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We previously demonstrated that the reversible cholinesterase 
inhibitor, physostigmine (PHYSO), administered to normal 
young adult women and men (average age 35 years) at a dose 
that produced few or no side effects, resulted in a sex difference 
(sexual diergism) in hypothalamo-pituitary-adrenal cortical 
(HPA) axis responses: Plasma ACTH

 

1–39

 

, cortisol, and 
arginine vasopressin (AVP) concentrations increased to a 
significantly greater extent in the men than in the women. To 
explore the effect of age on these sexually diergic hormone 
responses, in the present study we used the same dose of 
PHYSO (8 

 

�

 

g/kg IV) to stimulate ACTH

 

1–39

 

, cortisol, and 
AVP secretion in normal elderly, non-estrogen-replaced 
women and elderly men (average ages 73 years and 70 years, 
respectively). The subjects underwent three test sessions 5–7 
days apart: PHYSO, saline control, and a second session of 
PHYSO. Serial blood samples were taken for hormone analyses 
before and after pharmacologic challenge.

As with the previously studied younger subjects, 
PHYSO administration produced no side effects in about 
half the elderly subjects and mild side effects in the other 
half, with no significant female-male differences. The 
hormone responses were 2–5 fold greater in the elderly 

subjects than in the younger subjects, but in contrast to the 
younger subjects, the elderly men did not have significantly 
greater hormone responses to PHYSO administration than 
did the elderly women. The ACTH

 

1–39

 

 and AVP responses 
to PHYSO for the two sessions were significantly positively 
correlated in the men (

 

�

 

0.96, 

 

�

 

0.91) but not in the women. 
None of the hormone responses was significantly correlated 
with the presence or absence of side effects in either group of 
subjects.

These results indicate a greater sensitivity of the HPA 
axis to low-dose PHYSO, and a loss of overall sex 
differences in hormone responses, in elderly compared with 
younger subjects. The lack of a difference in side effects 
between the elderly women and men and the lack of 
significant correlations between presence or absence of side 
effects and hormone responses suggest that the increase in 
hormone responses with aging is due to correspondingly 
increased responsiveness of central cholinergic systems and/
or the HPA axis, and not to a nonspecific stress response.
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Cholinergic neurotransmission stimulates both corti-
cotropin releasing hormone (CRH) and arginine vaso-
pressin (AVP) secretion (Gregg 1985; Tuomisto and
Männistö 1985; Assenmacher et al. 1987; Tsagarakis
and Grossman 1990; Michels et al. 1991; Okuda et al.
1993; Whitnall 1993; Coiro et al. 1995; Calogero 1995;
Ohmori et al. 1995; Pascualy et al. 1995), both of which
stimulate adrenocorticotropic hormone (ACTH) secre-
tion (Rivier et al. 1990; Antoni 1993). Because cholin-
ergic agonists produce noxious side effects, especially
nausea, and by inference a nonspecific stress response,
we established a dose of physostigmine (PHYSO), a
reversible cholinesterase inhibitor, that discernibly el-
evated plasma ACTH and cortisol concentrations in
normal young adult subjects but produced few or no
side effects (Rubin et al. 1999a). The purpose was to
develop a specific pharmacologic cholinergic chal-
lenge to the central nervous system, with which to test
the cholinergic overactivity hypothesis of major de-
pression (Janowsky and Overstreet 1995), as reflected
by hypothalamo-pituitary-adrenal cortical (HPA) axis
hormone responses in patients compared with con-
trols (Rubin et al. 1999b). An interesting outcome of
the dose-finding studies in the young adult subjects
was a clear functional sex difference (sexual diergism;
Rhodes and Rubin 1999) of ACTH

 

1–39

 

, cortisol, and
AVP responses: The men had significantly greater hor-
mone responses to PHYSO (8 

 

�

 

g/kg) than did the
women (Rubin et al. 1999a).

PHYSO challenge also has been used in elderly
subjects to investigate the neuroendocrine effects of
aging and Alzheimer’s disease (Raskind et al. 2001).
Raskind et al. (1990) found significantly greater corti-
sol and 

 

�

 

-endorphin-like immunoactivity (

 

�

 

E-LI) re-
sponses to PHYSO (12.5 

 

�

 

g/kg infused IV over 10
min), but no significant difference in AVP responses,
in 12 healthy elderly men (average age 68 years) com-
pared with nine healthy young men (average age 25
years). Peskind et al. (1995, 1996), using the same
PHYSO challenge, studied five female and five male
healthy, elderly controls (average age 71 years), and
three female and eight male otherwise healthy pa-
tients with probable Alzheimer’s disease (average
age 72 years). The patients and controls had similar
ACTH, 

 

�

 

E-LI, and cortisol responses, but the group
of eight women had significantly greater responses of
all three hormones than did the 13 men. There were
similarly greater responses of all three hormones in
the five normal elderly women compared with the
five normal elderly men (Peskind et al. 1995). These
findings suggested a sexual diergism of HPA axis re-
sponses in elderly subjects the opposite of that which
we found in young adult subjects (Rubin et al. 1999a),
prompting the present study of elderly women and
men given the same PHYSO challenge we used in our
younger subjects.

