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PREFACE 

These Proceedings emanate from the Second Tarbox Parkinson's 
Disease Symposium held February 2-4, 1978, at the SouthPark Inn in 
Lubbock, Texas. The Symposium was sponsored by the Tarbox Parkin­
son's Disease Institute and the Department of Pharmacology and 
Therapeutics of the Texas Tech University School of Medicine at 
Lubbock. The First Symposium took place in October, 1976. 

The Second Tarbox Parkinson's Disease Symposium boldly brought 
together investigators at the cutting edge of aging and neuroendo­
crine research and attempted to relate them to Parkinson's disease. 
Credit for the concept must go to the Program Chairman, Dr. David E. 
Potter. Once the plan was conceived the organizers relied heavily 
on the advice of Dr. Caleb E. Finch, whose counsel in developing the 
program was invaluable. The final verdict on the success of this 
daring venture must await the outcome of the publication of this 
Volume. Nevertheless, those in attendance could not fail but note 
the enthusiasm and excitement of the participants as their findings 
from the diverse disciplines of the neurological, aging, and endo­
crine sciences converged. This in itself is testimony that the Sym­
posium accomplished some degree of success. 

The Tarbox Parkinson's Disease Institute was established in 
1973 with funds appropriated by the State of Texas and is dedicated 
to research, patient care, and education in Parkinson's disease and 
related neurological disorders. The Institute is named after Mr. 
Elmer L. Tarbox, who served the Lubbock area as a Representative in 
the Texas Legislature, and is himself a victim of Parkinson's di­
sease. 

The Tarbox Fellowship Programs were instituted in 1977 and re­
present the current research thrust of the Tarbox Institute. These 
include the Tarbox Postdoctoral Fellowships, the Tarbox Predoctoral 
Research Fellowships, and the Tarbox Medical Student Research Fel­
lowships. The Institute also conducts a regularly scheduled Tarbox 
Clinic for Parkinson's Disease at the Texas Tech University School 
of Medicine in Lubbock. 
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x PREFACE 

Thanks are especially due to Virginia M. Davis and her office 
staff of the Department of Pharmacology and Therapeutics for the pro­
duction of camera-ready copy for the Publisher. In particular, the 
dedication of Cheri L. Mathewson, who bore the brunt of the respon­
sibility for the typing and the uniformity of format of the final 
product, is deeply appreciated. 

I wish to dedicate this Volume to the late Maxine Tarbox, whose 
untimely death in July, 1978, was a shock to all who knew and loved 
her. Mrs. Elmer L. Tarbox had worked untiringly and unceasingly in 
support of the Tarbox Parkinson's Disease Institute. Her vibrant 
and friendly personality will be greatly missed. 

Alexander D. Kenny, Ph.D. 
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AGE-DEPENDENT CHANGES IN CENTRAL DOPAMINERGIC 
AND OTHER MONOAMINERGIC SYSTEMS 

ARVID CARLSSON 

Department of Pharmacology 
University of Goteborg, Fack 
S-400 33 Goteborg, Sweden 

This presentation will focus on three apparently critical 
stap,es during the life-span of central dopaminerp;ic neurons: (1) 
the vulnerable period of differentiation in pre- and early post­
natal life; (2) the changes at puberty, induced by the sexual hor­
mones; and (3) the decline of brain dopa~ine during adult life. 
Other monoaminergic neurons '''ill also be discussed for the purpose 
of comparison. 

It is no~" generally accepted that central dopaminerr,ic neurons 
plFY an important role for at least three different aspects of 
brain function: (1) the control of motor functions exerted by the 
extraoyramidal system; (2) the regulation of S01".e fundamental DSY­

chic nrocesses, such as alertness, initiative and thought organi­
zation: and (3) the control of endocrine functions, such as the 
secretion of prolactin by the anterior pituitary. The main dopa­
minergic pathways apparently involved in these functions are, respec­
tively, the nigrostriatal, the mesolimbic and the tubero-infundibular 
pathways (for review and references see Carlsson3 1977). 

THE VULNERABILITY OF DOPAHINERGIC NEURONS DURING 
EARLY POSTNATAL LIFE 

The thalidom:Lcl.e catastrophe taught us that chemical agents 
may interfere specifically with onto~enic processes without neces­
sarily being harmful to mature cells. Critical and vulnerable 
phases of cell differeptiation are not confined to the early preg­
nancy hut may. in fact. extend to earlv oostnatal life. Nerve 
cells 2.re knm.m to reA.ch full maturity at a rather late stage, and 
different types of nerve cells vary in their rate of maturation. 
Already in 1961. Bertler su?~ested. on the basis of observations 
on human fetal 1yr ains, that r10paI!1ine-storing structures develop at 
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a later stage than noradrenaline-storing structures in brain. This 
has later been confirmed (Agrawal and Himwich, 1970; Connor and 
Neff, 1970; Loizou, 1972). Moreover, functional and biochemical 
studies (see Lundborg and Kellogg, 1973) indicate that central 
dopa~ine-receptor ~echanisms in rats and rabbits develop during 
the first few postnatal weeks and clearly more slowly than the 
noradrenaline-receptor ~echanisms. 

In order to test the hypothesis that receptors are specifi­
cally involved in the development of synapses, Lundborg (1972) 
administered small doses of haloperidol, a dopamine receptor­
blocking agent, to rabbit mothers, in a dose of 1 mg/kg daily via 
the drinking water for the first seven days after parturition. 
Control mothers were given the drug vehicle. This treatment had 
no detectable effect on the gross behavior of the mothers or on 
the growth of the young. However, at the age of 8 days the young 
of the haloperidol-treated mothers displayed considerable gait 
problems when placed on a s~ooth surface outside the cage. They 
showed a marked inability to raise their bodies and heads. This 
disturbance was still evident, though less pronounced, one week 
later. Even at the age of 4 weeks a muscular dysfunction of the 
hindlimbs was detectable. It should be noted that a single huge 
dose of haloperidol to the young did not induce this disturbance. 
These observations led to the hypothesis that exposure of the 
young to haloperidol continuously during the first week of life 
leads to blockade of central dopamine receptors, and that this 
blockade interferes with the development of dopa~inergic synapses. 

This hypothesis was further tested in rats, using two other 
dopamine-receptor antagonists. Nursing rat mothers were given 
pimozide 0.5 mg/kg intraperitoneally daily the first seven days 
after delivery, or penfluridol 1 mg/kg/orally of day 1,3 and 5 
after delivery, or the appropriate vehicles. Both mothers and 
young showed normal gross behavior throughout the study and there 
was no difference in growth between penfluridol- and vehicle­
treated animals. At the age of 4 ,,.reeks the ani~als were trained 
to a conditioned avoidance response in a two-way shuttle box. The 
acquisition of this response was considerably retarded in the 
experimental as compared to control rats (Figure 1). The brains of 
the experimental animals showed abnormalities in monoamine, espe­
cially dopamine/turnover. In particular, the synthesis of dopamine 
in the limbic regions was markedly retarded (Figure 2). That these 
biochemical changes were relevant for the behavioral disturbance 
was supported by the observation that amphetamine, a catecholamine­
releasing agent, was capable of restoring the response to normal 
(for review see Lundborg and Engel, 1975). In a subsequent inves­
tigation (Ahlenius, Engel, Hard, Larsson, Lundborg and Sinnerstedt, 
1977) the open-field behavior or the offspring of nursing rat 
mothers given penfluridol as described above was found to be 
abnormal, with a higher than normal ambulation at 4 weeks and the 
opposite change at 8 and 12 weeks of age. The pattern of behavorial 
changes resembles the clinical so-called minimal brain dysfunction 
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FiguY'e 1. Acquisition of a conditioned avoidance Y'esponse (CAR) 
by offspY'ing of Y'at motheY's tY'eated with dopamine­
Y'eceptoY' antagonists dUY'ing the fiY'st week afteY' deli­
veY'y (modified fY'om LundboY'g and Engel, 1975). 

NUY'sing Y'at motheY's weY'e given: (a) pimozide 
(17 .• 5 mg/kg i.p.) OY' 5.5% glucose (2 mg/kg at day 7,2,3, 
4,5,6 and 7 afteY' deliveY'y; OY' (b) penfluY'idol (1 mg/kg 
p.o.) OY' 5.5% glucose (5 ml/kg at day 1,3,and 5 afteY' 
delivery). The offspY'ing weY'e tY'ained in a shuttle box 
4 weeks afteY' biY'th in five consecutive daily sessions. 
PeY' cent avoidance values aY'e medians (N=17 and 16, 
Y'espectively). The p values Y'efeY' to compaY'ison be­
tween expeY'imental and contY'ol gY'oups in pimozide 
seY'ies (Mann-Whitney U-test). 

syndrome observed in children. This syndrome is sucessfully treat­
ed with amphetamine. 

These observations suggest that interference with a trans­
mitter-receptor mechanism at a critical stage of maturation will 
cause a disturbance in the develonnent of the synaptic function 
which is probably permanent. 

If receptor activation plays an essential role for the deve­
lopment of synapses in general, some important consequences may 
be considered. Such dependence on receptor function may help to 
explain for example, the mental retardation in phenylketonuria. 
Here the high plasma level of phenylalanine leads to reduced brain 
uptake of other large neutral amino acids, e.g. tyrosine and tryp­
tophan, and the lowered brain levels of these amino acids (McKean, 
1972) probably cause reduced synthesis of catecholamines and 5-HT 
(CaY'lsson and L·indqvist, 1978),and this, in turn, may lead to 
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Figure 2. Accwnulation of DOPA after inhibition of the aromatic 
L- aminoacid decaY'ooxylase by NSD .7015 (100 mg/kg i . p . 
30 min be f oY'e death) in various brain regions of 28-
day-o ld offspring to penflurido l- treated contY'o ls (fY'om 
Lundbor g and Engel , 1975). The trea tment schedu le /.Jas 
the same as in Fig . 1 . Limb : limbic forebra1:n (dopa ­
mine- rich s tructures) ; StY'i : str1:atwn; Hem : rest of 
ceY'ebral hemispheY'es (containing predominantly norad­
renaline); Dienc : d1:encephalon; Br st : lO/.Jer bY'w:n 
s tem . Numbers above bars ar e the nwnber of (pools) 
bY'nin- Dart samples. Sho/.Jn are the means ± SE; 
*p<0 . 05; **p<O . Ol . 

reduced activation of dopamine, noradrenaline and 5RT receptors, 
fol lowe d by failure of the resDective synapses to develop. Simi­
lar ly , the ment a l retardation in cretinism may be at least pa rtly 
due to failure of noradrena line synapses to develop, since the 
sen s itivity of central a -adr pnergic r eceptors has been shown to 
depend on the thyroid state (Se6 Str~mbom, Svensson. Jackson and 
Engstr~m, 19 77) . 

The critical period of nerve cell differentiation may be 
assumed to start during pregnancy and to last for one or severa l 
years postnatally. 

CASTRATION-INDUCED CI:IANGES IN BRADI-HONOAMINE SynTHESIS 

Puberty represents another critica l period in the development 
of central nervous function. In the rat, puberty occurs at the age 
of 50 to 60 days . Our studies are so far confined to male rats. 
We have so far found no striking chang e in the synthesis of brain 
monoamines at puberty, ex cept for a mod e rate decrease in 5-HT syn­
thesis. This finding, in conjunction with the castration-induced 
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increase in 5-HT synthesis reported below, would fit in with the 
alleged inhibitory action of 5-HT on sexual activity. In any 
event, castration reveals a clearcut influence of the gonads on 
brain nonoamines. The formation of dopa is enhanced in the dopa­
mine-rich limbic and striatal regions, and so is the formation of 
5-H~, especially in the limbic and diencephalic regions. The 
regional specificity of these changes is striking. For example, in 
the main part of the cerebral hemispheres (excluding striatum and 
limbic forebrain) the effect of castration is slight or absent 
(see Figure 3). The onset of these changes is remarkably slow and 
is evident only 20 days after castration. Moreover, when castra­
tion was performed before puberty, no significant changes occured 
20 days later. Substitution therapy by subcutaneous implantation 
of an adequate dose of testosterone prevented the observed castra­
tion effects (Engel, Ahlenius, Almgren and Carlsson, 1978). 

Remarkably enough, castration also caused an increase in 
tyrosine levels, but again only in the dopamine-rich areas where 
dopa formation was increased (Figure 3). Some moderate increases 
in tryptophan were also observed. hThile the mechanisms underlying 
these changes in amino acid levels remain obscure, they are pro­
bably not important causative factors for the observed increases 
in monoamine-synthesis rates. In the case of brain-tyrosine hy­
droxylase, it has been found to be almost fully saturated with 
tyrosine (Carlsson and Lindqvist, 1978) and thus the moderate 
increase in tyrosine levels observed would not be expected to 
cause any detectable increase in dopa formation. 

At oresent, it is not possible to interpret these castration­
inr1uced chappes i.n lTlonoamine synthesis in precise functional terms. 
The rep-ional selectivity and the preventive effects of substitution 
therapy su~gest that we are dealing with soecific actions mediated 
via hormone receptors. We did not observe ~nv changes in tvrosine­
hydroxylase activity in vitro and thus the increased in vivo ac­
tivity probably occurred without any change in the number of exis­
tin~ enzyme molecules. Cofactor availability and a conformational 
chan?e in the enzyme molecules are possible factors that ren.ain 
to be considered. One intriguing possihility is that testosterone 
enhances the sensitivity of dopamine receotors and that the cas­
tration-induced changes are feedback mediated, analogous to the 
stimulation of dopamine synthesis and turnover by dopamine-receptor 
antagonists. The antipsychotic action of these agents is thought 
to be mediated via an antidooaminergic action in the limbic system. 
Thus)the effect of castration on dopa formation in the dooamine­
rich limbic forebrain regions is of considerable interest. As a 
point of speculation it may be recalled that the onset of schizo­
phrenia often occurs at puberty, or shortly afterwards, and thus 
an involvement of sexual hormones in the oathogenesis or schizo­
nhrenia cannot he exclll~ed. Low plasma testosterone levels have 
been reported in schi.zoDhrenic patients (Bramb1:lla, (;uerr?:m:, 
F1:ZZ1: and Ri(]C1:ard1:, 7974). 
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Figure 3. Effect of castration of male rats on t he accumulation 
of DOPA after inhibition of the aromatic L- aminoacid 
decarboxylase by NSD 1015 (100 mg/kg i.p. 30 min before 
death) and tyrosine leve ls in dopamine-rich limbic 
forebrain regions and in a noradrena line- predominated 

cerebral hemisphere portion (from Engel et al. , 1978) . 
The ra t s were castrated (C) or sham- operated (S) a t t he 
age of 70 days and were killed at various intervals 
after surgery. A third group of animals was castrated 
and given substi tut1:on therapy by subcutaneous ly im­
planted testosterone (C + T) . Shown are the means of 
the two pooled brain- region samples . Significance 
levels refep to S t udent 's t - t est after one- way ana l ysis 
of variance; *p<0.05; **:p<O.Ol. 

The question arises why there are no more striking changes in 
the synthesis o f brain monoa mines at pub e rty, as might be expec ted 
from the effects of the cast r a tion, a part from the moderat e decrease 
in 5-HT synthesis mentioned above. A possible expla nation might 
be that the action of testosterone on monoamine synthesis is bal­
anc e d by the opposite action of anothe r factor developing at puberty. 
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Investigations of the influence of th~ pituitary on the brain ~ono­
amines ~ay possihly helD to throw light on this problem. 

THE DECREASE IN BRAIN DOPAMINE HITE AGE 

The loss of brain neurons with age appears to vary considerably 
between different brain regions and tyDes of neurons. For example, 
brain-ste~ neurons in general are ~uch more resistant to age-induced 
losses than the neurons of the cerebral cortex. However, certain 
brain-stem neurons, stich as those of the 10cus coeruleus and sub­
stantia nigra, which contain noradrenaline and dopamine, respec­
tively, form exceptions. They have been reported to be reduced in 
number in the hUl'lan senescent brain (Brod!f,1973, 1977). 

The dopamine content of the basal ganglia has been shown to 
decrease with increasing age in ani~als (Pinch, 1976; Algeri, 
Pom'.1:o, Bonati and Brunello, 1976) and in man (Figure 4, Carlsson 
and Winblad, 1976; Adolfsson, Gottfries and Winblad, 1976). In 
mice, noradrenaline was not reduced in senescent brains (Finch, 
1976) and in man only a slight, statistically not significant, de­
crease has been found (Carlsson and fYinblad, unpublished data; 
(,ottfr1:es .. et al., unpubl1:sh8d data). Si~i1arlv, tyrosine 
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hydroxylase activity appears to be more strongly negatively cor­
related with age in dopamine-rich brain areas (McGepr and McGcer, 
1976) . 

It seems reasonable to assume that age-dependent neuronal 
degeneration is a common denominator for these various changes in 
dopamine neurons with respect to cell number, transmitter content 
and activity of synthesizing enzymes, even though the contribution 
by other factors cannot be excluded. The fact that corresponding 
changes in noradrenaline content and synthetic capacity appear to 
be less pronounced, underlines the selectivity of the age-induced 
neuronal degeneration (See Table 1). 

In our studies on the dopamine content of the human brain the 
interval between death and autopsy was found to be a significant 
factor. Both dopamine and noradrenaline were negatively correlated 
to this interval. Part of the catecholamines was converted into 
the corresponding 3-0-methylated base, i.e. 3-methoxytyramine and 
normetanephrine, respectively. Animal data indicate that a major 
fraction of these metabolites found in brain has been formed post­
mortem, and its respective O-methylated metabolite is closer to the 
true catecholamine level at the tine of death than the value of 
the catecholamine alone. However, even this sum is negatively 
correlated with the postmortem delay, indicating that other pro­
cesses, e.g. oxidative deamination, contribute to the postmortem 
loss (Carlsson, L1:ndqvist and Kehr, 1.974). 

After correction of the dopamine in the putamen, respectively, 
for age and postmortem delay, we found that the time of day when 
death occurs is a significant factor. Doapmine appeared to have 
a maximum and a minimum at about 6 PM and 6 &~, respectively 
(Figure 5). Circadian variations in monoamine levels have been 
observed in animals, too (Reis, f,/ein7)ren and Corvelli, 1968; 
Manshardt and Wurtman, 19~8). Such variations may be of interest 
in several respects: (1) they may throw light on the physiology 
of sleep and wakefulness; (2) the circadian rhythms man be speci­
fically disturbed in pathological states, e.g. depression and 
senility, and contribute to their symptomatology; and (3) correc­
tion for these variations as well as those related to age and 
postmortem delay may facilitate the detection of changes induced 
by pathological states. 

Our data do not yet permit us to decide whether an age­
dependent loss of 5-HT occurs in human brain (see Table 1). 

COMMENT 

It would apoear that the dopaminergic neurons of the brain 
lead an adventurous life. At least three critical stages can be 
distinguished, i.e. the perinatal period, puberty, and senescence. 
Each of these periods may involve risks: (1) perinatal disturban­
ces in development and differentiation, induced bv drugs and various 
toxic factors, infections, malnutrition, ischemia,pt cetera, may 
lead to functional abnormalities, e.g. mental retardation; (2) er-



T
A

B
L

E
 

1
. 

S
T

A
T

IS
T

IC
A

L
 

D
A

TA
 

O
N 

R
E

G
R

E
SS

IO
N

 
O

F 
LO

G
 

A
M

IN
E

 
L

E
V

E
L

S 
IN

 H
U

M
AN

 
B

R
A

IN
 R

E
G

IO
N

S 
U

PO
N

 
A

G
E

 
AN

D
 

D
E

A
TH

-A
U

TO
P

SY
 

T
If

tf
E

 
IN

T
E

R
V

A
L

 
(f

ro
m

 
C

a
rl

ss
o

n
 a

n
d

 W
in

b
la

d
, 

u
n

p
u

b
li

sh
e
d

 d
a

ta
).

 

A
ge

 
y

e
a
rs

 

C
o

rr
e
la

ti
o

n
 
c
o

e
ff

. 

R
eg

re
ss

io
n

 c
o

e
ff

. 
(t

o
ta

l)
 D

op
am

in
e 

+
 m

et
h

o
x

y
­

ty
ra

m
in

e 
in

 p
ut

am
en

 
n 

=
 3

7 

-
0

.5
2

*
*

*
*

 

-
0

.0
0

3
8

*
*

*
*

 

R
eg

re
ss

io
n

 c
o

e
ff

. 
(p

a
rt

ia
l)

 
-

0
.0

0
3

6
*

*
*

 

T
im

e 
in

te
rv

a
l,

 
h

o
u

rs
 

C
o

rr
e
la

ti
o

n
 c

o
e
ff

. 
-

0
.2

3
 

R
eg

re
ss

io
n

 c
o

e
ff

. 
(t

o
ta

l)
 

-
0

.0
0

1
8

 

R
eg

re
ss

io
n

 c
o

e
ff

. 
(p

a
rt

ia
l)

 
-

0
.0

0
0

9
6

 

M
u

lt
ip

le
 
c
o

rr
e
la

ti
o

n
 c

o
e
ff

. 
0

.5
4

*
*

*
*

 

N
o

ra
d

re
n

al
in

e 
+

 n
o

rm
et

a­
n

ep
h

ri
n

e 
in

 h
y

p
o

th
al

am
u

s 
n 

=
 3

7 

-
0

.2
1

 

-
0

.0
0

3
8

 

-
0

.0
0

2
0

 

-
0

.4
6

*
*

*
 

-
0

.0
0

8
9

*
*

*
 

-
0

.0
0

8
5

*
*

*
 

0
.4

7
*

*
*

 

* 
p

<
0

.0
5

; 
**

 p
<

0
.0

2
; 

**
*p

<
O

.O
l;

 
**

**
p<

O
.O

O
l;

 
a)

 
p
~
0
.
0
5
.
 

5-
H

T
 

in
 

h
y

p
o

th
al

am
u

s 
n 

=
 2

0 

-
0

.3
3

 

-
0

.0
0

7
1

 

-
0

.0
0

6
5

 

-
0

.4
5

*
 

-
0

.1
5

*
 

-
0

.0
1

5
a 

0
.5

4
*

*
 

» C
l 

m
 o m
 

"'
C

 
m

 
Z

 o m
 

Z
 -t
 

(
)
 

:I
: » z C
l 

m
 

en
 

Z
 :i:
 

o z o » :i:
 

z m
 

:0
 

C
l 

(
)
 

en
 -< ~
 

m
 

:i:
 

en
 

'0
 



10 

70 

60 

40 

30 00 

24 03 05 09 12 

o 

o 
o 00 

15 

o 
o 

18 21 

ARVID CARLSSON 

00 

24 03 06 
Time of day 

Figure 5. Dopamine (+ methoxytyramine, mainly formed from dopamine 
postmortem). Level in human putamen: circadian varia­
tion. Shown are single values corrected to age 50 years 
and death-autopsy interval zero hours. 

rors in the profound reprogrammation of various brain function in­
duced by the sex hormones at puberty may possibly play a role in 
the pathogenesis of schizophrenia and other behavioral abberations 
of adolescence; and (3) neuronal losses of old age may cause mental 
and motor disturbances, including Parkinson's disease, senile and 
presenile dementia. It should be realized that early deviations 
may not immediately lead to overt symptoms. For example, deficient 
development of dopaminergic neurons at an early stage may not per 
se be severe enough to induce functional abnormalities. However, 
as a consequence of age-dependent neuronal loss the deficiency may 
become manifest and show up, for example, as parkinsonism or pre­
senile dementia. Parkinsonian patients appear to consist of two 
subgroups, one with a profile suggesting a more widespread neuron­
al damage with less striking response to dopa and a higher incidence 
of dementia (Granerus, 1977). It seems that we have to consider a 
continuum, where one extreme is represented by a highly selective 
damage of the nigrostriatal dopamine pathway and the other by a 
rather widespread neuronal degeneration, even though degeneration 
of dopaminergic neurons may be represented by senile dementia. In 
fact, Gottfries and his colleagues have found a negative correla­
tion between senile dementia and brain homovanillic acid (Gottfries, 
Gottfries and Roos, 1978; and unpublished data). Also, they report 
that dopa therapy has a favorable influence on the dementia symptoms. 
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If dopamine deficiency plays a role in senile dementia, why 
do not patients suffering from senile dementia also have parkin­
sonian symptoms? The answer could be that the parkinsonian symptom 
picture is the result of a disturbed balance hetween different 
transmitter systems. For example, there is evidence that in this 
disease the cholinergic system in the striatum predominates over 
the deficient dopaminergic system. If the imbalance in corrected 
by the administration of an anticholinergic drug, the symptoms 
are alleviated, though not as effectively as if dopa is given. 
In senile dementia there is perhaps a parallel decline of acetyl­
choline (Bowen, Smith, r,;hite and Davidson, 1976; Davies and Maloney, 
1976; Perry, Perry, Blessed and Tomlinson, 1977: r1ihite, r;oodhardt, 
Keet, Hiley, Carrasco and rlilliams, 1977) and dopamine leading to 
an undisturbed striatal balance, whereas the effects on the intel­
lectual capacity are perhaps potentiated. Therefore the combined 
therapy with dopa and cholinergic agents, e.g. the precursor 
choline, seems worthwhile. Perhaps a new field is about to be 
opened up, namely that of substitution therapy for braip neuro­
transmitter deficiency. In this context one more line of research 
should be mentioned. Lehmann (1966) in our Department has de­
scribed a stuporous syndrome which is apparently due to tryptophan 
deficiency; treatment with tryptophan results in sometimes drama­
tic improvement. 

tlental disturbances of old age may thus be partly due to de­
ficiency of one or more transmitters and will perhaps in the future 
be treated with precursors or analogues of transmitters. Sometimes 
we may be dealing with deficiency of just one transmitter, but in 
other cases the deficiency may be multiple and may require treat­
ment with "cocktails". 
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AGE-RELATED CHANGES IN BRAIN CATECHOLAMINES: A SYNOPSIS 
OF FINDINGS IN C57BL/6J MICE AND OTHER RODENT MODELS* 

CALEB E. FINCH 
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Andrus Gerontology Center 
University of Southern California 
Los Angeles, California 90007 

INTRODUCTION 

During the past few years it has become clear that altered 
functions of several neurotransmitter systems occur during normal 
aging in short- and long-lived mammals. As will be described below 
and elsewhere in this symposium (Carlsson3 Davies3 Makman3 McGeer3 
Sladek3 Wilkes) post-maturation impairments occur in dopaminergic, 
noradrenergic, serotonergic, and cholinergic systems. A major con­
temporary issue concerns the role of neuronal loss in the reported 
changes. The available information on the C57BL/6J male mouse will 
be reviewed in depth, since at present this strain is one of the 
best characterized rodent models for biochemical, endocrinological 
and pathological changes of aging. 

AGING CHARACTERISTICS OF THE C57BL/6J MOUSE 

The C57BL/6J is a major stock available from Jackson Laborator­
ies, Bar Harbor, Me., where it has been inbred and maintained under 
close genetic observation since 1936 (Staats3 1976). When fed on 
high protein, low fats diets such as Purina Lab Chow, male mice a­
chieve maximum, stable adult weights of between 25 to 35 g (mean of 
28g) by 6 to 8 mo (Finch3 1969; Finch3 Foster3 MirskY3 1969; Finch 
and Foster3 1973). Unless a mouse becomes sick, adult body weight 
varies by ~ 3g (10% mean weight) (Finch et al' 3 1969). In careful­
ly maintained but conventional (i.e. not germ free) colony condi­
tions (Finch3 1969; Finch et al' 3 1969)3 mortality rate remains low 
until 24 mo (Figure 1); thereafter the incidence of a variety of be­
nign and pathological lesions (described below) rises followed by 
a sharp rise in mortality. In general, the typical lifespan is 28 

*Contribution No. 36 from the Laboratory of Neurobiology 
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TABLE 1. NEURONAL LOSS AND AGING (A PARTIAL SURVEY) 

Region 

locus coeruleus 

substantia nigra 

superior central 
gyrus 

ventral cochlear 
nucleus 

abducens nucleus 

trochlear nucleus 

inferior olivary 

spinal roots 

Species 

human 

human 

human 

human 

human 

human 

n. human 

mice 
rats 
cats 
humans 

Reference Extent of 
loss during 
the lifespan 

Brody, 1976 20-40% 

McGeer et al., 1977 20-40% 

Brody, 1970 20-45% 

Konigsmark and Murphy, 1970 ~15% 

Vijayashankar and Brody, 1971 ~15% 

Vijayashankar and Brody, 1973 ~15% 

Monagle and Brody, 1974 ~15% 

Wright and Spink, 1959 ~15% 

Sant'Ambrogio et al. , 1961 :::15% 
Moyer and Kalizewsky, 1958 ::;15% 
Corbin and Gardner, 1937 ~15% 

to 30 mo, with a maximum of about 44 mo (Finch~ 1971; Kunstyr and 
Luenberger~ 1975). Characteristic age-related lesions of C57BL/6J 
mice include: greatly enlarged seminal vesicles [an almost ubiqui­
tous finding after 24 mo, which is associated with greater volume 
of seminal fluid and glandular atrophy; the seminal vesicle cell 
population is decreased by 50% according to DNA content (Finch and 
Girgis~ 1974)]; lymphoreticular disease which may involve liver, 
spleen or mesenteric lymph nodes (Dunn~ 1954; Hanna~ Nettesheim and 
Snodgrass~ 1971; Finch and Foster~ 1973); reduced hematocrits (Finch 
and Foster~ 1973); or sudden weight gain or loss (Finch et al.~ 
1969). In 10 years, we have never observed gross evidence of tumors 
in the pituitary or other endocrine glands in the C57BL/6J male. 
In contrast, pituitary tumors are common in females after 24 mo 
(Felicio~ Nelson and Finch~ unpublished observations). 

AGING AND DISEASE 

A major problem in experimental gerontology concerns the var­
ied effect of age-related lesions, since not all individuals in 



AGE-RELATED CHANGES IN BRAIN CATECHOLAMINES 17 

older age groups will have the same lesions (Finch3 1972 and 1977a; 
Finch and Foster3 1973; Nelson3 Latham and Finch3 1975). A study 
of testicular functions demonstrates the impact of age-related 
diseases: mice with major pathologic lesions such as lymphoreticu­
lar tumors, respiratory infections, or hydronephrosis also showed 
reduced plasma testosterone and testicular weight. In contrast, 
a healthy group of mice (70% of survivors aged 28 mo) selected for 
the absence of gross lesions had identical distributions of plasma 
testosterone to young mice (Nelson et al' 3 1975) and responses of 
testes to LH in vitro (Finch3 Jonec3 Wisner3 Sinha3 de Vel lis and 
Swerdloff3 1977). The apparent maintenance of testicular endocrine 
functions in healthy C57BL/6J mice during aging may not apply to 
all strains of mice (Bronson and Desjardins3 1977) or rats (e.g. 
Riegle and MiUer3 1978). [N.B. it is currently difficult to 
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Figure 1. (a) Survival of C57BL/6J male mice (n-96) as a function 
of age. The maximum longevity of this cohort was 42 mo 
(Finch3 1971). 
(b) Age specific mortality rats. For details of disease­
related deaths3 see Finch et al. (1969). 
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interpret most studies on aging rats because of the high incidence 
of tumors in the pituitary (Durbin~ Williams~ Jeung and Arnold~ 
1966; Greisbach~ 1967; Duchen and Schurr~ 19?6) and testes (Coleman~ 
Barthold~ Osbaldiston~ Foster and Jonas~ 1977)]. Finally, it is 
possible that some of the variability in human plasma testosterone 
values in older men (Vermeulen~ Reubens and Verdonck~ 1972) reflects 
a distribution of age-related diseases, which affect some men more 
than others. In any case, it is now clear that there is no event 
in men which is comparable to the total loss of fertility and 90% 
reduction of ovarian estradiol and progesterone after menopause 
(reviewed in Finch and Flurkey~ 1977). 

NEUROTRANSMITTER LEVELS IN C57BL/6J MICE 

In the following studies, comparisons are made between young, 
fully grown adult (8 to 12 mo) and senescent (26-30 rno) C57BL/6J 
mice; all mice used were free of gross lesions, except for the very 
common enlarged seminal vesicles (Finch and Girgis~ 19?4~ see above). 

WHOLE BRAIN 

Postmaturational, age-related changes have not been revealed 
in numerous measurements of the putative neurotransmitters, e.g. 
dopamine, norepinephrine, serotonin, glutamic acid, GABA and their 
enzymes in whole brains (reviewed in Finch~ 1977b). This profile 
of apparent constancy does not contradict data (described below) 
showing changes localized to specific brain regions and neural sy­
stems. In the brain, as in most (if not all) organs, age-related 
alterations of function are selective and cell-type specific (Finch 
et al. ~ 1969; Finch~ 1976). 

BRAIN REGIONS 

It is obvious that subdivision of the brain into such regions 
as cortex, cerebellum, hypothalamus, brain stem, etc., which are 
readily dissected, does not restrict the functions controlled to 
that region, nor does it delineate the neuronal projections invol­
ved. Nonetheless, in this very early stage of the subject, it is 
useful to consider the available data by brain region. 

Catecholamines were measured by our adaptation of a radioenzy­
matic assay (Coyle and Henry~ 1973; Palkovits~ Brownstein~ Saavedra 
and Axelrod~ 19?4). After labelling catecholamines in vitro with 
3H-methyl (from S-adenosyl methionine with hepatic catechol-a-methyl 
transferase), the methylated derivatives of dopamine, norepinephrine 
and epinephrine are acetylated and separated by l-d thin layer chro­
matography (Osterburg and Finch~ unpublished observations). This 
method gives us blank values of 50 to 150 cpm, ~ 2% overlap between 
the amines, and a sensitivity (2x blank) of 2 to 5 pg in routine 
tissue assays. 

