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Abstract

Background. Our laboratory has previously reported that testosterone (T) administration to
older men significantly improves cognitive function. This study examined potential changes
in insulin-like growth factor (IGF) IGF-I, IGF-Il and IGF-related binding proteins in response
to T administration in older men and their relationship to cognitive functioning.

Methods. Twenty-five healthy community dwelling volunteers, ranging in age from 50-80
years were randomized to receive weekly intra-muscular (i.m.) injections of either 100 mg T
enanthate or placebo (saline) for 6 weeks. Serum hormone levels and cognitive functioning
was assessed at baseline and twice during treatment.

Results. Significant positive associations between IGF-1 and IGF-Il and spatial memory,
spatial reasoning, and verbal fluency were observed after 6 weeks of T administration.
Increased serum T levels from treatment were positively associated with improvement in spa-
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tial reasoning performance, whereas estradiol was associated with a decline in divided attention
performance. Serum IGF-1, IGF-1I and IGFBPs did not change in response to T treatment.
Conclusions. Our results suggest that T, estradiol and IGF-I may have independent and
selective effects on cognitive functioning. Positive associations between T levels and cognition
are consistent with an effect of androgen treatment, whereas positive associations between
IGF-1 levels and cognition are reflective of a relationship between endogenous IGF-I levels
and cognition.
0 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Insulin-like growth factors (IGFs) play an important role in neural development
and function, and they are also involved in local regulation of a number of tissues.
Aging results in a reduced secretion of growth hormone (GH) and production of
insulin-like growth factor-1 (IGF-1) and this contributes to altered metabolic changes
and body composition in aging. Decreased IGF-1 levels are associated with impaired
protein synthesis, decreased lean and increased fat body mass, and diminished bone
density (Benbassat et al., 1997; Morley et al., 1997; Rollero et a., 1998).

IGF's may have an important role in cognitive functioning. IGF-I and IGF-11 in
the brain stimulate DNA and RNA synthesis, neurite formation, rates of protein
synthesis, synaptogenesis, calcium regulation, neuronal repair and survival of neu-
rons and glia in culture all of which have potential effects on cognitive function
(D’'Costa et a., 1995; Han et al., 1988; Ishii, 1989; Ishii et a., 1994; McMorris and
Dubois-Dalcq, 1988; Recio-Pinto et a., 1986). IGF-1 and IGF-I1 regulate acetylcho-
line (Ach) measured from hippocampal neurons and cortical slices (Kar et a., 1997).
Aging results in reduced IGF-I protein levels and receptor density with the most
dramatic decline in the hippocampus, and IGF-I administration improves learning
and increases neuronal regeneration in animals with induced neuronal damage (L ai
et al., 1993, 2000; Saatman et al., 1997; Sonntag et al., 1997; van Dam et al., 2000).

In humans, serum IGF-I correlates positively with mini-mental status examination
(MMSE) scores, visua and verbal memory, fluid intelligence and sensitive measures
of information processing or working memory in healthy older men, whereas serum
levels of GH do not (Aleman et d., 1999, 2000, 2001; Morley et al., 1997; Rollero
et a., 1998; van Dam et a., 2000). Declines in total IGF-1 and |GF-1/IGFBP-3 ratio
have also been reported to correlate significantly with declines in MMSE (Kalmijn
et al., 2000).

Recently, it has been shown that IGF-1 receptors may be regulated in part by the
androgen receptor (AR) (Gori et a., 1999; Russo et al., 1999; Vendola et al., 1999).
Testosterone (T) administration has been reported to increase serum IGF-1 levelsin
both young and older men (Ferrando et al., 2002; Hobbs et al., 1993; Veldhuis et
a., 1997; Weissberger and Ho, 1993). Although studies examining the effects of T
supplementation on cognition have been mixed, severa studies have reported ben-
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eficial effects of T on verba and spatial memory, and verbal fluency in healthy older
and younger men (Cherrier et al., 2001; Janowsky et al., 1994, 2000; O’ Connor et
al., 2001; Sih et a., 1997; Wolf et al., 2000).

In this study, we performed additional IGF and IGFBP hormone assays on serum
samples from a previous study that examined the effects of T supplementation on
cognition. Results of the cognitive changes in response to T supplementation have
been reported elsewhere (Cherrier et al., 2001). The purpose of this study was to
examine whether T supplementation resulted in changes in IGF-1, IGF-11 and related
IGFBP levels in a population of older men. A second aim of this study was to
determine the relationship between changes in cognitive functioning and hormone
levels. We hypothesized that T administration would increase IGF-1 and IGF-11 levels
and that increases in IGF-I and IGF-11 would demonstrate a positive association with
memory measures due to IGF-1 and IGF-I1 effects on brain Ach levels.