 

SUBJECTS AND METHODS

Development of a Low-Dose Physostigmine
Challenge Test

 

In five normal men, ages 25–30 years, Lewis et al. (1984)
found that, following peripheral cholinergic blockade, a
PHYSO dose of 18 

 

�

 

g/kg produced both unpleasant side
effects (nausea, fatigue, headache) and increased ACTH
and cortisol secretion, whereas lower doses (6 and 12

 

�

 

g/kg) produced neither side effects nor HPA axis acti-
vation. We therefore began dose-finding studies in nor-
mal women and men with PHYSO (12 

 

�

 

g/kg IV over
1–2 min). The details of the four dose-finding studies
have been presented earlier (Rubin et al. 1999a). In con-
trast to Lewis et al. (1984), who found no HPA axis re-
sponse to PHYSO (12 

 

�

 

g/kg), in our subjects the best
compromise between hormone responses and minimal-
to-no side effects occurred at a PHYSO dose of 8 

 

�

 

g/kg.
We started with this dose of PHYSO in the present

study, but because we had an occasional subject who
experienced severe side effects with this dose, as de-
scribed below, we administered a 4 

 

�

 

g/kg dose to some
elderly subjects, which resulted in neither side effects
nor measurable hormone responses. We therefore re-
turned to the higher dose; all the subjects in the present
study received PHYSO (8 

 

�

 

g/kg) and had minimal to
no side effects.

 

Subjects

 

Subjects 

 

�

 

 65 years of age were recruited through lay
and religious senior citizens’ groups, hospital employ-
ees’ families and friends, newsletters, and public ser-
vice announcements. Initial telephone screening of
more than 400 individuals led to the scheduling of 43
intake evaluations; many of the other responders were
eliminated on the basis of reported concurrent illnesses
and medications potentially interfering with the neu-
roendocrine testing.

During the intake evaluation the Institutional Re-
view Board-approved experimental protocol was ex-
plained in detail, and written informed consent was ob-
tained. Next, the absence of past or present psychiatric
illness was determined with the Structured Clinical In-
terview for DSM-IV, Non-Patient Version (First et al.
1996), conducted by a master’s level psychiatric nurse-
clinician and verified by a psychiatrist. The Hamilton
Depression Rating Scale (Hamilton 1967) also was com-
pleted on each subject; Hamilton scores were all 

 

�

 

 1.
A physical assessment, complete blood count, urinal-

ysis and urine screen for common drugs of abuse, blood
chemistry panel including thyroid indices, electrocar-
diogram, and chest X-ray then were obtained. Anyone
with a history of major medical illness such as hyper-
tension, diabetes, or other endocrinopathy; with abnor-
mal physical or laboratory findings; or who was on any
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medication that might interfere with the endocrine test-
ing was excluded. Of the 43 subjects evaluated in per-
son, three refused participation and were not evaluated
further, nine had abnormal electrocardiograms, three
were hypothyroid, two had other interfering medical
conditions, two were found to be taking an anticholin-
ergic drug for urinary urgency, two were not cleared
for participation by their primary care physicians, two
had positive screens for illicit or interfering drugs, and
one had estrogen levels in the premenopausal range,
suggesting she had received estrogen replacement ther-
apy. Of the subjects who started the protocol, one had
such severe vasoconstriction on two occasions that no
blood could be drawn, and four had such severe side
effects following PHYSO that treatment with dolas-
etron for nausea was required. These five were not
studied further. This detail is given to highlight the rel-
ative difficulty in recruiting the elderly subjects in-
cluded herein.

Eight normal elderly women and six normal elderly
men met all inclusion and exclusion criteria and suc-
cessfully completed the protocol. All were caucasian.
None of the women was receiving estrogen replace-
ment therapy. One of the women was receiving thyroid
replacement; her thyroid indices were normal. Six of
the women and all six men were non-smokers; two of
the women smoked 20–30 cigarettes per day.

 

Neuroendocrine Protocol

 

Each subject underwent three test sessions, 5–7 days
apart, in the Clinical Studies Suite of Allegheny General
Hospital. The order of the sessions was (1) PHYSO (8

 

�

 

g/kg IV), (2) saline control, and (3) PHYSO (8 

 

�

 

g/kg,
IV). The PHYSO session was repeated, because in our
earlier studies there was a decrement in hormone re-
sponse from the first to the second PHYSO administra-
tion (Rubin et al. 1999a, 1999b).

Subjects were admitted for study at 1:30 

 

P

 

.

 

M

 

. A hep-
arin-lock catheter was inserted into an arm vein, and 6
ml blood was taken every 30 min starting at 2:30 

 

P

 

.

 

M

 

. At
5 

 

P

 

.

 

M

 

., a very light meal was given. At 5:30 

 

P

 

.

 

M

 

., glyco-
pyrrolate (0.2 mg IM) was given to block the peripheral
effects of PHYSO. At 6 

 

P

 

.