We find substantial decreases of dopamine in the striatum 
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TABLE 2. AGE-RELATED CHANGES IN BRAIN CATECHOLAMINES IN C57BL/6J 
MICE 

ng/mg protein ± SEH 
9-12 mo 25-28 mo Significance 

Striatum* 
dopamine 46.4 ± 3.9 32.9 ± 2.2 P < .02 

Hedian eminence** 
dopamine 239.1 ± 15.9 152.2 ± 11.3 P < .005 
norepinephrine 46.9 ± 8.6 58.6 ± 8.5 not sig. 

Posterior pituitary** 
dopamine 7.7 ± 0.7 4.4 ± 0.6 P < .01 

* determined by fluorescence (Finch, 1973) 
** not published 
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(chiefly putamen, Broch and Marsden 1972), median eminence of the 
hypothalamus, and posterior region of the pituitary (Table 2). He 
have not found any brain region with age-related reductions of nor­
epinephrine. Reductions of median eminence dopamine and norepine­
phrine (both) were also found in aging rats (Miller et al., 1976; 
Simpkins, Meuller, Huang, and Meites, 1977). 

The reduced levels of dopamine suggest alteration of two com­
pletely distinct dopaminergic projections: the nigro-striatal 
pathway (Anden, Carlsson and Dahlstrom, 1964) and the arcuate-med­
ian eminence-hypophyseal system (Bjorklund, Moore, Nobin and Stenavi, 
1973). Although there is some evidence for an influence of the 
substantia nigra on median eminence dopamine (Kizer, Palkovits and 
Brownstein, 1976; Palkovits, Fekete, Makara and Herman, 1977), 
there is no known direct nigral dopaminergic connection to the pos­
terior pituitary. Thus, we suggest that at least two independent 
dopaminergic systems are altered during aging. 

A similar trend for dopamine loss in the striatum occurs during 
normal aging in humans (Carlsson and Winblad, 1976; Reiderer and 
WUketich, 1976). About 1% of striatal dopamine is lost per year of 
adult life. This suggests that impairment of dopaminergic functions 
is a general characteristic of aging in short- and long-lived mam­
mals. Although data are still fragmentary, various sources indi­
cate that dopaminergic levels and mechanisms are generally more im­
paired during aging than are functions of other neurotransmitters 
(Jonec and Finch, 19?5; Finch, 1977b). The implications of these 
and other impairments will be discussed below. 
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NEUROTRANSHITTER TURNOVER 

Two approaches have been used: the rate of processing of ra­
dioactive catecholamine precursors and the rate of decrease of le­
vels after pharmacological blockage of synthesis. 

PROCESSING OF RADIOACTIVE PRECURSORS 

A series of experiments with C57BL/6J male mice aged 12 and 
28 mo showed that there was reduced (20 to 50%)conversion of i.p. 
injected 3H-L-tyrosine or 3H-L-DOPA (dihydroxyphenylalanine) to 
3H-catecholamines (chromatographically purified on Alumina and 
Dowex 50) in the cerebellum, brain stem, hypothalamus and striatum 
(Finch, 1973; Figure 2). Similar impairments in the conversion of 
3H-tyrosine (introduced by intra-ventricular cannula) to catechol­
amines occur in the hypothalamus and striatum of 33 vs 3 mo old 
rats (Ponzio, Nicoletta, and Algeri, 1978). These widely distri­
buted changes are apparently not a consequence of impaired avail­
ability of precursors to the brain because there was no corres­
ponding deficit: (1) of acid soluble 3H in the same brain samples; 
(2) of the incorporatlon of 3H-tyrosine into protein in the same 
brain samples; (3) of the levels of plasma 3H or 3H-L-DOPA injec­
tion (Figure 3) (Finch, 1973); or (4) of the uptake of 3H-tyrosine 
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Figure 2. The effect of age on conversion of 3H-tyrosine and 3H_ 
L-DOPA to catecholamines in the hypothalamus of C57BL/ 
6J male mice. catecholamines were purified by chromato­
graphy on Alumina and Dowex (Finch, 1973). 
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Figure 3. PZasma radioactivity after injection of 3H-L-DOPA (0.75 
mg/100 g body weight). 3H- L- DOPA was determined by chro­
matography on AZumina (Finch~ 1973). 

or 3H-L-DOPA in vitro by slices of the hypothalamus or striatum 
(Finch~ Jonec~ Hody~ WaZker~ Morton-Smith~ AZper~ Dougher~ 1975). 

A study of 9 and 24 mo old male rats (Sprague-Dawley origin) 
showed small-age-related reductions in basal levels of L-DOPA and 
5-HTP (5-hydroxytryptophan) in whole brain (cerebral hemispheres 
plus cerebellum); after electroconvulsive shock, L-DOPA was eleva­
ted to a significantly lesser degree in the 24 mo old rats (McNa­
mara~ MiZZer~ Benignus and Davis~ 1977). There were no age-related 
differences in 5-HTP, tyrosine, or tryptophan levels. The results 
of this study, using an entirely different paradigm and a different 
species, appear to be consistent with our observations of impaired 
metabolism of 3H-tyrosine and 3H-L-DOPA in aging mice. In view of 
the region-specific alterations of catecholamines levels during ag­
ing, the extensive changes in precursor metabolism observed by us 
(Finch~ 1973) and others (McNamara et. aZ.~ 1977; Ponzio et aZ.~ 
1978) are surprising. Impairments of energy metabolism in the 
C57BL/6J mouse brain were found during ischaemia (FerendeZZi~ 
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Figure 4. 
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Turnover of 3H- NE in the hypothalamus after injection 
with 3H-L-DOPA (see Figure 3) and chromatography on 
Alumina and Dowex. Half-life ± 95% confidence intervals 
in minutes were: 122 ± 82 (mature) 3 315 ± 106 (senes­
cent). A second experiment gave a similar age-differ­
ence (Finch3 1973). 

Sedgwick and Suntzeff3 1971; Maker3 Lehrer3 Silides and Weiss3 19?3). 
Such changes, whatever their causes, by possibly limiting biosynthe­
tic reserves during stress or physiological demand, could account 
for smaller increases of L-DOPA in aging rats following electrocon­
vulsive shock (McNamara et al. 3 1977). 

Because there were no apparent age differences between 12 and 
28 mo old mice in plasma 3H-L-DOPA levels 25 to 350 min after i.p. 
injection, the turnover of 3H-catecholamines was compared during 
this time. There was slowed turnover of 3H-norepinephrine in the 
hypothalamus (Figure 4) based on measurements at three time points 
(30, 150 and 350 min). Similarly, turnover of 3H-dopamine in the 
striatum was slowed by 30% (Finch3 1973). Compartments with fast 
turnover would not have been detected. In general, these results 
are consistent with the reduced conversion of precursors to cate­
cholamines: assuming the steady stat~, reduced conversion of pre­
cursors to catecholamines should be associated with reduced turn­
over of the labelled catecholamine stores. 

BLOCKADE OF SYNTHESIS 

The tyrosine analogue, a-methyl-p-tyrosine, causes transient 
in vivo inhibition of catecholamine synthesis by inhibiting tyro­
sine hydroxylase (Doteuchi et al. 3 1974). This technique, applied 
to 3 to 4 and 21 mo old male Wistar rats, confirmed the trend for 
slowed turnover detected by processing of radioactive catechol-
amine precursors. Based on 1 time point after injection of a-methyl-



AGE-RELATED CHANGES IN BRAIN CATECHOLAMINES 23 

p-tyrosine, the turnover of hypothalamic dopamine and norepinephrine 
was slowed by about 30% (Simpkins~ Mueller~ Huang and Meites~ 1977). 

SYNAPTOSOMAL UPTAKE 

A key control over catecholamine action at the synapse is the 
reuptake mechanism: it is widely held that there are presynaptic 
uptake mechanisms in the brain which appear to be analogous to 
those operating peripherally (Iverson and Glowinski~ 1966). Pre­
parations of synaptosomes ("pinched-off nerve endings") show some 
degree of regional specificity (Snyder and Coyle~ 1969; Shaskan 
and Snyder~ 1970). Using crude synaptosomes, we found indications 
of selective impairments with aging (Jonec and Finch~ 1975). In 
the hypothalamus, dopamine uptake was impaired by age by ca. 30%, 
whereas uptake of norepinephrine, serotonin and tyrosine was unal­
tered. No age changes in DA leakage from synaptosomes were found 
which could account for the reduced accumulation of DA observed. 
Sun (1976) also reports that norepinephrine uptake by synaptosomes 
from the cerebral cortex of C57BL/6J mice is not impaired with age. 
The selective impairment of dopamine uptake, taken together with 
the selective reduction of dopamine, could be accounted for by a 
loss of presynaptic, dopaminergic terminals (discussed below). 

Age-related changes in forebrain synaptosomal properties were 
recently described for 2 vs 12 mo old mice: uptake of dopamine, 
norepinephrine and choline were less, whereas leakage of these 
substances was greater; no age differences in GABA uptake or leak­
age were found (Haycock~ White~ McGaugh~ and Cotman~ 1977). Be­
cause the oldest mice in this study were equivalent to the youngest 
mice in our study, it is difficult to make a general conclusion, be­
yond the important fact that impairments were selective in both 
cases. 

DOPAMINE ACTIVATED ADENYL CYCLASE 

The ability of dopamine to "activate" adenyl cyclase (1.5-2x 
increases of cAMP levels) in striatal slices or homogenates has re­
ceived particular attention, because this effect is blocked at low 
concentration by some dopamine antagonists, e.g. neuroleptics such 
as butyrophenones or phenothiazines. Aging appears to significant­
ly impair the dopamine-activated adenyl cyclase in the striatum of 
rats (Walker and Boas-Walker~ 1973; Puri and Volicer~ 1976; Govoni~ 
Lodob~ Spano and Trabuchi~ 1977; Schmidt and Thornberry~ 1978) and 
rabbits (Makman~ et al.~ this symp.). There was no alteration of 
basal cAMP in the striatum (Puri and Volicer~ 1976; Schmidt and 
Thornberry~ 1978). In contrast, the DA activated cyclase in the 
retina shows no age-related impairments in rats (Govoni~ et al.~ 
1977) and rabbits (Makman et al.~ this symp.). If these findings 
are physiologically relevant, they could imply impaired effectiveness 
of the synaptic action of dopamine, e.g. a decoupling or desensiti­
zation of dopamine receptors and their interactions with adenyl cy­
clase. 
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DOPAMINE RECEPTORS 

Recent availability of high specific activity tritiated dopa­
mine agonists (3H-apomorphine) and antagonists (3H-haloperidol, and 
3H-spiroperidol) have produced a new research area: characteriza­
tion of membrane bound dopaminergic receptors. As in the case of 
the dopamine-activated adenyl cyclase, the relationships of the 
drug binding sites measured in vitro to dopaminergic functions in 
vivo are not yet clear. However, the rankings of drugs for clini­
cally effective doses and their rankings as competitors of binding 
in vitro are intriguingly similar (Creese3 Burt and Snyder3 1976; 
Seeman3 Lee3 Chau-Wong and Wong3 1976). In the striatum, there is 
evidence for DA receptor types which are presynaptic (e.g. Nagy 3 

Lee3 Seeman and Fibiger3 1978) as well as postsynaptic (Schwarcz3 
Creese3 Coyle and Snyder3 1978). 

Significant age-related decreases in the levels of specific 
3H-spiroperidol binding to membrane preparations from the striatum 
and hypothalamus have been detected, e.g. ca. 40% decreases in the 
number of specific binding sites (Bmax) in striatal membrances of 
3, 8 and 28 mo old C57BL/6J mice (Severs en and Finch3 in prep.) 
and in striatal and hypothalamic preparations of the 5 mo and 60 
mo old rabbit (Makman et al. 3 this symp.). No changes in the affin­
ity constant, dissociation rate, or stereospecificity of spiroperi­
dol binding were observed. It is intriguing that the loss of spiro­
peridol binding is progressive during the adult lifespan. Such con­
tinuous changes support the existence of neurochemical aging pro­
cesses, as distinct from abrupt changes, which might be difficult 
to dissociate from consequences of age-related diseases. 

ORIGINS OF CHANGES IN CATECHOLAMINE REGULATION 

DENERVATION OR NEURONAL LOSS 

Neuronal loss has long been emphasized to underlie aging phe­
nomena in the brain. With greater recent attention given to the 
incidence of major pathological lesions (e.g. stroke in the speci­
mens studied), the present evidence suggests that neuronal loss is 
selective: brain regions or nerve tracts in which neuronal loss 
is < 15% are illustrated in Table 1. Although data are yet quite 
limited, trends for age-related loss of neurones have been detected 
in the substantia nigra (McGeer3 this symp.) and locus coeruleus 
(BrodY3 1976) in humans. If validated by further observations, 
loss of neurones in the substantia nigra could contribute to stria­
tal dopaminergic aging, whereas loss of neurones in the locus coeru­
leus could contribute to aging of noradrenergic functions in many 
parts of the brain (Swanson and Hartman3 1976). We are surveying 
the extent of neuronal loss during aging in the arcuate nucleus in 
male C57BL/6J mice: by ordinary histological procedures, there was 
no loss of neurones (large cresyl violet stained cells) within a 
margin of 10% between groups of mice aged 12 and 28 mo {Felicio 
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TABLE 3. COMPARISON BETWEEN STRIATAL CHANGES DURING AGING AND THE 
ACUTE EFFECTS OF NIGRO-STRIATAL LESIONS IN YOUNG RODENTS 

Dopamine levels 

Tyrosine hydroxylase 

Synaptosomal uptake 
of DA 

Dopamine Receptors 
(Haloperidol, spiro­
peridol binding) 

AGING ACUTE EFFECTS OF 
NIGRO-STRIATAL LESIONS 

+ humans, rat 6 ,7 

mouse (?)7 
+ mouse 9 

Conversion of 3H-tyrosine 2 DA 
Total 3H- DA + mouse 14 

Specific Activity + mouse 14 

Turnover of 3H- DA + mouse 14 

Adenyl Cyclase 
(DA- activated) 

+ rabbit 12 
+ rat I6 ,17,18,19 

The arrows indicate the direction of change. 
1 Carlsson and Winblad, 1976 11 Severson and Finch, in prep. 
2 Riederer and Wuketich, 1976 12 Hakman et al., this symp. 

Finch, 1973 13 Creese et al., 1977 
4 Agid et al., 1973 14 Finch, 1973 

McGeer and HcGeer, 1976 1 S Agid et al., 1973 
6 McGeer et al., 1971 16 Walker and Boas-Walker, 1973 
7 Reis et al., 1977 17 Puri and Volicer, 1976 
8 Agid et al., 1973 18 Govoni et al., 1977 

Jonec and Finch, 1975 19 Schmidt and Thornberry, 1978 
10 Kato et al., 1978 20 Von Voigtlander et al., 1973 

21 Mishra et al., 1974 

and Finch, unpublished obgervations}. At this early stage of anal­
ysis, we can only say that there is no evidence for gross neuronal 
loss in the mouse arcuate during aging: the fate of dopaminergic 
cells in the arcuate (a minority of the total neuronal population) 
remains unknown. Given the observed losses of dopamine (about 30%) 
in the median eminence (see above) it will be of great interest to 
learn if there are corresponding losses of dopaminergic cell bodies. 

It is of interest to compare the various types of age changes 
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reported to the effects of experimental denervation in young rodents. 
Although most studies employing chemical lesions (6-hydroxydopa­
mine), electrolytic lesions, or sur~ical lesions causing denervation 
by neuronal death are short term relative to aging, there are clear 
distinctions between the effects of aging, and denervation which 
suggest that quite different mechanism are involved in aging. The 
best detailed system for comparison between aging and denervation 
is the nigro-striatal pathway. The available information is sum­
marized in Table 3. The major apparent differences are that (1) 
dopamine synthesis and turnover is slowed with age (above section), 
whereas dopamine synthesis is accelerated after "denervation" by 
nigro-striatal lesions (Agid~ Javoy and Glowinski~ 1973)~ (2) 
binding of butyrophenones (3H-haloperidol, 3H-spiroperidol) by 
striatal membranes (an assay for postsynaptic dopamine receptors) 
is reduced with age, whereas it is increased after "denervation" 
(Creese~ Burt and Snyder~ 1977) and (3) dopamine-activated adenyl 
cyclase is impaired with age, whereas it is probably increased 
after denervation (Von Voigtlander~ Boukma and Johnson~ 1973; 
Mishra~ Gradner~ Katzman and Makman~ 1974). 

Taken together, the available information argues that some 
phenomena of striatal aging do not conform to the acute effects 
of nigro-striatal denervation. Several major alternatives may be 
considered as mechanisms of aging, in addition to nigral neurone 
loss. (1) There may be a loss of intra-striatal neurones e.g. the 
kainic acid-induced destruction of striatal interneurones reduces 
dopamine-activated adenyl cyclase, 3 H-haloperidol binding, glutam­
ic acid decarboxylase and choline acetyl transferase activity (Sch­
warcz et al.~ 1978) in parallel with the aging trend. Moreover, 
striatal glutamic acid decarboxylase shows age-related decreases 
in humans of both sexes (McGeer and McGeer~ 1976) but may not in 
rats (McGeer~ Fihiger~ McGeer and Wickson~ 1971). (2) Most dener­
vation or lesion studies are acute (1 to 30 weeks), which is short 
by comparison with the laboratory rodent lifespan. Possibly, a 
slow denervation process, continuing over a period of 1 to 2 years, 
has very different effects than does an acute denervation process. 
(3) Additional caveats include the fact that the evidence in Table 
3 is drawn from many sources, not all of which concur (e.g. the 
evidence for changes in tyrosine hydroxylase); the number of vari­
ables in these studies is probably large, extending beyond vari­
tions in experimental protocol to matters of animal husbandry, gen­
etic differences, etc. 

LOSS OF SYNAPSES 

Loss of synapses during aging is observed by the Golgi techni­
que in a number of loci including the cerebral cortex of the rat 
(Feldman and Dowd~ 1975; Feldman~ 1976) and human (Scheihel~ Lind­
sey~ Tomiyasu and Scheihel~ 1975)~ whereas losses were not observed 
by electron microscopy in human cerebral cortex (Cragg~ 1975). 
Significant losses observed by electron microscopy occur in the 
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dentate gyrus (molecular layer) of aging rats (Bondareff and Gein­
isman, 1976; Geinisman and Bondareff, 1976). Synaptic loss could 
account for the decrease of tyrosine hydroxylase, dopamine, and 
decreased synaptosomal uptake of dopamine in the nigro-striatal 
projections. Although present ignorance on how synaptic number is 
regulated in the adult precludes any detailed speculation, it is 
possible that changes in axonal flow with age (e.g. Geinisman, 
Bondareff and Tesler, 1977) could underlie changes at the synaptic 
level. 

DO GENERALIZED U1PAIRl1ENTS OF HACROHOLECULAR BIOSYNTHESIS EXIST? 

Recent studies argue against the possibility of general age­
related changes in brain macromolecular biosynthesis. For example, 
l-dimensional gel-electrophoresis studies of the major polypeptides 
from such brain regions as the hippocampus, hypothalamus, cerebel­
lum, cerebral cortex etc. revealed few quantitative changes and no 
qualitative ones (Gordon and Finch, 1974; Vaughan and Calvin, 1977). 
However, such studies detect at best 100 different polypeptides, 
which is less than 1% of the number present in the brain predicted 
from messenger RNA complexity (Bantle and Hahn, 1976). Characteri­
zation of whole brain RNA by RNA-driven hybridization reactions to 
nonrepetitive DNA sequence has not revealed any age differences in 
the yield complexity and sequence representation of nuclear poly-
(A) RNA or polysomal poly(A)RNA (Colman, Osterburn, Kaplan, and 
Finch, unpublished observations), of male Fischer 344 and Sprague­
Dawley rats aged 2-32 mo. It appears that the adult pattern of 
transcription is maintained throughout the rat lifespan in most 
brain cells. These studies appear to rule out a generalized genomic 
catastrophy as a major event of aging: if transcription is impaired, 
the extent of impairment is less than 10% of the total genes trans­
cribed in the young rat brain. Although such a change would still 
involve an enormous number of different genes (perhaps thousands), 
the emerging picture is quite different from that suggested by the 
various eFror theories of aging (reviewed in Strehler, 1977). It 
is my view that, if alterations in biosynthesis occur with age in 
the brain, they will be selective: the decreases of striatal RNA 
in the mouse (Chaconas and Finch, 1973) and rat (Shaskan, 1977) 
contrast with the absence of change in other brain regions. 

NEUROENDOCRINE FEEDBACK AND NUTRITIONAL INFLUENCES 

Mechanisms distinctly different from cell death or synaptic 
loss may underlie some neurotransmitter changes. The sensitivity 
of hypothalamic monoamine metabolism to blood hormone levels is 
well documented: gonadal (Anton-Tay, Anton and Wurtman, 1970; 
Chiocchio, Negro-Vilar and Tramizzani, 1976; Lofstrom, 1977; Luine 
and McEwen, 1977); thyroid (Engstrom, Svensson and Waldeck, 1974; 
Jacoby, MUeller and Wurtman, 1975). It is thus possible that some 
monoamine changes represent a response to altered hormone regula-
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tion (levels or temporal pattern of secretion). Hilkes (in this 
volume) has found that elevated dopamine in the median eminence of 
the 24 mo old, constant-estrous, Long-Evans rat is reduced by ov­
ariectomy, thus suggesting that constantly elevated plasma estra­
diol is involved. In the case of aging changes reported above in 
male C57BL/6J mice, the absence of detectible changes in the dis­
tribution of plasma testosterone values (Nelson et al., 1975; 
Finch et al., 1977) minimizes the possibility that changes of test­
osterone are the cause of the hypothalamic catecholamine alterations. 
Many possible endocrine alterations remain to be considered in this 
context, e.g. thyroid, adrenal cortex etc. Another group of poss­
ible factors includes influences of diet on neurotransmitters (Hut­
son, Knott and Curzon, 1976; WUrtman and Fernstrom, 1976; Gibson 
and WUrtman, 1977). Even though an older mammal may not show 
changes in body weight, the reduced caloric intake reported during 
aging could alter the plasma amino acid profile (levels and diurnal 
changes) and, in turn, could alter brain monoamine metabolism. 

IMPLICATIONS 

RELATIONSHIP TO THE LOSS OF OVARIAN CYCLES 

The deficits in hypothalamic catecholamine metabolism may be 
factors in some endocrine alterations of aging. The case is best 
made for the loss of regular ovarian (estrous or menstrual) cycles. 
In most laboratory rodents and women, regular ovarian cycles and 
fertility are lost during midlife (Finch, 1976 and 1978). A variety 
of agents, including the dopaminergic agonists L-DOPA, lergotrile 
and iproniazid, have the intriguing ability to reactivate ovarian 
hormonal (and probably ovulatory) cycles in rats (Clemens, Ameno­
mori, Jenkins and Meites, 1969; Huang and Meites, 1975; Clemens 
and Bennett, 1976; Linnoila and Cooper, 1976; reviewed in Finch, 
1978). Clinical reports of postmenopausal women taking L-DOPA for 
Parkinson's disease (who showed periodic uterine bleeding) (Ansel, 
1970; Kruse-Larsen and Garde, 1971; Wajsbort, 1972) suggest that 
ovarian reactivation may also occur in humans. The dose effective 
in rats (100 to 200 mg daily s.c.) is equivalent to 10 to 15 gm in 
human adults; this dose is larger than generally given orally to 
parkinsonians. These studies led to the hypothesis that the dopa­
minergic drugs act by compensating for age-related deficits in hy­
pothalamic catecholamines (Quadri, Kledzik and Meites, 1973; Finch, 
1973). Although age-related reductions of hypothalamic catechol­
amine levels and turnover described here are consistent with this 
hypothesis, other diverse agents including progesterone (Everett, 
1940), ACTH and ether stress (Huang and Meites, 1975) also can re­
initiate cycles. It is at least clear that ovarian oocyte deple­
tion (reviewed in Talbert, 1977) is not the only factor in the loss 
of ovarian cyclicity during aging. 

Although the explanation that dopaminergic drugs reactivate 
ovarian cycles by temporarily compensating for central catecholamine 
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deficiences, it can not be ruled out that other actions are invol­
ved: e.g. via the rich sympathetic innervation of the female repro­
ductive tract (Marshall~ 1973; Bahr~ Kao and Nalbandov~ 1974)~ or 
via adrenal steroids, such as progesterone. Further exacting ex­
periments are required to show if the age-related deficiency of 
hypothalamic catecholamines is the cause of the loss of cycles. A 
report that peripheral blockers of DOPA decarboxylase (MK-486 or 
Ro 4-4602) do not prevent L-DOPA from reactivating estrous cycles 
in aging rats (Linnoila and Cooper~ 1976) supports the hypothesis 
of a central action of L-DOPA in reactivating estrous cycles. 

It is pertinent that the decreases of hypothalamic catechol­
amines (20-30%) observed in the aging C57BL/6J male mouse occur 
without any detectable impairment of gonadal function [plasma test­
osterone, testicular weight, response of testes to LH in vivo~ 
plasma LH, FSH, prolactin and TSH] are all unaltered in 28 mo old 
C57BL/6J mice (Finch et al.~ 1977). Thus, reductions of hypothal­
amic catecholamine levels or turnover are not always correlated 
with gross deficiencies of hypothalamic and pituitary functioning. 
Similarly, massive (70 to 80%) deficiencies of striatal dopamine 
may occur in some Parkinson's subjects without major extra-pyramidal 
signs (Bernheimer~ Birkmayer~ Hornykiewicz~ Jellinger and Seitel­
berger~ 1973). Nonetheless, deficits of neurotransmitters could 
impair the mechanism of the preovulatory surge of releasing hormones 
and gonadotropins without altering the basal (tonic) output of the 
same hormones. 

SLEEP AND BIORHYTHMS 

The organization of sleeping-waking activity during the 24 hr 
(day-night) cycle is altered progressively during normal aging in 
humans (Feinburg~ 1976) and rodents (Richter~ 1922; Pittendrigh and 
Daan~ 1974). The extensive studies of Feinburg and colleagues show 
that the number of spontaneous awakenings and time spent awake in 
bed is positively correlated with age in adults; additionally, 
there is a 50% decrease during adult life in the total duration of 
stage 4 or slow wave sleep (the deepest stage with respect to the 
threshold for arousal). There are also possible relationships be­
tween the extent of sleep disturbance in older subjects and cogni­
tive functions (reviewed in Feinburg~ 1976). 

The possible role of age-related changes in neurotransmitters 
in the changes of sleep is suggested by many observations in the 
relationships of monoamine functions to the organization of sleep 
phases in animal models (Jouvet~ 1969; Putkonen~ 1974; Rubin~ 
Poland~ Ruben and Gouin~ 1974). For example, impairment of sero­
tonergic functions by lesions in the raphe (Jouvet~ 1969) or by 
inhibition of serotonin synthesis with p-chlorophenylalanine lead 
to decreased slow wave sleep and insomnia. It would be of obvious 
interest to know if brain stem serotonin is also reduced in the 
normal aging human, as in the aging rat (Meek~ Bertilsson~ Cheney~ 

Zsilla and Costa~ 1977). 
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A role of norepinephrine, dopamine and acetylcholine contain­
ing nerves has also been inferred in the regulation of sleep 
(Kovacevic and Radulovacki, 1976). The possible loss of locus 
coeruleus neurones (noradrenergic) during human aging (Brody, 1976) 
may be an important factor in sleep changes. The role of neuro­
transmitters in age-related changes of sleep organization is still 
highly speculative. 

AGING AND NEUROLOGICAL DISEASES 

Alzheimer's disease (senile dementia) disease and Parkinson's 
disease are now identified with major changes in neurotransmitter 
functions (reviewed in Barbeau; Carlsson; and Davies, in this vol­
ume). It is of interest to consider similarities and differences 
between these diseases and the age-related trends which are emerg­
ing. For example, Parkinson's disease is associated with massive 
deterioration of the nigro-striatal dopamine systems, whereas rela­
tively smaller changes occur during normal aging. The possibility 
that Parkinson's disease may represent exaggerated or accelerated 
aging of dopaminergic function has been commented on (Barbeau, 
1962; Barbeau, in press; Finch, 1973). However, in addition to 
major dopaminergic impairments, Parkinson's disease may also be 
associated with major reduction of striatal glutamic acid decarbox­
ylase (McGeer and McGeer, 1976), whereas striatal glutamic acid de­
carboxylase may be decreased to a lesser extent during aging in 
normal humans (McGeer and McGeer, 1976). Data of Schwarcz et al. 
(1978) could implicate alterations in the intrinsic striatal neu­
rones (with glutamic acid decarboxylase) during Parkinson's disease, 
as well as in normal aging. Because some of the same striatal bio­
chemical changes during aging are found to a greater degree during 
adult forms of Huntington's disease, it may be speculated that the 
onset of this disease in the 4th and 5th decade involves an accel­
eration of striatal aging changes. 

The changes in choline acetyl transferase (CAT) found in the 
cerebral cortex during Alzheimer's disease also occur to a lesser 
degree during normal human aging (Davies, 5th vol.). The extent of 
CAT loss during normal aging is apparently similar to the loss of 
dopamine during normal aging. Possibly, there are common events of 
aging which underlie functions in the cholinergic, GABA-ergic, and 
dopaminergic systems, and in the transitions which may occur during 
Parkinson's, Huntington's and Alzheimer's diseases. A secure pic­
ture of comparative striatal changes during aging and age-related 
neurological disease will require more samples by one or more or­
ders of magnitude: various subgroups may become apparent with con­
current measurements of a battery of morphological and neurochemi­
cal parameters. 

CONCLUSION 

The evidence that impairments of monoaminergic mechanisms occur 
as a part of the normal aging process is derived from more than 10 
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laboratories. It is now plausible to consider that changes such 
as those in striatal dopaminergic function are a genetically pro­
gramed feature of aging in short- and long-lived mammals. The 
major issues ahead involve the extent of localization of these 
changes in particular neural systems, the role of neuronal loss in 
initiating or driving these changes of aging, and the relationships 
of changes in neurotransmitter regulation to the physiological and 
pathologicalchanges of age-related disease, including Parkinson's, 
Huntington's and Alzheimer's disease. 
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INTRODUCTION 

The aging process is accompanied by substantial alterations 
in physiological function. Decreased total motor activity, declin­
ing mental acuity and altered endocrine performance are among the 
obvious changes that take place. Within the brain, lipofuscin 
deposits accumulate and the total weight tends to shrink. 

It might be anticipated that these gross cellular changes, as 
well as the obvious changes in neurological function,might be cor­
related with biochemical measures. Neurotransmitter agents,or the 
enzymes concerned with their synthesis,are potential indices of 
such change because they are "markers" for specific neurons and 
because they reflect something of the state of interneuronal com­
munication. For example, the specific cell losses in the substantia 
nigra in Parkinson's disease can be correlated with drops in dopa­
mine and its synthetic enzymes tyrosine hydroxylase (TH) and dopa 
decarboxylase (DDC). Similarly, neuronal losses in the basal gang­
lia in Huntington's chorea can be correlated with losses in cholin­
acetyltransferase (CAT); GABA, and its synthetic enzyme glutamic 
acid decarboxylase (GAD); and Substance P. 

If neuronal losses of either a specific or general nature 
occur during the aging process, then it would be reasonable to 
anticipate that such losses could be detected by appropriate mea­
surement of neurotransmitter amines and/or their synthetic enzymes. 
Similarly, any concentration or enhancement of these materials as 
an adaptation to the aging process should also be detectable by 
these techniques. In this chapter we will review some of the 
literature, with particular reference to our own study of brain 
enzyme acitivities in a series of 28 humans dying from accidents or 
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in hospital from non-neurological illness. We also describe 
comparable, results obtained with Wistar rats up to the elderly rat 
age of 30 months. The synthetic enzymes rather than the amines 
themselves were chosen for study because they can be measured re­
liably on small tissue samples and because they seem somewhat less 
subject to postmortem changes. 

STUDIES IN RATS 

A. THE EFFECT OF POSTMORTEM DELAY 

The time from death to autopsy varies considerably in human 
cases. It is an uncontrollable factor which would conceivably 
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mask any premortem changes associated with age or other factors. 
As one approach to judging the importance of postmortem delay, we 
have carried out studies on rats, waiting for different periods of 
time between sacrifice and enzyme measurement. Figure I shows the 
decrement in synthetic enzyme levels with postmortem delay for GABA, 
acetylcholine and catecholamine neuronal systems. Also shown are 
the decrements in acetylcholinesterase (AChE) and total protein, 
and the increase in tyrosine. Inspection of the figure shows the 
anticipated more rapid decline in enzymes when the animals are left 
at room temperature (dotted lines) as opposed to 4°C (solid lines). 
There is a fairly rapid decline in TH, DDC and GAD. CAT declines 
much more slowly and, at 4°C the decrement is scarcely noticeable 
over a period of 8 hours. There is a slow decline in protein 
probably due to hydrolysis which could also account for the increase 
in level of the free amino acid tyrosine. 

These data indicate that postmortem delay can certainly not 
be ignored in human studies, but that the effects are not so extreme 
as to vitiate a carefully executed study, particularly if some 
record is kept of the speed with which the autopsy is performed in 
a given case. Experience in several laboratories has indicated, 
in fact, that postmortem delays of 2-48 hours have little signifi­
cant effect upon the results (Bird and Iverson3 1974; Grote3 Moses3 
Robins3 Hudgens and Croninger3 1974; McGeer and McGeer3 1976b). 

