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Abstract
Both insulin alone and the somatostatin analogue octreotide alone facilitate memory in patients with
Alzheimer's disease (AD). Since octreotide inhibits endogenous insulin secretion, the cognitive
effects of insulin and octreotide may not be independent. This study tested the individual and
interactive effects of insulin and octreotide on memory and plasma growth hormone (GH) levels in
older adults. Participants were 16 memory-impaired (AD=7, amnestic mild cognitive impairment=9;
apolipoprotein E [APOE] ε4- [no ε4 alleles]=9, ε4+ [1-2 ε4 alleles]=7) and 19 cognitively-intact
older adults (APOE ε4-=17, ε4+=1). On separate days, fasting participants received counterbalanced
infusions of (1) insulin (1 mU·kg-1·min-1) and dextrose to maintain euglycemia, (2) octreotide (150
μg/h), (3) insulin, dextrose, and octreotide, or (4) saline. Story recall was the principal endpoint.
Insulin alone facilitated delayed recall for ε4-patients, relative to ε4+ patients (P=0.0012).
Furthermore, ε4- patients with higher Mattis Dementia Rating Scale (DRS) scores had greater
octreotide-induced memory facilitation (P=0.0298). For healthy adults, octreotide facilitated memory
(P=0.0122). Unexpectedly, hyperinsulinemia with euglycemia increased GH levels in healthy
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controls (P=0.0299). Thus, insulin and octreotide appear to regulate memory in older adults.
APOE ε4 genotype modulates responses to insulin and octreotide. Finally, insulin may regulate GH
levels during euglycemia.
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1. Introduction
Alzheimer's disease (AD) has been associated with abnormalities in the insulin and
somatostatin systems [1,2], both of which influence memory. Increasing insulin levels
facilitates memory in patients with AD [3,4] and healthy older adults [4]. Somatostatin,
expressed in the cerebral cortex and hippocampus [5], contributes to memory in part via effects
on long-term potentiation and synaptic plasticity [6,7]. Notably, PS1xAPP mice, an AD model,
have decreased levels of somatostatin in brain and somatostatin immuno-positive neurons
[8]. Other somatostatinergic changes related to AD include a decline in somatostatin type 2
receptors (SSTR2) in cortex and hippocampus [1,9]. Consequently, agents that enhance insulin
or somatostatin activity constitute potential therapeutic strategies for cognitive impairment in
patients with AD [7,10].

Since octreotide inhibits endogenous secretion of insulin and growth hormone (GH) [11],
cognitive effects of insulin and octreotide may not be independent. Amassing evidence
supports the notion that the effects of insulin on memory are centrally mediated [12]. Likewise,
octreotide's effects may be centrally mediated, since octreotide binds primarily to SSTR2
receptors in brain; however, in vitro work suggests that octreotide has low penetration across
the intact blood-brain barrier [13]. Even so, microvascular damage may increase brain
penetration and enhance central effects of octreotide in patients with AD [14]. Alternatively,
octreotide-induced memory facilitation may reflect peripheral changes, such as inhibition of
pro-inflammatory cytokine secretion [15], which appears to impair memory [16].

Administration of insulin (while maintaining normoglycemia) or octreotide (a long-acting
cyclic octapeptide somatostatin analogue) facilitates memory [3], but their interactive effects
have not been tested. Furthermore, the potential role of apolipoprotein E (APOE) genotype
should be considered. This established risk factor for AD modulates insulin-induced changes
in memory and plasma amyloid precursor protein levels [4]. Similarly, APOE genotype may
influence somatostatin loss in AD [17]. The present study tested the individual and interactive
effects of insulin and octreotide on cognition for patients with AD. We predicted that both
insulin and octreotide would facilitate memory and that APOE genotype would moderate the
cognitive effects of insulin and octreotide.