 

M

 

., PHYSO in varying doses or
an equivalent amount of saline was given IV over 1–1.5
min. Blood was drawn every 5 min from 6 

 

P

 

.

 

M

 

. until
6:20 

 

P

 

.

 

M

 

., every 10 min until 7 

 

P

 

.

 

M

 

., and then every 30
min until 10 

 

P

 

.

 

M

 

. (22 samples; a total of 132 ml).
All plasma samples from each subject were analyzed

in the same ACTH

 

1–39

 

, cortisol, and AVP assays, in du-
plicate for the first two hormones and in singlet for
AVP. The parameters of the ACTH

 

1–39

 

 immunoradio-
metric assay (IRMA) and the cortisol and AVP radioim-
munoassays (RIA) have been described earlier (Rubin
et al. 1987, 1995, 1999a). Plasma estrogen and testoster-
one were quantitated by RIA in the 4 

 

P

 

.

 

M

 

. samples on

each of the three test days; the parameters of these RIAs
also have been described earlier (Rubin et al. 1999b).

Side effects were quantified on a 4-point scale (0–3;
none, mild, moderate, severe) at three times during
each session. After the 5:30 

 

P

 

.

 

M

 

. injection (glycopyrro-
late) the criteria were: 0 

 

�

 

 none, 1 

 

�

 

 metallic taste/mild
dry mouth; 2 

 

�

 

 prolonged mild dry mouth, 3 

 

�

 

 pro-
longed severe dry mouth. After the 6 

 

P

 

.

 

M

 

. injection
(PHYSO or saline) the criteria were: 0 

 

�

 

 none, 1 

 

�

 

 tran-
sient lightheadness/nausea, 2 

 

�

 

 prolonged lighthead-
edness/nausea, 3 

 

�

 

 vomiting.
Because, as indicated above, four subjects who ini-

tially started the protocol had such severe side effects fol-
lowing PHYSO that the protocol was stopped, red blood
cell (RBC) acetylcholinesterase and plasma (pseudo)cho-
linesterase activities were determined in all the subjects.
RBC acetylcholinesterase was assayed by the Mayo
Clinic, Rochester, MN, with an in-house modification of
the method of Ellman et al. (1961). Inter-assay variabil-
ity was 

 

�

 

6%, and assay sensitivity was 5 U/g hemoglo-
bin (Hb). Plasma cholinesterase was assayed by the
method of the German Society for Clinical Chemistry
(Anonymous 1992). Inter-assay variability was 

 

�

 

2%,
and assay sensitivity was 0.2 U/ml.

 

Statistical Analysis

 

For ACTH and cortisol the values between 2:30 

 

P

 

.

 

M

 

. and 6

 

P

 

.

 

M

 

. served as baseline. AVP was measured in the samples
between 4:30 

 

P

 

.

 

M

 

. and 7 

 

P

 

.

 

M

 

., so that values between 4:30

 

P

 

.

 

M

 

. and 6 

 

P

 

.

 

M

 

. served as baseline. Areas under the curve
(AUC) were calculated by the trapezoidal rule and used as
the measures of hormone response to PHYSO. For
ACTH

 

1–39

 

, the response was the AUC between 6 

 

P

 

.

 

M

 

. and 8

 

P

 

.

 

M

 

., by which time plasma ACTH was back to baseline.
For cortisol, the response was the AUC between 6 

 

P

 

.

 

M

 

. and
10 

 

P

 

.

 

M

 

., when sampling stopped. For AVP, the response
was the AUC between 6 

 

P

 

.

 

M

 

. and 7 

 

P

 

.

 

M

 

., by which time
plasma AVP was almost back to baseline.

Repeated-measures analyses of variance (ANOVAs)
were used to compare the hormone response AUCs by
sex and across the test days, with post-hoc multiple
comparisons (Duncan multiple range tests) where ap-
propriate. Because the values for all the hormones were
log-distributed across subjects, the data were log-trans-
formed prior to parametric statistical analysis. Pearson
product-moment correlations also were calculated on
the log-transformed data. All reported significance lev-
els are 2-tailed. Statistically significant differences are
considered as 

 

p

 

 

 

�

 

 .05, and trends as .05 

 

�

 

 

 

p

 

 

 

�

 

 .10.

 

RESULTS

 

The mean (

 

	

 

 S.E.M.) ages were 73 

 

	

 

 2.0 years for the
women and 70 

 

	

 

 1.4 years for the men, a nonsignificant
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difference. Baseline plasma estrogen and testosterone
concentrations were within the postmenopausal range
for all eight women and within the normal elderly
range for all six men (Fisher and Nelson 2001). Body
surface area (BSA) was significantly less in the women
(1.63 

 

	

 

 0.05 m2) than in the men (2.01 	 0.09 m2) (t �
3.89; df � 12; p � .003). Correlations between BSA and
baseline and stimulated hormone values in both the
women and the men were all of low order.