2. Methods
2.1. Participants

This study was approved by the University of Washington Institutional Review
Board, and approved informed consent procedures were followed. As detailed in
Cherrier et al. (2001), participants were healthy older men between the ages of 50
and 80 years, recruited from the community through flyers. Seventy-seven potential
participants who responded to posted flyers were given a brief phone screen. Eligible
participants were asked to undergo a clinical screening visit including a thorough
physical, psychiatric and laboratory evaluation to exclude any significant physical
or medica illness. This included tests of renal and hepatic function, hypertension,
and prostate disease (prostate specific antigen (PSA) level, and digital rectal exam
(DRE)). Participants with abnormal findings were excluded from the study. Parti-
cipants also underwent a cognitive screening examination consisting of the MM SE
and the Mattis Dementia Rating Scale (DRS) to ensure that participants were within
the normal range for their age (Folstein et a., 1975; Mattis, 1988). Participants with
scores at or below the recommended cut-off score (MMSE <26 or DRS <130),
or history of significant acohol abuse, psychiatric illness, head injury with loss of
consciousness, current use of medications with any central nervous system effects
or medications such as cimetidine which block the AR were excluded. Participants
with previous or current prostate cancer, elevated PSA levels, history of myocardial
infarction, abnormal renal or hepatic disease, sleep apnea, previous T treatment, or
other gonadal endocrine disorders were also excluded.

3. Procedures
3.1. Sudy design

As described in Cherrier et al. (2001), subjects were randomly assigned to the
treatment or placebo group. Subjects and psychometrists who performed the cogni-
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tive testing and investigators were blind to treatment condition. Nurses who adminis-
tered the injections were not blind and were responsible for preparing syringes in
advance to ensure a blind condition for subjects.

Twenty-five healthy older men who met screening criteria reported to the Specia
Studies Unit of the Veterans Administration Puget Sound Health Care System
(VAPSHCS) for weekly intramuscular (i.m.) injections of 100 mg T enanthate
(Délatestryl, manufactured for BTG Pharmaceuticals Corporation by Bristol-Myers
Squibb, Princeton, NJ) or placebo (saling). Dosage of T was designed to increase
serum T levels into the normal or high normal range of healthy young men. At these
weekly visits, blood samples were taken for hormone levels. Cognitive testing was
conducted at baseline and repeated at weeks 3 and 6 of treatment. Testing sessions
occurred within 24-48 h following T or placebo injection to capture peak T levels
for the treated group; therefore cognitive performance results reflect the effects of
peak T levels. Thirteen participants were randomized into the treatment and 12 parti-
cipants were randomized into the placebo control group. The treatment and placebo
groups did not differ on demographic variables (age and education) with an overall
mean of 15.5 (+3) years of education and 67.5 (+8) years of age for all participants.
The groups were cognitively intact with no significant differences on the DRS with
an overall mean score of 140 (+£3.5). Endogenous T levels measured at baseline,
prior to the start of the study were in the normal range for healthy older men (15—
20 nmol/l) and were not significantly different between groups (T group = 20 ( =
6) (nmol/l); control group 19 (£7) (nmol/l)). The normal range for young men is
22 (x4) nmol/l (Matsumoto, 1996). PSA levels were measured at screen, week 4 of
the study and again at washout. Mean PSA level was 1.54 (+0.62) ng/ml for all
participants at the start of the study. PSA in al subjects was within normal limits
(04 ng/ml).

3.2. Cognitive Battery

A comprehensive battery of cognitive tests was constructed to assess spatial
ability, spatial and verbal memory, verbal fluency and attention. Spatial ability and
spatial memory measures were included based on findings from previous studies in
older men suggesting a beneficial effect of androgens on these cognitive abilities
(Janowsky et al., 1994, 2000). A measure of verbal fluency was included based on
a previous study indicating improved verbal fluency from androgen supplementation
in hypogonadal men (Alexander et a., 1998). Measures of verba memory and div-
ided attention were aso included to assess whether verbal memory would change
from androgen administration. Comparable, alternate versions of each test were
administered at each time point. Psychometrists and participants were blind to the
treatment condition.