2. Materials and Methods
2.1. Subjects

The University of Washington Human Subjects Review Committee approved this study; all
subjects gave written informed consent before participation. Subjects were 16 memory-
impaired patients with mild-to-moderate AD (n=7) or amnestic mild cognitive impairment
(MCI, n=9), widely believed to represent a prodromal stage of AD [18], and 19 older adults
with intact cognition. An expert panel of neurologists, psychiatrists, and neuropsychologists
diagnosed probable AD (NINCDS/ADRDA criteria [19]) or MCI (Petersen's criteria for
amnestic MCI or multiple domain MCI with amnestic features [18]). Patients scored lower on
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the Mini Mental State Examination (MMSE) and Mattis Dementia Rating Scale (DRS) and
had fewer individuals without an APOE ε4 allele (ε4-=no alleles, ε4+=1-2 alleles); otherwise,
patient and control groups had similar baseline characteristics (Table 1). Subjects were
screened by history, physical examination, electrocardiogram, and clinical chemistry and
hematology, and were in good general health and free from psychiatric and neurological
disorders other than AD or MCI. Three memory-impaired patients were taking stable doses of
a cholinesterase inhibitor; otherwise, no subjects were taking medications known to affect
cognition, CNS functions, or glucose regulation.

2.2. Procedure
2.2.1. Infusion Protocol—Subjects made four study visits separated by one-to-six weeks
and received four randomized metabolic conditions in counterbalanced order: (1) Insulin
infusion (1 mU·kg-1·min-1) to raise plasma levels to ∼80 μU/mL and variable dextrose infusion
(20%) to maintain plasma glucose levels at ∼100 mg/dL; (2) Octreotide infusion (150 μg/h;
Sandostatin®, Novartis, East Hanover, NJ, USA); (3) Insulin and octreotide infusions (as in
conditions 1 and 2); and (4) Saline infusion (placebo) to maintain fasting insulin and glucose
levels. Fasting subjects arrived at ∼0800 h, and a research nurse inserted intravenous (IV)
catheters for infusions and blood sampling. Subjects rested for 15 min before the nurse acquired
a blood sample and started infusions. After 90 min of infusion, a second blood sample was
acquired, and subjects completed a 45-min cognitive battery. Infusions persisted through
cognitive testing. The nurse assessed plasma glucose levels with a Beckman glucose analyzer
(Beckman Instruments, Fullerton, CA, USA) every 5-10 min and adjusted the dextrose infusion
rate to maintain euglycemia. Medical staff that administered infusions were aware of metabolic
conditions; subjects and study personnel who administered and scored cognitive tests and
performed assays were blinded to condition.

2.2.2. Cognitive Protocol—Four parallel forms, administered in randomized and
counterbalanced order, assessed verbal memory (story recall, Buschke selective reminding
test) and complex attention (Stroop color-word interference test, self-ordered pointing task
[SOPT]). For story recall, subjects heard a brief story twice and recalled as many details as
possible immediately following each presentation and following a 10-minute delay. Accurate
responses were summed to compute immediate and delayed recall scores [4,20]. For the
Buschke, subjects received 8 learning trials of a 12-item word list. On trial 1, an examiner
simultaneously read and displayed individual words; on trials 2-8, only items missed on the
previous trial were presented. Recall was elicited after each learning trial and after a delay.
Correct responses were summed to compute immediate and delayed recall scores [10]. The
Stroop test consisted of 3 conditions: word reading, color naming, and inhibition of an
automatic word-reading response in favor of a color-naming response. We recorded completion
time and errors for each condition [4]. For the SOPT, an array of 10 or 12 abstract designs
appeared on a computer touch screen, and subjects were instructed to touch any design. The
screen cleared, the array reappeared in a different order, and subjects were instructed to touch
a different design. The number of trials equaled the number of designs. Errors were recorded
[21].

2.3. Assays and APOE Genotyping
Plasma insulin and GH levels were ascertained in samples acquired after 90 min of infusion
(immediately before cognitive testing). Plasma insulin levels were measured by
radioimmunoassay as previously described [22]. GH levels were measured using a
commercially available IRMA kit (Diagnostic Systems Laboratories, Inc., Webster, Texas).
The lowest detection limit was 0.02 μg/l. The intra-assay precision was determined from the
mean of 12 replicates each with three human serum samples, and the resulting CVs were 3.1%,
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3.9%, and 5.4%. DNA was derived and APOE genotypes were determined as previously
described [4].