Side Effects of Drug Administration

Table 1 indicates the numbers of female and male
subjects having no, mild, or moderate side effects fol-
lowing administration of glycopyrrolate at 5:30 P.M.
and saline or PHYSO at 6 P.M. Side effects were
graded as indicated above and in the table legend.
About half the subjects had no side effects, and no
subject had severe side effects following any treat-
ment. One woman had moderate reaction to glycopyr-
rolate, and a different woman had a moderate reac-
tion to PHYSO, on the first PHYSO day. All other side
effects were rated as mild.

The few moderate side effects were combined with
the mild side effects to create dichotomous scores (side
effects absent or present), and Mann-Whitney rank-sum
tests were calculated on these scores. As indicated in
Table 1, PHYSO produced a greater frequency of side
effects in both the women and the men than did saline.
Glycopyrrolate produced a significant female-male dif-
ference in frequency of side effects only on the last of
the three test days (none of the men had any side effects
on that day). There were no significant female-male dif-

ferences in side effects following PHYSO on either of
the two days. There also was no across-subjects consis-
tency in occurrence of side effects following glycopyr-
rolate across the three test sessions, or following PHYSO
across the two PHYSO test sessions, for either the
women or the men (Kendall’s coefficients of concor-
dance all low [0.00–0.25] and nonsignificant).

Of importance, point biserial correlations between
side effects (absent or present) after PHYSO administra-
tion at 6 P.M. on the two PHYSO days and the corre-
sponding ACTH1–39, cortisol, and AVP responses (AUCs)
were generally of low order and nonsignificant. An ex-
ception was the correlations between absence or pres-
ence of side effects and the hormone AUCs for the men
on the first PHYSO day; r values ranged between �0.88
and �0.94 (all significant at p � .025). However, on the
second PHYSO day these correlations were all of low
order (�0.13 – �0.46) and nonsignificant, and the hor-
mone AUCs on this day were all greater than those on
the first PHYSO day. This inconsistency in the men,
along with all the correlations between side effects and
hormone AUCs in the women being of low order, sug-
gests that the hormone responses reported below can-
not be attributed primarily to the occurrence of side ef-
fects in either group of subjects.

Baseline RBC and Plasma
Anticholinesterase Activities

Mean (	 S.E.M.) RBC acetylcholinesterase was 46 	 1.1
U/g Hb (range � 41–50) in the women and 45 	 2.4
U/g Hb (range � 39–52) in the men. Both sets of values

Table 1. Number of Subjects Having No, Mild, or Moderate Side Effects, Respectively, Following Glycopyrrolate and 
Physostigmine (PHYSO) Challenge in Eight Normal Elderly Women Compared to Six Normal Elderly Mena

Women (n � 8)
None; Mild;

Moderate

Men (n � 6)
None; Mild;

Moderate

Mann-Whitney
Rank-Sum 

Test (p)b

Following Glycopyrrolate at 5:30 P.M.
Saline Control Day 3; 5; 0 5; 1; 0 � 0.10

Following Glycopyrrolate at 5:30 P.M.
 PHYSO Day 1 3; 4; 1 2; 4; 0 � 0.90

Following Glycopyrrolate at 5:30 P.M.
PHYSO Day 2 2; 6; 0 6; 0; 0 � 0.007

Following Saline at 6 P.M.
 Saline Control Day 8; 0; 0 6; 0; 0 ___

Following PHYSO at 6 P.M.
PHYSO Day 1 5; 2; 1 4; 2; 0 � 0.90

Following PHYSO at 6 P.M.
PHYSO Day 2 5; 3; 0 4; 2; 0 � 0.90

aSide effects were graded as follows (no subject had severe side effects following any treatment):
Following glycopyrrolate at 5:30 PM: 0 � none; 1 � metallic taste, mild dry mouth; 2 � prolonged dry mouth; 3 � prolonged severe dry mouth.
Following saline or PHYSO at 6 PM: 0 � none; 1 � mild (transient lightheadedness, nausea); 2 � moderate (prolonged lightheadedness, nausea);

3 � severe (vomiting).
bFor the Mann-Whitney rank-sum tests, the few moderate side effects were combined with the mild side effects to create dichotomous scores (side

effects absent or present), and the statistical tests were run on these scores.
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are within the normal range established on 20 individu-
als ages 23–37 years (J.F. O’Brien, Mayo Clinic, personal
communication). There appears to be a decrement in
RBC acetylcholinesterase activity in women 
65 years of
age but not in men (McWilliam et al. 1990); nevertheless,
enzyme activities in our elderly female and male subjects

were in the normal young-adult range. Mean (	 SEM)
plasma (pseudo)cholinesterase was 8.2 	 0.42 U/ml
(range � 6.7–9.9) in the women and 8.9 	 0.44 U/ml
(range � 6.8–10.1) in the men, these values being in the
normal range for elderly individuals (Genç et al. 1997).

For both the women and the men, point biserial cor-
relations between the presence or absence of side effects
and activities of the two cholinesterases were low, and
only a few correlations were negative. Of interest, the
four subjects (three female, one male) who had severe
side effects following the first PHYSO dose and were
excluded from study all had normal RBC and plasma
cholinesterase values (ranges � 41–54 U/g Hb and 6.9–
11 U/ml, respectively).