A more obvious contributing factor to scatter in normal human 
data appears to be the immediate premortem condition of the patient. 
Studies performed in our laboratory (McGeer and McGeer, 1976b) 
suggest that a state of coma prior to death. particularly if the 
patient has been supported by an artificial respirator, can lead 
to very major declines in"many enzyme levels, thereby rendering the 
data almost valueless. 

B. CHANGES IN ENZYME LEVELS IN NEONATAL RATS 

Figure 2 shows the postnatal development of rat striatal TH 
and CAT. As can be seen from the figure, TH at 5 days of age is 
less than 30% of the adult level. It rises progressively, achieving 
adult levels by approximately 20 days. The TH in the striatum is, 
of course, largely contained in dopaminergic nerve endings. Cell 
bodies lie in the substantia nigra. Brainstem TH does not show a 
similar pattern of postnatal increase. Instead, it remains rela­
tively constant, no doubt reflecting the fact that the cell bodies 
are not dividing in the postnatal period (McGeer, Gibson, Wada and 
McGeer, 1967; McGeer, Parkinson and McGeer, 1976). The increase in 
the striatum, on the other hand, reflects the proliferation of 
nerve endings in the 5-20 day period (McGeer, Fibiger and Wickson, 
1971). 

TH increases in the striatum precede those in CAT. where there 
is a sharp increase between the 10th and 20th day postmortem. This 
is the time of greatest synaptogenesis in the striatum {Hattori 
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Figure 2. Choline acetyltransferase (choline acetylase, CAT) and 
tyrosine hydroxylase activities in neonatal rat caudate/ 
putamen as a function of age. 

and McGeer, 1973). It has been shown that dopaminergic nerve 
endings make contact with cholinergic dendritic spines in the 
striatum (Hattori, Singh, McGeer and McGeer, 1976). The develop­
mental data suggest that dopaminergic nerve endings are forming 
prior to the elaboration of the cholinergic dendritic spines which 
receive them. 

Similar neonatal changes in striatal TH and CAT have been 
observed by Coyle and Campochiaro (1976) in the rat. Parallel 
changes in dopamine in the neonatal period in the striatum have 
also been found in the rat (Lindblatt and Carlsson, this volwne) 
and in the rabbit (Tennyson, Barrett, Cohen, Cote, Heikkila and 
Mytilineou, 1973). In the latter case, the increases in dopamine 
levels and fluorescence have been shown to parallel synaptogenesis 
as seen by electron microscopy. 

GAD activity in the striatum shows a slightly less marked in­
crease than TH or CAT in the neonatal period and an almost identi­
cal pattl~rn was found in the interpeduncular nucleus - ventral 
tegmental area (Figure 3). This contrasts with the diverse deve­
lopmental patterns of TH which shows, as previously mentioned, a 
much more marked increase in terminal areas, such as the striatum, 
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Figure 3. Mean enzyme activity as percentage of 30-day levels in 
rat neostriatum (s) and interpeduncular nucleus-ventral 
tegmentum area (0) plotted as a function of age, with 
calculated lines of linear correlation for striatum (---) 
and interpeduncular nucleus-ventral tegmentum area (--­
if significant; ... if nonsignificant). The two lines 
for glutamic acid decarboxylase did not differ signifi­
cantly one from the other. 

than in cell body areas such as the ventral tegmentum (McGeer et 
al., 1976). 

C. CHANGES IN ENZYME LEVELS IN SENESCENT RATS 

The level of TH in the whole brain, minus the striata and 
cerebellum, of Wistar rats is plotted against age in Figure 4. 
GAD, CAT and acetylcholinesterase (AChE) activities in the same 
brains showed rather similar trends with a peak activity at 7-15 
months. Single factor analysis of variance of these data indicated 
no significant change across age for any of these enzymes in these 
samples (McGeer, Fibiger, McGeer and Wickson, 1971). 

In the same study, however, a significant change with age 
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was found for TH, CAT and GAD in the striata (Figure 5). AChE 
activity was not significantly correlated with age even in the 
striata. It: is clear that the change with age is most marked for 
TH. 

Similar thou~h less marked declines were noted in the TH acti­
vity of the caudate nucleus and olfactory tubercle in F 334 rats 
by Reis, Ross and Joh (1977). These authors also found a small 
elevation in the activity of TH and a small reduction in DBH activity 
in the hypothalamus, a region containing both dopaminergic and nor­
adrenergic terminals. There vIas no change in the activities of TH 
or DBH in the locus coeruleus or hippocampus which also are asso­
ciated with noradrenergic neurons. These authors found no signi­
ficant age changes in any of the enzymes in mice. ~cNamara, Miller, 
Benignus and Davis (1977) report data indicating less synthesis of 
dopa in 24 month old than in 9 month old rats and Algeri, Bonati, 
Brunello and Ponzio (7977) found a substantial decline in TH activity 
in the striatum, cortex, diencep'1alon and brainstem between 3 month 
and 30 month old Wistar rats. In the latter study, there was an 
increase in the activity of dihydropteridine reductase, an enzyme 
associated with the co-factor essential for catecholamine synthesis. 
Finch and his colleagues have reported extensive data indicating de­
creased dopaminergic activity in the brains of senescent mice (Finch, 
1973 and 1977; Janee and ~Finch, 1975). They have considered that 
this decrease may have important interrelations with endocrine chan­
ges in aging. Various other laboratories have reported findings of 
decreased catecholaminergic activity in aged rats and some have 
similarly tried to involve changes in endocrine function (Clemens 
and Bennett, 1977; Simpkins, Mueller, Huang and Meites, 1977; 
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Figure 5. Tyrosine hydroxylase (TH), choline acetyltransferase 
(CAT) and glutamic acid decarboxylase (GAD) activities 
in rat neostriata as a function of age. 

Miller, Shaar and Reigle, 1976; Sun, 1976). 
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These data generally support the concept of declining cate­
cholamine activity in the brain of aging rodents with dopaminergic 
systems being more vulnerable than noradrenergic ones. 

Losses with respect to cholinergic systems are of a more 
modest nature and are, therefore, of more questionable significance. 
Frolkis, Bezrukov, Duplenko, Shchegoleva, Shevtchuk and Verkhratsky 
(1973) report decreased activity of both CAT and AChE with age, 
while Meek, Bertilsson, Cheney, Zsilla and Costa (1977) indicate 
significant losses in the cholinergic system are restricted to the 
caudate nucleus. Hollander and Barrows (1968) found a minimal 
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decrement from 3-24 months in forebrain (17%) and cerebral cortex 
(10%) AChE; while Kaur and Kanungo (1970) report a loss of about 
25% in AChE activity in rat cerebral hemisphere from 20-96 weeks. 
The decrease on aging of CAT activity in rat reported by Verhratsky 
(1970) is roughly comparable to the decrease in caudate activity 
indicated in Figure 5. 

Epstein and Barrows (1969) found no significant change with 
age from 2-26 months in GAD activity in the brainstem, cerebellum, 
and prosencephalon. These results are in general accord with our 
finding of no significant correlation with age of GAD in the whole 
brain minus the caudate and cerebellum. The caudate GAD decline 
observed in our study was marginal in nature. 

These data in rats indicate neuronal losses in senescence 
which vary according to the region of the brain and the type of 
neuron. Most vulnerable appears to be tha dopaminergic nigrostria­
tal system. Cholinergic declines are less dramatic but apparently 
detectable while those for GAD are slight and perhaps not of sig­
nificance. 

STUDIES IN HUMANS 

CATECHOLAMINE SYSTEMS 

A sharp decline of TH activity in humans with age was found 
by us in the caudate, putamen and nucleus accumbens (McGeer and 
McGeer, 1976a). It was the most striking example of age related 
enzyme changes found in our entire study. There were, however, 
eleven areas where five or more samples were analysed which showed 
no significant correlation between TH activity and age, although 
the trend always seemed to be downward. These areas were t~e 
hippocampus, anterior perforating substance, septal area, olfactory 
tubercle, anterior globus pallidus, hypothalamus, substantia nigra, 
locus coeruleus and the red nucleus. In view of the rat data on TH, 
and the striking effect in the human neostriatum, it seems likely 
that a significant decline would be found in all areas if a suffi­
cient number of samples were analysed. The decline in TH with age 
is shown in Figure 6 for the caudate nucleus and putamen. The 
decreases were much more rapid for TH than for CAT or GAD. The 
most dramatic declines were between the ages of 5 and 15 when the 
cells in the substantia nigra begin to develop their pigment. Cote 
and Kremzner (1974) report declines with age in TH activity of the 
striatum and substantia nigra, but others (Robinson, Sourkes, Nies, 
Harris, Spector, Bartlett and Kaye, 1977; Grote et al., 1974) have 
found no statistically significant relation between TH and age in 
their series. A number of laboratories have reported significant 
losses in dopamine (Carlsson and Winblad, 1976) and noradrenaline 
(Robinson et al., 1977) with age in human brain tissue although 
Robinson et al. (1977) found no overall pattern for dopemine. 

In view of the dramatic decline in TH levels with age, cell 
counts were carried out on a series of human brains (McGeer, McGeer 
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Figure 6. CalcuZ-ated curves for tyrosine hydroxylase (TH) , choline 
acetyltransferase (CAT) and glutamic acid decarboxylase 
(GAD) in the human caudate and putamen as a function of 
age. The TH in the nucleus accumbens showed a similar 
curve (TH = 22.5 + 466/age, r/or = l4). 

and Suzuki, 1977). The study showed that there was a significant 
decrease in the number of cells with age (Figure 7a). In neonatal 
brains about 400,000 dopaminergic neurons were counted in each 
substantia nigra. By age 60, the number had dropped to about 
250,000. In Parkinson's disease (designated by the symbol p in the 
figure), cell counts ranged from 60,000 to 120,000. The symptoms 
of the disease are due to the loss of substantia nigra cells, but 
obviously many cells can disappear before decompensation occurs. 
The only stigmata may be the shuffling gait and stooped posture. 
often seen in the elderly. The loss in cells seems to be a slow 
and gradual decline, unlike the curvilinear drop seen in TH in the 
neostriatum. The two processes are obviously not directly related. 
It may be that there is a more rapid loss of nerve endings than 
cell bodies, or it may be that there is some kind of adjustment of 
TH levels unrelated to morphological factors. Synthetic enzymes 
such as TH are normally present in considerable excess in neurons. 

Brody (1976) found a similar cell loss of noradrenergic cells 
in the locus coeruleus (Figure 7b). Here the numbers dropped from 
about 19,000 for young people to about 10,000 for people in their 
80s. The calculated lines of regression are significant in both 
the locus coeruleus and the substantia nigra although the rate of 
loss is greater in the substantia nigra. As Brody points out, 
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such losses are not usual, for most brainstem nuclei so far studied 
showed no detectable decrements in cell number. A comparison of 
Figure 7a and 7b suggests that in humans, as in rats, the dopamine 
system seems to be more vulnerable than the noradrenergic one. 



AGING AND NEUROTRANSMITTER SYSTEMS 

.... 
.t: 

.'= 
C 

.Qj 

e 
C-

O> 
E 
0 
S2 
........ 
"0 
E 
c 

L) 
0 
0 

.00 

-

Calculated line 
of regression 

10 .0 30 40 '0 
Age in years 

51 

60 70 .0 '0 

Figure 8. Dopa decarboxylase activity in the putamen as a function 
of age "o(s}" and line of regression are data of McGeer 
and McGeer (1976a) while "x(s}" are data of Lloyd and 
Hornykiewicz (1972). 

DOPA DECARBOXYLASE (DDC) 

As with TH, there were substantial declines of DDC with age 
in many areas (Figure 8), and these were very marked. Only a few 
areas such as the olfactory tubercle, preoptic area, anterior 
globus pallidus and hypothalamus showed no significant decrease of 
DDC with age, but all showed a definite trend. As indicated in 
Figure 8, the variability in DDC activities determined both by 
ourselves (McGeer and McGeer~ 1976a) and by Lloyd and Hornykiewicz 
(1972) seems greater than the variability in TH activity. 

DDC activity is found not only in catecholaminergic neurons 
but also in serotonergic neurons. It is difficult, therefore, to 
draw direct comparisons between changes in DDC activity and cell 
losses in the substantia nigra and locus coeruleus. 

There is a very large excess of DDC in animal brains and pre­
sumably also in young humans so that age related declines in DDC 
are not apt to be as physiologically significant as declines in TH. 
The clinical benefits from dopa therapy in many cases of parkinson­
ism, a condition where DDC activity is abnormally low, support the 
view that the levels of decarboxylase activity even in aged brains 
are probably sufficient for production of the neurotransmitter 
amines. 
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It is worth noting that several groups have reported an in­
crease of MAO activity with age (Cote and Kr>emznep~ 1974; Gpote 
et aZ.~ 1974; Robinson~ 1975; Robinson~ Nies~ Davis~ Bunney~ Davis~ 
CoZbupn~ Boupne~ Shaw and Coppen~ 1972; Samopajski and RoZsten~ 
197:3). Brain MAO is believed to exist in two forms (A and B). 
The picture is therefore rather complicated, and it is not certain 
whether the increase in MAO is related to neurons, glia, or both. 
It helS been pointed out, however, that the presence of increased 
quantities of destroying enzymes, such as MAO, coupled with declin­
ing concentrations of synthetic enzymes such as TH and nnc would 
both work to reduce the amount of catecholamine transmitter avail­
able for physiological action. 

GABANERGIC SYSTEMS 

Glutamic acid decarboxylase (GAD), the enzyme responsible for 
the synthesis of GABA, is widely and rather evenly distributed in 
the grey matter. Of the fifty-six areas in our series where five 
or more samples were available, almost half showed a significant 
decline of GAD with age. The best fit for the data was almost 
always curvilinear indicating a more severe loss in the younger age 
groups (Figure 9). However the areas showing the most significant 
and greatest losses in GAD were not the same as those showing the 
greatest losses in TH or nnc. In general, the thalamic areas 
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showed the greatest declines in GAD, followed by cortical and rhin­
encephalic areas. The basal ganglia showed relatively less decline 
of GAD with age. Perry, Gibson, Blessed, Perry and Tomlinson (1977) 
recently reported data indicating losses of GAD with age in many 
human brain areas. 

CHOLINERGIC SYSTEMS 

Acetylcholine is synthesized by CAT and metabolized by AChE. 
Although CAT is very highly concentrated in the caudate, putamen 
and parts of the limbic system, appreciable activity can be mea­
sured in every area of brain examined. Of those areas where five 
or more samples were available in our series, almost a third showed 
a significant correlation between CAT activity and age. In contrast 
with TH, DDC and GAD, the declines in CAT activity with age were 
particularly notable in cortical areas, while being less in extra­
pyramidal and rhinencephalic structures (Figure 10). Bird and 
Iverson (1974) found no decline of CAT in the putamen with age and 
decline in our series did not reach significance in the putamen 
although it did in the caudate. The decline of CAT with age in the 
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age in various human brain regions. 
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cortex may be related to the dropout of cortical cells reported 
by Brody (1976), since cholinergic cells have been found in the 
cortex by immunohistochemical staining (McGeeY'J McGeeY'J Singh and 
ChaseJ 1974). At this stage that remains a speculation. 

Losses in CAT activity, particularly in the cortex, have been 
reported in Alzheimer's disease and related disorders (BowenJ White J 
FlackJ Smith and DavisonJ 1974; PeY'Y'Y et al' J 1977; SpillaneJ White 
GoodhaY'dYJ FlackJ Bowen and DavisonJ 1973)J as well as in normal 
aging (PeY'Y'Y et al' J 1977; DaviesJ 1978). Muscarinic cholinergic 
receptor binding is reportedly unaffected in Alzheimer's disease 
(Davies and VeY'thJ 1977) suggesting that the deficiency may be 
limited to cholinergic neurons and not cholinoceptive neurons. 

AChE activity generally parallels CAT activity. Somewhat 
fewer regions showed a significant correlation with age in AChE) 
but AChE, like MAO, is present in excess and is not limited to 
neuronal\locations. Hence,it is not as satisfactory an index of 
neuronal vitality as is the synthetic enzyme. 

DISCUSSION 

Mw:::h more obviously needs to be done in defining the particular 
cellular and chemical losses which occur both in normal aging and in 
accelerated aging problems such as senile dementia. Only a few of 
the systems have been investigated so far, and the data are only 
preliminary in nature. 

An even more fundamental question, however, that needs to be 
addressed is why these losses should occur at all. Why do parti­
cular kinds of cells in given regions die or lose their activity? 
There are many possibilities. It could be the gradual accumulation 
of insoluble debris, such as lipofuscin, which impairs the ability 
of the neurons to function. It could be a failure in some growth 
promoting factor or factors such as the nerve growth factor dis­
covered by Levi-Montalcini and Cohen (1960) for peripheral synpathe­
tic neurons and dorsal root ganglian neurons. It could be a de­
clining ability of the axoplasmic transport system to sustain 
activity at nerve endings. It could be damage due to toxins, or 
even slow viruses. Or it could be anyone of a number of other 
factors not suggested in this list. 

Phenomena associated with aging are becoming of increasing 
interest in physiology and medicine. The conquest of specific 
disease processes inevitably leads to a larger percentage of the 
population being affected by age related disorders. In the case 
of aging, there is enormous cost to society of maintaining indivi­
duals 'Nhose mental and neurological capacities have slipped below 
the threshold necessary for independence. Therefore, it might be 
anticipated that there would be great practical benefits accruing 
from further research in this area. 
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INTRODUCTION 

Alterations in the structure of DNA, RNA and protein molecules 
are a well established biochemical manifestation of aging. These 
structural changes were originally detected as alterations in 
physical properties such as stability to heat denaturation or 
changes in intrinsic biological activity. However, these studies 
have not progressed to the point where a specific structural 
alteration of a known type occurring in a macromolecule may be 
held responsible for the decreased functional capacity characteris­
tic of senescence. This latter condition if not surprising in 
view of (1) the tremendous structural complexity and functional 
interdependence of DNA, RNA and protein structures, and (2) the 
difficulty of correlating specific, frequently small, alterations 
in molecular structure with changes in biological and ultimately 
physiological activities. 

Within the current framework of knowledge and analytical 
techniques available for the study of molecular biology, alterations 
in the structure of proteins seem to be the most accessible to 
immediate study. Recent advances in polyacrylamide electrophroesis, 
isoelectric focusing and radioimmunoassay methods in particular 
allow detection of the smallest of perturbations in the fine struc­
ture of proteins. The former methods permit the investigator to 
detect the presence of different forms of a single protein due to 
differences in molecular weight, charge, conformation and in certain 
situations primary sequence. Since proteins are the primary 
expression of genetic information, age-dependent alterations in the 
structure or organization of DNA and RNA should be expressed in at 
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least the quantitative and perhaps qualitative pattern or structural 
nature of the proteins synthesized during aging. The potential 
difficulties inherent in this approach to the problem of aging are 
perhaps best illustrated by an example. Consider a protein X which 
possesses a biological effect or activity Y, and presume that an 
altered form of X,X ' , accumulates during aging. Firstly, does the 
presence of X' result from altered transcription, translation, 
posttranslational or metabolic processes, or some combination of 
these? If altered transcriptional processes are implicated, then 
does the altered protein X' accumulate as a direct consequence, or 
only indirectly through effects of the altered transcription on 
other proteins involved in translation and post translational 
modifications? Secondly, what is the biological activity of the 
altered protein X'? Does X' express new, perhaps deleterious effects, 
and exactly what structural features of X' are responsible for these 
effects? While these questions may seem formidable, the very 
indeterminancy of this approach is its chief advantage, as it 
encourages a mechanistic approach to studies in biochemical aging -
an approach essentially free of experimental bias. Experiments 
to determine the type and nature of the structural modification(s) 
yielding the altered protein would partly determine the organizational 
level at which the altered protein first appeared, e.g., an altera­
tion in the amino acid primary sequence would imply altered trans­
cription or translation. These results would also suggest experi­
ments to determine the mechanism responsible for the appearance of 
the altered protein during senescence. The problem of assessing 
the biological consequences of the altered proteins may be met by 
studying a polypeptide with a highly specific and readily assayable 
biological activity. In this regard, the enzymes and polypeptide 
hormones seem the most appropriate since the activity of these 
proteins are highly sensitive to perturbations in their structure. 

In this article we will present some of our initial experi­
mental results on the presence during aging of altered or "hetero­
geneous" forms of two very different polypeptide hormones; insulin 
and thyrotropin (TSH). Because the complexity and nature of 
structural variability in polypeptide hormones may not be generally 
appreciated, the source and methods of detecting heterogeneous forms 
of polypeptides will be discussed in some detail. In this regard, 
those aspects of polypeptide heterogeneity relating to insulin and 
TSH structure will be particularly emphasized. For a more compre­
hensive discussion of the heterogeneity of other polypeptide hor­
mones, the reader is referred to several reviews of the subject 
(Rabinowitz and Roth, 1974; YaZow, 1974). The evidence for 
alterations in the heterogeneity of insulin and TSH during aging, 
and a discussion of its physiological and clinical significance 
will be presented. Finally, the implications of polypeptide hetero­
geneity with respect to certain current theories of aging will be 
discussed. 
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SOURCES AND DETECTION OF POLYPEPTIDE HETEROGENEITY 

Polypeptide hormones were originally isolated and purified 
by chemical and physical methods which used criteria of biological 
activity to develop separation techniques and assess the purity 
of the hormones obtained. These preparations were, therefore, 
necessarily homogeneous with respect to the form of the hormone 
isolated. With the development of the radioimmunoassay (RIA) 
technique using antisera to purified ACTH and insulin, Berson and 
Yalow demonstrated by gel filtration chromatography that serum 
and glandular tissue extracts contained several hormonal forms 
of apparently different molecular weights (Yalow3 1974). These 
immunologically cross-reactive heterogeneous forms of the polypep­
tide hormones may be due to the presence of one or more of the 
following: (1) high molecular weight biosynthetic precursors; (2) 
high molecular weight (degradative) metabolites; (3) metabolic 
fragments of the polypeptide hormone; (4) structural alterations 
in polypeptide amino acid side chains; and (5) polypeptide 
pleiomorphism. 

Large molecular forms of polypeptide hormones which may 
function as biosynthetic precursors have been identified for 
ACTH (Yalow and Bepson3 1970)3 insulin (Steinep3 Cunningham3 
Spiegelman and Aten3 1967)3 parathyroid hormone (Shepwood3 Rodman 
and Lundbepg3 1970)3 glucagon (Noe and Bauep3 1971)3 gastrin 
(Yalow and Bepson3 1970)3 human placental lactogen (Fpiesen3 
Guyda and Hapdy, 1970)3 calcitonin (Roos, Okano and Deftos3 1974)3 
and growth hormone (Fpiesen et al' 3 1970). There is also partial 
evidence to support the existence of high molecular weight inter­
mediates in the biosynthesis of pituitary glycoproteins such as 
follitropin (FSH) (Reichept and RamseY3 1977)3 lutropin (LH) 
Prentice and Ryan3 1975) and TSH (Klug and Adelman3 1977j Ephapdt 
and Scpiba3 1977). The presence of these precursorial forms of 
the hormones was initially demonstrated by gel filtration chroma­
tography and radioimmunoassay of glandular tissue extracts. More 
recently, cell-free translation of RNA extracts of glandular origin 
has been used to demonstrate these precursors or prohormones and 
previously undetected precursorial forms (Preprohormones) (Yip3 
Hew and Hsu3 1975j Kempep3 HabeneP3 MUlligan3 Potts and Rich3 1974). 
While high molecular weight immunologically cross-reactive forms 
of insulin, growth hormone, and TSH have reportedly been found in 
serum, their identification as biosynthetic precursors normally 
found in glandular tissue extracts is less easily demonstrated, 
as post secretory factors may lead to the formation of species 
with similar behavior. 

Antoniades (1975j1976) found that in the rat intact forms of 
(125 1) growth hormone were converted into high molecular weight 
forms following intravenous injection. Denaturation with 8M urea 
and 2% SDS did not dissociate these immunologically cross-reactive 
species, suggesting that their formation may involve covalent 
binding. When denaturation was combined with sulfitolysis, high 
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molecular weight (125 I ) insulin was reduced to free A- and B­
chains, implying that disulphide binding may be involved. The 
formation of these species reportedly did not occur in serum 
alone. Although their potential significance was not elucidated, 
these previous studies also revealed the existence of immunoreactive 
fragments of the injected radiolabeled hormones. 

Immunochemical heterogeneity of a polypeptide hormone due to 
the presence of peripherally produced metabolites was first demon­
strated for human parathyroid hormone (Berson and Yalow, 1968). 
Early studies of this hormone in plasma could not resolve the 
extent to which this immunochemical heterogeneity was due to the 
presence of peripherally produced metabolites or glandular secretion 
of different hormonal forms. Studies done since, however, utili­
zing radioimmunoassays with antisera with different immunological 
specificities have demonstrated that steady-state plasma concentra­
tions of immunoreactive material probably result form both 
peripheral conversion and glandular secretion of several forms 
of parathyroid hormone (Silver.man and Yalow, 1973j Reiss and 
Canterbury, 1974). The characterization of immunoreactive molecu­
lar species as simply polypeptide hormone or fragments of this 
hormone is not always possible, since the fragments of one hormone 
may be identical to the intact structure of a smaller hormone. 
Consider, for example, the two different melanocyte-expanding 
principles, a- and S-MSH. The peptide chain of a-MSH is identical 
with that of adrenocorticotropin (ACTH) in the N-terminal 13 
amino acid residues. Similarly, the S-MSH sequence is contained 
within the 19 N-terminal amino acid residues of lipotropic hormone 
(y-LPH) (Cretien and Li, 1967). In addition, S-LPH similarly 
contains the sequences for S-endorphin and the enkephalins. The 
possibility that the larger molecules ACTH and S-LPH may serve 
as the biosynthetic precursors for a- and S-MSH, and S-endorphin 
remains to be unequivocally demonstrated. An even larger common 
precursor to both ACTH and S-LPH was recently reported, making 
the relationship between all of the former polypeptide hormones 
very complex (Roberts and Herbert, 1978). Another sort of identity 
crisis may occur for the pituitary glycoprotein hormones TSH, LH 
and FSH. These hormones are composed of two nonidentical non­
covalently bound subunits, a and S. The S subunit confers both 
the biological and immunological specificity; the a subunits of 
these hornlones are very similar, but not necessarily identical 
in structure (Vaitukaitis and Ross, 1974). The separate subunits 
may be secreted separately and recombine such that any type of 
a subunit may recombine with, e.g., a TSH-S subunit to give the 
appropriate TSH biological activity (Pierce, Bahl, Conwell and 
SWaminathan, 1971). 

These previous sources of polypeptide heterogeneity may be 
yet further complicated by pleiomorphism, i.e., multiple forms 
of a single polypeptide hormone which differ in primary sequence. 
The existence in the fish and rat of at least two forms of insulin 
(I and II) is a very good example of this kind of heterogeneity 
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(Smith, 1964). Rat insulins I and II differ by a single noncon­
servative amino acid substitution, a lysine (insulin I) for a 
methionine (insulin II) at position 29 of the B-chain (Clark and 
Steiner, 1969). This nonconservative substitution results in a 
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net charge difference which forms the basis for separation on DEAE 
cellulose. In a situation where a single conservative amino acid 
substitution exists, this pleiomorphic form of the hormone might 
easily be overlooked by present physical and chemical separation 
techniques, unless one is specifically looking for such hormones. 
The two rat insulins are nonallelic (homozygous), i.e., coded for 
by two genes (Smith, 1966). Another pancreatic polypeptide hormone, 
glucagon, shows considerable sequence homology and hence similar 
immunological behavior to glucagon-like peptides of gastrointes­
tinal origin (Faloona and Unger, 1974). The homology between 
pancreato- and enteroglucagon-like peptides is so great that it 
has thus far proven impossible to prepare antibody with high speci­
ficity for only one form. In this case, however, the hormones may 
be considered as essentially distinct, as sequence differences 
probably reside between amino acids 22 and 27 (Assan and Slusher, 
1972). A structural variant of human growth hormone has recently 
been isolated and partially characterized (Lewis, Dunn, Bonewald, 
Seavey and Vanderlaan, 1978). This form of growth hormone has a 
lower molecular weight than the predominant form of the hormone, 
contains sequence differences, but still possesses the full 
activity of growth hormone. These studies point out the potential 
confusion likely to occur in the discrimination between pleiomor­
phic forms of a single hormone and related, but unique polypeptides. 
Glycoproteins of pituitary origin, particularly TSH, may be dis­
posed to polymorphism of this type. Several studies have reported 
possible sequence inversions and/or amino acid substitutions near 
the C-terminus of bovine and porcine LH-a subunit (Papkoff, 
Sairam and Li, 1971). The subunits of TSH-B also appear to be 
polymorphic by virtue of amide content (Davy, Fawcett and Morris, 
1977), carbohydrate, and conformational differences (Guidice and 
Pierce, 1977j Pierce, 1974). 

Another potential source of polypeptide heterogeneity may be 
due to the presence of heterogeneous cell populations in the 
endocrine tissues. These different endocrine cell populations 
may secrete slightly different forms of the respective polypeptide 
hormone, with the secretion of each cell type being under the 
control of separate secretagogues. As an example, we have 
recently reported a differential insulin secretory response to 
glucose stimulation in large vs small islets of Langerhans in the 
male rat (manuscript submitted). Similar functional heterogeneity 
in somatotrophs (Snyder, Hymer and Snyder, 1977) and thyrothrophs 
(Leuschen, Tobin and Moriarity, 1978) isolated from the anterior 
pituitary of the rat was recently reported. 
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EVIDENCE FOR ALTERATIONS IN POLYPEPTIDE HETEROGENEITY DURING 
AGING 

Preliminary experiments in our laboratories to assess the 
effects of aging on polypeptide hormone heterogeneity have 
centered upon two very different types of hormones: insulin and 
thyrotropin (TSH). The majority of these studies were done with 
barrier-maintained 3-, 12-, and 24-month old male Sprague-Dawley 
rats. The rearing, maintenance, and age-related pathology of these 
rats were described previously (Cohen, Anver, Ringler and Adelman, 
1978). 

The pattern of glucose-stimulated secretion of insulin into 
portal vein blood was found to be progressively altered between 
2- and 24-months of age in the male rat (Gold, Karoly, Freeman and 
Adelman, 1976). The physiological significance of this difference 
is difficult to assess since the radioimmunoassay procedure alone 
cannot distinguish between the various active and inactive forms 
of insulin. We, therefore, examined the effect of aging on the 
heterogeneity (molecular weight distribution) of immunoassayable 
serum insulin following glucose refeeding (Obenrader, Auth, Gold, 
Ceci, Kitahara and Adelman, 1978). 

The apparent molecular weight distribution of immunoreactive 
insulin (IRI) recovered from acid-ethanol extracted portal vein 
serum was determined by gel filtration of the extracts with 
Sephadex G-SO equilibrated with lN acetic acid. Fractions from 
the chromatographic procedure were collected, concentrated and 
assayed for the presence of insulin-like material by radioimmuno­
assay. This procedure was repeated for extracts of serum collected 
at hourly intervals of up to 7 hours following glucose refeeding. 
Several distinct peaks or components of IRI material, arbitrarily 
designated I-VIII, were detected at elution volumes corresponding 
to molecular weights greater and less than intact insulin: Frac­
tions I and II eluted at positions indicating an apparent molecular 
weight greater than insulin; Fractions III and IV eluted at posi­
tions identical to rat proinsulin and insulin standards, respec­
tively; Fractions V-VIII eluted at positions indicating a molecular 
weight less than insulin. The temporal pattern of IRI in each of 
the fractions following glucose refeeding was varied: Fractions 
I anu II were maximal at 5 to 7 hours; Fractions III and IV varied 
in a pulsatile manner; Fractions V-VIII also exhibited a pUlsa­
tile time course over the 1 to 7 hours following glucose refeeding. 
While the temporal patterns of Fractions I-IV were similar for 
both the 2- and 24-month old rats, the total level of IRI was 
greater in the old rats. However, both the temporal pattern and 
magnitude of the apparently low-molecular-weight IRI differed 
considerably between 2- and 24-months of age. All of these 
insulin-like species are believed to be insulin or insulin 
metabolites, or molecules with extremely similar primary sequence 
to insulin, as the antisera used in these studies did not show 
any crossreactivity with glucagon, angiotensins, pancreozyrnin, 
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ACTH, growth hormone, secretin or TSH. Furthermore, this particu­
lar antiserum exhibited identical crossreactivity with porcine, 
bovine, human and rat insulin, indicating that the antigenic 
determinants recognized by the predominant classes of antiinsulin 
immunoglobulins in this antiserum are specific for a species 
invariable region of the insulin molecule. 