2.4. Statistical Analyses
Cognitive scores were subjected to a multivariate analysis of variance (MANOVA). Covariates
were age, DRS score, body mass index (BMI), and APOE ε4 genotype (ε4-, ε4+). Following
a significant Wilks' λ for condition (P<0.05), we conducted planned comparisons to detect
differences between the placebo and active conditions. Graphs depict data as adjusted means
and standard errors. To test the relationships between covariates and metabolic effects on
cognitive measures, we calculated cognitive change scores as the percentage of baseline (i.e.,
score during an active metabolic condition divided by the corresponding score during saline)
and computed Spearman rank order correlations. We replaced missing data (∼5%) with the
average of three known cells when only one of four conditions for an individual was missing;
otherwise, cells were left empty. Average blood glucose levels were computed for a 30-min
interval prior to cognitive testing. Insulin and average blood glucose levels were subjected to
MANOVA without covariates. GH levels were very low during the octreotide infusions, and
they are reported both as means (SD), calculated from the detectable samples, and as the
proportion of samples that reached the limit of detection (Table 2). Baseline demographic
variables were subjected to t-tests or chi square tests.

3. Results
3.1. Cognitive Measures

Our primary endpoint was delayed story recall. The effects of diagnostic status (normal or
memory-impaired) on this measure were overwhelming (F[1.26]=13.65, P=0.0010). Across
infusion conditions, adults with intact cognition recalled approximately three times more
information than did adults with impaired cognition. Therefore, results of cognitive testing
were analyzed separately for diagnostic groups.

3.1.1 Memory-Impaired Adults—The amount of story information recalled differed by
infusion condition (λ=0.3931, F[3,8]=4.12, p=0.0486), and the effects of infusion condition
on story recall were moderated by APOE genotype n (λ=0.2506, F[3,8]=7.97, p =0.0087).
Subsequent analyses used planned contrast statements to determine which specific infusion
condition(s) had an effect on story recall. Insulin facilitated delayed story recall irrespective
of APOE genotype (F[1,10]=8.83, p =0.0140, Fig. 1A), and the effect was moderated by
APOE genotype (F[1,10]=20.04, p =0.0012, Fig. 1B);. Specifically, insulin improved delayed
recall only for ε4- patients (F[1,5]=10.61, p =0.0225). The other infusion conditions did not
significantly influence story recall, although Fig. 1A suggests that insulin and octreotide
together facilitated story recall nearly to the same degree as did insulin alone. This observation
may reflect both our small sample size (n=16) and the stronger relationship between baseline
recall and recall facilitated by insulin alone (Spearman r=0.91, p<0.0001) versus otreotde
+insulin-facilitated recall (Spearman r=0.69, p=0.0048).

For memory-impaired adults, DRS scores may serve as an index of disease severity
Interestingly, DRS scores had a significant effect on story recall (F[1,10]=11.45, p=0.0070),
suggesting that disease severity may modulate the effects of octreotide and/or insulin on story
recall; however, follow up analyses did not reveal a significant relationship between DRS
scores and recall in any of the active conditions. Therefore, we divided-memory-impaired
subjects into carriers and non-carriers of APOE ε4, and we calculated the percent change from
baseline scores for each of the three active conditions. Then, we correlated these change scores
with DRS scores, both for the total memory impaired sample and for memory-impaired patients
by APOE genotype. For the total sample, the correlations between DRS scores and percent
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change in story recall were not significant. In contrast, the presence or absence of an APOE
ε4 allele modulated the effects of octreotide on story recall. When subjects did not have an
APOE ε4 allele, higher DRS scores were associated with a greater degree of octreotide-induced
memory facilitation (Spearman r=0.7167, n=9, p =0.0298; Fig. 2). In contrast, ε4+ patients
with higher DRS scores tended to have lower octreotide-induced memory facilitation
(Spearman r=-0.7537, n=6, p=0.0835). (Although these Spearman p-values are not as strong
as we would like, the associated correlation coefficients reveal large effects in this small
sample.)

For patients, octreotide alone increased SOPT errors (F[1,9]=11.91, p=0.0073, Fig. 3),
whereas, insulin alone or together with octreotide did not affect errors. We did not observe
metabolic effects for memory-impaired adults on the Buschke or Stroop tests.