3.2.1. Spatial memory

Route test: The task used a 6 x 24 ft piece of black flooring with a permanent
diamond grid pattern indicated by yellow tape. The examiner created a particular
route on the grid using a red ribbon. The subject was asked to walk the route as
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shown. The ribbon was removed, and the subject was asked to immediately retrace
the route without the ribbon. Three trials were administered followed by three trials
of anew route using picture landmarks placed on the floor. Performance was assessed
by calculating the number of correct sequential units summed across al trias for a
total of 66 possible points. This test has been shown to have good reliability in both
young and old populations and validity when compared to other route tests and in
comparison of brain injured and controls (Barrash and Tranel, 1996).

3.2.2. Verbal memory

Story recall: The story recall task was modeled on the Wechsler Memory Scale-
Revised and measured memory for aurally presented contextual material. Participants
listened to two brief narratives, each containing 25 informational bits, and were asked
to recall as much as possible immediately after hearing each story and following a
20-min delay (Wechsler, 1987). Total number of words recall from both stories was
summed for immediate and delayed recall. Delayed recall was divided by immediate
recall to obtain a savings score or a percent of information retained. Reliability and
validity of WMS-R and WMSHII Logica Memory, and this modified version are
very good (Craft et a., 1992, 1993, 1994; Wechsler, 1987, 1997h).

3.2.3. oatial ability

Block design: Thistest is based on the Wechsler Adult Intelligence Scale-Revised,
Block design subtest and measures participants ability to analyze and construct
abstract figures from their component parts (Wechsler, 1981). The subject is shown
individual, red and white designs on paper and asked to construct the design using
nine three-dimensional blocks with red and white sides. Time to completion is
recorded for each design, with an upper limit of 3 min per design. There are nine
total designs, with three designs per difficulty level (easy, moderate and hard). Total
time for designs was summed for analysis. Reliability and validity of the WAIS-I11
Block Design subtest are well established (Wechsler, 1997a).

3.2.4. Divided attention measure

Stroop color word interference task. This task is based on the original Stroop test
(Stroop, 1935). The first condition (word reading) required participants to read a list
of words as quickly as possible. The second condition required naming blocks of
colored ink out loud as quickly as possible. The third condition (color word
interference) required participant to name the ink color of the printed words (stimuli
consist of color names that are printed in discordant colors, e.g. the word ‘blue
printed in green letters). Total time for each tria is recorded, and time to complete
the third trial was used for analysis. The test has demonstrated good reliability and
validity when examined in closed head injured individuals compared to controls
(Lezak, 1995).

3.2.5. Verbal fluency
Participants were asked to generate verbally as many words beginning with a
particular letter (e.g. ‘P') within a60 s period (Spreen and Strauss, 1991). Two trias
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were administered with two different letters. The total number of words generated
was recorded for each letter and summed. Test—retest reliability in an older popu-
lation is good (0.70, 0.71) and validity studies using factor analysis suggest that it
loads on a factor of abstract mental operation and language (Lezak, 1995; Snow et
al., 1988).

3.2.6. Hormone assays

Hormone levels were drawn immediately following cognitive testing, which
occurred 24-48 h following injection. Thus serum hormone levels represent a peak
value. Samples were kept frozen at —70° until the completion of the study when
al samples were assayed. Serum estradiol and total T levels were analyzed with
radioimmunoassay (RIA) according to standard procedures for each commercial kit.
T assays were run with a DELFIA T kit (Wallac OY, MD) with a sensitivity of 0.5
nmol/l and 4.5% intra-assay variability. The 17B-estradiol was measured with the
ImmunuChem double antibody kit (ICN Biomedicals, Inc., CA) with 36.7 pmol/l
sensitivity and 6.8 intra-assay variability. All samples from each individual were run
in duplicate in the same assay to avoid inter-assay variability. Hormone levels
reported were the average of the duplicate samples.

Total IGF-I and IGF-I1 were measured rather than free IGF-1 as these have demon-
strated significant associations with cognition in previous studies, and free IGF-I has
failed to demonstrate an association (Kamijn et a., 2000; Rollero et al., 1998). |GF-
| and IGF-Il were measured by RIA after separation of IGFBPs, as described pre-
viously (Mohan and Baylink, 1995). The separation of the IGFBPs from IGFs was
achieved by a rapid acid gel-filtration protocol, described previously (Mohan and
Baylink, 1995). To measure serum levels of IGFBP-3, IGFBP-4 and IGFBP-5, we
used RIA validated by one of the authors (S.M.) using recombinant human |GFBP-
3, IGFBP-4 and IGFBP-5 as antigens tracer and standard (Honda et a., 1996; Mohan
et al., 1995). Each of the IGFBP RIAs was specific and no cross-reactivity was seen
between the IGFBPs.