Baseline Hormone Values and Hormone Responses 
to Drug Challenge

Afternoon baseline ACTH1–39, cortisol, and AVP did not
vary systematically across the three test days (Kendall’s
coefficients of concordance determined separately for
each hormone and subject group were all � 0.25; p �
NS). The baseline values of these stress-responsive hor-
mones were not higher on the first versus the second or
third test days (PHYSO-1, saline, and PHYSO-2, respec-
tively), arguing against the possibility that the hormone
responses to PHYSO administration were related to the
order of testing; i.e., enhanced by the novelty of the ex-
perimental situation on the first test day. The different
patterns of hormone responses across the two PHYSO
days in the women versus the men (see below) also ar-
gue against this possibility.

Table 2 presents the mean (	 S.E.M.) baseline hormone
values and the hormone responses to saline and PHYSO
(AUCs) in the female and male subjects. Because the
baseline hormone values did not vary systematically
across the three test days, as noted above, they were av-
eraged across the three days for each subject. Afternoon
baseline ACTH1–39 was marginally higher in the men
than in the women (t � 1.74; df � 12; p � .11), but base-
line cortisol and AVP were not significantly different
between groups (t � 1.14 and –0.03, respectively).

ANOVAs were performed on the log-transformed
ACTH1–39, cortisol, and AVP responses (AUCs) to PHYSO
versus saline (repeated measures) in the female versus
the male subjects (independent groups). For the PHYSO
versus saline comparisons, the average hormone re-
sponse on the two days in which PHYSO was adminis-
tered at 6 P.M. was contrasted with the day in which sa-
line was given at 6 P.M. PHYSO significantly increased
the secretion of all three hormones (p � .002, .002, and .04,
respectively), but there was neither a significant sex differ-
ence nor a significant sex � treatment (PHYSO vs. saline)
interaction for any of the hormones (all p values 
 .40).

Because the women appeared to have greater re-
sponses of all three hormones on PHYSO Day 1 com-

Table 2. Baseline ACTH1–39, Cortisol, and AVP and 
Hormone Responses to Physostigmine (PHYSO) Challenge 
in 8 Normal Elderly Women Compared to 6 Normal
Elderly Mena

Women
(n � 8)

Men
(n � 6)

Baseline ACTH1-39 2:30–6 
P.M. (pg/mL)

Average of All Three 
Days 10.4 	 1.9 16.1 	 2.6

ACTH1-39 AUCb (pg/mL � 
min)

after Saline on Saline 
Control Day 937 	 148 1409 	 315

ACTH1-39 AUCb (pg/mL � 
min)

after PHYSO on PHYSO 
Day 1 6406 	 2041 4278 	 1792

ACTH1-39 AUCb (pg/mL � 
min)

after PHYSO on PHYSO 
Day 2 3458 	 1466 7263 	 2602

Baseline Cortisol 2:30–6 P.M.
(ng/mL)

Average of All Three 
Days 53 	 4.9 60 	 4.7

Cortisol AUCc (ng/mL � 
min)

 after Saline on Saline 
Control Day 9718 	 1672 9169 	 1213

Cortisol AUCc (ng/mL � 
min)

after PHYSO on PHYSO 
Day 1 34228 	 7017 21892 	 5450

Cortisol AUCc (ng/mL � 
min)

after PHYSO on PHYSO 
Day 2 22673 	 6442 30182 	 5980

Baseline AVP 4:30–6 P.M. 
(pg/mL)

 Average of All Three 
Days 3.09 	 1.42 3.1 	 1.72

AVP AUCd (pg/mL � min)
after Saline on Saline 

Control Day 221 	 95 202 	 106
AVP AUCd (pg/mL � min)

after PHYSO on PHYSO 
Day 1 1112 	 536 790 	 566

AVP AUCd (pg/mL � min)
after PHYSO on PHYSO 

Day 2 530 	 368 1240 	 558

aValues are given as mean 	 standard error of the mean.
bACTH1-39 AUC � area under the curve 6 P.M.–8 P.M.
cCortisol AUC � area under the curve 6 P.M.–10 P.M.
dAVP AUC � area under the curve 6 P.M.–7 P.M.
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pared with PHYSO Day 2 and the men showed the op-
posite (Table 2), repeated-measures ANOVAs also were
performed on the hormone responses on PHYSO Day 1
versus PHYSO Day 2 in the female versus the male sub-
jects. There was a strong trend toward a significant
sex � PHYSO day interaction for ACTH1–39 (p � .06),
and there were clearly significant sex � PHYSO day in-
teractions for cortisol and AVP (p � 0.03 and 0.025, re-
spectively), supporting the finding that the women and
men responded differently across the two PHYSO test
days.

Correlations between the ACTH1–39 and AVP re-
sponses to PHYSO on the two PHYSO days were �0.96
and �0.91, respectively, for the men, both being signifi-
cant (both p values � .01), whereas they were only
�0.62 and �0.46, respectively, for the women, both be-
ing nonsignificant.