Therefore, insulin in serum demonstrates a very complex instance 
of polypeptide heterogeneity, the sources of which are probably 
diverse. The apparently high molecular weight IRI material (Frac­
tions I and II) may represent self-aggregation phenomena {PermuttJ 
Biesbroeck and ChynJ 1977)J protein-protein disulphide exchange 
products {Varandani J Shroyer and NafzJ 1972)J or a large biosyn­
thetic precursor (ChanJ Keirn and SteinerJ 1976; Permutt and Rout­
mannJ 1977). Fraction III probably is a proinsulin-like material 
consisting of several components (SteinerJ HollandJ RubensteinJ 
Cho and BaylissJ 1969). Fraction III may also be related to the 
presence of the serum polypeptide hormone insulin-like growth 
factor I (IGF-I), a polypeptide exhibiting sequence homologies 
with proinsulin (Rinderknecht and HumbelJ 1978). The lower mole­
cular weight IRI (Fractions V-VIII) could occur by several mechan­
isms. They could represent previously unidentified degradation 
products, perhaps due to postsecretory enzymatic cleavage by 
glutathione-insulin transhydrogenase {Varandani J 1974)J an insulin 
specific protease (ISP) {BrushJ 1971)J or other enzymes. Premature 
termination or altered initiation of insulin peptides in response 
to glucose occurs in in vitro studies (PermuttJ 1974). Further 
studies are needed, however, to establish by independent methods 
whether these apparent low molecular weight IRI species are 
really fragments of insulin, or otherwise modified forms of 
insulin. For instance, the basic C-peptide fragment of proinsulin 
has an apparent molecular weight greater than insulin by gel 
filtration chromatography. These initial studies have ignored 
the potential contribution of polypeptide pleiomorphism (insulins 
I and II) to age-dependent differences in insulin heterogeneity. 

The initial observation of an age-dependent decrease in the 
levels of bioassayable serum TSH while immunoassayable levels of 
TSH remained unchanged between the ages of 2- and 24-months in the 
male rat {Klug and AdelmanJ 1977)J originally led us to investi­
gate the role of TSH heterogeneity during aging. The molecular 
weight distribution of immunoassayable TSH associated with serum 
from 2- to 24-month old rats was determined by fractionation of 
whole serum with Sephadex G-200 equilibrated with phosphosaline 
buffer. The presence of immunoreactive TSH (IR-TSH) or TSH-like 
material was detected by radioimmunoassay of aliquots from the 
various chromatographic fractions using a highly specific homologous 
rat radioimmunoassay (NIAMDD rat TSH RIA kit). Three areas of 
immunoreactivity were evident: VelVo (I) 0.95-1.05; (II) 1.20-1.40; 
(III) 1.60-1.90. The serum from both 2- and 24-month old rats was 
characterized by a predominant immunoreactive peak which migrated 
at VelVo 1.70, corresponding to intact pituitary TSH. Serum from 



66 T. L. KLUG, M. F. OBENRADER, AND R. C. ADELMAN 

24-month old rats demonstrated greater amounts of an apparently 
high molecular weight immunologically crossreactive species. Upon 
rechromatography, this serum component migrated as a single peak 
at the identical elution volume. The contribution of these 
heterogeneous TSH-like species to serum bioassayable TSH activity 
was determined by bioassay of pooled serum fractions following 
fractionation by gel filtration with Sephadex G-200. The intact 
TSH peak, VelVo 1.7, was found to be responsible for the thyroid­
stimulating properties of the serum hormone. The high molecular 
weight elution peak, VelVo approximately 1.0, corresponded to a 
thyroid-inhibitory activity, e.g., concentrated fractions contain­
ing the high molecular weight species lowered the levels of iso­
topically labeled thyroid hormones in intact assay mice below those 
of a control injection. This material also prevented the physio­
logical response to exogenously injected TSH. Bioassay of mixed 
old and young serum also indicated that old serum contained greater 
amounts of an inhibitor of TSH biological activity (Klug and 
Adelman, 1977). 

The above results naturally led us to experiments to determine 
the nature of the high molecular weight TSH-like serum component; 
is it a TSH precursor, a TSH-carrier protein complex, or perhaps 
a TSH aggregate? At least one preliminary series of experiments 
with radioactively labeled pituitary extracts suggested that these 
may be TSH biosynthetic precursors. For example, the molecular 
weight distribution of immunoprecipitable TSH radioactivity in 
pituitaries from 24-month old rats following incubation with (3 H)_ 
leucine showed an apparent heterogeneity similar to that of TSH 
in serum (Klug and Adelman, 1977). Studies to further characterize 
these TSH-like molecules are currently in progress in our labora­
tories. Several other isolated studies have suggested that high 
molecular weight, perhaps biosynthetic precursors of TSH exist. 
An immunoreactive high-molecular-weight form of TSH was found in 
several pituitary extracts from patients with asymptomatic thyroiditis 
by Vanhaelst and Golstein-Golaire (1976). These same authors re­
ported previously the presence of a high molecular weight species 
in human serum that crossreacted with antisera to TSH-S subunit 
(Golstein-Golaire and Vanhaelst, 1975). More recently, Erhardt 
and Scriba (1977) reported the isolation and partial characteri­
zation of a "big" TSH from human pituitary extracts. Other 
studies, like those of Lee, Aloj, Beguinot and Kohn (1977), 
suggesting that serum contains a soluble TSH binding protein, may 
imply that more than one mechanism may be responsible for the 
apparent pattern of TSH heterogeneity in serum. 

PHYSIOLOGICAL AND CLINICAL IMPLICATIONS 

The potential physiological significance of the heterogeneous 
forms of insulin and TSH depends upon the ability of the various 
immunoreactive species to regulate the activity of the hormone­
sensitive axis by (1) direct competition with the active hormone 
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molecule in various target cell populations, or (2) modulating 
the levels of the active hormone available to the target cells. 

67 

In the case of insulin, the nonspecific nature of the insulin bio­
assays dictates a prerequisite purification of each immunoreactive 
species before these possibilities can be investigated. Eventual 
studies of this nature may help elucidate those mechanisms which 
underlie glucose intolerance and insensitivity to insulin, as 
well as age-dependent changes in the regulation of insulin­
sensitive enzymes such as hepatic glucokinase (Gotd et at.~ 1976; 
Fpeeman~ Kapoty and Adetman~ 1973; Adetman and Fpeeman~ 1972; 
Adetman~ 1970). In the case of TSH, however, for which there 
are specific in vivo bioassays, at least one heterogeneous form of 
TSH was found to actually inhibit in vivo the thyroid-stimulating 
activity of endogenous and exogenous TSH (Ktug and Adetman~ 1977). 
This latter finding may explain the etiology of certain hypothyroid 
or myxedematous states, such as the latent hypothyroidism which 
normally accompanies the aging process. 

Previous studies of two other pituitary hormones, LH and 
FSH, demonstrated that the molecular forms of these hormones change 
in response to gonadal steroid feedback (Diebet~ Yamamoto and 
Bogdanove~ 1973; Peckham~ Yamaji~ Diepschke and Knobit~ 1973). 
The molecular form of TSH may then change during aging due to 
changes in the levels of the thyroid hormones, or alteration in 
the regulation of pituitary TSH by these hormones or TRH, as 
previously demonstrated in the aging male rat (manuscript submitted). 
In this regard, the various stages of prohormone to hormone con­
version represent logical points for rapid physiological control 
of polypeptide hormone synthesis and could also serve as loci where 
aging or pathological processes could operate to influence the rate 
of hormone synthesis and/or the molecular form of the hormone 
secreted into the circulation. 

The above findings also have broad implications for the use 
of routinely employed clinical radioimmunoassays of polypeptide 
hormones. If the radioimmunoassay is not specifically designed 
to distinguish between the various hormonally active, inert, or 
perhaps inhibitory heterogeneous forms, then such an assay would, 
in certain situations, give frankly false indications of physio­
logical status. Selection or generation of antisera specific for 
the separate heterogeneous hormonal forms may appreciably assist 
in the detection of specific disease states. Another approach to 
the radioimmunoassay of the species may be to use purified prepar­
ations of these heterogeneous forms as radiolabeled ligands with 
crossreactive antisera. In this manner a single antiserum could 
be used to assay specifically for each of the heterogeneous forms. 

PURSUIT OF MECHANISMS OF BIOCHEMICAL AGING 

Age-dependent accumulation of altered proteins is not a new 
concept. While such altered or abnormal proteins have at one 
time or another been proposed to result from such diverse phenomena 
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as the accumulation of free radical induced intermolecular cross­
links or altered gene expression during senescence, only in the 
case of certain enzymes has the existence of these altered proteins 
been unequivocally established. Since the report of immunologically 
crossreactive but biologically inactive forms of liver aldolase 
in old mice by Gershon and Gershon (1973), similar phenomena 
have been reviewed by Rothstein (1977;1975). Our preliminary 
findings of qualitatively similar types of results for two poly­
peptide hormones may suggest that a common senescence-related 
mechanism may be operative for polypeptides in general. The 
analogy should not be extended too far, since alterations in the 
properties of the polypeptide hormones may be due to extracellular, 
e.g., postsecretory modifications, in addition to intracellular 
processes. It may not, however, be premature to speculate upon 
the possibilities which are: (1) failure to complete posttranslation 
modifications such as conversion of biosynthetic precursors to 
appropriate products, deamidation, disulphide reductions, oxi­
dations, methylation, adenylation, carbohydration, phosphorylation, 
etc.; (2) conversion of the polypeptide into a partially degraded 
or conformationally alterted form: (3) release of incomplete 
polypeptides, or the substitution of individual amino acids (error 
theory); and (4) selective gene expression by selective gene 
transcription of translation. These categories are not necessarily 
mutually exclusive, since, for example, selective gene expression 
alone could easily originate all of the other possibilities. 

Little evidence exists to support any particular explanation 
for the accumulation of altered enzymes or polypeptide hormones. 
Age-dependent changes in the electrophoretic properties of several 
enzymes isolated from human and bovine eye lens and old human 
erythrocytes may be due to posttranslational deamidation of 
asparagine and glutamine residues (SkaZa-Rubinson, Vibept and 
Dpeyfus, 1976; Eaton, Bpewep and Tashin, 1966; Rosa and Shapipa, 
1964). Similar changes in electrophoretic properties of enzymes 
from tissues capable of de novo protein synthesis may be rare, 
since of all the altered enzymes studied (Rothstein, 1977), only 
rabbit muscle aldolase exhibited an age-dependent electrophoretic 
heterogeneity attributable to deamidation (Koida, Lai and Hopeckep, 
1970). There is no evidence for differences in amidation state 
of polypeptide hormones during aging, although electrophoretic and 
isolectric focusing studies demonstrate that amidation state is 
a source of heterogeneity for insulin (Steinep, CZapk, Noian, 
Rubenstein, MapgoZiash, Aten and Oyep, 1969) and TSH{Davy et aZ., 
1977). The error theory (OpgeZ, 1963) has received little support 
from the extensive studies of viral replication in aging WI-38 
cells (HoZZand, Kohne and DoyZe, 1973; Tompkins, Stanbpidge and 
HayfZick, 1974), or studies of altered enzymes (Rothstein, 1977). 

The topic of selective gene expression deserves special con­
sideration in the discussion of polypeptide hormones and aging. 
The operon mechanism which controls the kinds of products a 
prokaryotic cell produces through selective repression and expression 
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of specific gene transcription may be applied to programmed gene 
expression in eukaryotes (Jacob and Monod, 1963). Thus; sequential 
and selective gene expression may be involved in the mechanisms 
of aging and development. Translational control of development 
and aging may also be exerted through restricted translation of 
specific messages at approptiate periods in the lifespan (Stpehlep, 
1977). If either or both of these mechanisms are indeed operative, 
then one may reasonably expect to find alterations in the kinds 
and structural nature of the proteins synthesized during aging. 
These mechanisms assume particular importance for the polypeptide 
hormones, since many of these hormones are known to influence 
cellular differentiation, metabolic activity, and developmental 
events. Therefore, these polypeptides may be related to the 
products of so-called regulator genes (Bpitten and Davidson, 1969), 
and changes in the heterogeneity of polypeptide hormones may be 
a primary, perhaps programmed event during senescence. For example, 
altered selective transcriptional regulation of the nonallelic 
insulin pleiomorph genes (rat insulins I and II) might lead to 
age-dependent changes in the predominant in vivo form of insulin 
during various phases of development and aging, resulting in 
changes in the function of insulin-sensitive tissues. Altered 
translation control may lead to similar results, but would also 
probably result in the synthesis of incomplete peptides in analogy 
to the consequences of point mutations, e.g., the production of 
mis-sense or nonsense proteins. 

Perhaps the central thesis to recognize in the above discussion 
is that any theory of aging necessarily implies the existence and 
accumulation of altered proteins. The nature of the structural 
alteration in turn depends upon the mechanism responsible for its 
occurrence. Thus, the study of altered proteins provides an 
opportunity and method to discover the fundamental biochemical 
mechanisms of the aging process. While this experimental approach 
is relatively free of methodological bias, it still presents several 
experimental problems. It is not clear, for instance that all 
proteins exhibit structural heterogeneity, or that the same protein 
will exist in similar forms in different tissues, or in fixed vs 
clonally replicating cells. Therefore, initial searches for suitable 
altered protein systems in aging may be somewhat blind. There is 
some hope that direction for aging studies in this regard may be 
given by the study of specific disease states that may be related 
to the aging phenotype, e.g., the 'Segmental Progeroid Syndromes', 
as reviewed by Martin (1978), leading one to suspect that alter­
ations in some aspect of polypeptide hormone structure or metabolism 
may be present. Another problem in the detection and large scale 
isolation of the altered forms of a polypeptide is presented by 
the possibility that the physical and chemical properties of the 
'abnormal' protein may either be the same as or very different 
from the 'normal' protein. In the former instance, a structural 
change such as a conservative amino acid substitution may he 
undetected. In the latter case, it may be difficult to demonstrate 
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that the 'abnormal' protein is even related to the 'normal' 
protein without extensive studies. However, within this spectrum 
of possibilities, there are certainly many types of structural 
variations which are amenable to exploitation by current experi­
mental techniques. The expectation for future progress in 
unraveling the biochemical mechanisms leading to the occurrence 
of altered proteins during aging may be influenced by the nature 
of these mechanisms. For example, if the altered proteins result 
from random error or 'noise' accumulation in cellular processes 
during aging, then the number and kinds of structural alterations 
in any single polypeptide may be so large as to prevent character­
ization by present analytical methods. If the altered protein 
results from either switching-off of specific genes involved in 
epigenetics (Caplan and Ordahl, 1978), or switching-on of deleterious 
or late-acting genes, then the structural alterations are likely 
to be relatively limited in number and, therefore, more easily 
studied. Leaving questions of future progress aside, the simple 
distinction between these former alternative mechanisms for the 
appearance of altered proteins during aging would in itself 
represent a significant advance in gerontological research. 
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~1any of the early studies on aging of the endocrine system 
were preoccupied with determining if senile changes in pituitary 
target organs were intrinsic to those organs or due to age-related 
changes in the pituitary gland. More recent studies suggest that 
the failure of endocrine organs may not be attributed to intrinsic 
changes in these organs or even senility of the pituitary gland, 
but rather to changes at some higher neural center that exerts a 
regulatory influence on pituitary tropin hormone secretion. Con­
siderable emphasis is currently being placed on the hypothalamus 
as a center that may fail during the aging process, resulting in a 
cascading series of events that eventually lead to the senescence 
of endocrine organs as well as other parts of the body. 

Here we will review some of the studies on aging of the neuro­
endocrine system as well as present some new data. We also will 
examine the rat as a model for aging of the neuroendocrine system 
and comment on the relevance of the rat model for the study of 
human aging. 

REVIEW OF THE HYPOTHALAMUS-PITUITARY-GONADAL AXIS: 
RAT VERSUS HID1AN 

Since the rat is being used as a model for human aging, a close 
examination of both differences and similarities between the two 
species is important. Similarities as well as important differences 
exist with respect to the hypothalamus-pituitary-gonadal (HGP) axis. 
An important question here appears to be the following one: Is 
there a common etiology for aging of the HPG axis in the rat and 
human? The above question can be restated in terms of two alterna­
tives. Either the differences between rats and humans with respect 
to aging of the HPG axis result from some minor differences in 
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hormone regulatory mechanisms, or the differences between the two 
species result from aging changes in entirely separate parts of 
the HPG axis. The usefulness of the rat as a model for human 
aging largely depends on which of the above alternatives can be 
supported by experimental evidence. 

Many clinical investigators believe that in the human, meno­
pause is brought on because the ovaries fail to respond to pitui­
tary gonadotropins. The ovaries become involuted, are deficient 
in follicles and fail to secrete adequate amounts of steroids. 
Certainly in humans, there is no failure of gonadotropin production 
by the pituitary during aging; on the contrary loss of ovarian 
cycles during aging is characteristically followed by an increased 
output of luteinizing hormone (LH) and follicle stimulating hor­
mone (FSH) (Coble, Kohler, Cargille and Ross, 1969; Kohler, Ross 
and Odell, 1968; Tsai and Yen, 1971). The secretion of FSH in­
creases about l5-fold after the menopause, and LH secretion in­
creases about 3- to 10-fold. The high levels of circulating 
gonadotropins in postmenopausal women is a reflection of the low 
level of estrogens available to exert a negative feedback action 
on the hypothalamus. Since the negative feedback action of estro­
gen is gone, gonadotropin secretion continues unabated. In contrast 
to what happens to LH and FSH secretion in the human female, serum 
prolactin levels do not become elevated. Pepperell, Bright and 
Smith (1977) reported that serum prolactin levels in postmenopau­
sal women were slightly lower than prolactin levels found in pre­
menopausal women and in women taking oral contraceptive prepara­
tions (Table 1). Apparently in humans, serum prolactin is not 
elevated as a normal consequence of aging, but elevations are seen 
only in cases of pregnancy, galactorrhea or pituitary tumors. 

TABLE 1. SERUM PROLACTIN LEVELS OF NORMAL WOMEN 

Type of Subject Number of Subjects Serum Prolactin Levels 
(Mean ± SD) (ng/ml) 

Premenopausal 78 10.6 ± 3.0 

Postmenopausal 17 8.2 ± 4.0a 

Taking combined 
4.0a oral contraceptive 33 12.2 ± 

a p<.01; h p<.025 
From Pepperell et al., 1977. 
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The menstrual cycle in women is more irregular for some time 
following the menarche and for months and sometimes years preceed­
ing the menopause than it is during the period of optimal repro­
ductive capability (Treolar, Boynton, Behn and Brown, 1967). 
Women approaching the menopause frequently have shorter cycles than 
they had earlier in their adult life, and the shorter cycles appear 
to be due to a reduction in the length of the follicular phase of 
the cycle (Sherman and Korenman, 1975; Sherman, West and Korenman, 
1976). After the menopause there is little evidence of reproduc­
tive cycles. 

On the surface, aging of the HPG axis in the rat appears 
quite different from that in the human. In the rat, age-related 
changes in reproductive cycles follow a far less predictable pat­
tern than has been observed in humans. The main reason for this 
difference is that the ovaries of rats continue to secrete steroids 
well after failure of the reproductive cycles. 

Age-related changes in the reproductive cycles were character­
ized thoroughly by Ascheim (1961) and Bloch (1961). Their work 
showed that following the cessation of normal reproductive cycles, 
rats have periods of constant estrus, repetitive pseudopregnancy, 
or both, which can last for many months. The ovaries in rats in 
constant estrus are small and contain a large number of follicles 
of variable size and no corpora lutea, while the pseudopregnant rat 
ovaries contain many large functional corpora lutea as well as 
follicles in various stages. In many laboratories the constant 
estrous state appears to be the most prevalent condition, and 
repetitive pseudopregnancies are the second most prevalent. Some 
rats demonstrate irregular estrous cycles followed by anestrus. 
Many animals enter into a condition of anestrus before death. A 
recent review by Ascheim (1976) gives an excellent description of 
the senile changes in the estrous cycles. 

Secretion of gonadotropins in rats decreases with aging. The 
decrease in gonadotropin secretion is accompanied by an increase 
in prolactin secretion. Lower serum LH and FSH levels in old rats 
appear to result from an impairment of the release mechanisms for 
these hormones at the hypothalamic level. The elevation of serum 
prolactin levels in old rats may result from a combination of two 
factors. First, the inhibitory control of prolactin release by 
the hypothalamus might be reduced as a result of aging of the 
neuronal system responsible for releasing prolactin inhibiting 
factor. Second, the rat pituitary gland is unusually prone to 
development of prolactin secreting adenomata. In many old rats 
about 2 years of age large prolactin-secreting pituitary tumors 
are present. The tumors may have been allowed to form because of 
a progressively diminishing inhibitory influence from the hypo­
thalamus and a constant stimulatory influence from estradiol. 
High serum levels of estrogens of several types are well known to 
induce pituitary tumors in rats. 

Secretion of LH can be reinitiated in most aged female rats 
and usually leads to a resumption of ovarian function and estrous 
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cycles. The constar.~ estrous state has been studied most exten­
sively in the rat and is characterized by the presence of well 
developed follicles in the ovary, absence of corpora lutea and 
absence of surges of LH in the blood. The absence of LH surges 
appears to be the cause of the constant estrous syndrome, because 
follicles continue to accumulate in the ovary and secrete estrogens. 
The failure to release LH probably results from age-induced changes 
in the brain, because stimulation of the preoptic area in senile 
constant estrous rats will induce ovulation and estrous cycles 
(Clemens, Amenomori, Jenkins and Meites, 1969). In addition to 
preoptic area stimulation, several drugs and hormones as well as 
stress (Linnoila, Markku and Cooper, 1976; Huang, Marshall and 
Meites, 1976) have been shown to induce ovulation or reinstate 
vaginal cycles in old constant estrous rats (Table 2). 

TABLE 2. EFFECT OF VARIOUS TREATMENTS ON CYCLES IN CONSTANT 
ESTROUS RATS 

Treatment Effect on Cycles 

Epinephrine 

Preoptic stimulation 

L-DOPA 

Progesterone 

L-Tyrosine 

ACTH 

Ether Stress 

Ovulation followed by a few 
normal cyclesa 

Ovulation followed by a few 
a 

normal cycles 

b c 
Many respond with normal cycles ' 

All show normal cycles and about 
50% ovulatea 

c Regular cycles 

b Regular cycles 

b Regular cycles 

a Clemens et al., 1969; b Huang et al., 1976; C Linnoila and 
Cooper, 1976. 

Estrogen appears to exert a positive feedback effect on LH 
release in almost every mammalian species. In normal ovariectomized 
(OVX) adult rats estradiol administration induces a marked elevation 
of serum LH; however, in old rats estradiol appears to have no 
positive feedback effect of LH release. Peluso, Steger and Hafez 
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(1977) found that estradiol benzoate administration to 18-19 month­
old female Wistar rats was unable to induce a surge of LH in the 
serum (Table 3). 

TABLE 3. EFFECT OF ESTRADIOL BENZOATE ON SERUM LH IN AGED RATS 

Age No. of Rats Treatment Serum 
24 hrs after 26 hrs after 

3 Oil 28 ± 8 28 ± 
Adult 

(5-6 Mos.) 
b 

4 E.B. 88 ± 24 91 ± 

3 Oil 32 ± 12 20 ± 
Old 

(18-19 Mos.) 
4 E.B. 29 ± 9 23 ± 

a b LH was exp~essed as ng NIAMD-LH-RP-1/ml se~um 
E.B.=est~adiol benzoate (0.5 ~g/100 given S.C. for 5 days 
afte~ ova~iectomy followed by a single dose of 25 ~g/100g) 

Data f~om Peluso et al., 1977. 

8 

19 

8 

4 

A similar type of experiment demonstrated that the ability of 
progesterone to release LH in estrogen-pretreated OVX rats was 
significantly reduced in 10- to II-month old rats as compared to 
young 60- to 70-day old rats (Lu, Huang, Chen, Ke~cz, Mioduszewsky 
and Meites, 1977) (Fig. 1). In the above study, young cycling 
rats 60 to 70 days of age and irregularly-cycling or constant­
estrous rats 10 to 11 months of age were ovariectomized. At 25 or 
52 days after ovariectomy, they were each given a single subcu­
taneous injection of 80 ~g/kg of estradiol benzoate, followed hours 
later by a single subcutaneous injection of 8 mg/kg of progesterone. 
Figure 1 shows that after progesterone administration LH rose 
significantly more in the young OVX rats than in the old OVX rats 
derived from irregular cyclers at 28 days after ovariectomy. At 
55 days after ovariectomy,the LH rise after progesterone was 
attenuated in the group of OVX rats derived from old constant 
estrous rats and in the group of OVX rats derived from the irregular 
cycling rats. 

The experiments of Pelluso et al. (1977) and Lu et al. (1977) 
serve to illustrate that with aging there is a loss of the positive 
feedback of steroids on LH release. This is very significant 
because the stimulatory influence of estrogen appears to be required 
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Figure 1 . Sel'um concentration of LH 25 or 55 days after ovariec­
tomy (ftt) and treatment with a single dose of es trogen 
(EB) followed :3 days later with a dose of progesterone 
in young and old female rats. Prior to ovariectomy, t he 
yo~mg rats showed r egular estrous cycles and the old rats 
exhibited constant-estrus (CE) or irregular cycles (IRC). 
(n) = Number of rats per group. From Lu et al., 1977. 

for spontaneous LH release in most mammalian species. The above ob­
servations in turn pose two interesting questions. 

The first question is, how does ovulation occur in old pseudo­
pregnant rats if the positive feedback of estrogen is gone? Per­
haps progesterone plays a role in these rats because in the experi­
ment by Lu et al., (1977) LH was released after progesterone injec­
tions, but the rats in the study wer not very old (10-11 months). 
It would be interesting to see the experi~ent repeated using ani­
mals about two years of age. The second question is, does estrogen 
exert its positive feedback effect via dopaminergic neurons? The 
stimulatory influence of L-dopa reported by Linoila, Markku and 
Cooper (1976) in old constant estrous rats appeared to be through 
activation of dopamine receptors. Perhaps estrogen exerts its pos­
itive feedback influence on a group of dopaminergic neurons which, 
during aging, die or lose their responsivity to estrogen. The feed­
back center for control of basal levels of LH by estrogen (negative 
feedback center) may not lose its sensitivity to estrogen, because 
basal serum levels of LH are not elevated. 

Some similarities and differences in the HPC axis of rats and 
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humans are summarized in Table 4. We made comparisons to point out 
that some basic differences exist in the aging HPG axis of rats and 
humans. At the present time, there is compelling evidence that ag­
ing changes in the CNS are a cause of reproductive senescence in 
the rat. In the human, little evidence exists to indicate that 
failure of the HPG axis results from aging changes in the brain. 
The possibility still exists, however, that aging changes in the 
CNS in the human may alter the pattern of gonadotropin secretion 
in such a way that ovaries undergo atrophic changes. 

TABLE 4. SOME SIMILARITIES AND DIFFERENCES IN THE HPG AXIS OF 
RATS AND HUMANS 

Observation Rat Human 

Serum gonadotropins Decrease Increase 

Serum prolactin Increase Decrease 

Reproductive cycles Abnormal Stop 

Ovarian function Some functional Ovarian atrophy 
capacity 

Ovarian sensitivity 
to gonadotropins Present Absent 

Positive estrogen 
feedback on LH Absent Absent 

Nepil.t:Lve estrogen 
feedback on LH Present Present 

Histology of Many ademomata Active gonatrophs 
anterior pituitary present normal prolactin 

RELATIONSHIP OF PROLACTIN TO SENILE CHANGES IN THE HPG AXIS 

cells 

Elevated serum prolactin levels are inhibitory to gonadotropin 
secretion. The exact mechanism by which prolactin inhibits gonado­
tropin release is not known, but some propose a hypothalamic site 
of action, and others propose an action on the ovarian follicle. 
In humans, prolactin has been suggested to induce hypogonadism by 
a direct action on the ovary (Thopnep~ McNeilly~ Hagan and Bessep~ 
1974). They propose that the hypogonadism in patients with 
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pathological lactation is secondary to an inRppropriately raised 
prolactin level, since the hypogonadism as well as the galactorrhea 
respond to bromocryptine, which specifically blocks prolactin 
secretion. The reduction in prolactin appears to allow the circu­
lating gonadotropins to act on the gonad to stimulate steroidogene­
sis. The sex steroids may feed back on the hypothalamus and 
pituitary to allow normal release to gonadotropins, leading to a 
return of norflal gonadal function. A study by Rolland, Dejong, 
Schellekens and Lequin (1975) tends to support the above hypothesis. 

Other human studies suggest that prolactin might inhibit 
gonadotropin secretion by an action on the eNS or possibly on the 
pituitary (del Pozo, Varga, Schulz, Kunziz, Marbach, del Campo 
and Eppenberger, 1975; Pepperell, Evans, Bro~n, Bright, Smith, 
Burger and Healy, 1977). In addition, the report that stimulation 
of human prolactin release with TRH would suppress the pulsatile 
pattern of LH secretion suggests an antigonadotropic action of 
prolactin at the pituitary or hypothalaflic level (Bohnet, Dahlen 
and Schneider, 1974). A defect in hypothalamic-pituitary function 
is again suggested by the fact that most hyperprolactinemic patients 
are relatively hypoestrogenic, and serum gonadotropin levels are 
not elevated. Further supporting a central nervous system defect 
is the fact that normal short-term fluctuations of LH concentrations 
are lost in such patients (Bohnet, Dahlen, Wuttke and Schneider, 
1976). That the hypothalamus rather than the pituitary may be 
priflarily responsible is suggested by several studies showing a 
normal gonadotropin response to infused LHRH in most hyperprolac­
tinemic patients, particularly those without tumors. Thus, pro­
lactin may act at flore than one locus in the HPG axis to impair 
gonadotropic function. Wherever the site of action, however, it is 
abundantly clear that high serUfl prolactin levels block cyclic 
release of LH. 

In the rat, evidence exists for an inhibitory influence of 
high serUfl levels of prolactin on LH release. Injections of LHRH 
produced significantly less LH release in lactating rats than in 
normal cycling female rats on diestrous day 2, and the pituitaries 
from lactating rats released less LH in vitro than in the pitui­
taries from cyclic rats released (Lu, Chen, Grandison, Huang, and 
Meites, 1976). Grandison, Advis, Hodson, Simpkins and Meites (1976) 
used pituitary isografts to increase serum prolactin levels and 
found that in female rats the rise in serum LH was significantly 
reduced by prolactin at 5 and 9 days after ovariectomy. Beck, 
Engelbart, Gelato and Wuttke (1977) reported that elevated serum 
prolactin levels, produced by means of pituitary isografts, abo­
lished pulsatile LH release in OVX rats. In the study of Beck et 
al. (1977), LH suppression only lasted from 4-6 days after the 
pituitary isografts were placed, but in the study of Grandison et 
al. (1976), LH suppression was still strong 9 days after placement 
of the pituitary grafts. 

The aforeflentioned inhibitory properties of prolactin on 
gonadotropin secretion flay help explain some of the differences 
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between the human and the rat with regard to aging of the HPG axis. 
The inhibitory influence of prolactin on LH release is not present 
in old humans, because serum prolactin levels are very low 
(Peppepell et al.~ 1977). However, in the old rat perhaps the 
low serum LH levels are due to the extremely high serum prolactin 
levels. The possibility exists that old rats might regain a normal 
capacity to release LH if the serum prolactin levels were reduced. 
We decided to investigate this possibility using the dopamine 
agonist, 1ergotri1e mesy1ate, to lower serum prolactin levels. 

In the first study/28-month-01d Wistar rats were compared to 
young 3-month-01d rats in one experiment and to 9-month-01d Wistar 
rats in the second experiment. An attempt was made to select 
animals in good health and free from any gross pathology. Most of 
the old rats were in a state of continuous diestrus; however, during 
the course of treatment some proestrous and estrous vaginal smears 
were noted. The young rats and the old rats were treated for 60 
days with 1.5 mg/kg of 1ergotri1e mesy1ate injected intraperitonea11y 
daily. Corresponding control groups were treated daily for 60 days 
with intraperitoneal injections of 0.2 m1 of sterile water, which 
was the vehicle for 1ergotri1e mesy1ate. At the end of the treat­
ment period, the rats were selected on a day of diestrus and were 
anesthetized with metaphane, and a 1.0 m1 blood sample was collected 
by jugular puncture. Serum prolactin was assayed using the NIAMDD 
radioimmunoassay kit and serum LH was assayed by radioimmunoassay 
according to the method of Niswender, Midgley, Monroe and Reichert 
(1968). 

Table 5 shows that chronic suppression of prolactin for a two­
month period by 1ergotri1e mesy1ate did not produce an elevation 
of serum LH levels in experiment 1 or in experiment 2. In fact, in 
experiment 1 1ergotri1e mesy1ate treatment resulted in a significant 
reduction of serum LH in the 30-month-01d rats, but not in the 
young rats. Interestingly, by 11 months serum prolactin levels 
were already elevated considerably when compared with the levels 
from 5-month-01d rats. The results of these experiments indicate 
that the high serum prolactin levels in old rats that no longer 
demonstrate reproductive cycles do not suppress basal serum levels 
of LH, since no "postmenopausal-like" rise of LH was observed after 
inhibition of prolactin secretion. Although basal levels of LH 
were not elevated, infrequent surges of LH may have been induced 
by the lowered serum prolactin levels, because the predominantly 
diestrous smear pattern was interrupted occasionally in some rat 
by a day or two of estrus. This observation is consistent, how­
ever, with the reports in humans that elevated serum prolactin 
levels prevent cyclic LH release. 