3.3. Statistical analyses

To assess differences between the T and placebo group during two on-treatment
time-points for hormone measures, repeated measures of multivariate analysis of
variance (MANOVA) was used with group as the independent factor (T versus
placebo) and weeks (baseline, and weeks 3 and 6) as the repeated factor, total T,
estradiol, IGF-1, IGF-II and IGFBP3—-6 as dependent measures. IGF-I, IGF-2 and
IGFBP3-6 levels were log-transformed to achieve a more homoscedastic distribution
of data points. Thisisacommonly accepted numerical transformation, and frequently
used with IGF and related binding protein data (Benbassat et al., 1997; Mohan and
Baylink, 1997).

To examine several hormone measures (total T, estradiol, IGF-I, IGF-1I and
IGFBP3-6) as independent variables and their relationship with several cognitive
measures (spatial memory, spatial abilities, verbal memory, verbal fluency and
attention) as dependent measures, canonical correlation analyses were performed for
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the corresponding sets of cognitive measures and serum hormone values at baseline
and weeks 3 and 6 of treatment. Canonical corrélation is the optimal method to
examine the relationship between multiple dependent and independent variables
while controlling for the family wise error rate associated with multiple individual
correlations (Tabachnik and Fidell, 1986). A canonical correlation is similar to mul-
tiple regression, except that instead of several variables predicting one variable, there
are numerous variables on both sides of the equation. Variables in the equation
included endocrine measures (total T, estradiol, IGF-I, IGF-II and IGFBP3-6) and
cognitive measures (spatial memory, spatia abilities, verbal memory, verba fluency
and attention). Canonical variates consisted of linear combinations of the independent
variables (endocrine measures) and the dependent variables (cognition). The best
combination of independent and dependent variables from each side of the equation
that resulted in a reliable prediction, resulted in a pair of canonical variates. Typi-
cally, a canonical variate score of 0.30 or above is accepted as an indication of a
reliable and interpretable variable (Tabachnik and Fidell, 1986). Due to our limited
sample size, we used a conservative cut-off value of 0.35. All data were included
in the analysis, with no exclusion of outliers. Both treated and non-treated parti-
cipants were included in the analysis. Canonical analysis, like regression anaysis
requires that variables used in the analysis meet the assumption of a wide range
values (rather than a restricted range), therefore, both treated and non-treated parti-
cipants were used in the analysis.

After significant relationships between hormone levels and cognitive measures
were revealed using canonical correlation analyses, subsequent regression analyses
were performed on hormone and cognition measures for changes from baseline
scores. The purpose of additional regression analyses was to examine the predictive
power of change in serum hormone levels in relation to change in cognitive func-
tioning. Stepwise hierarchical regression analyses were conducted for change from
baseline scores at week 6 for the Route test, Story recall, Block design, Stroop task,
and Verbal fluency as dependent variables and change from baseline for T, estradiol,
IGF-I, IGF-Il and years of education as independent variables. Cognitive variables
were not combined to form one dependent variable as the cognitive processes meas-
ured by these tests are differentialy effected by hormone manipulation (Cherrier et
al., 2001; Janowsky et al., 1998, 2000). Change scores were cal culated by subtracting
baseline from week 6 data values. Regression analysis of hormone and cognitive
variables were not conducted for data at week 3 as the canonical correlation anaysis
for that time point was non-significant. Regression analysis for baseline was not
included as baseline data were used to produce change scores. All statistical analyses
were performed using SPSS for Windows 9.0 (SPSS, 1998).