Finally, Table 3 presents mean (	 S.E.M.) age, BSA,
baseline hormone values, and hormone responses to sa-

line and PHYSO (AUCs) for the elderly female and
male subjects of this study and for the young female
and male subjects reported previously (Rubin et al.
1999a). Significance values for ANOVAs across the four
groups of subjects also are given in Table 3; multiple
comparisons between groups were performed where in-
dicated by a significant ANOVA and are reported below.
To permit direct comparison across the four groups, the
AUCs for the elderly women and men were recalculated
in the same way as the AUCs for the younger subjects;
i.e., using the 6 P.M., 6:30 P.M., and 7 P.M. values (Rubin et
al. 1999a). These “abbreviated” AUCs in the elderly sub-
jects were all highly correlated with the full AUCs re-
ported in Table 2 (all r values 
 �0.90; most 
 �0.98).

The elderly subjects were twice the age of the young
subjects. As would be expected, BSA was significantly
lower in the women as a group compared with the men
(p � .01) and significantly lower in the elderly women
compared with the young women (p � .05). As also

Table 3. Age, Body Surface Area, Baseline Gonadal Steroids, ACTH1-39, Cortisol, and AVP, and Pituitary–Adrenal 
Hormone Responses to Physostigmine (PHYSO) Challenge in Eight Normal Elderly Women, 14 Normal Young Women,
Six Normal Elderly Men, and 14 Normal Young Mena

Elderly
Women
(n � 8)

Young
Women
(n � 14)

Elderly
Men

(n � 6)

Young
Men

(n � 14)

ANOVAb

p Value
(df � 3,38)

Age (years) 73 	 2.0 35 	 2.4 70 	 1.4 35 	 2.5 ———
Body Surface Area (m2) 1.63 	 0.05 1.75 	 0.04 2.01 	 0.09 2.03 	 0.65 � 0.0001
Average Estradiol (pg/ml)c 19 	 4.2 43 	 27 24 	 3.6 25 	 9.2 ———
Average Testosterone (ng/ml)c 0.18 	 0.03 0.30 	 0.14 2.5 	 0.3 3.5 	 0.7 ———
Average Baseline ACTH1-39

2:30–6 P.M. (pg/mL)c 10.4 	 1.9 10.1 	 1.4 16.1 	 2.6 15.4 	 1.7 � 0.05
Average ACTH1-39 AUCd,e

(pg/mL � min) after Saline 532 	 90 638 	 96 705 	 144 851 	 100 � 0.20
Average ACTH1-39 AUCd,f

(pg/mL � min) after PHYSO 2859 	 913 724 	 182 4099 	 1510 2057 	 501 � 0.003
Ratio of Responses

PHYSO:Saline 5.4:1 1.1:1 5.8:1 2.4:1
Average Baseline Cortisol

2:30–6 P.M. (ng/mL)c 53 	 4.9 66 	 5.1 60 	 4.7 61 	 3.3 � 0.30
Average Cortisol AUCd,e

(ng/mL � min) after Saline 3206 	 565 3876 	 406 2830 	 579 3532 	 417 � 0.60
Average Cortisol AUCd,f

(ng/mL � min) after PHYSO 6005 	 909 4189 	 483 7060 	 1321 4426 	 621 � 0.15
Ratio of Responses

PHYSO:Saline 1.9:1 1.1:1 2.5:1 1.2:1
Average Baseline AVP

4:30–6 P.M. (pg/mL)c 3.1 	 1.42 0.86 	 0.20 3.1 	 1.72 0.90 	 0.11 � 0.02
Average AVP AUCd,e

(pg/mL � min) after Saline 221 	 95 92 	 20 201 	 103 84 	 9.4 � 0.50
Average AVP AUCd,f

(pg/mL � min) after PHYSO 811 	 426 95 	 16 1051 	 530 224 	 48 � 0.004
Ratio of Responses

PHYSO:Saline 3.8:1 1.0:1 5.2:1 2.7:1

aValues are given as mean 	 standard error of the mean.
bANOVAs performed on raw data for BSA and log-transformed data for all hormone measures.
cAverage baselines � average of three test days for elderly subjects and four test days for young subjects.
dAUCs for all three hormones � area under the curve for 6 P.M., 6:30 P.M., and 7 P.M. values.
eAverage AUCs � average of one saline test day for elderly subjects and two saline test days for young subjects.
fAverage AUCs � average of two PHYSO test days for both elderly and young subjects.
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would be expected, baseline estradiol in the non-estro-
gen-replaced, elderly women was in the postmeno-
pausal range, being half that in the young women and
similar to baseline estradiol in both groups of men,
which also were in the normal range (Fisher and Nelson
2001). Baseline testosterone in the elderly women was
two-thirds that in the younger women, both being in
the normal range for their respective age groups (Fisher
and Nelson 2001).