Another of the apparent defic~ts in gonadotropin secretion in 
old rats that we had previously mentioned was the attenuation of 
the post-ovariectomy rise of serum LH. Since Grandison et al. 
(1976) reported that high serum prolactin levels in young animals 
could blunt the post-ovariectomy rise in LH, we decided to deter­
mine if inhibition of prolactin secretion in 2-year-01d OVX female 
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TABLE 5. EFFECT OF LERGOTRILE MESYLATE ON SERUM PROLACTIN AND LH 
LEVELS IN YOUNG AND OLD RATS 

Group and Treatment 

30-month-old rats, 
water injection 

30-month-old rats, 
lergotrile mesylate 
(1. 5 mg/kg) 

5-month-old rats, 
water injection 

5-month-old rats, 
lergotrile mesylate 

30-month-old rats, 
water injection 

30-month-old rats, 
lergotrile mesylate 
(1. 5 mg/kg) 

ll-month-old rats, 
water injection 

ll-month-old rats, 
lergotrile mesylate 
(1. 5 mg/kg) 

a 
Mean ± SE 

No. of Rats 

EXPERIMENT I 

4 

5 

6 

6 

EXPERIMENT II 

9 

10 

6 

6 

Serum Prolactin 
(ng/ml) 

181. 7 ± 7.2a 

9.4 ± 3. 
(p<.OOl) 

19.1 ± 5.2 

6.6 ± 5.2 

206.5 ± 18.8 

38.5 ± 12.6 

155.4 ± 20.8 

8.0 ± 2.4 
(p<.OOl) 

Serum LH 
(ng/ml) 

15.6 ± 3.7 

3.1 ± 2.0 
(p<.05) 

23.9 ± 6.4 

13.2 ± 1.8 

18.8 ± 1.0 

18.7 ± 3.0 

22.6 ± 4.2 

29.5 ± 5.5 

Wistar rats would allow serum LH levels to rise to levels that are 
comparable with LH levels obtained after ovariectomy in young 6-
month-old rats. 

In this study 2-year-old pseudopregnant and normally cycling 
Wistar rats were OVX. The day after ovariectomy they were divided 
into four groups. Group 1 contained 7 OVX 2-year-old rats that 
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received injections of sterile water. Group 2 contained 7 OVX 2-
year-old rats that received injections of 3.0 mg/kg of lergotrile 
mesylate. Group 3 was made up of 6 OVX 6-month-old rats that 
received sterile water injections, while group 4 contained 6 similar 
rats that received 3.0 mg/kg of lergotrile mesylate. All injections 
were given daily and intraperitoneally and the treatment lasted 28 
days. At the end of the treatment period the rats were decapitated, 
and blood was collected for assay of prolactin and LH. 

Table 6 shows that inhibition of prolactin secretion did not 
result in a larger post-ovariectomy rise in serum LH. In fact, in 
these 2-year-old Wistar rats no post-ovariectomy rise in LH was 
observed in either of the two old groups. This becomes evident 
when referring back to Table 5 to the LH levels found in intact old 
female rats. In the present experiment treatment with lergotrile 
mesylate appeared to reduce serum LH levels in the old OVX rats, 
while in the young rats it appeared to increase serum LH levels. 
The reason for this difference is not clear, but in most of our 
aging studies lergotrile mesylate appears to potentiate LH release 
in young adults and either not effect or decrease basal LH levels 
in old rats. 

TABLE 6. EFFECT OF LERGOTRILE MESYLATE ON LH AND PROLACTIN 
SECRET ION IN OVX YOUNG AND OLD RATS 

Serum Hormone 
Group and Treatment No. of Rats Prolactin 

1. 

2. 

3. 

4. 

a 
b 
c 

(ng/ml) 

Old rats, 
sterile water 7 191. 8 ± 23.4a 

Old rats, 
lergotrile mesylate 7 26.2 ± It.7 
(3.0 mg/kg) (p<O.l) 

Young rats, 6 6.9 + 1. 62 
c 

sterile water (p<.Ol) 

Young rats, 
lergotrile mesylate 6 1. 7 ± 0D 2 c 
0.0 mg/kg) (p<.Ol) , 

Mean ± SE 
~/hen compaY'ed with its Y'espective contY'ol 
~en compaY'ed with gY'oup 1 

Levels 
LH 

(ng/ml) 

28.7 ± 7.6 

10.7 ± 3.7 

269.1 ± 49.4 
(p<.OOl)c 

391. 7 + 60.7 
(p<.OOl) 

c 
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In the next studY,we investigated the influence of lergotrile 
mesylate on the estrogen-induced surge of LH. We reasoned that if 
prolactin is inhibitory to cyclic LH release, inhibition of pro­
lactin secretion might increase the amount of LH released in the 
old OVX rat in response to estradiol treatment. Twenty 4-month­
old rats and 3-month-old rats were ovariectomized and received no 
further treatment for 1 month. After 1 month all rats received 
subcutaneous injections of 3 ~g of estradiol benzoate in oil daily 
for 6 days. Half the rats also received daily intraperitoneal 
injections of 3.0 mg/kg of lergotrile mesylate for 6 days. At 
0800 hours and at 1600 hours on the 7th day the rats were anes­
thesized with metaphane and blood was collected for the determin­
ation of prolactin and LH by radioimmunoassay. 

The results are shown in Table 7. Estradiol benzoate adminis­
tration produced an elevation of serum LH levels in the old OVX 
rats. Every old rat showed an afternoon elevation (group 1), but 
the mean was not significantly higher using the "paired t-test" 
(p=0.07) because of variation in individual values; however, when 
the non-parametric sign test was used the afternoon increase became 
highly significant(p<.Ol). Afternoon serum LH levels in lergotrile 
mesylate-treated rats were not significantly elevated. In the 
young rats,significant afternoon surges of serum LH were seen in 
rats that received estradiol benzoate and in rats that received 
estradiol benzoate and lergotrile mesylate. The mean serum LH 
level at 1600 hours in young rats receiving lergotrile mesylate 
was higher than that in the rats receiving estradiol benzoate alone. 
The results of the above studies suggest that the inability of rats 
about 24-26 months of age to show a positive LH feedback response 
to estradiol benzoate is not due to high serum prolactin levels. 
The reason why these rats are unable to generate LH surges in re­
sponse to an estrogenic stimulus is not completely clear at this 
time but almost certainly is associated with aging of some CNS 
area. Tsai and Yen (1971) reported that in postmenopausal humans 
the positive feedback effect of estrogens on LH secretion was absent. 
In this respect, the rat and human show a similar age-related change. 
With respect to basal levels of LH, the rat and human are quite 
different. The inability of the old rat to show elevated serum 
LH levels after inhibition of prolactin secretion and after ovari­
ectomy plus inhibition of prolactin secretion indicates that basic 
differences exist between humans and rats in the aging of the 
mechanisms that regulate basal LH secretion. 

Recently, Clemens and Bennett (1977) reported that vaginal 
cyclicity could be reinstated by daily injections of lergotrile 
mesylate in approximately 2-year-old pseudopregnant female Wistar 
rats. They also found that preoptic area lesions in young rats 
induced repeated periods of pseudopregnancy and that lergotrile 
mesylate administration to the young rats with lesions reinstated 
vaginal cyclicity (Table 8). The ovaries of the old pseudopregnant 
rats contained corpora lutea, thus LH release and ovulation should 
have occured. Surges of LH and ovulation in the old pseudooregnant 
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TABLE 7. EFFECT OF LERGOTRILE MESYLATE ON THE ESTRADIOL-INDUCED 
SURGE OF LH IN OLD AND YOUNG RATS 

Group and Treatment No. of Rats Serum LH levels (ng/ml) 
0900 hr 1600 hr 

l. 

89 

Old rats, 
3 )Jg E. B. a 7 25.1 ± 5.3b 41.8 ± 1l.5c 

2. 

3. 

4. 

a 
c 

Old rats, 
3 )Jg E.B. 
+ lergotrile mesylate 
(3 mg/kg) 7 22.6 ± 4.7 29.1 ± 8.8 

Young rats, 6 126.8 ± 25.6 586.6 ± 91.6 
3 )Jg E.B. (p<.Ol) 

Young rats, 
3 ]Jg E.B. 
+ lergotrile mesylate 6 98.1 ± 12.4 1191.4 ± 252.8 
(3 mg/kg) (p<.Ol) 

b E.B. = Estradiol benzoate; Mean ± Standard error 
p = .07 using "paired t-test"~ 
and p<.Ol using sign test (l600 vs 0900 hr) 

rats appear, at least on the surface, to be incompatible with what 
we just reported; that is, greatly attenuated positive feedback of 
estrogen on LH in old pseudopregnant rats. We deciden to examine 
old pseudopregnant rats for LH surges on the afternoon of proestrus, 
because of the diminished positive feedback of estradiol on LH 
release. Wistar rats, 23-25 months of age and 3 months of age, 
were used in this experiment. Dailv vaginal smears were recorded 
and rats showing repeated periods of psuedopregnancy were selected 
for experimentation. Only rats free from infection, tumors or 
other pathology were used in this study. The rats were housed in 
a room with a l4-hr light and 10-hr dark cycle (lights on at 0400 
hr). On the day of proestrus, as indicated by vaginal smears, 10 
old rats and 10 young rats were decaDitated at 1530 hours, and the 
blood was collected and assayed for LB. In the old rat group, 5 
of the rats showed proestrous LH surges. The remaining 5 showed no 
evidence of surges. Table 9 shows that the LH surge in the old rats 
was as high as the surge seen in young animals. This finding was 
surprising in view of all of the evidence showing that old rats 
were deficient in their ability to release LH under a variety of 
circumstances. 
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TABLE 8. EFFECTS OF LERGOTRILE MESYLATE ON ESTROUS CYCLES IN OLD 
PSEUDOPREGNANT RATS AND IN YOUNG RATS WITH MEDIAL 
PREOPTIC AREA LESIONS a 

Normal Longer Pseudo-
Group No. of Rats 4-or5-day 6-or7-day pregnancies 

cycles cycles 

Old pseudo-
pregnant 13 9 4 0 

Young rats with 
medial preoptic 

20b area lesions 17 0 0 

a 
b 

The daily dose of lergotrile mesylate was 4.5 mg/kg. 
Three rats went into constant estrus during lergotrile mesylate 
treatment. 

TABLE 9. SERUM LH LEVELS ON THE AFTERNOON OF PROESTRUS IN OLD 
AND YOUNG RATS 

Group 

23-to 25-month 
old rats 

3-month old 
rats 

a Mean ± SE 

No. of R.ats 

5 

10 

Serum U! Levels 
(ng/ml) 

551 ± 45 a 

604 ± 86 
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The fact that old pseudopregnant rats do show LH surges but 
only show small surges of LH in response to estrogen indicates that 
some factor in addition to estrogen is necessary in the old rat to 
induce the LH surge. We are assuming here, however, that the 
estrogen-induced surge of LH in ovariectomized rats accurately 
reflects the physiological events that occur in intact animals. 
This assumption may be incorrect. Estradiol treatment followed by 
progesterone administration to ovariectomized old rats did induce 
a small LH surge (Lu et al., 1977). 

The failure to obtain surges of LH in the remaining 5 rats 
could be due to several factors. First, the day chosen to kill the 
rats may not have been the day of proestrus, because occasionally 
a day of proestrus and two days of estrus are seen between pseudo­
pregnancies. Second, perhaps the surges of LH in some of the old 
rats occur later in the day. Later and diminished LH surges have 
been reported to occur in old rats (van der Shoot, 1976). Third, 
maybe no LR surge occurred at all and the cycle was anovulatory. 
The possibility exists that several of the normally appearing 
cycles induced by lergotrile mesylate in old pseudopregnant rats 
might be anovulatory. 

One item that becomes apparent from these studies is that the 
mechanism controlling basal levels of LH secretion and the mechanism 
than controls the cyclic surge of LH are clearly separate entities. 
The neural mechanism regulating basal levels of LH is deficient in 
rats bec2use little or no elevation of serum LH occurs in the 
presence of diminished ovarian activity or after ovariectomy, while 
in the human, this neural mechanism is not compensated because 
humans have elevated serum LH levels after ovarian regression. The 
neural mechanism regulating the cyclic release of LH may age in a 
similar fashion because in both humans and rats the cyclic LH 
release mechanism does not appear to function properly. 

DOPAMINERGIC FL'NC':rION AND AGING 

One of the neurotransmitter systems that demonstrates age­
related changes is the dopaminergic system. In humans, Parkinson's 
disease appears, at least in part, to result from an age-related 
dysfunction of the nigro-neostriatal (A9) dopaminergic system. 
Since many different dopaminergic systems are found in the brain, 
several different aspects of aging might be influenced by altera­
tions of dopaminergic function, providing of course, that the 
various dopaminergic systems deteriorate with age. Age-related 
changes in dopaminergic function may playa role in the dysfunction 
of the neuroendocrine system that occurs with old age. 

Linnoila, Markku and Cooper (1976) reported that L-dopa 
reinstates vaginal cycling in old constant estrous rats by stimu­
lating dopamine receptors. They found that the effectiveness of 
L-dopa was potentiated by a peripheral decarboxylase inhibitor, 
blocked by pimozide, and unaffected by phenoxybenzamine or pro­
pranolol. Although L-dopa appears to reinstate vaginal cyclicity 
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in old Constant estrous rats, many seemingly unrelated treatments 
also appear to reinitiate vaginal cycles and ovulation (see Table 
2). At the present time it is not possible to say whether any or 
all of the treatments in Table 2 eventually result in activation 
of dopamine receptors. 

Repeated periods of pseudopregnancy can be induced in young 
adult rats by placing lesions in the medial preoptic area. The 
pseudopregnancies in these rats resemble the repeated pseudopreg­
nancies that occur with aging. Regular cycles can be reinstated 
in both the lesioned rats and in the old rats by lergotrile mesylate 
administration (Clemens and Bennett, 1977). In addition to inhi­
bition of prolactin secretion, lergotrile mesylate may have re­
stored cyclic endocrine function by stimulation of brain dopamine 
receptors. Dopamine receptor stimulation appears to be the mechan­
ism by which lergotrile mesylate inhibits prolactin secretion 
(Clemens, Smalstig and Shaar, 1975). The preoptic area lesions 
may have destroyed dopaminergic neurons that pass through or ori·­
ginate in the lesioned area and project to some locus where they 
participate in controlling cyclic regularity. After dopamine 
neurons degenerate, the dopamine receptors on the postsynaptic cells 
remain and become supersensitive (Ungerstedt, Ljungberg, Hoffer 
and Siggins, 1975). Thus, the denervated dopamine receptors on 
neurons that control cyclic regularity may have been stimulated by 
lergotrile mesylate. Perhaps in old pseudopregnant rats a popu­
lation of dopamine neurons may have degenerated or may have begun 
functioning in an abnormal fashion as a result of the aging process. 
Lergotrile mesylate administration merely restored the necessary 
dopaminergic stimulus needed for cycling to occur. 

The similarities between young adult rats with preoptic area 
lesions and old pseudopregnant rats suggest that cyclic abnormali­
ties in aged animals may be triggered bv changes in the eNS. 
Repeated perio~s of pseudopregnancy in old rats may be due to some 
age-related change in the eNS. This view is supported by studies 
reporting abnormalities in catecholamine metabolism in the brains 
of rats. Table 10 summarized some of the changes in dopaminergic 
systems reported to occur with advancing age. Miller, Shaar and 
Riegle (1976) reported decreased hypothalamic dopamine levels in 
old r.1ale rAts; and Simpkins, Mueller, P..uang and t·1eites (1.977) 
reported decreased dopamine levels as well as decreased hypothalamic 
dopamine turnover in old male rats. Both groups also reported a 
decrease in norepinephrine levels in the old male rats. 

In view of the importance of catecholamines in cyclic endo­
crine function and the observation that the dopamine agonist, 
lergotrile rnesylate, reinstated vaginal cyclicity in old pseudo­
pregnant rats, we decided to measure levels of dopamine, norepine­
phrine and epinephrine in hypothalami in old female rats that had 
been treated with lergotrile mesylate or a water vehicle. 

Two-year-old pseudopregnant and 6-month-old normal cycling 
female Wistar rats were used in this study. One group of old 
pseudopregnant rats received intraperitoneal injections of 1.5 
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mg/kg of lergotrile mesylate daily for 90 days, while another group 
of old pseudopregnant rats (control group) received daily intra­
peritoneal injections of sterile water (0.2 ml). The 6-month-old 
rats received similar treatments. At the end of the treatment 
period the old rats were 27 months of age, and the cycling adults 
were 9 months of age. Daily vaginal smears were recorded during 
the treatment period, and 24 hours after the last injection the 
rats were decapitated during a day of diestrus. Brains were imme­
diately removed and an approximately 25 mg fragment of basal hypo­
thalamic tissue was removed and quickly frozen on Dry Ice. 
Hypothalamic concentrations of dopamine, norepinephrine and epine­
phrine was determined using high pressure liquid chromatography 
coupled with electrochemical detection according to the method of 
Fuller and Perry (1978). 

TABLE 10. CHANGES IN DOPAMINERGIC SYSTEMS REPORTED TO OCCUR WITH 
ADVANCING AGE 

Area of Brain 

Substantia nigra (human) 

Neostriatum (rat) 

Whole brain minus 
neostriatum and 
cerebellum (rat) 

Hypothalamus (rat) 

Hypothalamus (rat) 

Olfactory tubercle 
and caudate nucleus 
(rat) 

Observation 

decreased tyrosine 
hydroxylase 

decreased tyrosine 
hydroxylase 

no change in 
dopamine level 

decreased dopamine 
level 

References 

Cote and Kremzner 
(1974) 

McGeer et al., 
(1971) 

McGeer et al., 
(1971) 

Miller et al., 
(1976) 

decreased dopamine Simpkins et al., 
level and turnover (1977) 

decreased tyrosine 
hydroxylase 

Reis et al., 
(1977) 

In the 27-month-old rats hypothalamic dopamine and epinephrine 
concentrations were significantly reduced when compared to the 9-
month-old control values (Table 11). Lergotrile mesylate treat­
ment in the aged rats restored hypothalamic dopamine levels to 
levels found in the 9-month-old controls. Lergotrile mesylate 
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treatment did not alter hypothalamic norepinephrine or epinephrine 
in any group. In this experiment no change was found in hypo­
thalamic norepinephrine. Other studies (Miller et al., 1976); 
Simpkins et al., 1977) reported a decrease in hypothalamic norepine­
phrine in old male rats. 

The results of this preliminary study indicate that an age­
related reduction in dopamine and epinephrine concentration occurs 
in the hypothalamus of old pseudopregnant rats and that the reduc­
tion in dopamine can be counteracted by lergotrile mesylate. The 
reduction of hypothalamic dopamine concentration adds support for 
the hypothesis that disruption of cyclic endocrine function in old 
female r-ats is related to some CNS abnormality in dopamine meta­
bolism. Several possible explanations exist for the increase in 
hypothalamic dopamine concentration in the old rats and this topic 
is receiving further study. Very little is known about the role 
of epinephrine in the brain, especially in aging animals. This is 
the first report of the measurement of brain epinephrine in aged 
rats, and more studies will be needed to interpret the meaning of 
the decrease we observed. 

TABLE 11. EFFECTS OF LERGOTRILE MESYLATE ON HYPOTHALAMIC 
CONCENTRATION OF DOPAMINE, NOREPINEPHRINE AND 
EPINEPHRINE IN 27-MONTH-OLD AND 9-MONTH-OLD FEMWLE RATS 

Group and No. of Hypothalamic Concentration (pmoles/mg) 
Treatment Rats Dopamine Norepinephrine Epinephrine 

27-month-old 6 2.3 ± O.29a l3.0 ± 1.0 0.23 ± 0.03a 

(control) 

27-month-old 6 3.2 ± 1.6b lS.l ± 1.6 0.29 ± O.OS 
(1. S mg/kg 
lergotrile 
mesylate) 

9-month-old S 3.S ± 0.40b lS.4 ± 1.0 0.38 ± 0.06b 

(control) 

9-month-old 4 3.3 ± 0.12b l4.S ± 0.8 0.37 ± O.OSb 
(1. S mg/kg 
lergotrile 
mesylate) 

a,b Values in each column with different superscripts are 
significantly different from each other (p<. 05). Means ± SE 
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USE OF DOPAl1INE AGONISTS TO TREAT SYI1PTOHS OF AGING 

At the moment, our scientific knowledge is not sufficient to 
enable us to make a rational judgement regarding the value of 
treating the symptoms of senility. At best, the agents currently 
available for treating disturbances of mental function in the el­
derly are only mildly effective. Research on the mechanism of ac­
tion of drugs presently showing some beneficial effects appears to 
be one of the best approaches toward the eventual development of 
therapeutic agents in this area. 

One drug that appears to possess some limited value in geria­
tric medicine is Hydergine®. This drug is a mixture of dihydroer­
gocornine, dihydroergocryptine and dihydroergocrystine. A recent 
review by Hughes, Hilliams and Currier (36) indicated that Hyder­
gine® consistently produced statistically significant improvement 
in several symptoms associated with dementia; however, there was 
only a small degree of improvement. 

Hydergine® is thought to exert its beneficial effect on brain 
function in the elderly by improving blood flow to the brain or by 
stimulating the activity of energy-producing enzymes. Hydergine® 
also had been used to treat hypertension because of its alpha­
blocking properties. 

One property of many ergolines, the ability to stimulate dopa­
mine receptors (Corrodi, Fuxe, Hokfelt, Lidbrink and Ugerstedt, 
1973), had apparently not been considered as an explanation of the 
Hydergine® effect. He found that ergoline derivatives inhibit 
prolactin release by acting on dopamine receptors located in the 
pituitary gland (Clemens et al., 1975). He decided to determine if 
Hydergine® had any prolactin-inhibiting properties. Adult male 
rats were primed with 2.0 mg of reserpine, intraperitoneally and 
received an intraperitoneal injection of 40 ~g/kg of Hydrogine®, 
bromocryptine or lergotrile mesylate 24 hours later. Rats were 
killed by decapitation 1 hour after treatment with the ergolines, 
and the blood was assayed for prolactin by redioimmunoassay. Table 
12 shows that Hydergine® is a very potent inhibitor of prolactin 
secretion. The inhibition by Hydergine® is approximately equivalent 
to that shown by the two known dopamine agonists, bromocyrptine and 
lergotrile mesylate. These results indicate that, in addition to 
cerebral vascular effects, Hydergine® may act in some areas of the 
brain as a dopamine agonist, similar to the activity mentioned pre­
viously for lergotrile mesylate. Perhaps the central dopaminergic 
activity of Hydergine® is responsible for its beneficial effects 
in treating organic brain dysfunction. Another interesting aspect 
of the pharmacology of dopaminergic ergolines is the effect of ler­
gotrile mesylate of longevity. Hhen lergotrile mesylate was fed 
daily to rats during a two-year period there was a significant in­
crease in the lifespan of female rats in two separate studies. 
Hale and female I-Jistar rats were fed diets containing 0.0 (60 rats), 
0.0015 (40 rats), 0.0045 (40 rats), 0.01 (40 rats), percent lergo­
trile mesylate. The studies were performed in duplicate. 
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TABLE 12. EFFECTS OF VARIOUS ERGOT ALKALOIDS ON SERUM PROLACTIN 
LEVELS IN RESERPINIZED MALE RATS 

Group 

Control 
(10% ethanol­
saline vehicle) 

Hydergine® 
(40 ).lg/kg) 

Bromocryptine 
(40 ).lg/kg) 

Lergotrile 
mesylate 

a 
Mean ± SE 

No. of Rats 

10 

10 

10 

10 

Serum Prolactin Levels 
(ng/ml) 

20.3 ± 2.la 

8.5 ± 1.1 
(p<.Ol) 

7.1 ± 0.9 
(p<.Ol) 

7.0 ± 0.9 
(p<.Ol) 

The female rats from both studies that were treated with 
lergotrile mesylate tended to live longer than the controls (Figures 
2 and 3). Lergotrile mesylate had no consistent effect on the 
survival of males. All animals treated with lergotrile mesylate 
consumed the same amount of food; however, the treated rats (both 
males and females) tended to have somewhat lower body weights than 
the controls. The increased longevity of the females does not 
appear to be due to decreased food consumption or reduction in body 
weight, because the males showed the same small reduction in body 
weight. 

Recently, Cotzias, Miller, Tang, Papavasiliou and Wang (1977) 
reported that administration of L-dopa to mice in their diet pro­
longed the mean-life span by a maximum of 50 percent. The findings 
with L-dopa are similar to our findings reported here with lergo­
trile mesylate. At the present time the precise reason why dopa­
minergic compounds increase longevity is not clear, but the above 
preliminary findings favor a more intensive study of the effects 
of dopaminergic agents on the aging process. 
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Pep tides have found a progressively more important role in the 
biochemistry ·and physiology of the brain in recent years. Hany 
possess neurological and behavioral actions in addition to their 
function in endocrinology. This paper reviews the formation and 
distribution, as well as the neurological action, of peptides pro­
bably involved in Parkinson's disease: 8-LPH and its derivatives 
(MSH, ACTH4-10, 8-endorphin). It also recounts the experience of 
many authors with prolyl-leucyl-glycine-amide (PLG) in that disease. 
Finally we propose a new theory of the etiology of Parkinson's dis­
ease, based on a postulated deficiency in the important trophic 
function upon catecholaminergic neurons of A.P.U.D. cells. 

PEPTIDES IN THE BRAIN 

The last 15 years have seen the extraordinary growth of know­
ledge in the physiology, pharmacology and biochemistry of monoa­
mines, particularly spurred on by the findings of abnormal dopamine 
metabolism in Parkinson's disease and the encouraging success of 
levodopa therapy in that illness. 

In parallel with this activity, the field of neuroendocrinology 
has been steadily growing, leading the exciting new findings. One 
of the products of these studies is undoubtedly the recognition 
that a number of peptide hormones act directly upon the brain to 
affect learning and behavior. Prominent among these active hor­
mones are substances isolated from the hypothalamus which, on the 
other hand, act as releasing or release-inhibiting factors and, on 
the other hand, possess independent behavior modifying properties. 

A number of well known, and important, functions of the organ-
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ism are dependent upon the action of peptide hormones: sexual 
behavior, including female receptivity state and mating, are in­
fluenced by gonadotropins; eating can be induced by insulin; thirst 
and the consequent drinking are inhibited by vasopressin, while 
motivated drinking is induced by angiotensin; parturition can be 
triggered or accelerated by oxytocin; it is also well known, par­
ticularly in frogs, that melanocyte stimulating hormone (MSH) can 
induce skin color changes; lipolysis can be induced by both MSH 
and S-lipotropic hormone (S-LPH). Finally the best studied phe­
nomenon is that of neurosecretion in the hypothalamus-pituitary 
interphase. 

Recent developments in protein and peptide biochemistry have 
permitted the mapping of a number of new pathways using immuno­
histochemical morphological explorations. Antisera have thus been 
raised to luteinizing hormone releasing hormone (LHRH), somato­
statin, thyrotropin releasing hormone, oxytocin, vasopressin, 
neurophysin, substance P, enkephalin, angiotensin II, vasoactive 
intestinal polypeptide, and many others. There are still problems 
of specificity with this technique, as well as with methods 
measuring enzymes, hut the futurp of the approach is great (Hokf'elt. 
Elde~ Fuxe~ Johansson" LJungdahl~ ,r;oldstein~ Luft~ Efend?:c~ 'Vilsson~ 
TeY'enuis~ Ganten~ Jeffcoate~ Rehfeld~ Said~ PeY'ez ae "a MOY'a~ 
Possani~ Tapia~ TeY'an and Palacios~ 1978). 

PEPTIDE SYNTHESIS IN THE BRAIN 

Most of the active peptides studied are not synthesized de 
novo. Rather they originate from the enzymatic breakdown of much 
larger molecules. This discovery was made simultaneously for 
insulin, which derives from proinsulin, by Steiner and Oyer (1967) 
and for S-MSH, which originates from lipotropin, by Chretien and 
Li (1967). It has led to important advances in the chemistry of 
many hormones. For example, it is now known that S-LPH, a peptide 
with 91 amino acids, is the precursor of S-MSH (sequences 37 to 58) 
which may not even be present as such in humans, and of y-LPH (se­
quence 1-58). A recent study (Hughes~ Smith, KosteY'litz~ FotheY'­
gill~ MOY'gan and MOY'ris~ 1975) indicates that residues 61 to 65 
form the structure of methionine-enkephalin, a pentapeptide which 
may be the natural ligand for opiate receptors. Other fragments 
with biological activity are now known as a- and S-endorphins. 
Celis, Taleisnik and Walter (1971) have also demonstrated that the 
tripeptide proline-leucine-glycine amide resulted from the splitting 
of oxytocin. Such breakdown is carried out by a number of pepti­
dases which are being isolated in the brain. It may well be that 
the regional concentrations of such peptidases could be the local 
factor responsible for specificity of peptide mapping. 

Some of the early studies on the behavioral effects of peptide 
hormones were carried out in hypophysectomized animals by De Wied 
and his colleagues in Utrecht (De Wied~ Whitter and Lande~ 1970). 
The animals had decreased extinction of conditioned avoidance 
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responses (CAR) which were corrected by the administration ACTH, 
MSH or vasopressin. These effects were not dependent on the pre­
sence of adrenals. De Wied is of the opinion that ACTH facilitates 
learning CAR by affecting motivational processes. He and his 
colleagues have studied many fractions of the ACTH molecules to 
find that the most active is composed of a 7 amino acid sequence 
situated hetween amino acids 4 and 10 (ACTH 4-10): this sequence 
is Met-Glu-His-Phe-Arg-Try-Gly. Modifications and substitutions 
of the sequence have been attempted, but most are inactive except 
when the methionine is oxidized to the sulfoxide, arginine is 
replaced by D-lysine and tryptophan by phenylalanine. The resulting 
peptide is 1,000 times more active than MSH/ACTH 4-10, probably 
because the substitutions increase resistance to degradation by 
enzymes. There is evidence that MSH/ACTH 4-10 can increase visual 
memory on the Benton retention test in man and that the peptide 
prolongs the pattern of mental alertness on the EEG, by decreasing 
the duration of a pattern. Melanocyte stimulating hormone (MSH) 
possesses the same 7 amino acid sequence as MSH/ACTH 4-10 and it 
has essentially the same behavioral action. 

A very strange neurological phenomenon consisting of yawning 
and stretching crises of muscular hypertonus has been observed in 
dogs and rats after the intracerebral injection of MSH/ACTH 4-10, 
MSH and B-LPH (Izumi, Donaldson and Barbeau, 1973), all substances 
possessing the 7 amino acid sequence Met-Glu-His-Phe-Arg-Try-Gly. 

B-LPH DERIVATIVES AND PARKINSON'S DISEASE 

Cotzias, Van Hoert and Schiffer (]967) had shown that the 
injection to MSH to parkinsonian patients rapidly exacerbated the 
symptoms of the illness. In subsequent studies we were able to 
confirm this experience, particularly upon tremor. Later Shuster, 
Thody, Goolamali, Burton, Plummer and Bates (1973) demonstrated 
that plasma MSH values were elevated in Parkinson's disease. 
However this finding is still in doubt, mainly because the speci­
ficity of MSH determination is not as clear as previously thought. 
The assay may in fact be measuring B-LPH as well as MSH. 

Another part of thA B-LPH molecule may be playing an important 
role in Parkinson's djsease. As mentioned before the 61-65 sequence 
of B-lipotropin has been isolated and chemically characterized and 
recently shown to possess morphine-like properties. Subsequent 
reports showed that these peptides administered intraventricularly 
in rats and mice have an analgesic action. The C-fragment (B-LPH 
61-91), designated as B-endorphin has been found to have potent 
and long-lasting analgesic action when administered intraventri­
cularly in cats, rats and mice. Recently, B-endorphin injected 
into the cisterna magna. in the periaqueductal gray or in the 
lateral ventricle in rats/has been demonstrated to produce cata­
lepsy or catatonia in addition to analgesia. However, our own 
experience indicates that the phenomenon of decreased mobility and 
motor initiation should be called akinesia rather than catatonia 
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(Izumi, Motomatsu, Chretien, Butterworth, Lis, Seidah and Barbeau, 
1977). This behavior was fully reversed by naloxone, a specific 
antagonist for opiate, L-dopa with a peripheral decarboxylase 
inhibitor or apomorphine. L-dopa or apomorphine did not reverse 
the analgesia, while naloxone at least partially reversed both 
analgesia and akinesia. Indeed,apomorphine (20 mg/kg) fully 
reversed the akinesia induced by 6-endorphin and produced its 
characteristic stereotyped behavioral effect 7 minutes following 
drug injection. The complete akinesia reversal effect of apomor­
phine lasted for about 17 minutes, after which time its efficacy 
decreased gradually. This observed time course in the action of 
apomorphine seems to be parallel to the time course of accumulation 
and disappearance of the drug in the rat brain (Butterworth and 
Barbeau, 1975). These findings, together with the recent report 
that dopamine release from a rat striatal slice is inhibited by 
6-endorphin, indicate that the peptide acts preferentially upon 
dopaminergic neurons, probably at presynaptic sites. 

Thus, the above evidence indicates that many peptides derived 
from the prohormone 6-LPH could be involved in the production of 
some of the symptoms of Parkinson's disease, particularly tremor 
and akinesia. 

THE PRO-LEU-GLY-NH2 (PLG) STORY 

In 1971, Nair, Kastin and Schally (1971) synthesized a 
tripeptide, L-prolyl-L-leucyl-glycine amide (Pro-Leu-Gly-NH2; PLG) 
which they claimed had MSH-release-inhibitory (MIF) properties. 
They called this peptide MIF-I, but we would now prefer to use the 
initials PLG because subsequent studies by many authors have failed 
to confirm this hormonal activity. However animal experiments soon 
revealed that this substance was neurologically active, in that it 
potentiated the actions of L-dopa and oxotremorine in both intact 
and hypophysectomized animals (Plotnikoff and Kastin, 1974). 