4. Results
Repeated measures MANOVA with group as the independent factor (T versus

placebo) and weeks (baseline, weeks 3 and 6) as the repeated factor and total T,
estradiol, IGF-I, IGF-II and IGFBP3—6 as dependent measures revealed a significant
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omnibus multivariate within subjects interaction effect (F(5,16) = 21.3, p < 0.01).
Subsequent examination of individual dependent measures revealed significant univ-
ariate interaction effect for total T (F(2,40) = 36.7, p < 0.01), total estradiol
(F(2,40) =11.3, p < 0.01) and IGF-I (F(2,40) = 3.8, p < 0.05). T treatment signifi-
cantly increased serum T levels in the treatment group compared to the placebo
group at weeks 3 and 6 (F(1,20) = 77.7, p < 0.01;F(1,20) = 45.7, p < 0.01,
respectively) and compared to baseline at weeks 3 and 6 (F(1,20) = 72.2, p <
0.01; F(1,20) =48, p < 0.01, respectively). T treatment significantly increased serum
estradiol levels in the treatment group compared to the placebo group at weeks 3
and 6 (F(1,20) = 19.9, p < 0.01; F(1,20) = 14.6, p < 0.01, respectively) and com-
pared to baseline at weeks 3 and 6 (F(1,20) = 17.7, p < 0.01; F(1,20) = 12.6, p
< 0.01, respectively). Serum IGF-I levels evidenced a significant interaction effect
at weeks 3 and 6 (F(1,20) = 6.6, p < 0.05; F(1,20) = 4.7, p < 0.05, respectively).
This interaction effect was due to a sight decline in IGF-I levels for the placebo
group and an increase for the treatment group. However, the increase in the treatment
group and decrease in the placebo group were not significantly different from base-
line. There were no significant differences between groups at baseline for T, estradiol,
IGF-I, IGF-11 or IGFBPs. No significant differences between group, interaction effect
or change over time was found for IGF-Il or related binding proteins IGFBP3—6
(Table 1).

Table 1
Mean serum total T, estradiol, IGF-I, IGF-1I and IGFBP3-6 values for treatment and placebo groups at
baseline and on treatment (weeks 3 and 6)

Treatment group Baseline Week 3 Week 6
(mg/week)
Mean (s.d.) Mean (s.d.) Mean (s.d.)
Testosterone (nmol/l) T 100 20 (7) 44 (6)* * 43 (8)* *
Placebo 18 (6) 18 (8) 19 (9)
Estradiol (pmol/l) T 100 118 (29) 222 (93)* 213 (100)* *
Placebo 98 (20) 93 (22) 91 (34)
IGF-I (ng/ml) T 100 161 (70) 188 (109) 186 (106)
Placebo 197 (84) 195 (87) 182 (57)
IGF-1I (ng/ml) T 100 446 (129) 517 (182) 568 (183)
Placebo 525 (137) 448 (129) 516 (174)
IGFBP-3 (ng/ml) T 100 2672 (631) 2598 (642) 2596 (614)
Placebo 2882 (695) 2321 (479) 2482 (570)
IGFBP-4 ng/ml T 100 386 (94) 442 (95) 447 (117)
Placebo 441 (78) 400 (102) 390 (92))
IGFBP-5 ng/ml T 100 308 (100) 302 (86) 325 (58)
Placebo 320 (37) 307 (89) 309 (75)
IGFBP-6 ng/ml T 100 603 (103) 643 (226) 587 (139)
Placebo 604 (135) 610 (111) 635 (111)

T and estradiol levels represent peak serum levels (2448 h after T injection). Asterisks indicate signifi-
cant change from baseline. **p < 0.01.
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Canonica correlation analyses between endocrine variables (total T, estradiol,
IGF-I, IGF-II and IGFBP3-6) and cognitive variables (Route test, Block design,
story recall, verbal fluency and Stroop test) were examined. For al cognitive vari-
ables, higher scores indicated better performance on the task with the exception of
Block design and Stroop test in which a lower score indicated better performance.
Canonical analysis at baseline and week 3 were non-significant. Canonical correlation
analysis between endocrine variables and cognitive variables at week 6 were signifi-
cant. Thefirst canonical correlation was 0.89 (20% overlapping variance), the second
was 0.87 (20% overlapping variance) and the remaining three canonical correlations
were effectively zero. With all canonical correlations included (F(40,46) = 1.85, p
< 0.05), and with the first canonical correlation removed (F(28,41) = 1.82, p <
0.05), subsequent F-tests were not significant. The first two pairs of canonical vari-
ates, therefore, accounted for the significant relationships between the two sets of
variables. Data on the first two pairs of variables appear in Table 2. Table 2 contains
the correlations between the independent and dependent variables and the canonical
variates, standardized canonical variate coefficients, within-set variance accounted
for by the canonical variates (percent of variance), redundancies, and canonical corre-
lations. Total percent of variance and redundancy indicate that both pairs of canonical
variates were moderately related.

Using a conservative cut-off score of 0.35, estradiol was the only variable in the
endocrine set that was correlated with the first canonical variate. Among the cognitive
variables, verbal memory (paragraph recall) and divided attention (Stroop) correlated
with the first canonical variate. The first pair of canonica variates indicates that
higher levels of estrogen presumably secondary to aromatization from T (—0.69)
was associated with better performance on a measure of verbal memory (—0.46), but
poor performance on a measure of divided attention or executive function (—0.90).

