no
significant change in the cingulate cor-
tex, hippocampus, and postcentral gyrus
(Fig. 2). This distribution of reduced
cortical SLI is consistent with previous
studies (3). In addition there was a rela-
tion between the number of receptors
and cortical concentrations of SLI. The
concentrations of both receptors and
SLI were highest in the cingulate cortex
and lowest in the postcentral gyrus and
hippocampus. There was a significant
linear relation between mean SLI con-
centrations and somatostatin receptor
concentration in the patients’ cortices
(slope = 0.011, P < 0.01) but not in the
controls’. Within individual regions in
the patients’ cortices, significant linear
relations between SLI and somatostatin-
receptor concentrations were found only
in Brodmann areas 9 and 22.

Several explanations could account
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for our results. Reduced SLI and re-
duced somatostatin receptors in the
same regions could reflect loss of both
presynaptic (somatostatin) and postsyn-
aptic (somatostatinceptive) neurons in
areas predisposed to the pathologic proc-
ess. The greatest neuronal loss in Alz-
heimer’s disease occurs in the frontal
and temporal cortex where we see the
largest alterations in SLI and somato-
statin receptors (/). If somatostatin
neurons are selectively vulnerable in
Alzheimer’s disease, some of the reduc-
tion in somatostatin receptor binding
might also reflect a loss of autoreceptors.
In addition, some somatostatin receptors
could be located on cortical afferents,
such as the cholinergic system, which
degenerate in Alzheimer’s disease (I).
Other evidence has demonstrated inter-
actions between acetylcholine and soma-
tostatin. Acetylcholine can cause release
of somatostatin in vitro, and somato-
statin neurons in the cerebral cortex may
receive a cholinergic input (12).

Since SLI is reduced in the cerebral
cortex in Alzheimer’s disease and soma-
tostatin cortical neurons are intrinsic to
the cerebral cortex these neurons may
selectively degenerate in the disease, ac-
counting for the reduced concentrations
of SLI (3). Recent immunocytochemical
studies support this hypothesis (4); how-
ever, reduced concentrations of SLI in
Alzheimer’s disease could also reflect
either altered processing or degradation
of SLI or increased release of SLI. If the
release of SLI were increased in Alz-
heimer’s disease, one might expect a
down regulation of somatostatin recep-
tors in the same regions. This hypothesis
could explain the present findings.

The present results contrast with ob-
servations in the cholinergic system in
which loss of presynaptic cholinergic
markers is not accompanied by loss of
muscarinic receptors in the cerebral cor-
tex (13). Concentrations of a- and -
adrenergic, benzodiazepine, and y-amin-
obutyric acid receptors are also unal-
tered in Alzheimer’s disease (/4). Sero-
tonin receptors on the other hand, are
reduced concomitantly with reductions
in 5-hydroxyindoleacetic acid in pa-
tients’ cortices (/5). The reduction in
serotonin receptors is related to concen-
trations of SLI in the frontal and tempo-
ral cortex, which suggests that the recep-

tors could be localized on somatostatin
neurons in these regions. Since somato-
statin receptors are reduced in the cere-
bral cortex, replacement therapy might
not be successful. The loss of receptors
is not absolute, however, and empirical
trials will be necessary to determine the
success of pharmacological intervention.
Further studies of somatostatin and its
receptors will be needed to define the
precise role of this peptide in Alz-
heimer’s disease and its significance in
the pathophysiology of the illness.
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