3.1.2. Cognitively Intact Adults—Among adults without memory impairments, the
amount of story information recalled differed by infusion condition (λ=0.4961, F[3,8]=3.72,
p=0.0454). Therefore, we examined the effects of each active condition, relative to saline, In
contrast to patients, healthy adults demonstrated memory facilitation with octreotide (F[1,13]
=8.47, p=0.0122, Fig. 4), but not with insulin alone or insulin in combination with octreotide.
Visual inspection of the data (Fig. 4) raises a difficult issue: the (non-significant) effect of
octreotide+insulin appears to be greater than the (significant) effect of octreotide alone. We
wanted to clarify this issue with a simple, straight forward approach to the data. Therefore, we
computed the percent change from baseline (%recall = [active condition recall – saline recall] /
saline recall × 100). The %recall score associated with octreotide alone (M[SEM]=9.1 [5.3])
was significantly larger (about 50%) than the %recall score associated with octreotide+insulin
(M[SEM]=6.2 [5.5]; λ=0.7262, F[1,14]=5.28, p=0.0375). Thus, two converging tests support
the notion that octreotide alone facilitated memory in intact adults. A larger sample might have
provided the power to detect memory facilitation by octreotide plus insulin, as well as by
octreotide alone. Metabolic effects were not observed on other cognitive measures for intact
adults.

3.2. Neuroendocrine Measures
In the combined (memory-impaired and intact sample, insulin administration achieved target
plasma insulin levels, and octreotide administration suppressed endogenous insulin release
(Table 2). Notably, octreotide together with insulin tended to lower insulin levels for healthy
controls, relative to patients (F[1,29]=3.72, p=0.0636), possibly due to more efficient insulin
clearance in control subjects. Unexpectedly, hyperinsulinemia in the absence of hypoglycemia
significantly increased GH levels in healthy controls (t[7]=2.72, p=0.0299).

4. Discussion
As predicted, both insulin and octreotide modulated verbal declarative memory. Insulin
facilitated delayed memory for APOE ε4- memory-impaired patients, but not for ε4+ patients
or healthy older adults, consistent with our previous work [20,23]. Octreotide's effect on
delayed memory in patients was dependent both on APOE genotype and severity of cognitive
impairment. Specifically, ε4- patients with the least cognitive impairment showed the greatest
octreotide-induced memory facilitation, while the opposite relationship tended to characterize
ε4+ patients. We have reported that octreotide facilitated memory for patients with AD [3];
here, octreotide facilitated delayed memory for healthy older adults. Thus, the present study
extended our previous findings by demonstrating the effects of octreotide on memory in healthy
older adults and suggesting APOE genotype is a potential modulator of octreotide's effects on
memory. Furthermore, the absence of interactive effects for co-administration of insulin and
octreotide suggests that these agents facilitate memory by different mechanisms.
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APOE genotype modulates insulin's effects on selective attention and memory for AD patients
and healthy older adults [4]. This is the first study, to our knowledge, to show that APOE
genotype modulates octreotide's effects on memory, although other investigators have shown
that APOE genotype can influence AD-related changes in the somatostatinergic system.
Grouselle et al. characterized the relationship of APOE genotype and somatostatin-like
immunoreactivity in the frontal cortex of AD patients and cognitively intact controls [17].
Somatostatin concentrations decreased 63% more in ε4+ than in ε4- patients, but were
equivalent for intact controls. Thus, possession of an APOE ε4 allele may accelerate the rate
of AD-related somatostatin loss in brain and CSF [24,25]. Our findings emphasize the need to
determine mechanisms that underlie the potential relationship among APOE genotype,
somatostatinergic systems, and AD.

APOE-dependent effects of octreotide on memory may reflect the reciprocal relationship
between the somatostatinergic and cholinergic systems [26], both of which are altered in AD.
Adequate acetylcholine levels are essential for memory formation, and somatostatin
contributes to memory, in part, through cholinergic activity [27]. Somatostatin activates the
muscarinic cholinergic system [26], regulates the release of endogenous acetylcholine in the
hippocampus [28], and enhances long-term potentiation, a model of synaptic plasticity and
learning [29]. In rats, somatostatin reverses memory deficits associated with the anticholinergic
compound scopolamine, as well as deficits associated with cysteamine-induced somatostatin
depletion [27]. Notably, several investigators have reported cholinergic deficits related to
APOE genotype, including a severe loss of choline acetyltransferase activity [30]. Given the
reciprocal relationship between somatostatinergic and cholinergic systems, changes in the
cholinergic system related to APOE genotype could modulate somatostatinergic effects on
learning and memory.