The second canonical variate in the endocrine set was composed of estradiol, |GF-
I, IGF-1I, IGFBP4 and IGFBPS, while the corresponding canonical variate from the
cognitive set was composed of spatial memory (route), verbal memory (paragraph
recall), spatial ability (Block design) and verbal fluency. Taken as a pair, these vari-
ates suggest that lower levels of estradiol (—0.38) and increasing levels of IGF-I
(0.36) and IGF-1I (0.62) along with lower levels of IGFBP4 (—0.44) and IGFBP6
(—0.72) are associated with better spatial memory (0.71), better verbal memory for
estradiol and IGFBP6 (—0.44), better constructional/spatial ability (0.43) and better
verbal fluency (0.45). The canonical correlation analysis revealed considerable redun-
dancy (i.e. overlap) between the endocrine and cognitive measures suggesting that
significant relationships between these hormone and cognitive measures may be
accounted for by fewer measures. This is also supported by significant high corre-
lations between IGF-I, IGF-II and the IGFBPs (Fig. 1).

Stepwise regression analyses were performed on change from baseline values to
examine the predictive power of change in serum hormone levels in relation to
change in cognitive functioning. An evaluation of assumptions for individual
regression analyses on change score variables revealed skewed distributions as
expected. Square root and log transformations were used for T and estradiol change
from baseline scores to reduce skewness and improve the normality, linearity and
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IGF-I [IGF-II [ IGFBP- [ IGFBP- | IGFBP- | IGFBP- | Testosterone
3 4 5 6
IGF-I
IGF-II 0.81%*
IGFBP-3 0.84%**| (.80%*
IGFBP-4 0.28 0.03 0.08
IGFBP-5 0.41* | 0.37 0.48* 0.10
IGFBP-6 -0.28 | -0.33 -0.34 0.16 -0.43%
Testosterone | 004 |-0.19 -0.15 -0.27 -0.03 0.05
Estradiol 0.01 |-0.29 -0.18 -0.04 -0.05 0.25 0.80%*

Fig. 1. Pearson product moment correlation table for IGF-I, IGF-II and IGFBP3-6 during treatment
period (weeks 3 and 6 averaged) for all subjects, N = 25. Significant correlations are indicated as follows:
xxcorrelation is significant at the 0.01 level (two tailed), xcorrelation is significant at the 0.05 level
(two tailed).

homoscedacity of residuals. Stepwise regression analyses with the independent vari-
ables of (square root) T, (log) estradiol, IGF-I and IGF-11 change from baseline were
significant for change from baseline dependent variable scores of Stroop (time to
complete interference trial), Block design (time to complete all designs) and Route
test (correct sequence recall score). Regression analyses were non-significant for
story recall and verbal fluency change from baseline.

For the dependent variable of Block design change from baseline score, R was
significantly different from zero after entry of two independent variables, (square
root) T and (log) estradiol F(2,22) = 9.96, p < 0.001, which explained 49% of the
variance. The first step of the regression model entered (square root) T R2 =
0.238, F;(1,21) = 6.55, p < 0.01, which accounted for 23% of the variance. The
second step of the regression model entered (log) estradiol R = 0.499, F;.(1,20)
= 104, p < 0.01, which accounted for an additional 26% of the variance. No
additional variables were entered into the equation. For the dependent variable of
Stroop test change from baseline, a measure of selective attention, R was significantly
different from zero after entry of one independent variable (log) estradiol F(1,21)
= 5.33, p < 0.05, which explained 20% of the variance. No additional variables
were entered into the equation. For the dependent variable of Route test change from
baseline, a measure of spatial memory, R was significantly different from zero after
entry of one independent variable IGF-1 F(1,21) = 9.85, p < 0.01, which explained
32% of the variance. No additional variables were entered into the equation. Edu-
cation was not entered as a significant predictor in any of the regression models.

The individua regression models confirmed our findings from the Canonical Cor-
relation analysis such that change from baseline levels of (sguare root) T and (log)
estradiol accounted for a significant amount of the variance for change from baseline
in spatia reasoning performance (Block design), and change from baseline levels of
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(log) estradiol accounted for a significant amount of the variance for change from
baseline performance on a task of divided attention (Stroop), and change from base-
line levels of IGF-1 accounted for a significant amount of the variance for change
in performance on a task of spatial memory (Route test). Partial correlation coef-
ficients for regression models that were significant are included in Table 3. The
results from the individual regression equations suggest that T, estradiol and 1GF-I
have unique, and somewhat independent contributions to cognitive functioning.