There was a trend toward higher baseline ACTH1–39 in
the men as a group compared with the women (p � .10),
with no significant difference by age. Baseline cortisol
was not significantly different across groups. Baseline
AVP was significantly higher in the elderly subjects as a
group compared with the young subjects as a group (p �
.05), with no significant difference based on sex.

Following saline administration, the AUCs for all
three hormones were not significantly different across
groups, owing to considerable across-subjects variabil-
ity, even though the mean responses across groups fol-
lowed similar patterns as the baseline hormone values
(i.e., somewhat higher ACTH1–39 AUCs in the men;
somewhat higher AVP AUCs in the elderly). On the
other hand, the ACTH1–39 AUC following PHYSO ad-
ministration was highly significantly different across
groups, owing to a significantly lower ACTH AUC in
the young women compared with the other three
groups (p � .01). As well, the AVP AUC following
PHYSO administration was highly significantly differ-
ent across groups, representing a significantly higher
response in the elderly compared with the young sub-
jects (p � .01), similar to the significant age difference in
baseline AVP. (The significant male–female difference
in the AVP response to PHYSO in the young subjects
had been reported previously [Rubin et al. 1999a]).

DISCUSSION

There are two main findings in this study. First, the
HPA axis responses to cholinergic stimulation by
PHYSO were higher in both the elderly women and the
elderly men compared with their younger counterparts.
This has been noted previously for elderly men (Ras-
kind et al. 1990) but not studied to date in elderly
women. The findings accord with the generally in-
creased responsiveness of the HPA axis to several stim-
uli with advancing age (Seeman and Robbins 1994),
likely due, at least in part, to decreased sensitivity of
hippocampal and hypothalamic glucocorticoid nega-
tive feedback mechanisms (Ferrini et al. 1999; Hibberd
et al. 2000). In the elderly, hypercortisolemia is hypoth-
esized to be one factor in the development of hippo-
campal damage and subsequent cognitive dysfunction
(Lupien et al. 1999; McEwen 1999; Hibberd et al. 2000;
Ferrari et al. 2001).

Second, there appears to be no overall sex difference
in HPA axis responses to cholinergic stimulation by
PHYSO in elderly men compared with elderly, non-
estrogen-replaced women, in contrast to the signifi-
cantly greater hormone responses to PHYSO challenge
occurring in young adult men compared with young
adult women (Rubin et al. 1999a). In the elderly sub-
jects, there was, however, apparent sexual diergism in
hormone responses on the two PHYSO test days:
Women responded more strongly on the first test day,
whereas men responded more strongly on the second
test day (significant sex � PHYSO test day interactions
for all three hormones). No such interactions occurred
in the younger subjects (Rubin et al. 1999a), and the rea-
son for their occurrence in the elderly is unclear. Fi-
nally, in the elderly subjects, as in the younger subjects,
there was little or no relationship between presence or
absence of side effects following PHYSO and any of the
hormone responses.

Other findings include a marginally higher baseline
ACTH in the elderly men versus the elderly women
and a significantly higher baseline AVP and AVP re-
sponse to PHYSO in the elderly subjects as a group ver-
sus the younger subjects.

The normal RBC and plasma cholinesterase activities
in the four subjects who experienced severe side effects
following PHYSO and who were dropped from the
study suggest the possibility of a greater sensitivity of
brain versus RBC acetylcholinesterase to inhibition by
PHYSO, since different enzyme forms have been re-
ported (Boschetti et al. 1996). Promoter polymorphisms
have been described in the acetylcholinesterase gene
(7q22; Ehrlich et al. 1992), a 4-bp deletion having been
found in one person who had acute hypersensitivity to
the cholinesterase inhibitor, pyridostigmine, and an-
other individual who had hyperemesis gravidarum
(Shapira et al. 2000). Similar promoter polymorphisms
might have occurred in our subjects; we are investigat-
ing this possibility. Another possibility is a greater sen-
sitivity of muscarinic receptors to increased synaptic
acetylcholine in the brain-stem circuitry controlling
nausea and emesis (area postrema; nucleus tractus soli-
tarius) compared with muscarinic receptor sensitivity
in the less severely reacting subjects. Only one of our
four subjects with severe reactions to PHYSO reported
having difficulty during surgical anesthesia, the nature
of which was not known.

The marginally higher baseline ACTH concentra-
tions in the elderly men compared with the elderly
women likely were due to the greater body size (BSA)
in the men (Rubin et al. 1996). Baseline cortisol and
AVP were similar in the two groups, consistent with
other reports of baseline cortisol in the elderly (Seeman
and Robbins 1994), but in contrast to reports of higher
serum AVP in elderly men versus elderly women (As-
plund and Åberg 1991).
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With reference to hormone responses to cholinergic
stimulation, Peskind et al. (1996) reported significantly
higher ACTH, �E-LI, and cortisol responses to PHYSO in
a group of elderly women (Alzheimer’s disease patients
and normal controls) compared with a similar group of el-
derly men, as mentioned earlier. These findings are differ-
ent from ours, in that we found no overall sex difference
in HPA axis responses to PHYSO in our elderly subjects.