Based on these premises, Kastin and Barbeau (1972) carried 
out a number of experiments in Montreal. The first set of studies 
consisted in the slow intravenous infusion of 20 to 40 mg of PLG 
in 100 ml of saline over a 30-minute period in 8 patients. Rigidity 
was improved by an average 20%, while tremor was markedly reduced 
in 4 of the 8 patients. To our surprise this benefit persisted 
some 2 or 3 days after the infusion. One week later the same 8 
patients were given 30 mg per day of oral PLG for 2 days. Motor 
performance tests, objectively measured, improved by an average 
19% and justified longer trials in 3 patients. The latter received 
50 mg/day of oral PLG for a minimum of two months. Again the 
objective motor performance tests were improved by 30% at the 
end of the observation peroid. A further 5 patients who were 
taking L-dopa, but presented with oscillations in performance and 
dyskinesias were given, on a single occasion, 50 mg of PLG orally. 
Although a slight decrease in the dyskinesias was noted, no clear­
cut potentiation of performance could be observed. 
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These results were soon partially confirmed by Chase, Woods, 
Lipton and Morris (1974) who found some antiparkinsonian activity 
with small infusions of the drug, but could not confirm the decrease 
in dyskinesias. The same year Fischer, Schneider, Jacobi and 
Maxion (1974) in Germany made similar positive observations in 10 
patients. They observed simultaneous mood brightening and thought 
that the effect of PLG was mostly upon mood and motivation. These 
studies were followed by a 4-month double-blind experiment with 
gradually increasing oral doses of PLG in 20 parkinsonian patients, 
followed by 6 months of open observation (Barbeau, Roy and Kastin, 
1976). Unfortunately, objective measurements of various parameters 
did not reveal important differences when the initial and final 
results were compared. Functional impairment and finger dexterity, 
to all intents and purposes, remained identical. However, there 
was a significant downward trend in rigidity and tremor scores for 
the patients receiving PLG. This corresponds to 20% and 44% de­
creases respectively, figures of the same order of magnitude as 
seen in the inital study. 

A further study, this ti~e using the intravenous approach 
already shown to be effective, again demonstrated the efficacy of 
a single bolus injection of 200 mg PLG in 8 parkinsonian patients 
(Barbeau and Kastin, 1976). This effect persisted for nearly 6 
hours. 

Animal studies quoted above had shown that PLG potentiates 
the L-dopa-induced effect on motility. In a further set of experi­
ments (Barbeau, 1975), we were able to show the same type of 
potentiation in human parkinsonian subjects. Six of our patients 
who had been treated with L-dopa for an average of a little over 
4 years were chosen for evaluation. After this period of time, the 
average motor performance score was still significantly improved 
over the pre-dopa period. On the first day of the experiment, at 
10:00 AM, the patients were given their usual 500 mg dose of oral 
L-dopa. At the same time they received an intravenous injection 
of 10 ml of NaCl. Performance scores were measured before and 
hourly after the injection. L-Dopa produced an average 21% further 
improvement. On the second day, 200 mg of intravenous PLG was 
substituted for the NaCl. This produced an improvement in perfor­
mance scores of 44% which lasted for at least 4 hours. In 4 of 
the 6 patients, and for the first time since the very onset of 
treatment with L-dopa, performance scores within the normal range 
were obtained. All patients also noted a marked amelioration in 
the clarity of their thinking. Similar results were recently 
obtained by Gerstenbrand, Binder, Grunberger, Kozma, Pusch and 
Reisner (1976) and by our group over more chronic periods (Gonce 
and Barbeau, 1977). 

PLG was ineffective, in our studies (Barbeau and Kastin, 1976) 
in modifying brain levels, turnover or distribution of catechol­
amines. Neither could we demonstrate inhibition of monoamine 
oxidase or catecholamine-O-methyl transferase activity by PLG. 
Furthermore, there was no evidence that PLG acted upon the reuptake 
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mechanism or facilitated the release of catecholamines in an 
amphetamine-like fashion. Therefore}a presynaptic or metabolic 
mode of action is unlikely. PLG is still active in animals after 
hypophysectomy, indicating that the effect upon the brain is 
probably not through peripheral hormones. Finally we have demon­
strated (Bapbeau and Kastin, 1976) that PLG potentiates the action 
of apomorphine in reversing the akinesia produced by a bilateral 
hypothalamic lesion with 6-hydroxydopamine in the rat. This would 
favour a postsynaptic site of action for PLG. 

Recently, we have begun studying in animals and man some ana­
logs of PLG which, in rats at least, appear to be as effective as 
PLG, but less subject to biological degradation. It is hoped that 
these new products will prove to be useful against the symptoms 
of Parkinson's disease. 

A PEPTIDERGIC THEORY OF THE ETIOLOGY OF PARKINSON'S DISEASE 

The actual cause of Parkinson's disease remains an enigma, 
despite the numerous studies originating from the discovery of the 
therapeutic activity of L-dopa. There is still no satisfactory 
answer to the elementary question: what causes the deficiency in 
dopamine levels -in the basal ganglia and elsewhere? Viruses have 
been implicated in the etiology of the "post-encephalitic parkin­
sonism" which followed the epidemic of lethargic encephalitis of 
1918-1927. However the true nature of the actual virus involved 
remains unsettles, despite claims in favor of influenza A (Gamboa, 
Wolf, Yahp, Haptep, Duffy, Bopden and Hsu, 1974). In this respect} 
it is of interest to note that Lycke and Roos (1969) have indicated 
that such viruses induce increases in dopamine turnover in mice 
brain. 

In a recent presentation to the Association for Research in 
Nervous and Hental Disorders, we proposed a new hypothesis on the 
etiology of Parkinson's disease (Bapbeau, 1976). This hypothesis 
envisions a primordial role for brain peptides and was thus stated: 
"The symptoms of Papkinson's disease ape a consequence of localized 
amine imbalances in the bpain, but the basic pathogenic mechanism 
is a accelepated aging phenomenon pesulting fpom the selective 
atpophy of the heavily pigmented cells in the bpainstem, fpom whence 
opiginate dopaminepgic and nopadpenepgic pathways. This aging 
mechanism can be accelepated by vasculap, infectious, and toxic 
factops, but it is conditioned by a deficiency in specialized 
neupoendocpine (A.P.U.D.) cells in the hypothalamus. Papkinson's 
disease is thus a foPm of A.P.U.D. cell deficiency syndpome" 
The evidence for the first part of this proposition has been 
reviewed many times (Bapbeau, 1962; Bapbeau, 1973; Bapbeau, 1976; 
Bapbeau, Campanella,Buttepwopth and Yamada, 1975) and will not be 
repeated here. The only point to be made is the interesting 
similarity between the mechanisms of aging and that of parkinsonism. 
Thus, the brainstem pigmented cells are also involved in aging as 
shown by a significant lowering of striatal dopamine content 
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in both diseases (Finch, 1973). In such a situation, the slightest 
further aggression to the integrity of the nigrostriatal pathway 
will result in the rapid appearance of extrapyramidal signs and 
symptoms. In fact, various mechanisms (vascular, infectious, and 
toxic) are known to further worsen the concentration or turnover 
of brain catecholamines (Moskowitz and Wurtman, 1975; Barbeau, 
Rodo-Ortega, Brecht, Donaldson, Minnich and Genest, 1972). The 
common end result is the acceleration of a random degenerative 
process in the basal ganglia, which eventually leads to obvious 
extrapyramidal signs. It is likely that these secondary factors 
alone could not produce the signs and symptoms of Parkinson's 
disease unless they were extremely severe or accompanied by evidence 
of an accelerated aging process. 

On the other hand, one of the main characteristics of 
Parkinson's disease is a deficiency in the decarboxylases necessary 
for synthesis: dopa and 5-HTP decarboxylase, glutamic acid decar­
boxylase. Cells equipped with such decarboxylases are easily seen 
with histofluorescence and readily take up the appropriate precur­
sors. Pearse (1969) has classified such cells as belonging to the 
A.P.D.D. system. The term itself derives from the main character i­
tics of the cells: fluorogenic Amine content (catecholamines, 5-HT) 
and/or amine Precursor Uptake (dopa or 5-HTP) with presence of 
amino acid Decarboxylases. The other main characteristic of these 
cells, mostly originating from the neural crest, is that they are 
associated with the secretion of polypeptides, some of which have 
hormonal actions. The A.P.D.D. cells usually manifest their 
presence through hypersecretion, such as in the multiple endocrine 
syndrome, the Zollinger-Ellison's syndrome, and other secreting 
tumors which have received the unelegant name of "apudomas". 

However, in our hypothesis we prepose that both aging and 
Parkinson's disease would be the result of specific deficiencies 
in the function of specialized neuroendocrine (A.P.D.D.) cells. 

These cells could be absent or reduced in number congenitally, 
or they could be damaged progressively through the cumulative 
effect of successive aggressions upon this system (toxic, infec­
tious, vascular, or metabolic). It is part of our proposal that 
the main function of peptidergic pathways is a trophic modulation 
of aminergic functions, pre- or post-synaptically. In a manner 
similar to nerve growth factor in the peripheral nervous system 
(Mobley, Server, Ishii, Riopelle and Shooter, 1977) these poly­
peptide producing neurons could permit the growth or maintenance 
of neurotransmitter producing neurons. Any decrease in this 
trophic action of peptidergic neurons originating from A.P.D.D. 
cells, through congenital absence or progressive damage, would 
result in eventual atrophy and death of the latter neurons (dopa­
minergic and noradrenergic in Parkinson's disease, GABA-ergic in 
Huntington's chorea). Preliminary evidence from the studies 
reviewed above would favor the importance of S-LPH derivatives 
(MSH,ACTH 4-10, 6-endorphin) in this role as regards Parkinson's 
disease, with substance P and renin-angiotensin in Huntington's 
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chorea. 
Our hypothesis leads to a number of physiological and pharma­

cological experiments and to eventual therapeutic approaches, and 
is now being actively evaluated in our laboratory. 
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INTRODUCTION 

There is a dramatic decline in regular ovarian cycles with 
increasing age in rats. The anovulatory conditions which develope 
are associated with characteristic changes in the vaginal epithe­
lium and have been termed constant estrus (CE) or repetitive pseu­
dopregnancy (RPP). Several studies have demonstrated that this 
disruption of ovarian function is primarily due to age-related 
changes that occur within the brain and pituitary. For example, 
ovulation can be induced in old female rats following systemic in­
jections of luteinizing hormone (LH) , human chorionic gonadotropin 
(RCG) (Aschheim, 1965), or luteinizing hormone-releasing factor 
(Aschheim. 1976). In addition reinstatement of regular ovarian and! 
or vaginal cycles has been observed in response to electrical sti­
mulation of the medial preoptic area (MPOA) (Clemens, Amenomore, 
Jenkins and Meites, 1969; Everett, Holzinger, Zeilmaker, Redmond 
and Quinn, 1970), or by systemic injection of L-tyrosine, L-dopa, 
epinephrine, and monoamine oxidase inhibitors (Clemens et al., 1969; 
Quadri, Kledzik and Meites, 1973; Linnoila and Cooper, 1976), and 
low doses of progesterone (Everett, 1940). Specific environmental 
changes will also reinstate ovarian cycles in both CE and RPP rats. 
Reduced photoperiods terminate CE (Everett, 1943 and 1970; Asch­
heim, 1966), as does chronic cold exposure for RPP (Aschheim and 
Latouche, 1975). 

In general, these treatments represent an attempt to replace 
deficient or missing components within the hypothalamo-hypophyseal­
ovarian axis. I~ith the exception of the indirect effects brought 
about through environmental manipulation, none has tested the pos­
sibility that the reproductive system may fail with age as the re­
sult of specific changes which may not be immediately involved in 
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the regulation of ovarian function. For example, exposure to long 
photoperiods stimulates thyroid activity (Mayerson, 1935; Tixier­
Vidal, 1959), whereas constant light (Fiske, 1941) and thyroxine 
treatment (Bruni, Marshall, Dibbet and Meites, 1975) both restore 
gonadotropin levels during times when they are experimentally de­
pressed. These observations suggest that thyroid hyperactivity is 
correlated with increased periods of vaginal estrus. Indeed, it has 
been reported that the gonadotropin response to the stimulus of 
constant light requires that the CNS be continually exposed to 
thyroid hormone (Hagino, 1971). Also, exposure to constant light 
restores ovarian cycles in the anestrous, underfed rat (Piacsek 
and Meites, 1967). Alternatively, food deprivation depresses 
thyroid activity in rats {Reichlin, 1957} and in humans (Croxson, 
Hall, Kletzky, Jaramillo and Nicoloff, 1977). If underfeeding 
results in endocrine hypofunction which is incompatible with vaginal 
estrus, then constant estrus may be the result of positive function­
al changes in the thyroid axis. These thoughts led us to investi­
gate the influence of food restriction on the reproductive system 
in aging female rats. We also tested the influence of thyroid 
hormone on reproductive function, since it may affect the aging 
process via its control over food intake (Everitt and Porter, 1976). 

MATERIALS AND METHODS 

Animals and Conditions. Female Long-Evans hooded rats, raised 
in our laboratory under l4-hr light, 10-hr dark photoperiod and 
at 72° ± 2F, were used in this study. The health of this colony is 
maintained by strict isolation of the progeny of the original Caesa­
rean derived population. The result is a very low incidence of 
respiratory and renal disease in these rats, even into old age. 
Test animals for underfeeding and hormone experiments included RPP 
(16-19 months old), spontaneous CE (12-14 months old), pre-estra­
pause (PEP) (10-12 months old), and cycling(YC) females (4-6 months 
old). The term pre-estrapause is used here to indicate an animal 
which is approaching the age at which regular ovarian function 
normally ceases. For this purpose, PEP is defined as that age at 
which 50% of the laboratory population is still cycling. Under the 
conditions of this laboratory, this event occurs between 10 and 12 
months of age. 

The rats were housed individually in hanging wire cages or in 
groups of three in plastic cages with wood shavings for bedding. 
Whenever housing conditions were changed, the vaginal smear was 
observed in order to exclude possible generalized effects of this 
treatment on ovarian function. 

Underfeeding. All females to be placed on restricted diets 
were housed individually and their ad libitum food intake measured 
daily for ten days. Thereafter, each female was restricted to 60% 
of the ad libitum mean. 

Ho~one Treatment. Thyroid hormone was administered in the 
rat's diet. Females to be fed thyroid supplemented diets were 
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first placed on powdered Purina Lab chow and supplied wood blocks 
for gnawing. This switch, from the standard pellet food, had no 
effect on body weight, and all animals readily adapted to this 
method of feeding. Specific diets were supplemented with 0.5 or 
5.0% crude thyroid extract (Sigma Chemical Co. St. Louis, Mo.) or 
propylthiouracil (PTU) 0.2%. In addition, PTU suspended in sodium 
alginate was also injected subcutaneously (1.0 mg/kg) in certain 
animals. Control animals for PTU injections received daily in­
jections of the vehicle only. 

Brain Stimulation. Stainless steel, epoxy-coated electrodes 
insulated to within 0.5 mm of the tip were stereotaxically implanted 
into the medial preoptic area. Electrochemical stimulation was 
accomplished by passing 90 uA anodal DC current for 60 seconds. 

Vaginal Smears. In all females, vaginal smears were observed 
daily commencing at least two weeks prior to experimental treat­
ment and continuing for until at least 30 days following termination 
of treatment. Ovulation was confirmed in selected females by 
ovariectomy on the morning of vaginal estrus. The ampulla were 
inspected for the presence of ova and the number shed recorded. 
In addition all ovaries were examined histologically. 

The number of animals in each experimental group varied and 
are reported under the specific treatments shown in Table 1. 

Specific Experiments. Two groups of experiments were conducted 
in this study. In the first group, an attempt was made to reinstate 
vaginal and/or ovarian cycles in aged spontaneous CE or RPP females, 
as well as in young CE, androgenized females, by underfeeding or 
experimental manipulation of the anima1s'thyroid levels. In the 
second group of experiments similar treatments were used in an 
attempt to disrupt regular ovarian function in young females. 
These experimental treatments are outlined in Table 1. The appro­
priate control groups will be discussed in the Results section. 

RESULTS 

Underfeeding~ Thyroid and PTU Treatment in Anovulatory Females. 
Underfeeding resulted in a reinitiation of vaginal cycling in every 
14-16 month old CE female. The latency to renewal of vaginal cyc­
ling after dietary restriction was dependent upon the duration of 
time that the animal had previously spent in CEo Figure 1 shows 
this relationship. Representative rats, 388 and 404, promptly 
began cycling during the weight loss phase, immediately after food 
restriction. Long-term CE animals, however, required more prolonged 
periods of restricted food intake to reinitiate cycling. In many 
cases, cycling began after body weight had stabilized. While the 
pattern of cycling was generally irregular, the greatest regularity 
occurred in those animals with a short prior history of CEo They 
displayed more 4 and 5 day cycles than those that had been in CE 
longer. The irregular cycles were characterized by extended corni­
fied periods while the diestrous interval was normal. This effect 
is unlike that seen in YC rats where underfeeding resulted in 



114 R. F. WALKER AND R. L. COOPER 

TABLE 1. EXPERIMENTAL GROUPS AND TREATMENT 

A. UNDERFEEDING, THYROID AND PTU TREATMENT TO 
ANOVULATORY FEMALES 

Group Vag. sm. N Age Treatment* 

1 CE 6 14-16 mo Underfed 
2 RPP 4 16-19 mo Underfed 
3 RPP 4 16-19 mo ad lib + thyroid 0.5% 
4 CE 4 14-16 mo ad lib + PTU 
5 A-CE** 8 4-6 mo Underfed 

B. UNDERFEEDING THYROID AND PTU TO REGULAR CYCLING 
FEMALES 

Group Vag. sm. N Age Treatment 

1 
2 
3 
4 
5 

* 

** 

cycling 8 4-6 mo Underfed 
cycling 8 4-6 mo Underfed + PTU 
cycling 4 4-6 mo Underfed + thyroid 5%*** 
cycling 6 4-6 mo ad lib + thyroid 0.5% 
PEP 6 9-10 mo thyroid PE + MPOA stirn. 

Treatment periods varied according to group. 

Females were neonatally androgenized on day 5 with a subcuta­
neous injection of testosterone propionate (1.25 mg/kg, 
suspended in sesame oil). 

*** Thyroid was added to the diet of the underfed females after 
a prolonged leukocytic smear was observed. 

reduced cornification with prolonged diestrous intervals. Despite 
the time differences in the latency to vaginal cycling, ovariectomy 
of representative females with both long and short CE histories 
revealed that ovulation had occurred (x ova + 10.1 ± .8). In 
addition, histological examination of ovaries from these previously 
CE underfed rats revealed new corpora lutea. After realimentation, 
periods of vaginal cornification characteristically lengthened, 
and most animals returned to CE after approximately one month. At 
this time, body weights were not significantly different than those 
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Reinstatement of vaginal cycles in constant estrus rats 
subsequent to food restriction. UF-dayj underfeeding 
begunj RF-day: Underfeeding discontinued. 

Diestrusj II Proestrus; .. Estrus; [J Leukocytic smear 
without ovulation. 

observed before underfeeding. No rebound or compensatory hyperpha­
gia, nor excessive weight gain, followed refeeding in any animal. 

Underfeeding had no effect on the vaginal cytology of the RPP 
rats. RPP females were responsive to thyroid feeding. Ad libitum 
feeding of thyroid supplemented diet (0.5%) resulted in the prompt 
induction of an ovulatory cycle in most animals tested (Figure 2). 
Continued feeding resulted in more vaginal cycles than previously 
observed for an equivalent period prior to treatment. Both dietary 

T , 
Z54 

Z6Z I 
, • • .. , • .. 399 

PSEUDOPREGNANT PLUS THYROID 

Figure 2. Reinstatement of cycling in representative RPP rats 
when fed tyroid supplemented diets (N is 4). T: thyroid 
added to diet. See figure 1 for definition of symbols. 
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TABLE 2. EFFECT OF THYROID SUPPLEMENTED DIET ON VAGINAL CYCLING IN 
RPP RATS. CONSUMPTION OF FOOD WAS UNRESTRICTED IN THESE 
ANIMALS. 

Group ;.; Beginning Terminating Cornified Cycles % of ~ormal 
Body Weight Body Weight Days Cycles 

Thyroid 4 438.6 22.1 340.0 16.5 4.7 .31 .471 44.4 6.99 
p .01 p .05 p .001 p .001 

Control 417.0 18.3 422.3 18.4 2.0 .91 -0- -0-

thyroid supplementation and underfeeding resulted in a body weight 
loss. However, the effect of body weight loss per se was less 
influential on the function of the ovarian axis than was dietary 
thyroid supplementation (Table 2). 

When PTU was added to the ad libitum diet, irregular vaginal 
cycles eventually appeared in all CE females. However, this result 
was seen only after a long duration and was commensurate with a 
weight loss in these animals. Thus, whether the irregular vaginal 
cycles that occurred was due to PTU, or weight loss per se, or a 
combination of these two factors, could not be determined. 

Perinatally androgenized CE rats did not cycle after food 
restriction. Instead, leukocytes replaced cornified cells in the 
vaginal smear after about 10 days of underfeeding. The underfed 
rRts were observed for 21 days, after which it was concluded that 
caloric restriction is ineffective in stimulating cycles in andro­
genized CE rats. 

Effect of Underfeeding, Thyroid and PTU Treatment on Regular 
Ovarian Function. Rapid disruption of vaginal cycling did not 
occur as the result of underfeeding in young female rats; however, 
definite prolongation of the diestrous interval did occur in the 
test group as a whole. Treatment with PTU augmented the effect of 
underfeeding, resulting in a greater depression of cycling in the 
chemically thyroidectomized animals. Comparison of the effects of 
chemical thyroidectomy and underfeeding are shown in Figure 3. 
Figure 4 shows a characteristic thyroid gland from a PTU-treated 
underfed rat. Hypertrophy of the gland with colloid depletion and 
follicular collapse occurred in all cases, indicating some continued 
function of the pituitary thyroid axis, despite severe food restric­
tion. There was significantly greater weight loss in the underfed 
control group, indicating that thyroid influence over the repro­
ductive axis is greater during underfeeding than absolute body 
weight (Table 3). 

Long-term underfeeding of YC rats resulted in persistent 
leukocytic vaginal smears; however, a cycle was induced in all 
such animals, promptly after the inclusion of 5.0% thyroid extract 
in their daily food ration (Figure 5). This treatment was also 
accompanied by excessive weight loss~ hence, the effect of continued 
thyroid feeding could not be observed for fear that the rats would 
die from inanition. 
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Figure 3. Vaginal cytological alterations following good restric­
tion and/or propylthiouracil injections in normally 
cycling rats. See figure 1 for definition of symbols. 

In both YC and PEP females, the addition of 0.5% thyroid to 
the ad libitum diet resulted in an increase in the number of days 
a cornified vaginal smear persisted and a decrease in the total 
number of vaginal cycles observed (Table 4). During the period of 
treatment, 65% of the PEP rats became CE, while all the control 
(nonsupplemented) animals continued to cycle (Figure 6). Thyroid 
treated YC rats returned to normal cycling when thyroid was with­
drawn; however, restoration of cycles was often preceeded by pro­
longed diestrous periods. In contrast, 40% of the PEP females 

TABLE 3. INFLUENCE OF UNDERFEEDING AND/OR CHEMICAL THYROIDECTOMY 
ON CYCLING IN ADULT~ SEXUALLY MATURE RATS. 