5. Discussion

Thefirst aim of this study wasto examineif T supplementation resulted in changes
in IGF-1, IGF-Il and related IGFBP levels in a population of older men. Androgen
effects on IGF-I levels and the somatropic axis have been reported in both young
and old men (Ferrando et al., 2002; Hobbs et al., 1993; Veldhuis et al., 1997;
Weissberger and Ho, 1993). Our results indicate a significant interaction effect of
IGF-1 levels between the treatment and placebo group. This interaction effect was
due to an increase in IGF-1 levels in the treatment group and a decrease in the
placebo group. However, these changes were not significantly different from baseline
levels. Although the increase in the treatment group may represent an effect from
androgen treatment, due to the concomitant significant drop in the placebo group,
we cannot confidently conclude that this is an androgen effect. Although previous
studies have reported increased IGF-1 levels in young and older men from T treat-
ment, the dosage of T used in those studies was much higher (e.g. T enanthate 300—
600 mg weekly) or treatment continued for a longer period of time than the present
study (e.g. 46 months) (Bhasin et a., 2001; Ferrando et al., 2002; Hobbs et a.,
1993).

A second aim of this study was to determine the relationship between cognitive
measures and hormones. Results of the canonical correlation analysis revealed

Table 3
Partial correlation coefficients between change in serum hormone levels from baseline and change in
cognitive test performance from baseline?

Independent variables Regression model dependent variables
Spatial reasoning Divided attention Spatial memory
Block design Stroop test Route test
Education 0.14 -0.10 0.01
Testosterone —0.69% 0.15 0.02
Estradiol 0.58x % 0.45% -0.11
IGF-I 0.06 0.23 0.56%
IGF-11 0.08 0.05 -0.29

**xp < 0.01, *p < 0.05.
a Results are reported for cognitive tests with significant Stepwise Regression Models.
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improved performance on measures of spatial memory, spatial ability and verbal
fluency were positively associated with both IGF-1 and IGF-I1 levels (Table 2). Sev-
eral studies have reported significant positive correlations between endogenous serum
IGF-1 levels and cognition. Aleman et al. (1999) and van Dam et a. (2000) reported
a positive relationship between endogenous IGF-I levels and cognitive processing
speed and motor function in a group of healthy older men. A subsequent anaysis
on the same study sample, revealed a positive association between measures of fluid
intelligence and endogenous |GF-I levels (Aleman et al., 2001). Severa other studies
have reported similar findings including positive correlations between MM SE scores
(Rollero et al., 1998), the Digit Symbol Substitution Test a measure of processing
speed (Papadakis et al., 1995), and the Rey Auditory Verba Learning Test and Rey
Visual Design Learning Test measures of memory (Morley et al., 1997) and endogen-
ous IGF-I levels. Two studies examining changes in response to growth hormone
releasing hormone (GHRH) have reported a positive relationship between IGF-I lev-
€ls and cognition but no relationship between GH response to GHRH and cognition.
It is not clear from those studies if IGF-1 levels changed significantly from baseline.

Our findings of positive associations between IGF-1 and IGF-I1 levels and spatial
and verbal memory during treatment are consistent with previous findings of positive
associations between endogenous IGF-I levels and cognition. However, we cannot
conclude that the positive association between IGF levels and cognition is related
to androgen treatment as IGF-1, -1l and IGFBP levels did not significantly change
from baseline with T treatment.

Both the multivariate results of the canonical correlation and the subsequent step-
wise multiple regression analysis support a specific relationship between IGF-I levels
and memory measures. Both IGF-1 and IGF-11 peptides and their receptors are widely
distributed through the brain but mainly concentrated in the choroids plexus, pitu-
itary, hippocampus, putamen and hypothalamus (Goodyer et a., 1984; Kar et 4.,
1997). Thus, IGF-1 and IGF-1I may have specialized roles in the hippocampus, a
brain structure that mediates memory. IGF-1 receptor binding sites are recognized
by IGF-I, IGF-II and insulin and are primarily located in the dentate gyrus and CA2—
CAS subfields of the hippocampus. IGF-11 receptors recognize IGF-11 and IGF-I but
not insulin and are localized predominantly in the pyramidal cell layer of CA1-CA3
and in the granular cell layer of the dentate gyrus (Kar et a., 1997). IGF-I and IGF-
Il have been shown to potentiate ACh release from the hippocampus. IGF-I and 11
acting as modulators in the regulation of ACh release in the hippocampus is consist-
ent with our findings of a strong association between IGF-I, IGF-1I and declarative
memory tasks (such as the spatial and verbal memory tasks used in the present
study) and a weak association with divided attention, which is mediated by frontal-
subcortical circuits. Thus our results are consistent with a possible specialized role
of IGF-1 and possibly IGF-11 in hippocampally mediated tasks such as declarative
memory and spatia abilities.