It is difficult to reconcile the findings of these two
studies. The average age of the Peskind et al. subjects
was 71 	 2 years, close to that of our subjects. There are
some differences: Three of their eight elderly women
were receiving estrogen replacement, in contrast to
none of our eight elderly women, although Peskind et
al. did state that the hormone responses of their two
groups of women were similar. All their subjects were
nonsmokers, whereas two of our eight women did
smoke; however, the baseline and stimulated hormone
values in the two smokers were similar to those in the
other women. Peskind et al. administered 12.5 �g
PHYSO/kg IV over 10 min, whereas we administered 8
�g/kg IV over 1–1.5 min. They quantitated side effects
to PHYSO and indicated there was no significant differ-
ence in nausea ratings between men and women, but
the severity of side effects was not noted; i.e., how
many subjects may have had nausea and vomiting and
thus a nonspecific stress stimulation of the HPA axis.
We measured the complete ACTH1–39 peptide by a
highly specific IRMA, whereas Peskind et al. measured
ACTH by RIA, which, depending on the antibody, can
include smaller peptide fragments as well as the full 39
amino-acid sequence—their ACTH values were 50–
100% higher than ours. The other hormone measured in
both studies is cortisol, determined by specific RIA, and
the values are similar, so the sex difference in the cortisol
data between the two studies remains to be explained.

In our elderly men, as in the younger men (Rubin et
al. 1999a), the AVP and ACTH1–39 responses to PHYSO
were significantly positively correlated, suggesting that
increased AVP may have been an intermediary be-
tween the cholinergic stimulus and the ACTH re-
sponse. AVP-producing neurons in the human su-
praoptic (SON) and paraventricular (PVN) nuclei remain
intact in old age (Hofman 1997), and both may contrib-
ute to HPA axis regulation (Holmes et al. 1986; Antoni
et al. 1990). As well, CRH neurons increase in the hu-
man PVN with age (Raadsheer et al. 1994), there is an
age-dependent colocalization of CRH and AVP in the
human PVN (Raadsheer et al. 1993), and larger AVP
neurons have been found in the PVN of elderly men
compared with those in elderly women (Ishunina and
Swaab 1999). These findings suggest that AVP may play
a more important role in the regulation of the HPA axis
in elderly versus young subjects and in elderly men ver-
sus elderly women, consistent with the magnitude of the
AVP:ACTH correlations in our elderly and young men.

There are other sexually dimorphic areas of the brain
in humans, the most prominent being in the medial pre-
optic area of the hypothalamus (Swaab 1995; Swaab et al.
1995), which also has been implicated in HPA axis regula-
tion (Viau and Meaney 1996; Herman et al. 1996). Because
these systems receive direct or indirect cholinergic input,
they also might mediate the effects of PHYSO on the HPA
axis differently in young and elderly females and males.

This study contributes to a small but growing num-
ber of neuroendocrine studies in which age � sex inter-
actions have been reported, young adult men respond-
ing to a greater degree than young adult women, and
elderly women either not differing from, or responding
to a greater degree than, elderly men. For example, Gel-
fin et al. (1995) indicated that ACTH and cortisol re-
sponses to stimulation with the serotonin-1A receptor
agonist, ipsapirone, were greater in young versus el-
derly men and, conversely, greater in elderly versus
young women. Similarly, Seeman et al. (2001) reported
that salivary cortisol responses to a standardized cogni-
tive challenge were greater in young men compared
with young women and, conversely, were greater in
elderly women compared with elderly men. Other pat-
terns of response differences, however, also have been
noted; for example, Heuser et al. (1994) indicated that
both young and elderly women secreted significantly
more cortisol in response to dexamethasone suppres-
sion followed by CRH stimulation than did their male
counterparts.

In these studies, however, it has not always been
made clear how many of the elderly women were re-
ceiving estrogen replacement therapy, and sex steroid
levels have not been reported. It therefore would be of
interest to study elderly women with the same pharma-
cological or psychological challenge both prior to and
following estrogen replacement therapy, to determine
the effect of hormone replacement on their HPA axis re-
sponses. Hypothetically, estrogen therapy would re-
duce the hormone responses of postmenopausal women
to those of their premenopausal counterparts. The effect
of androgen replacement therapy in elderly men found
to have reduced circulating androgens also would be
important to consider.

In conclusion, the present study suggests that central
cholinergic systems can influence HPA axis hormone
secretion differently in elderly versus young adult
women and men. Either central cholinergic systems
themselves might be sexually dimorphic/diergic, or
central cholinergic stimulation might affect other, sexu-
ally dimorphic/diergic systems that influence hormone
release. The available evidence, although scanty, points
toward the latter. Subsequent studies will address spe-
cific muscarinic and nicotinic components of this sys-
tem in both young and elderly subjects, based on our
findings with cholinergic receptor antagonist pretreat-
ment followed by PHYSO stimulation, as well as stimu-
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lation by nicotine itself, in female and male laboratory
rats (Rhodes et al. 2001a, 2001b).
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