Group N Beginning Tt?rminating Cycles Diestrous Weight 

~~~---------.-- --- _.~W-,,-~~_~ody Weight During Test Interval Loss % 

Thyroid X 292.5 , S.06 264.6 . 4.34 3.8 . .549 2.9 . .261 9.03 . .107 
p<.05 po.05 p<.OS 

Control 100.0 . ".1 S 256.5 , 4.15 5.7 . .491 2.3 . . 180 14.68 .3D 
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Figupe 4. Effect of daily PTU injections in cycling undepfed pats. 
Note the extensive loss of colloid and the pesultant 
change in folliculap mopphology. 

remained CE throughout the 30 day period following treatment 
withdrawal. 

Electrochemical stimulation of the medial preoptic area of 
YC-thyroid induced persistent estrous rats, restored cycling, and 
minimized the effect of further tyroid feeding on vaginal cornifi­
cation (Figures 7 and 8). 

TABLE 4. EFFECT OF UNRESTRICTED CONSUMPTION OF THYROID SUPPLEMENTED 
FOOD IN CYCLING PEP RATS. 

Group N 

Thyroid 6 

Control 

Beginning Terminating Cycles Cornified % Cllange 
Bod~h_,,--___ I~o(Iy"'~eIJ;lc~_._~ __ . __ .D."2'~s~ __ ._......fl.c'c!.y_ Weight 

339.5 + 11.1 282.7' 8.55 1.1 ± .273 14.7' .612 
p<.OI p·,.OS P' .01 

347.1 • 9.3 341.3' 12.11 4.0' .942 4.6' .546 

17.3 • .835 
P' .01 

2.6 ' .177 
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Figure 5. Influence of thyroid extract when given with the restric­
ted food rations of anestrous underfed rats. See figure 
1 for definition of symbols. T:day thyroid feeding 
initiated. 

DISCUSSION 

A basic premise of many studies which deal with reinitiation 
of ovarian cycles in old, CE rats is that this condition is due to 
a deficiency in neurotransmitter control of those neural systems 
involved in cyclic anterior pituitary function (Meites~ Huang and 
Simpkins~ 1978). Indeed age-related deficiencies in hypothalamic 
catecholamines have been reported (Finch~ 1978)~ and this condition 
probably accounts for some, if not all, of the senile functional 
deviations of the aging ovary. The reinstatement of cycling in 
CE rats by underfeeding is consistent with these suggestions, and 
also provides a potential mechanism as to how the deficiencies 
may occur. Pituitary and plasma gonadotropin levels decrease in 
young animals, and vaginal smears become predominantly leukocytic, 
when they are underfed{Piacsek and Meites~ 1967). That comparable 
responses, as evidenced by vaginal and ovarian changes, did not 
occur in CE rats, but instead, quasi-normal function returned, 
implies that endocrine hyperfunction may be causing the condition, 
and the "braking" effect of underfeeding restores control. Starva­
tion has been recognized as a method to depress thyroid function 
for many years (Reichlin~ 1957)~ while exposure to constant light 
stimulates it (Tixier-Vidal~ 1959). The latter treatment also 
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Figupe 6. Induction of pepsistent OP constant vaginal copnification 
by the unpestpicted feeding of thypoid supplemented diets 
to PEP pats. Off indicates withdpawl of thypoid supple­
mentation. See figupe 1 fop definition of symbols. 

elevates pituitary prolactin levels (Relkin 3 Adachi and Kahan3 1972) 
and induces persistent estrus (Bpouman3 1937)3 a condition which 
requires continuous exposure of the CNS to thyroid hormone (Hagino 3 

1971). A wealth of information attests to the dependence of the 
reproductive axis upon the thyroid for normal function. Recent 
information suggests that the influence of thyroid hormone on 
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Figupe 7. Effect of electpochemical stimulation (90 ~A; 60 sec; 
anodal cuppent) of medial ppeoptic apea on vaginal 
cytology in thypoid induced pepsistent estpous pats. 
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Figupe 8. Site of stimulation which peinstated cycles in thypoid 
induced pepsistent estpous pats. Lesion pesulting fpom 
the 90 ~A applied cuppent indicated by the appow. 

pituitary gonadotropin content is complex. Aranda, Hervas, Morreale 
de Escobar and Escobar del Rey (1976) showed that low doses of tri­
and tetra-iodothyronine, when given to thyroidectomized rats, 
restored depressed LH levels to normal, while pharmacological doses 
did not produce any increase in the pituitary hormone. Furthermore, 
daily increases in the secretion of LH in ovariectomized rats were 
further enhanced by thyroidectomy {LaRochelle and Fpeeman J 1974)J 
while thyroxine strongly attenuated the pulsatile discharges of LH 
in ovariectomized animals (Fpeeman J LaRochelle and Moope J 1975) 
and reduced LH release by depressing the response of the arcuate 
nucleus-median eminence area to stimulation (Fpeeman J LaRochelle 
and Moope J 1976). Pharmacological doses of thyroxine also decrease 
the rate of synthesis of brain norepinephrine {Ppange J Meek and 
LiptonJ 1970)J increase the activity of monoamine oxidase, leading 
to norepinephrine reduction in the hypothalamus, pons, medulla and 
midbrain {Rastogi and Singhal J 1976)J and reduce the activity of 
tyrosine hydroxylase, the rate limiting enzyme in catecholamine 
bio-synthetic pathways, in the median eminence (KizePJ 1975). Coin­
cidentally, such changes could account for the depressing influence 
of high doses of thyroxine on LH previously reported. Conversely, 
hypothyroidism increases brain norepinephrine synthesis in the rat 
(LiptonJ ppangeJ Daipman and UdenfpiendJ 1968). Underfeeding, 
therefore, through its effect on the thyroid axis, could result in 
a partial restoration of brain catecholamines with concomitant re­
activation of the senile ovary. Considering these facts, the pri­
mary cause of spontaneous CE in rats, may be long-standing exposure 
to thyroid hormones or a functional hyperthyroidism. This would 
also explain why thyroxine administration does not induce ovulation 
in old CE rats (Gpegepman and BiepmanJ 1974)J despite the fact that 
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serum thyroxine level e : are apparently lower in old than in young 
rats. While a decline in function of the pituitary-thyroid axis 
with increasing age has been reported (FY'olk1:s, VeY'zhikovskaya and 
Valueva, 1973), others suggest that activity may increase in the 
older rat (GY'egeY'man and CY'owdeY' , 1.963). Host probably, the in­
fluence of thyroid hormone (s) on its target tissues varies with 
time, such that comparable amounts produce greater effects in the 
old than in young animals (FY'olkis et al., 1.973). Such sensitivity 
enhancement with age has been reported also for estrogen (CoopeY', 
1977), norepinephrine and a number of other compounds (FY'olkis, 
BezY'ukov and Sinitsky, 1972). 

RPP usually occurs later in life than does CE (Huang and Meites, 
1975). The inability of underfeeding to reinitiate cycles in the 
RPP female animals, while thyroid feeding was successful, suggests 
a terminal condition of general endocrine hypofunction. Previous 
reports of aging in the thyroid axis, support this contention 
(EveY'itt, 1976). Without considering the cause of such age-depen­
dent thyroid change, the absence of thyroid hormone's influence on 
reproductive cycling would account for the response of RPP rats to 
the dietary hormones. Speculatively, hypothyroidism may be asso­
ciated with crowding-induced pseudopregnancy (Ryan and SchwaY'tz, 
1977). Such data would further support this hypothesis. 

Further evidence to support the idea that reproductive senesc­
ence in the rodent may result from altered thyroid relationships 
comes from the observation that thyroid extract induced persistent 
estrus in young rats and promoted permanent CE in RPP animals. 
When care is taken to minimize the catabolic effects of the exo­
genous hormone on body mass, the response is unequivocal. Cachexia, 
however, which is characterized by persistent leukocytic smears, 
obscures the effect. Prior reports of prolonged diestrus associa­
ted with chronic thyroid administration (WeicheY't,1930) are pro­
bably due to high dose administration with excessive loss of body 
weight. The fact that ovarian cycling was restored in thyroid­
induced persistent estrous rats by medial preoptic area stimulation, 
further suggests that the effect of these hormones on ovarian fun­
ction may be mediated through the central nervous system. 

The differential responses of androgenizeo and aging CE rats 
to underfeeding indicates that the perina tally testosterone-treated 
female is a poor model for CE, and probably differs significantly 
from the aging animal in its neural and endocrine properties. 

SID1HARY 

The effects of underfeeding and manipulation of the thyroid axis 
on ovarian function were determined in young and old rats. The de­
pressant effect of reduced food intake on ovarian cycling in young 
females was potentiated by chemical thyroidectomy, while young an­
estrous, underfed rats cycled when their diet was supplemented with 
thyroid extract. These observations indicate that cycling aberra­
tions in underfed rats may occur secondarily to an altered thyroid 
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state. 
To determine if thyroid state influences ovarian function in 

old animals, constant estrous (CE) rats were underfed or chemically 
thyroidectomized. All underfed rats eventually cycled, while the 
response to chemical thyroidectomy alone, though still effective, 
was less dramatic. Realimented CE animals eventually returned to a 
pattern of constant vaginal cornification. Underfeeding had no eff­
ect on ovarian function in old recurrently pseudopregnant females 
however, these rats responded to thyroid treatment with renewed cyc­
ling. 4-6 (YC) 10-12 (PEP) month old females entered a persistent 
vaginal estrous condition when fed low doses of thyroid extract with 
their ad lib1:twn diet. Hhen the thyroid supplemen-ted diet was dis­
continued, YC females resumed regular cycling, whereas the vaginal 
smear in 40% of the PEP rats remained cornified. CYcling could be 
restored in YC-thyroid induced CE rats by electrochemical stimula­
tion of the medial preoptic area. These date suggest that senile 
deviations from normal cycling in the aging reproductive system may 
be affected by alterations in the thyroid state. 
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HYPOTHALAMIC-PITUITARY-OVARIAN INTERACTIONS 
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ABSTRACT 

The neuroendocrine status of Long-Evans female rats was evalu­
ated at several key stages of reproductive senescence. Young 
(4-8 mo), middle-aged (10-14 mo) and old (24-30 mo) animals were 
studied according to reproductive state. The reproductive states 
studied were (1) regularly cycling, (2) constant estrus and (3) 
pseudopregnant, as determined by vaginal smear cytology. Neuro­
endocrine parameters at the levels of the hypothalamus, pituitary 
and steroid-producing organs were compared between each group. DA3 , 
E and NE concentrations in the median eminence of the hypothalamus 
were determined by a highly sensitive radioenzymatic assay. LRF 
content in the median eminence was measured by radioimmunoassay. 
Circulating levels of LH, FSH, PRL and six steroids were determined. 
Changes in hormone and neurotransmitter concentrations were demon­
strated in association with the various stages of reproductive 
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senescence and with age advancement. These changes involved the 
hypothalamic, pituitary and steroid systems. NE content in the 
median eminence, FSH in serum and circulating androstenedione were 
all significantly increased in middle-aged, cyclic rats prior to 
the onset of senescent anovulation. DA concentration in 24 mo. old 
constant estrous rats (30.7+7.7 pg/~g, N=6) and in 30 mo. old pseudo­
pregnant rats (27.5+7.1 pg/~g, N=6) was significantly reduced com­
pared to young (6 mo. old), cyclic controls on proestrous (55.0+4.7 
pg/~g, N=12). This DA reduction was associated with a 3-fold in­
crease in circulating prolactin. The results are discussed in terms 
of a regulatory cascade model of female reproductive senescence 
(Nnr:h. 7.97fiJ. 

INTRODUCTION 

A decline in fertility and subsequent anovulation at the time 
of midlife are phenomena common to rodents, humans and a variety 
of other mammals (Talbert, 1968). Among the earliest manifestations 
of reproductive senescence is an increased incidence of irregular 
reproductive cycles occurring at 10-12 months of age in rats 
(Ingram, 1959; Mandl and Shelton, 1959; Aschheim, 1961; 1965) and 
in humans in the 6-8 year period immediately prior to the meno­
pause (Treolar, Boynton, Benn and Brown, 1967). 

In rats the onset of senescent anovulation, termed constant 
estrous, is presaged by a pattern of sporadic estrous cycles charac­
terized by delayed ovulation and prolonged vaginal cornification 
(Clemons, Amenomori, Jenkins and Meites, 1969). The state of con­
stant estrous may endure in the rat for a year or longer and is 
generally followed by a period of repeated pseudopregnancies last­
ing several months (Huang and Meites, 1975). In addition, there 
may be a terminal phase of anestrous in the rat marked by vaginal 
atrophy (Huang and Meites, 1975). 

It has been apparent for some time that diminished ovarian 
capacity per se cannot account for the extinction of reproductive 
cycles during aging. Thus, 80% of ovaries transplanted from con­
stant estrous (Peng and Huang, 1972) or pseudopregnant (Ascheim, 
1965) rats into young, cycling recipients were capable of initiat­
ing and maintaining normal estrous cycles. Indeed, the constant 
estrous ovary contains many normal oocytes and mUltiple follicles 
(Block, 1952; Novak, 1970; Huang and Meites, 1975). The ovary of 
the old, pseudopregnant rat contains corpora lutea and few follicles 
(Huang and Meites, 1975). 

The importance of neuroendocrine mechanisms in reproductive 
senescence has been appreciated for some time (Clemens et al. 1969). 
Temporary resumption of estrous cycles can be achieved by the admin­
istration of a variety of CNS-acting compounds including epinephrine, 
L-DOPA, iproniazid (Quadri, Kledzik and Meites, 1973; Huang and 
Meites, 1975; Linnoila and Cooper, 1975) or the dopamine agonist 
lergotrile mesylate (Clemens and.Bennett, 1977) to old constant 
estrous or psuedopregnant rats. It has been proposed that changes 
in the type or quantity of hypothalamic catecholamine output partici-
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pate in the regulation of reproductive senescence (Quadri et al., 
1973; Shaar, Euker, Riegle and Meites, 1975; Finch, 1976; Simpkins, 
Mueller, Huang and Meites, unpublished). Nonetheless, changes in 
catecholamine output cannot be viewed apart from changes in circula­
ting pituitary and steroid hormone concentrations. For instance, it 
has been demonstrated that increases in both serum FSH and prolactin 
occur in old constant estrous and pseudopregnant rats (Shaar et al., 
1975; Clemens and Meites, 1971). By comparison, postmenopausal 
women experience both an increase in serum FSH.and a precipitous 
fall in circulating estradiol level (Yen, 1977; Tsai and Yen, 1971; 
Sherman and Korenman, 1975; Judd, Judd, Lucas and Yen, 1976). 
Reduced serum progesterone has been reported in constant estrous 
rats (Chan and Leathem, 1977). 

To account for the biological and hormonal changes attending 
reproductive senescence, Finch (1976) has proposed that a succession 
of interactive changes in functional output of the hypothalamus, 
pituitary and ovary underlies reproductive decline. Thus, a chronic 
alteration in a neuroendocrine set-point, e.g., the concentration 
or activity of a hypothalamic neurotransmitter, could produce a 
further chronic change in pituitary hormone secretion. Altered 
pituitary output may in turn modify ovarian steroidogenesis. Finally, 
changing steroid levels may initiate further changes in hypothalamic 
neurotransmitter activity and so propagate a series of alterations 
in hypothalamo-pituitary-ovarian dynamics which are ultimately 
incompatible with continued cyclic reproductive function. This 
model, termed a regulatory cascade (Finch, 1976),issues from the 
extensive evidence that neural monoamines, pituitary hormones and 
steroids interact in the maintenance of regular reproductive 
cycles. For instance, the normal ovulatory gonadotropin surge in 
rats can be blocked by administration of either antisera against 
estradiol (Ferin, Tempone, Zimmering and Van de Wiele, 1969; Ferin, 
Dyrenfurth, Cowchock, Warren and Van de Wiele, 1974) or of several 
antiadrenergic drugs including dibenamine (Sawyer, Markee and 
Hollingshead, 1947) and haloperidol (Dickerman, Kledzik, Gelato, 
Chen and Meites, 1974). In order to document a regulatory cascade 
model of reproductive senescence, it is necessary to show that a 
succession of changes in hypothalamic, pituitary and ovarian output 
do in fact occur. The present study addresses the issue of what 
neuroendocrine changes are demonstrable during the various phases of 
reproductive senescence in the rat. These changes must then be 
interpreted in terms of reproductive status, age and current know­
ledge of neuroendocrine regulatory relationships. 

MATERIALS AND METHODS 

(1) Animals. 
Animals were derived from a colony of female Long-Evans rats 

maintained in this laboratory for over 2 years. Young, cyclic 
females (2-4 mo) and middle-aged retired breeders (10-12 mo) were 
acquired from Charles River Breeding Labs. (Wilmington, MA) and 
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maintained at 25 DC under a 14:10 hr lighting regime (lights on 
at 0600 hr and off at 2000 daily). Rats were housed in groups of 
4 and provided with a diet of Purina rat chow (Ralston Co.) and 
tap water ad libitum. All animals were in healthy condition. 

Patterns of reproductive function were determined by exten­
sive monitoring of vaginal smear cytology in the colony. From the 
smear patterns four categories of reproductive function could be 
distinguished: (a) regular cycling, in which animals display 
successive, uninterrupted 4- or 5-day estrous cycles; (b) irregular 
cycling, in which periods of prolonged vaginal cornification alter­
nate with sporadic ovulatory cycles; (c) constant estrus, in which 
vaginal cornification persists a minimum of 15 days or longer; and 
(d) repeated pseudopregnancy, marked by persistent diestrus smears 
and the presence of ovarian corpora lutea. 

Animals were sacrificed at 1000-1100 hrs. All rats were exa­
mined postmortem for ovarian histology and the presence of patho­
logical lesions or endocrinopathies. Hemorrhagic tumors of the 
pituitary are found frequently in old Long-Evans rats. All animals 
with pituitary tumors or with palpable mammary tumors were excluded 
from the present study. 

(2) Microdissection of tissue from the median eminence of the 
hypothalamus. 

Rats were killed by decapitation using a guillotine. Brains 
were removed within 1-2 min of sacrifice, quick-chilled on Dry Ice 
for 2-4 min, and then frozen at -IODC. Serial coronal sections, 
300 microns in thickness, were cut at -IODC in a cryotome. Micro­
dissection of the median eminence followed the "punch-out" methodo­
logy of Palkovits (1973). Microdissection needles of 500~ inner 
diameter were used. Median eminence localization was in accordance 
with the rat brain atlas of K5nig and Klippel (1963). Tissue pel­
lets were expelled into 75 ~l of ice-cold 0.1 N HCl and homogenized 
immediately by sonication for 3-5 sec. Five ~1 of homogenate were 
removed for determination of protein content by the method of Lowry, 
Rosebrough, Farr and Randall. (1951). and the remainder was frozen 
until assay for catecholamines and LRF. The mean yield of median 
eminence protein in young, cyclic controls on proestrus was 28.6 ± 
3.5 ~g (N=14), and there were no statistically significant changes 
in median eminence protein content in any of the groups studied. 

(3) Radioenzymatic determination of catecholamines. 
Tissue homogenates were centrifuged at 30,000 x g for 4 min 

at 20 DC and then placed on ice. Duplicate 10 ~l aliquots were 
removed from the supernatant for measurement of catecholamines. 
Dopamine (DA), norepinephrine (NE) and epinephrine (E) were deter­
mined by a modified single-isotope radioenzymatic assay using cate­
chol-O-methyltransferase (COMT, E.C. No. 2.1.1.6, chromatographi­
cally purified from Sigma Chemical Co., Saint Louis, Mo.), similar 
to that described by Passon and Peuler (1973). Catechol compounds 
were radio labelled by enzymatic methylation using 3H-S-adenosyl-
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methionine (5-15 Ci/mmole from New England Nuclear). The consti­
tuents of the methylation reaction were 0.3 f1 Tris, 20 IJl1'1 MgC12, 
1 IJl1'1 EGTA, 0.1 roM di thiothrei tol, 200 units /ml CmIT, 0.8 ]JM 3H- S-
adenysylmethionine (pH 8.6). Methylation was terminated after 1 
hr by addition of 1 M Na3B03(pH 11) to a final concentration of 
0.4 M. The reaction products, in a total volume of 100 ]Jl, were 
extracted at ambient temperature into 1 ml of H20-saturated ethyl 
acetate/redistilled anisole (10:1). The methylated catecholamines, 
3-methoxytyramine (3-MT), noremetanephrine (NH) and metanephrine 
(MN), were back-extracted from the organic phase into 0.2 ml of 
0.1 N HCL containing 25 ]Jg each of unlabelled 3-MT, NM and MN as 
cold carriers (Cuello, Hiley and Iverson, 1973). To facilitate 
the separation of the three methylated catecholamines by thin layer 
chromatography, the molecules were chemically acetylated at 20°C. 
Acetylation was initiated by the addition of 100 ]Jl of acetic anhy­
dride, 250 mg of solid NaHC0 3 and 200 ]Jl of distilled H20 (Donahue, 
Osterburg and Finch, in preparation; Waldi, 1962) and conducted 
under constant agitation. Acetylated methoxycatecholamines were 
extracted into 1 ml of H20-saturated ethyl acetate and concentrated 
by evaporation under a stream of N2 at 40-45°C. Samples were dis­
solved in 80-100 ]Jl of H20-saturated ethyl acetate and applied to 
silica gel 60-F254 thin layer chromatography plates (E~ Laboratories). 
Plates were developed for 20 min in cyclohexane/chloroform/methanol/ 
glacial acetic acid (15:25:4:1). The plastic-backed plates contained 
a fluorescent indicator permitting direct visualization of the spots 
corresponding to the three catecholamine derivatives under UV irra­
diation. The spots were marked, cut into scintillation vials and 
immersed in 0.5 ml of 100% ethanol. Five ml of scintillation cock­
tail (Concifluor from Mallinckrodt) were added, and the samples 
were counted. This assay system is linear (r=0.99) for all three 
catecholamines to at least 1 ng. Measurement sensitivity was 2-10 
pg for the three compounds. Tissue concentrations were expressed 
as the mass of catecholamine divided by the protein content of an 
equivalent volume of homogenate. 

(4) Determination of LRF, LH, FSH, PRL and steroids by radioimmuno­
assay. 

Duplicate radioimmunoassay determinations were conducted for 
LRF on 15 ]Jl aliquots of the supernatant from median eminence homo­
genates by the method of Nett, Akbar, Niswender, Hedlund and White 
(1973) . 

Trunk blood was collected from each rat at the time of sacri­
fice. LH, FSH and prolactin were measured in the serum by previous­
ly described radioimmunoassay methods (Niswender, Midgley, Monroe 
and Reichert, 1968; Niswender, Chen, Midgely, Meites and Ellis, 
1969; Monroe, Parlow and Midgley, 1968; Daane and Parlow, 1971). 

Serum concentrations of six steroids were determined: estra­
diol (E2), estrone (El), progesterone (P), 20a-hydroxyprogesterone 
(20a-OH-P), testosterone (T) and androstenedione (A). Radioimmuno­
assay procedures for these steroid measurements have been described 
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(Tsai and Yen~ 1971; Judd and Yen~ 1973; Anderson~ Hopper, Lasley 
and Yen~ 1976). 

(5) Data analysis. 
Statistical differences between experimental groups were deter­

mined by the Student's group t test and by analysis of variance. 

RESULTS 

(1) Experimental design. 
The experimental design of the present sutdies is predicated 

upon a comparison of the neuroendocrine status of rats at several 
key points during reproductive senescence. Comparisons were made 
on the basis of two criteria: (1) age and (2) reproductive status, 
as defined by vaginal smear pattern. The young (4-8 mo), regularly 
cycling female rat on the morning of proestrus was chosen as a 
reference point. Since the incidence of irregular estrous cycles 
and constant estrous vaginal smears increases sharply in the age 
range 10-14 months (Ingram~ 1959; Mandl and Shelton~ 1959; Aschheim~ 
1961; 1965), two groups of rats at this age were selected, which 
were either still displaying regular cyclic reproductive function 
or which had already begun to show constant constant estrous smears. 
middle-aged animals were compared to old (24 mo) constant estrous 
females and to old (30 rna) pseudopregnant rats. These old rats 
exhibit a well-known and marked hyperprolactinemia (Clemens and 
Meites~ 1971; Shaar et al.~ 1975; Clemens and Bennett~ 1977) and 
were selected in part on the hypothesis that this hyperprolactinemia 
might reflect reduced dopaminergic activity in the hypothalamus 
(Clemens and Meites, 1971; Huang, Marshall and Meites, 1976; Finch~ 
1976). Indices of neuroendocrine status employed in the present 
study were the tissue concentrations of NE, E, DA and LRF in the 
median eminence of the hypothalamus and serum levels of LH, FSH, 
prolactiR and six steroids (Ez, El, P, 20a-OH-P, T and A). 

(2) Catecholamines and LRF in the median eminence. 
Tissue concentrations of the three catecholamines and LRF are 

given in Figures 1 and 2 and in Table 1. All animals were sacri­
ficed at 1000-1100 hr to avoid the possibility of circadian varia­
tions in hypothalamic neurotransmitter content. All experiments 
were conducted between December and May. No significant changes 
in catecholamine and LRF content were observed between young, pro­
estrous controls sacrificed in either December or March. Thus, it 
is unlikely that seasonal variations in neurotransmitter concentra­
tions contribute to the present results (Wirz-Justice, 1975). 

Figure 1 reveals a statistically significant (P<.05) increase 
in NE in middle-aged, regularly cycling rats. This 66% NE increase 
is not found in constant estrous animals of the same age or in any 
other group. 

Tissue levels of E were significantly increased (P<.05) exclu­
sively in old pseudopregnant rats (Figure 1). No other changes in 
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Figure 1. Concentrations of NE~ E and LRF in the median eminence 
and serum gonadotropins. 
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All animals were decapitated at 1000-1100 hr. Regu­
larly cycling rats were sacrificed on proestrus. The 
height of each bar is equivalent to the group mean value. 
Numbers at the top of the bars are the number of deter­
minations (N). Croups were compared by the Student's 
t test to the young (6 mo)~ cycling control group. Sta­
tistically significant differences are illustrated as 
follows: *(P<.05)~ **(P<.Ol)~ ***(P<.OOl). Criteria for 
determining reproductive state by vaginal smear cytology 
are described in Materials and Methods. The age given 
for each group represents the median value of the age 
range equal to median ± 1 mo. 

E were demonstrable. 
DA concentration was reduced in both old constant estrous and 

old pseudopregnant rats by two-fold. This reduction was highly 
statistically significant (P<.OI), as shown in Figure 2. Tissue 
levels of NE and DA in young controls are comparable in magnitude 
to those reported in other laboratories (Palkovits~ Brownstein~ 
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Figure 2. Concentrations of DA in the median eminence and serum 
PRL and E2. 

Experimental conditions and illustration conven­
tions are the same as in Figure 1. 

Saavedra and Axelrod. 1974; Selmanoff. Pramik-Holdaway and Weiner. 
1976) . 

Although there was an apparent tendency toward reduced LRF 
concentrations during aging (Figure 1), none of the deviations in 
LRF from control values was statistically significant. LRF levels 
were comparable in magnitude to those reported by Kobayashi, Lu, 
Moore and Yen (1978). 

(3) LH, FSH and Prolactin. 
There were no changes in serum LH concentration in any group 

tested (Figure 1). 
Immunoreactive FSH levels were increased significantly in both 

middle-aged groups (P<.OS), in old constant estrous (P<.OOl) rats 
and in old pseudopregnant animals (P<.Ol). It has been reported 
previously that FSH is elevated in old, constant estrous rats (Cle­
mens and Meites. 1971). The present data show that this increase 
occurs relatively early in the lifespan (10-14 mo) and prior to the 
cessation of regular cycles (Figure 1). However, this FSH elevation 
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first observed in middle-aged, cyclic rats (Figure 1) does not 
persist throughout the long period of constant estrus. We may 
compare the FSH concentration of 12 month old rats, which have 
been in constant estrus for only 2-4 weeks (163 ± IS ng/ml, N=7) 
to that in rats showing constant vaginal cornification for 4 weeks 
or longer (116 ± 6 ng/ml, N=6). FSH in the latter group of rela­
tively long-term constant estrous animals is reduced to the level 
found in young controls. Hence, while FSH is elevated in middle­
aged rats, which have undergone the acute transition to constant 
estrus, as well as in old, constant estrous animals, this elevation 
temporarily disappears in middle-aged, long-term constant estrous 
females. None of the other measured neuroendocrine parameters was 
significantly different between groups of short-term compared to 
long-term constant estrous rats. 

Figure 2 shows that serum prolactin is significantly elevated 
in old constant estrous (P<.OOl) and pseudopregnant rats (P<.OS), 
in accord with previous observations (Clemens and Meites, 1971; 
Clemens and Bennett, 1977). No change in circulating prolactin 
concentration is evident in either middle-aged group (Figure 2, 
Table 1). 

(4) Serum levels of six steroids. 
Both estradiol (P<.Ol) and testosterone (P<.OOl) in serum were 

significantly reduced in middle-aged, constant estrous rats. These 
two steroids were also significantly lower (P<.OS) in old pseudo­
pregnant, but not old constant estrous rats (Figure 3, Table 1). 

There were no significant changes in estrone (El) concentra­
tion in any group tested. 

Serum progesterone levels in old, pseudopregnant animals were 
significantly elevated (P<.OS, Figure 3). Though progesterone was 
lower in middle-aged constant estrous rats, this change was not 
significant. 

The most striking steroid change observed was a 9S% fall in 
circulating 20a-OH-P in constant estrous rats in either the middle­
aged or old groups. The 20a-OH-P reduction was highly statistically 
significant (P<.OOl). 

Significant concentration changes in androstenedione (A) oc­
curred only in the two middle-aged groups. A was increased (P<.OS) 
in 12 month old, cycling animals and decreased (P<.Ol) in constant 
estrous rats of the same age. 

DISCUSSION 

(1) Neuroendocrine status of middle-aged, cyclic rats. 
The advancement in age in cyclic rats between the reproductive 

prime (2-8 mo) and the age of markedly increased incidence of sen­
escent anovulation (10-14 mo) is attended by significant increases 
in three neuroendocrine parameters: NE in the median eminence, 
serum FSH and androstenedione (Figures 1 through 3). The incidence 
of regular cyclicity approaches zero by the age of lS-17 months in 
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Figure 3. Concentrations of six steroids in serum during reprodu­
tive senescence. 

Experimental conditions and illustration conventions 
are the same as in Figure 1. 

our colony of Long-Evans females (LuJ Wilkes and Yen J unpublished 
observations). Thus, it may be presumed that this group of middle­
aged, cycling rats would have become constant estrous within 2-4 
months after these experiments were performed. 

The physiological significance of the observed neuroendocrine 
changes must be assessed with caution. First, at the present 
time no method is available to determine the functional activity 
of a neurotransmitter in the median eminence unequivocally. Thus, 
the present data cannot prove that increased tissue concentration 
of NE reflects increased neural transmission in NE-contai~ing nerve 
terminals of the median eminence. Further studies are needed to 
determine whether NE turnover is also increased in these rats. 
Unfortunately, the various indices of turnover in current use also 
do not provide definitive evidence of changes in neural transmission 
(Anton-TaYJ Anton and WurtmanJ 1970; Fernstrom and WurtmanJ 1977). 
Despite these considerations, it seems likely that the observed NE 
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increase signifies increased activity of this amine. Thus, it has 
been demonstrated that the concentration of NE increases in both 
the median eminence (Chiocchio, Negro-Vilar and Tramezzani, 1976) 
and in whole hypothalamus (Wurtman, Anton-Tay and Anton, 1969) after 
castration. The NE increase after castration is associated with in­
creased NE turnover as estimated by uptake of tritiated catechols or 
increased catecholamine decay rate after administration of a-methyl­
p-tyrosine (Wurtman et al., 1969; Anton-Tay and Wurtman, 1971) in 
whole hypothalamus. These changes are concommitant with depletion 
of LRF in the till, presumably due to a high release rate (Kobayashi 
et al., 1978). Thus, at least in the castrate model increased NE 
concentration in the ME appears to reflect increased functional 
activity. 

Second, increases in immunoreactive FSH do not prove that the 
functional efficacy of the FSH in circulation is increased. Changes 
in tissue FSH receptor populations may also contribute to the net 
functional effect of this hormone during reproductive senescence. 
Further, the possibility of molecular alterations in the FSH mole­
cules secreted by older animals may change the biological potency 
or half-life of the hormone. Thus, increased serum FSH could re­
flect decreased turnover rather than increased FSH secretion. This 
does not appear to be the case in post-menopausal women. The FSH 
rise in women is due to increased production and not decreased turn­
over (Yen, Tsai, Naftolin, Vandenburh and Ajabor, 1972; Coble, Koh­
ler, Gargille and Ross, 1969). Nonetheless, all changes in hormone 
concentration in the circulating compartment must be viewed in light 
of possible alterations in receptor populations during aging. Re­
cently, it has been found that the number of LH receptors in the 
ovary and ovarian capacity to convert androstenedione to estrogens 
by aromatization are unchanged in old, constant estrous rats (Erick­
son, Hsueh, Lu and Yen, unpublished observations). 

A regulatory cascade model of reproductive senescence postulates 
that interactive changes in hypothalamic, pituitary and ovarian 
output may be involved in regulating the onset and course of 
reproductive decline. Although the relative ovarian contribution 
to the observed changes in circulating steroids is not known at 
present, the increases in NE, FSH and A in middle-aged, cyclic rats 
do encompass the hypothalamic, pituitary and steroid levels of 
neuroendocrine regulation. Therefore, we may ask whether these 
three changes may be interactive based on current knowledge of 
neuroendocrine regulatory relationships. For instance, it ~s well 
established that a positive a-noradrenergic input is required to 
produce the surge of gonadotropins occurring on proestrous day (Bar­
raclough and Sawyer, 1957; Meyerson and Sawyer, 1967) or in response 
to steroid treatment in ovariectomized rats (Kalra, Kalra, Krulich, 
Fawcett and McCann, 1972). 

Multiple lines of evidence suggest that increased noradrenergic 
activity in the hypothalamus is associated with increased pituitary 
release of gonadotropins (L~fstrom, 1977; reviewed by Fernstrom and 
Wurtman, 1977). Thus, increased NE in middle-aged, cyclic rats may 
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contribute to the observed FSH elevation. Alternatively, increased 
FSH per se may produce elevated NE levels by short-loop feedback 
action. Thus, FSH injections have been found to increase hypothala­
mic NE turnover (Anton-Tay et al., 1970). 

The physiological significance of increased A cannot be readily 
appraised at present due to a lack of precise information concerning 
the feedback actions of A on the hypothalamus and pituitary. Also 
the effects of FSH in the regulation of A production are not well 
characterized. However, in vitro FSH has little effect on ovarian 
production of A (Hsueh, Erickson and Yen, unpublished observations). 
A may have potential feedback effects on hypothalamic function by 
virtue of its aromatization to estrogens in the hypothalamus (Sel­
manaff et al., 1976). Taken together these considerations are con­
sistent with but do not prove that the observed increases in NE, FSH 
and A are interactive rather than independent events. 

(2) The transition to constant estrous in middle-aged rats. 
The transition to the constant estrous state in 12 month old 

rats is accompanied by a return of NE levels to the control value. 
As discussed previously, FSH concentration also returns to baseline 
in 12 month old rats, which have been in constant estrous for at 
least 4 weeks. The transition to constant estrous results in marked 
changes in steroid secretion. Statistically significant reductions 
in concentration of E2 (P<.Ol), T (P<.OOl), A (P<.Ol) and 20a-OH-P 
(P<.OOl) are observed during this initial phase of constant estrus. 
The observed drop in serum E2 is of particular interest in view of 
the well-known negative and positive feedback effects of this steroid 
on the hypotha1amo-hypophysea1 system (reviewed by Neill and Smith, 
1974) in the rat, as well as in the human (Yen, 1977). Further, E2 
is required for the production of a normal gonadotropin surge and 
ovulation (Perin et al., 1969). The observed two-fold drop in 
serum E2 in 12 month old constant estrous rats may in itself be suf­
ficient to explain the failure to ovulate in these animals. Further 
studies are needed to characterize the steroidogenic capacity of 
the ovaries of these rats. In 24 month old constant estrous rats, 
the ovary responds to heG challenge by increased steroidogenesis 
either in vivo (Crumeyrolle-Arias, Scheib and Aschheim, 1976}or in 
vitro (Chan and Leathem, 1977). The factors contributing to the 
reduced steroid secretion in these transitional phase rats remain 
to be determined 

(3) Neuroendocrine status of old (24 mo) constant estrous rats. 
The state of constant estrous may persist as long as one year 

or longer in rats (Aschheim, 1961; 1965). Thus, constant estrous 
encompasses nearly one third of the rat lifespan. In order to 
determine the effects of age advancement on the neuroendocrine 
status of constant estrous rats, 24 month old females were selected. 
At this age the incidence of constant estrous is still large (around 
40%; Lu, Wilkes and Yen, unpublished observations) but decreasing, 
while the frequency of senescent pseudopregnancies is rapidly in-
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creasing. Thus, rats of this age may be considered to be in the 
terminal phase of constant estrous or, alternately, the transition 
phase to pseudopregnancy. 

In these old constant estrous rats, DA concentration in the 
median eminence is reduced two-fold, and this difference is statis­
tically significant (P<.OI). Occurring concomitantly with this 
fall in DA is a 3-fold increase in serum prolactin. The potential 
physiological significance of reduced DA in the median eminence 
resides in the well known actions of DA in inhibiting prolactin 
secretion (Meites, Nicoll and l'alwalker, 1963; LU, Amenomori, Chen 
and Meites, 1970). Inrats, DA can inhibit PRL secretion in vitro 
(Macleod, 1969; Birge, Jacobs, Hammer and Daughaday, 1970; Sharr 
and Clemens, 1974; Takahara, Arimuri and Schally, 1974) and in vivo 
(Blake, 1976). The DA antagonist haloperidol increases serum PRL 
when administered on proestrous morning (Dickerman et al., 1974). 
Further, the PIF activity of hypothalamic extracts appears to be 
proportional to catecholamine content (Schally, Arimura, Takahara, 
Redding and Dupont, 1974). Current understanding of this issue 
favors the view that DA may be the active physiological PIF. High 
concentrations of DA have been found both in the median eminence 
(Palkovits et al., 1974) and in pituitary portal blood (Ben-Jona­
than and Porter, 1976; Ben-Jonathan, Oliver, Weiner, Mical and 
Porter, 1977). However, to date it has not been possible to estab­
lish an inverse relationship between endogenous dopaminergic acti­
vity and the level of prolactin secretion. Viewed in this light, 
the reduced DA in association with hyperprolactinemia in old constant 
estrous rats represents strong evidence of an inverse regulatory 
relationship between these two compounds. However, this conclusion 
must be further substantiated by turnover measurements. At present 
it seems likely that the observed fall in DA concentration reflects 
reduced dopaminergic neural activity. For instance, it has been 
shown that both DA concentration and turnover are coordinately re­
duced in the striatum of old, male mice (Finch, 1973). More recently 
it has been reported that the unit firing activity of dopaminergic 
neurons of the substantia nigra is directly proportional to DA con­
centration, as assayed by histochemical fluorescence (Lichtensteiger, 
Felix, Leinhert and Hefti, 1976). 

FSH increases markedly in old, constant estrous rats compared 
to either young cyclic animals or middle-aged, constant estrous 
females. 

E2 , T and A were substantially reduced in the transition to 
constant estrous in 12 month old rats, but were increased in old 
(24 mo), constant estrous rats to approximately the same level as 
found in young, cyclic controls (Figure 3). It will be of interest 
to determine what proportion of these steroid increases in old 
constant estrous rats derive either from peripheral conversion or an 
adrenal source. In any case, the ovaries of these 24 month old 
animals are themselves capable of sustaining increased steroido­
genesis in response to hCG in vivo (Crumeyrolle-Arias et al., 1976) 
and in vitro (Chan and Leathem, 1977), aromatization of A to estro-
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gens and a full complement of LH receptors. 
In contrast to these increases in E2, T and A, levels of 20a­

OH-P remained low relative to controls. It is noteworthy that this 
sharp reduction in 20a-OH-P was the only observed neuroendocrine 
change unique to the state of constant estrous. Thus, 20a-OH-P 