A strong positive association was found between increased T levels from baseline
and improvement from baseline in spatial reasoning (Block design) performance.
Despite numerous studies relating endogenous T levels with spatial abilities, a posi-
tive association between change in performance on a spatia reasoning task and
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change in T levels from treatment have not been previously reported. Studies of T
supplementation in older men have reported no change in cognitive performance
(Shetal., 1997; Walf et a., 2000) or improved spatial working memory (Janowsky
et a., 1997, 2000). A recent study of T supplementation reported a decrease in
performance on Block design in healthy young men but an improvement in hypogon-
adal and placebo treated men (O’ Connor et al., 2001). While their results appear to
be in contrast to our findings, there is no overlap between the studies with regard
to the age range of participants and the dosage level used.

The relationship between androgens and cognition and the GH/IGF system islikely
complex, and further complicated by aromatization of T into estradiol. Results of
the canonical correlation analysis indicate that estradiol levels during treatment were
positively associated with better verbal memory and negatively associated with div-
ided attention. Similarly, results from the stepwise regression analysis indicated that
increased estradiol levels from baseline was a significant predictor of a decline from
baseline on a task of divided attention (Stroop test) and spatial reasoning (Block
design). Although higher endogenous levels of estrogen are associated with faster
motor movement and reaction time in women this relationship has not been observed
in men (Jennings et a., 1998). Thus athough the Stroop test and Block design are
timed tasks, it is unlikely that our findings are due to a simple change in reaction
time or motor movement. Our results of a negative association between estradiol
and spatial reasoning are consistent with Janowsky et a. (2000) who reported
increased estradiol levels negatively correlated with spatial working memory per-
formance in T supplemented older men. Although the role of estrogen in cognitive
functioning in men is currently unknown, a positive association between estradiol
levels and verbal memory has been reported in estrogen treated male to female trans-
sexuas (Miles et a., 1998). In women, estrogen treatment studies have reported
findings of improved verbal memory and executive functions (Asthana et a., 1996,
1999; Duff and Hampson, 2000) athough findings are mixed across studies (LeBlanc
et a., 2001). The observed effect of estradiol on cognition in this study is likely an
indirect effect of androgens via aromatization. Nonetheless, it appears that estrogen
may influence cognitive abilities in men independent of androgens as estradiol, fol-
lowed T as a significant predictor in the stepwise regression model and explained
an additional 26% of the variance in spatial reasoning performance.

Our resultsindicate that T and estradiol levels changed significantly from baseline
during treatment, whereas IGF-1 levels did not. Thus, changes in divided attention
and spatial reasoning are due to androgen treatment effects. It is less clear whether
the significant relationship between change from baseline IGF-1 levels and spatial
memory reflects a treatment effect, as IGF-1 levels did not change significantly from
baseline. Most likely, the significant association between IGF-I and IGF-II levels
and spatial memory is reflective of a positive relationship between endogenous |GF-
| levels and cognition. Additional studies are needed in which a significant change
in IGF-1 levels is found to be predictive of a significant change in cognition.

Due to our limited sample size, our results must be interpreted with caution. Inde-
pendent replication of our results with a larger sample size are needed and will
provide further evidence of the relationship between IGF s, androgens and cognition.
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Despite the limitations of our sample size, our results are consistent with previous
findings supporting a positive relationship between IGF-1 levels and cognition and
T levels and spatial reasoning. Our findings of a positive association between
increased T levels and improved performance on a task of spatial reasoning and
increased estradiol adversely effecting divided attention in men have not been pre-
viously reported. Additional studies that examine cognition in response to manipu-
lation of IGF-I levels and corresponding IGFBPs will provide valuable information
on the relationship between IGFs and human cognition.

In summary, we found significant positive associations between IGF-1, IGF-11 and
spatial memory, spatia reasoning, verbal fluency, and between estradiol and verbal
memory were observed after 6 weeks of T administration in healthy older men. A
significant negative association was found between estradiol levels and divided atten-
tion. In addition, change in T and estradiol levels from T treatment significantly
predicted changes in spatial reasoning and divided attention performance. Although
serum IGF-1 levels increased in the treatment group, due to a concomitant drop in
IGF-I levels in the placebo group, we cannot conclude that this change was due to
T administration. Our results suggest that T, estradiol and IGF-I may have inde-
pendent and selective effects on cognitive functioning.
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