Finally, we observed that insulin increased plasma GH levels when plasma glucose levels were
held in normal range. While insulin-induced hypoglycemia invokes GH release in healthy
young adults [31] and older adults [32], hyperinsulinemia in the absence of hypoglycemia
reportedly has limited effects on plasma GH levels [31,32]. In contrast, Galassetti and Davis
concluded that higher insulin levels (with similar levels of glucose) enhance GH secretion
[33]. Although limited by the small sample size and modest GH detection limit, our observation
of insulin-induced elevation of GH levels suggests that the relationship of insulin per se and
GH deserves further examination.

In summary, abnormalities in both the somatostatinergic system and insulin-related energy
metabolism have been associated with AD. The present study corroborates prior reports that
insulin and octreotide modulate memory in patients with AD and identifies octreotide-induced
memory enhancement in healthy older adults. To our knowledge, this is the first study to
demonstrate that APOE genotype can modulate the cognitive effects of octreotide. Additional
studies are needed to elucidate mechanisms that explain the cognitive and pathophysiological
relationships among somatostatin, APOE genotype, and AD. Finally, future work is needed to
confirm that insulin contributes to the regulation of GH levels, independent of hypoglycemia.
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Fig. 1.
Metabolic effects on delayed story recall in memory-impaired patients. (A) Insulin facilitated
delayed story recall for patients with AD or amnestic MCI (p=0.0140). (B) Insulin's effects on
delayed recall were limited to patients without an APOE ε4 allele (p=0.0012). In Fig. 1, 3, and
4, data are expressed as adjusted means (SEM).
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Fig. 2.
Octreotide's effects on delayed story recall in memory-impaired patients. Delayed recall scores
are presented as percentage of saline performance: >100% represents octreotide-induced
memory enhancement, and <100% represents octreotide-induced memory decline. APOE
genotype and DRS score modulated octreotide's effects on delayed recall. For ε4- patients,
individuals with the highest DRS scores also had the greatest octreotide-induced memory
facilitation (Spearman r=0.7167, p=0.0298). In contrast, ε4+ patients showed a trend for higher
DRS scores to be associated with lower octreotide-induced memory facilitation (Spearman
r=-0.7537, p=0.0835).
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Fig. 3.
For patients, octreotide increased SOPT errors (p=0.0073).

Watson et al. Page 12

J Alzheimers Dis. Author manuscript; available in PMC 2010 March 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Octreotide facilitated delayed story recall for healthy older adults (p=0.0122). Neither insulin
alone nor in combination with octreotide had a significant effect on memory.
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Table 1

Baseline subject characteristics.

Memory Impaired Healthy Control

Age (yr) 76.1 (5.2) 73.5 (7.2)

Gender (F/M) 5/11 8/11

Education (yr) 14.4 (3.2) 14.9 (1.8)

MMSE 24.4 (3.8) 28.1 (1.9)**

Mattis DRS 125.6 (13.7) 140.0 (3.6)**

APOE (ε4-/ε4+) 9/7 17/1*

BMI (kg/m2) 24.8 (2.7) 25.9 (3.7)

FPG 92.8 (16.5) 98.7 (13.4)

Note. MMSE=Mini Mental State Examination, Mattis DRS=Mattis Dementia Rating Scale, BMI=body mass index, FPG=fasting plasma glucose.
Age, education, MMSE, Mattis DRS, BMI, and FPG are expressed as mean (SD).

*
p<0.01,

**
p<0.001.
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Table 2

Neuroendocrine response to metabolic conditions.

Placebo Octreotide Ins + Octreotide Insulin

Patients

Insulin (pmol/L) 82 (43) 32 (17)** 656 (256)** 617 (228)**

Glucose (30-min
average, mmol/L)

5.3 (0.3) 5.7 (0.9) 5.6 (0.4)* 5.5 (0.7)

GH (μg/L) 0.136 (0.112) 0.065 (0.007) 0.093 (0.076) 0.910 (1.905)

GH: detection rate (%)
***

50 14 21 50

Healthy Controls

Insulin (pmol/L) 89 (48) 35 (18)** 438 (373)** 626 (322)**

Glucose (30-min
average, mmol/L)

5.7 (0,8) 5.8 (0.7) 5.9 (0.9) 5.7 (0.6)

GH (μg/L) 0.29 (0.502) 0.04 (NA) 0.090 (0.122) 0.911 (1.050)*

GH: detection rate (%)
***

67 6 17 56

Note. Values are expressed as mean (SD). Significantly different from placebo,

*
p<0.05,

**
p<0.001.

***
Percent of GH values above the assay detection limit.
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