declines at the onset of persistent vaginal cornification (12 mo) 
and remains low in constant estrous animals as old as 24 month. Yet 
levels of this steroid return to control values after the onset of 
senescent pseudopregnancy (Figure 3). The concentration of 20a-OH-P 
in constant estrous rats was significantly different from that in 
the other groups both when the data are grouped according to age 
(P<O.Ol) and to reproductive state (P<O.Ol), as determined by analy­
sis of variance. 

It is of interest to consider the possible interactivity of 
the observed changes in DA, PRL and E2 in light of the regulatory 
cascade hypothesis. It seems highly likely that the DA decrease 
and PRL increase observed in old, constant estrous rats are function­
ally linked events. Under this interpretation the fall in DA con­
centration may be considered to be an alteration in neuroendocrine 
set-point. Hyperprolactinemia may result directly from the DA 
reduction. We may ask what role E2 potentially plays in producing 
the observed changes in DA and prolactin. Although the feedback 
characteristics of E2 on the DA-containing nerve terminals of the 
median eminence are not well characterized, some evidence suggests 
that E2 can act to slow DA turnover and reduce DA concentration. 
Under conditions of high endogenous E2 stimulation on proestrous day, 
DA turnover is reduced in the median eminence (Lofstpom. 1977). 
Recent results indicate that castration in old, constant estrous 
rats results in a two-fold increase in DA to the same level found 
in young controls. The administration of silastic implants con­
taining E2 prevents this DA rise (Wilkes, Lu and Yen. unpublished 
obsepvation). Marked fluctuations in serum E2 level occur during 
the estrous cycle (Smith. Fpeeman and Neill. 1975) in young rats. 
However, E2 appears to remain constant at a relatively high physio­
logical level (30 pg/ml) in old, constant estrous rats (Figure 2). 
If indeed one action of E2 is to reduce DA activity in the median 
eminence, then the chronic E2 elevation in old rats may represent 
a precipitating factor in the observed changes in DA and PRL. 

(4) Neuroendocrine profile of senescent pseudopregnancy. 
FSH and prolactin remain high in old, pseudopregnant rats, DA 

remains low. Circulating P is increased. 20a-OH-P rises dramati­
cally in these rats to the level found in controls (Figure 3). 

E in the median eminence is significantly increased (P<.OS) in 
these 30 month old pseudopregnant rats. Little is known of the 
potential regulatory role of this catecholamine in reproductive 
function. Suggestive of a regulatory role for E are the findings 
that E is the only catecholamine capable of overcoming pentobarbital 
blockade of ovulation (Rubinstein and Sawyep, 1970) and that E is 
increased on proestrus (Wilkes, Lu and Yen, unpublished obsepvation). 
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Nonetheless, much further evidence is needed to substantiate the 
role of E as a putative regulator in this system. 

Both E2 and T are significantly reduced (P<.OS) in old, pseudo­
pregnant females (Figure 3). It is of interest that fluctuations 
in concentration of these two steroids during the various stages of 
reproductive senescence are not monotonic. Thus, both E2 and T 
fall in middle-aged, constant estrous rats, then rise in the 24 
month old constant estrous female and finally fall again in the old 
pseudopregnant animal. This pattern of change clearly suggests 
that the reduction in serum steroids at the onset of constant estrus 
does not represent a permanent functional impairment in steroido­
genesis. 

(5) Regulatory cascade model of reproductive senescence. 
The present data indicate that reproductive senescence entails 

a series of successive alterations in neuroendocrine output. These 
changes are related to both age and reproductive status. Current 
understanding of neuroendocrine regulatory relationships does not 
permit meaningful interpretation of all these changes. Some of the 
observed changes can be comprehended in terms of established regu­
latory mechanisms. Thus, the observed inverse relationship between 
DA and prolactin during reproductive senescence is consistent with 
the putative role of DA as prolactin inhibiting factor. Physiologi­
cal and pharmacological evidence suggests that E2 may play an impor­
tant role in modulating the DA-PRL system by feedback action. 

Further studies will be required to establish whether any of 
these changes, either singly or in combination, can account for the 
observed biological decline in reproductive capacity. Also,further 
studies are needed to confirm whether the observed changes in con­
centration of neuroendocrine regulatory molecules correspond to 
changes in functional activity. Lastly, it would be of great inter­
est to learn which changes compromise the adaptive capacity of the 
animal, as exemplified by the marked increases in incidence of tum­
ors, pathological lesions and mortality during the period after 
the onset of senescent anovulation. 

Taken together, the present data are consistent with, but can­
not prove, a regulatory cascade model of reproductive senescence. 
The alterations in neuroendocrine status during senescence involve 
the hypothalamic, pituitary and steroid systems. At least some of 
the observed changes may represent interactions between the hypo­
thalamus, pituitary and ovary. 
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AGE-RELATED CHANGES IN PENILE ERECTIONS AND CIRCULATING 
TESTOSTERONE IN MIDDLE-AGED MALE RATS 
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This symposium has documented a variety of neural and endocrine 
changes associated with the process of aging. The present chapter 
focuses on a specific behavioral consequence of these neuroendo­
crine changes. The behavior is penile erection. It has long been 
recognized that the erection response in human males declines with 
increasing age although this was first described systematically by 
Kinsey, Pomeroy and Hartin (1948). Yet, the factors which account 
for the decline are poorly understood. One possible factor is 
testicular dysfunction, and innumerable sages, alchemists, and doc­
tors have attempted to restore potency in aging men by administering 
testicular products, with varying degrees of success. 

Our approach to the question of aging effects on penile erec­
tion has been to develop an experimental animal model for investi­
gating the erection response, to quantify age-related changes in 
the behavior, and then to examine the relationship between behavio­
ral changes and alterations in endocrine function. A technique for 
measuring the erection response in normal male rats has recently 
been developed in this and other laboratories (Sachs and Garinello, 
in press; Davidson, Stefanick, Sa(;hs and Smith, in press), based 
on earlier investigations of erections in spinally-transected or 
anesthetized animals (Hart, 1968; Rodgers and Alheid, 1972). A 
male rat is placed on its back, the frontal portion of its body is 
inserted into a plastic tube, and the back legs are held firmly to 
keep the animal stationary. The penile sheath is then retracted 
and held with a wooden rod (Figure l-top panel). If this position 
is retained for a few minutes, the animal will typically begin to 
show erections (Figure l-bottom panel). These are full erections 
lasting approximately 1-5 seconds and are comparable in size and 
duration to erections which occur during normal mating. Some of 
the erections may even include a pronounced flaring of the glans 
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F<'igure 1. Testing pr'ocedure for the erection response in ma le rats. 
The top panel shows a male rat being held on its back, 
with its penis extruded by retracting the penile sheath; 
there is not erection . The bottom panel shows a male 
m t with a fu lly erect penis (note the slight fl aring 
of the tip). 



AGE-RELATED CHANGES IN PENILE ERECTIONS 151 

(cupping). In normal mating, erections with cupping are associated 
with ejaculation, but in tests of penile erections, ejaculation is 
observed only rarely. The erection responses tend to occur in 
groups or clusters (2-5 erections spaced 5-10 seconds apart), and 
these clusters are separated by approximately 1-2 minutes. These 
patterned, phasic responses may continue for over 30 minutes, with 
no apparent stimulus other than continuous extrusion of the penis 
from the sheath. No other overt behavior is evidenced by the ani­
mal during the erection response. In our testing procedure, ani­
are observed for 20 minutes after the occurence of the first erec­
tion; if no erection occurs within the first 15 minutes of testing, 
the test is discontinued and scored as negative. The above behav­
ioral technique provides a discrete, quantitative measure of penile 
erections in Dale rats, 

Examination of age-related changes in the erection response 
was conducted in middle-aged rats, 13-15 months of age. This age 
was selected because it is during this period that Long-Evans rats 
begin to show a significant reduction in circulating levels of lu­
teinizing hormone (LH) and testosterone (Figure 2). These endo­
crine effects occur in apparently healthy animals in the absence of 
any general pathological condition, and thus they can be considered 
as general characteristics of aging in Long-Evans rats (Gray in 
press). Examination of erection responses during the initial period 
of the hormonal change should provide an excellent opportunity to 
establish clear-cut functional relationships between endocrine and 
behavioral phenomena in the aging process. 

Two groups of middle-aged rats were examined: sexually exper­
ienced and sexually naive. The sexually-experienced rats had been 
mated with females and tested for penile erections at three months 
of age; they were then housed in single-sex, group cages until mid­
dle-age. The sexually-naive rats had been maintained in single­
sex, group cages from the time of weaning. The two middle-aged 
groups were compared to a group of young (3 months) sexually-naive 
rats. 

Animals in both middle-aged groups demonstrated a substantial 
decline in erections responses. They had significantly fewer posi­
tive tests than the young animals, and in tests which were positive, 
they showed significantly fewer erection responses (Figure 3). 
There was also a tendency for the middle-aged rats to have a longer 
latency to first erection and a shorter erection duration, but be­
cause of the limited number of positive tests for middle-aged ani­
mals, the difference was not statistically significant. Sexual ex­
perience made no difference in the behavior of the middle-aged rats; 
the sexually-experienced and sexually-naive groups did not differ 
significantly in either the percent of positive tests or the total 
number of erections. Circulating testosterone levels were also ev­
aluated in the three groups of rats. Blood samples were obtained 
from each animal one week before the behavioral tests, and plasma 
testosterone was measured by radioimmunoassay. Both groups of mid­
dle-aged rats had significantly lower plasma testosterone than the 
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Figure 2. Plasma levels (means ± SE) of LEi and testosteY'one in a 
group of aging male rats (solid line) and contY'ol gl'OUpS 
of young 3- 4 months male rats (shaded area) . The num­
ber of healthy aging rats included at each age is given 
in paY'enthese s . (From Gray, in press) . 

young rats (young = 3.4 ± 1.0 ng/m1; middle-aged, sexuall y- experi­
enced = 1.3 ± 0.6; middle - aged , sexually-naive = 1.6 ± O.S) . Since 
the erec tion r esponse in male rats is androgen-dependent (Hart, 
1967; Davidson et al ., in press), the correlation between age-rela­
t e d c h a nges in penile erections and circulating testosterone obvi­
ously s uggests that the endocrine change ma y be the causative fac­
tor in the behavioral decline . 

The possibil i ty of such a funct ional relationship was inves t­
igated by dir ec tly manipu1ati ing circula t i ng testos t e rone levels in 
young a nd middle -aged rat s a nd then comp a ring erection responses 
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FiguY'e 3. EY'ection responses in intact middle-aged (sexually-ex­
peY'ienced and sexually-n(dve) and young (sexually-na~ive) 
male rats. Each animal Y'ec,eived a series of tests and 
was evaluated on: (1) the per'cent of tests on which at 
one erection occuY'Y'ed; and un the mean number of erec­
tions in all positive tests. The top panel shows the 
oVer'Clll mean (:!: SE) peY'eent positive tests; the bottom 
panel shows the mean (:!: SE) numbCl' of ereetions peY' pos­
tive test. The nwnber of anima ls in each group Was: 
Young = 15; M~iddle-aged sexua lly-experienc:ed = 13; Mid­
dZe-aged Sexually-Naive = 13. 

in the two age groups. If testosterone changes are the causative 
factor in the behavioral decline, then equating testosterone levels 
in the two age groups should eliminate the age differences in erec­
tion responses. The procedure involved castrating the animals and 
implanting them with testosterone-filled Silastic capsules (Smith, 
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Damassa and Davidson, 1977). The length of the capsules was adjus­
ted to produce equal circulating levels of testost erone in both 
young and middle-aged rats. The levels were validated by blood 
sampling and radioimmunoassay of plasma testosterone. 

In one experiment, supraphysiological levels of testost e rone 
were administered to middle -aged and young rats. They were im­
planted with Silastic capsules which produced testosterone l ev e ls 
of approximately 7 ng/ml, twice the mea n level of i ntact young rats. 
Erection tests were conducted three to five weeks later. The mid­
dle-aged rats were not significantly different from the young rats 
in the number of erections (Figure 4). Moreover, their erection 
frequency was comparable to that seen in young intact rats. Thus, 
the reduction in the erection response of middle-aged rats is not 
irreversible. Testosterone a dministration can eliminate the age­
related changes. These results suppor t the view that the decline 
in the erection response of middle-aged rats is due to decreased 
levels of circulating testo s t e rone. There is, however, an alter­
na tive possibility. The behavioral decline may result from c hanges 
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FiguY'e 4 . EY'ection Y'esponses in c:astY'ated middle- aged and y oung 
Y'ats with supY'aphysiological level s of testosteY'one . 
The Y'esults Y' epY'esent the mean (± SE) numbeY' of eY'ec­
t1:ons in all tests, including the negative tests. 
N = numbeY' of animals peY' gY'oup . 
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Yi[juy'e S. Erection responses in castrated middle-aged and young 
-raLs with subphysiological levels of testosterone. The 
Y'esults represent the mean (± SE) number of eY'ections 
in all tests, including the negative tests. The left 
panel illustrates the Y'esults with o.s ng/ml plasma 
testosterone; the right panel illustrates the Y'esults 
wiLhl.0 ng/ml plasma testosterone. N -= number of 
animals per gY'oup. 

in the neural or somatic mechanisms regulating erections, changes 
which would be reflected in a reduced sensitivity to testosterone. 
The absence of any age-related differences in animals with supra­
physiological testosterone levels may be the result of a "ceiling 
effect." Young rats may have been responding maximally before cas­
tration, with little possibility for an increase. In contrast, 
the middle-aged rats may have been able to show a substantial in­
crease because of their initially low response rate. 

In order to investigate possible age differences in testoster­
one sensitivity, middle-aged and young animals were administered 
low levels of testosterone around the threshold for maintaining 
the behavior. The animals were first implanted with Silasic cap­
sules which yielded testosterone levels of 0.5 ng/ml and tested 
for erections three weeks later. They were then re-implanted with 
somewhat larger capsules which produced levels of 1.0 ng/ml and a­
gain tested after three weeks. The number of erections elicited 
from both middle-aged and young rats was low, especially at 0.5 
ng/ml testosterone (Figure 5). Apparently, these particular test­
osterone levels are in fact around the threshold for maintaining 
the erection response. The middle-aged animals were not signifi-
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cantly different from the young animals in the number of erections 
at either testosterone level although their mean was lower in both 
cases. This lack of any statistically significant evidence for 
differential sensitivity would suggest that there are no age-rela­
ted changes in the neural and somatic mechanisms regulating erec­
tion. This conclusion must be considered tentative at present 
since the possibility of some age difference in testosterone sensi­
tivity cannot be excluded. The number of animals included in the 
above experiments is relatively small for behavioral-aging phenom­
ena and only a limited aspect of the dose-response range was inve­
stigated. Moreover, the tendency of middle-aged rats to show lower 
sensitivity at 0.5 and 1.0 ng/ml testosterone is suggestive of some 
age-related decrement. Additional experimentation is needed with 
increased numbers of animals and a broader range of hormone levels 
to establish definitively the absence of any differential sensiti­
vity in middle-aged and young rats. However, if there is in fact 
an age difference in testosterone sensitivity, the present results 
indicate that the difference cannot be substantial. It is also un­
likely to account entirely for the middle-aged decline in the ere­
ction response. The reduction in circulating testosterone must, 
therefore, be considered a primary factor in the behavioral decline. 

This conclusion regarding the relationship between endocrine 
and behavioral changes in the aging process cannot be extended to 
all aspects of male rat sexual behavior. The erection response as 
measured experimentally is a relatively simple, discrete response. 
Other components of sexual behavior such as the basic pattern of 
copulatory behavior and sexual arousal are more complex, and re­
cent research in this laboratory indicates that these behaviors de­
monstrate different age-related changes. The copulatory behavior 
pattern (i.e., number of intromissions to ejaculation, the time 
required for ejaculation) does not differ significantly in middle­
age and young animals. On the other hand sexual arousal or moti­
vation (what might be described as the tendency to approach the 
female and initiate copulation) is lower in middle-aged animals. 
Prior sexual experience is very important in this behavioral ef­
fect, unlike the decline in erection responses, and the middle-
aged change is much more apparent in sexually-naive animals. Sex­
ual arousal also differs from the erection response in that the age­
related change is apparently not eliminated by testosterone admin­
istration. 

There is the obvious inclination to generalize these results 
to humans. The neuroendocrine basis for sexual behavior in men is 
well established,and there are broad similarities between humans 
and rats (Davidson~ 1977). Hore specifically, a quantitative re­
lationship between circulation testosterone and the erection resp­
onse have recently been demonstrated in hypogonadal men receiving 
various doses of testosterone enanthate (Davidson~ in press). 
Human males also show a decline in both circulating free testoster­
one and the erection response with increasing age (Kinsey et al.~ 
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1948; Pirke and Doerr, 1970; Stearns, MacDonnell, Kaufman, Padua, 
Lucman, Winter and Faiman, 1974). There is then a reasonable basis 
for assuming a relationship between the age-related changes in 
testosterone and the erection response. Yet, there are no data 
which clearly establish such a relationship. The paucity of sys­
tematic, quantitative data is surprising, especially in light of 
the plethora of conflicting, undocumented reports of "androgenic" 
treatment for impotency symptoms in aging males. One must recog­
nize that penile erection in men is a complex response, much more 
so than the experimentally-induced erection response in rats. A 
variety of factors, including non-physiological ones, may be in­
volved in any age-related changes in the erection response in men. 
There is also the problem of developing valid behavioral tehcniques 
for measuring the response in humans and separating it from other, 
even more complex aspects of human sexuality. There is the obvious 
need for careful, quantitative studies on specific aspects of hum­
an sexuality and the physiological basis for any age-related changes. 
Data in this area on male rats should at the very least provide 
definitive hypotheses on which to base experimental and clinical 
studies in humans. The animal data are also of value in a broader 
sense. It has been suggested that neuroendocrine changes are 
critical factors in aging (Finch, 1976). Male rat sexual behavior 
may prove a useful experimental model for analyzing general neuro­
endocrine-behavior relationships in the aging process. 

SUMMARY 

The relationship between aging changes in pituitary-testicular 
function and the penile erection reflex was examined in middle-aged 
male rats. Significant decline in circulating LH and testosterone 
is first apparent in male rats during middle-age (13-15 mos). In 
Experiment 1, middle-aged (13-15 mos) and young (3-4 mos) rats were 
tested for erection responses. The erections were measured in an­
imals held supine and mechanically stimulated by retraction of the 
penile sheath. Middle-aged rats had substantially fewer erections 
than young animals. In Experiment 2, groups of middle-aged and 
young animals were castrated and provided equivalent levels of 
circulating testosterone (T) through the use of Silastic capsules. 
The levels were measured directly by radioimmunoassay of plasma 
T. In animals with supraphysiological T levels, erection frequency 
was low, but there was no significant difference between middle­
aged and young animals. The results suggest that middle-aged 
rats do not have irreversible deficiencies in the somatic and neu­
ral mechanisms regulating erection nor are they significantly less 
responsive to androgen stimulation. The decline in circulating 
testosterone with age may therefore be a primary factor in the re­
duction of penile erections in middle-aged rats. 
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INTRODUCTION 

Early recognition that hormones were major regulators of body 
function has made studies of aging on endocrine control mechanisms 
attractive to gerontologists. Age alterations in reproductive 
control systems are well documented. A better understanding of 
aging changes in the reproductive control system of both man and 
other species should not only aid in the identification of appro­
priate animal models to use in the study of aging effects on human 
physiological systems, but also allow development of clinical 
procedures which could restore certain endocrine functions and 
improve the quality of life with advancing age. 

In the past few years there has been considerable discussion 
among gerontologists studying reproductive function whether the 
age-related deterioration of reproduction is due to alterations 
in gonadal, pituitary, or hypothalami-neural tissues. Our ap­
proach to this problem has been to consider the effect of aging 
on gonadal, pituitary, and hypothalamic components of this control 
system in male and female Long-Evans rats. Our rats are main­
tained in standard colony conditions of controlled temperature 
and lighting with Wayne Lab-B1ox and water supplied ad Zibitum. 
In these conditions male rats have a 50% survival rate at 21 to 
24 months and females from 22 to 26 months with maximal survival 
of both sexes of about 36 months. 

This presentation reviews some recent studies from our labo­
ratory and others on the effect of aging on reproductive control 
systems. 

159 
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AGING EFFECTS ON REPRODUCTIVE FUNCTION IN THE MALE 

Mammalian aging is characterized by a progressive decrease 
in sexual activity. Bishop (1970) reported progressive testicular 
atrophy and degeneration in aging males. However, it is clear 
that there are individual differences in age effects on testicular 
function. Several reports (Biship~ 1970; Seymoup~ Duffy and 
Koepnep~ 1935) have shown individual males to be fertile at 
advanced ages. 

There has been considerable disagreement on the effect of 
age on testosterone in the human male. Kent and Acone (1966), 
Gandy and Peterson (1968) and others have reported no change in 
blood testosterone in aged men. However, more recent studies 
(Bakep~ Bupgep~ KekPetsep~ Hudson~ O'Connep~ Wang~ Mipovics~ 
Coupt~ Dunlop and Rennie~ 1976; Vepmeulen~ 1976) have shown 
decreased serum testosterone with age. Vermeulen found the de­
crease in serum testosterone was accompanied by an increase in 
plasma testosterone binding capacity, which resulted in a further 
reduction in free testosterone in the older man. 

There have been fewer studies of the effects of age on 
testosterone in laboratory species. Studies by Eleftheriou and 
Lucas (1974) and Finch (1978) showed no change in blood testo­
sterone or testicular response to LH in aged mice. On the other 
hand Leathem and Albrecht (1974) reported decreased testicular 
6 5 -3S-hydroxysteroid dehydrogenase activity in aged male Long­
Evans rats. 

Our recent studies on testicular secretion (Millep and Riegle~ 
1978) have shown sharply reduced testosterone concentrations in 
22- to 24-month old male rats compared to 4-month old young adults 
(Figure 1). In this study both the young and aged groups received 
intravenous injections of saline or saline containing 1, 5, and 
20 I.U. of human chorionic gonadotropin (HCG). Testosterone was 
measured in serial blood samples taken before HCG injection and 
at 45, 90, and 150 minutes after intravenous injection. HCG 
stimulation increased serum testosterone concentrations in old 
groups. The increase in testosterone was greater in the young 
than in the aged group for each level of HCG tested. These data 
suggest that although the aged male rat has decreased serum 
testosterone and reduced responsiveness to acute HCG stimulation, 
the testis is responsive to stimulation and may be capable of 
sustaining higher blood testosterone concentrations. 

It is accepted that testicular testosterone secretion occurs 
in episodical bursts rather than continuous sustained secretion. 
This episodical secretion induces a substantial range of serum 
hormone concentrations in normal males. In another study, we 
tested the effect of age on the diurnal pattern of testosterone 
secretion. In this study, groups of 14 young (4-month) medium 
(13-month) and aged (22-month) male rats were bled at 2-hour 
increments that collectively constituted a 24-hour pattern. Serial 
blood samples were randomly scheduled with at least a 36-hour 
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Figure 1. Effect of intravenous injection of 13 53 and 20 IV of 
RCG on serum testosterone in young and aged male rats. 
Testosterone levels are shown as the group mean with 
indicated SEM from blood samples taken under light ethe~ 
anesthesia before and at 453 903 and 150 min after RCG 
injection. 

interval between bleedings to eliminate stress inhibition of the 
gonadal control system. The results of this study are plotted in 
Figure 2. Serum t~stosterone concentrations were consistently 
higher in young than the aged groups. Both the young and medium 
aged groups showed a diurnal pattern of testosterone concentration 
which was absent in the aged group. In addition the aged male 
showed much less variablilty in mean testosterone levels than did 
the younger groups. The overall average of testosterone in the 
12 blood samples was 4.06 ng/ml in the young group, 1.91 ng/ml in 
the medium groups and 1.26 ng/ml in the aged group. The range of 
testosterone concentrations in the 12 serial samples from each rat 
averaged between 1.02 and 9.67 ng/ml in the young group, between 
0.78 and 4.44 ng/ml in the medium group, and between 0.66 and 
2.64 ng/ml in the aged male group. The results of this experiment 
confirm our finding that the aged male rat has reduced serum 
testosterone and suggests that the episodical testosterone ranges 
are also reduced in the aged rat. 
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Figupe 2. Tempopal changes in sepum testostepone in young, medium 
and aged male pats. Testostepone is plotted as gpoup 
means as a function of the time of sampling. Sepial 
blood samples wepe taken fpom each pat in a pandom 
sequence undep light ethep anesthesia. Repeat samples 
wepe scheduled at least 18 houps apapt. 

Leathem and Albrecht (1974) showed that they could restore 
6 5 -3B-hydroxysteroid dehydrogenase in aged male rats with 5 days 
of HCG treatment. Following their lead, we tested the effect of 
7 days of subcutaneous HCG injection (5 IU HCG/lOOg body weight for 
7 days) on resting testosterone concentration and testicular 
response to intravenous HCG stimulation (Millep and Riegle, 1978). 
This study showed that resting testosterone concentrations and 
testicular response to HCG stimulation were similarly stimulated 
in young and aged groups following the chronic HCG treatment 
(Figure 3). These data confirmed our earlier hypothesis that the 
aged testis was capable of sustaining greater testosterone secretion 
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Figure 3. Effect of dai l u subcutaneous injection of Rra {5 IV 
ReG/ 100 g} f or 7 day s on serum tes tosterone l evels in 
young {shaded bars} and aged (open bars) male rats. 
Blood samples were taken before HeG treatment was started 
and 24 hours after the final HeG injection. Young and 
aged control groups (e) recei ved seven treatments of 
the inj ection vehi cle. Testosterone levels are shown 
as the group mean with indicated SE. 

and suggest that the testis is not the primary tissue responsible 
for the aging decline in reproductive function. The experiments 
also suggest that the primary cause of reduced gonadal endocrine 
function with age in the male rat is inadequate gonadotropin 
stimulation of the testis. 

The most consistent effect of aging on gonadotropin secretion 
is the increase in these hormones in the postmenopausal human 
female (Heller and Heller3 1939). The effect of age on gonadotropin 
secretion in the male has been more controversial. Vermeulen (1976) 
and Baker et al. 3 (1976) found somewhat higher levels of plasma LH 
and FSH in aged human males. In contrast, there is no evidence 
for increased gonadotropin secretion accompanying decreased repro­
ductive function in the aged rat. We have consistently found de­
creased serum LH levels in male rats over 20-months of age {Riegle 
and Meites 3 1976; Shaar 3 Euker3 Riegle and Meites3 1975}. 

In several experiments,we have tested the responsiveness of the 
aged rat pituitary to LHRH stimulation. The increase in serum LH 
following a single LHRH injection is less in aged (24-month) compared 
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Figure 4. Effect of intravenous injection of 500 ng of LHRH on 
serum LH in young and aged male r'ats. Ser'um LH is shown 
as the group mean with indicated SEM fr'om ser'1:al blood 
s0J7lples taken before and at ] 5 and 45 minutes after' lice 
injection. 

to young (4-month) male rats (Figure 4). We also found reduced LH 
release in aged male rat pituitaries incubated in m 199 with 25 to 
100 ng of LHRH compared to similarly tested young male rat pitui­
taries (Riegle~ Meites~ Miller and Wood~ 1977). On the other hand, 
serum LH was similarly increased in young and aged groups of male 
rats given multiple LHRH stimulations (Miller and niegle~ 1978). 
In addition, similar pituitary responsiveness to GNRH has been re­
ported for young and 28 month old C57BL/6J mice (Finch~ Jonec~ 
Wisner~ Sinha~ de Vellis and Sverdloff~ 1978). 

Our work on gonadotropin secretion in the aged rat clearly 
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shows reduced serum LH levels and reduced pituitary responsiveness 
to acute LHRH stimulation. However,the aged rat pituitary consis­
tently responds to LHRH stimulation,and the aged rat can sustain 
similar serum LH concentrations when the animal receives more sus­
tained stimulation. These data indicate that the pituitary is not 
the primary tissue responsible for reduced reproductive function 
in the aged rat and suggest that inadequate hypothalamic stimulation 
may be involved with aging effects on both the pituitary and gonads. 

It is accepted that the hypothalamus synthesizes and secretes 
hormonal factors that are major regulators of anterior pituitary 
secretion. Current concepts suggest that hypothalamic hormones 
are synthesized in discrete regions of the hypothalamus and trans­
ported to the medium eminence where they are stored in axon ter­
minals. A massive amount of experimental evidence suggests that 
the release of stored hormones from axon terminals involves the 
neurotransmitters of the central nervous system, particularly the 
catecholamines (FernstY'om and WUY'tman~ 1977). Fuxe and Hokfelt 
(1969) demonstrated the presence of dopamine containing neurons 
which terminated in the external layer of the medium eminence, and 
showed that their dopamine content varied with alterations in 
pituitary gonadotropin secretion. Kamber, Schneider and McCann 
(1970) showed that intraventricular injection of dopamine stimula­
ted pituitary gonadotropin secretion and inhibited prolactin secre­
tion. On the other hand, others have reported that the release of 
hypothalamic gonadotropin releasing hormone could be stimulated by 
norepinephrine (Cocchi~ FY'aschini~ Jolanbo~ and Mullers~ 1974; 
8aUJyeY'~ HilliaY'd~ Kanematsu~ 8caY'amuzzi and Blake~ 1974). 

We and others have hypothesized that the hypothalamus is a 
primary site of age-related alterations in reproductive control 
systems. We have considered age effects of hypothalamic function 
in terms of tissue content of gonadotropic releasing hormone, cat­
echolamine content, and hypothalamic responsiveness to stimulatory 
and inhibitory input. 

In a series of experiments,we compared hypothalamic LH-relea­
sing activity in hypothalamic extracts from young and aged male 
and female rats. The hypothalamic island was removed and homogen­
ized in cold 0.4 N perchloric acid. After centrifugation,the ex­
tract was adjusted to a pH of 7.25 and aliquots of 0,0.25,0.50 or 
1.0 hypothalamic equivalents were added to anterior pituitary in­
cubates from young donor rats. The results of these experiments 
(Figures 5 and 6) showed that hypothalamic extracts stimulated 
LH release from the incubated rat pituitaries. In addition, these 
studies showed similar LH releasing activities in hypothalamic 
extracts from gonadectomized and intact young and aged male and 
female rats. These results indicate that aged rat hypothalami from 
both of the physiological states tested, aged intact rats which 
are secreting low levels of LH and aged gonadectomized rats with 
stimulated LH secretion, have similar amounts of LH simulating 
activity as was found in similar young groups. 
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Figure 5. Effect of 03 0.253 0.503 and 1.00 hypothalamic extract 
equivalents from young (YJ and aged (AJ male rats on LH 
release from incubated rat pituitaries. LH release is 
shown as percent increase over LH release from similarly 
incubated paired control pituitary halves. 
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Fi gure 6. Effect of 0, 0.25, 0.50, and 1.00 hypothalamic extpact 
equivalents fpom young (YJ and aged (AJ female pats on 
LH pelease fpom incubated pat pituitapies. LH pelease 
is shown as pepcent incpease ovep LH pe l ease fpom si mi­
laply incubated paiped contpol pituitapy halves. 
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This finding suggests that the decreased LH secretion of the aged 
rats may reflect failure to release the hypothalamic hormone rather 
than a decrease in neuronal content of LHRH. 

Palkovits, Brownstein, Saavedra and Axelrod (19(4) showed sub­
stantial hypothalamic content of norepinephrine and dopamine. 
There is growing evidence that these hypothalamic monoamines are 
important in the regulation of gonadotropin secretion. We measured 
hypothalamic dopamine and norepinephrine content by microfluoresce­
nce of acid extracts of hypothalamic tissue (MiUer and Riegle~ 
1976). We found significant reductions in hypothalamic content of 
both monoamines in aged (24- to 26-month) compared to young (4-
month) male rats. Dopamine content was reduced from 32.5 ng in 
young rats to 15.6 ng/hypothalamus in the aged rats. Norepinephri­
ne was similarly reduced from 47.6 ng in young to 22.8 ng/hypotha­
lamus in the aged male rats. These findings have been confirmed 
by more recent studies by Finch (1978) and Meites, Huang, and 
Simpkins (1978) and suggest that alterations in these neurotrans­
mitters are involved with the loss of reproductive function in the 
aged laboratory rodent. 

In a series of experiments we have tested the responsiveness 
of the hypothalamic-pituitary reproductive control unit to stimu­
latory and inhibitory input. In one study,we considered the eff­
ects of gonadectomy and administration of testosterone on serum LH 
in young and aged male rats (Shaar~ et al.~ 1975). Serum LH levels 
increased more rapidly after gonadectomy in the young than in the 
aged groups and remained higher throughout the experiment. Serum 
LH levels in gonadectomized young were about twice that of the 
aged groups at the end of the experiment. On the other hand, the 
aged, gonadectomized rats were more responsive to testosterone in­
hibition of serum LH than the young rats suggesting that the hypo­
thalamic-pituitary unit is more sensitive to steroid negative feed­
back in the aged male rat. 

In an earlier experiment, we found increased serum LH in young 
male rats exposed to stress (Euker~ Meites and Ricgle~ 1975) .. Al­
though acute stress results in a prompt increase in serum LH in 
young male rats, the treatment was without effect in aged male 
rats (Riegle and Meites, 1976), supporting the hypothesis of de­
creased responsiveness of the gonadotropin control mechanism in 
the aged male rat. 

L-dopa administration is presumed to increase neuronal cate­
cholamine function. Lu and Meites (1972) showed that systemic L­
dopa injections could lower serum prolactin in rats. He found de­
creased responsiveness of aged male rats to L-dopa inhibition of 
prolactin release compared to similarly treated young groups 
(Riegle and Meites~ 1976). 

In summary, these studies indicate that there are major 
changes in hypothalamic control of pituitary secretion in the aged 
male rat that result in decreased serum LH and testosterone con­
centrations. The hypothalamus of the old rat contains sufficient 
releasing hormones to affect pituitary secretions. The primary 
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change occurring with age involves altered sensitivity to control 
input. There is substantial evidence implicating age changes in 
hypothalamic monoamines with the loss of reproductive function. 

AGING EFFECTS ON REPRODUCTIVE FUNCTION IN THE FEMALE 

The best known aging effect on female reproduction is the 
loss of ovarian function that occurs in women. Although the 
number of oocytes is exhausted soon after menopause in women, 
other species experience reproductive failure with substantial 
numbers of oocytes remaining in the ovaries (Talbert~ 1978). In 
most rodent species, the loss of oocytes with increasing age is 
constant and rarely reaches zero before death. Adams (1970) 
showed a more rapid decline in litter size than in ovulation 
rate. This finding is supported by Thorneycroft and Soderwall 
(1969) who found increased post-ovulatory loss of reproduction in 
aged hamsters. 

We recently studied the effect of age on reproduction in rats 
subjected to serial matings between 2-months and l7-months of age. 
Half of the rats were repeatedly mated beginning at 2-months of 
age with the other half subjected to serial pregnancies beginning 
at 9-months of age. Parameters of reproductive function measured 
included the numbers of rats with estrous cycles, numbers mated, 
numbers littering, mean litter size and weight and serum LH 
concentrations in a blood sample taken at 4 pm on proestrus. 
There were no differences in any of these parameters in rats 
starting this experiment at 2- or 9-months of age. 

The results of this experiment are shown in Table 1. The 
percentages of rats that were having estrous cycles and were 
successfully mated started to decline at 7.S-months of age. How­
ever,60% of the rats were still mated at l7-months of age. The 
decrease in the number of rats littering declined more sharply 
with only 1 litter born in the l7-month old rats. There were no 
differences in litter size or average pup weight with increasing 
age. This finding differs from the reports of Adams (1970) and 
Talbert (1978). Our rats exhibit an "all or none" response with 
respect to the loss of fertility. The mated rats seem to either 
lose their entire litter or deliver normal litters similar to 
young rats. The cycling rats did not show a decline in their 
proestrous LH concentration. We have previously shown sharply 
reduced increases in serum LH following ovariectomy in aged 
females compared to young gonadectomized groups (Shaar et al' J 

1975). These findings suggest that the aged female rat is more 
responsive to the stimulation of the hypothalamus-pituitary unit 
at proestrus than to the decrease in steroid negative feedback 
after gonadectomy. 

The results of the previous study and work by other investi­
gators suggest that there may be alterations in ovarian proges­
terone secretion which could contribute to the loss of post-ovulatory 
reproduction in the aged rodent. The loss of oocytes cause 



TA
BL

E 
2.

 
TH

E 
EF

FE
CT

 O
F 

AG
E 

ON
 S

ER
UM

 P
RO

G
ES

TE
RO

NE
 I

N
 P

RE
G

NA
NT

 A
ND

 P
SE

U
D

O
PR

EG
NA

NT
 R

AT
S 

» C
) m
 

m
 

"T
1 

P
ro

g
es

te
ro

n
e 

(n
g

/m
l)

 
"T

1 
D

ay
s 

A
ft

er
 M

at
in

g 
m

 
("

) .., en
 

A
ge

 
(m

on
th

s)
 

O
v

ar
ia

n
 s

ta
te

 
n 

D
ay

 
1 

D
ay

 
6 

D
ay

 
11

 
D

ay
 

16
 

0 z .., 
4 

c
y

c
li

n
g

, 
li

tt
e
re

d
 

12
 

5
.9

 
±

 0
.9

 
7

4
.0

 ±
 9

.3
 

6
3

.6
 

±
 7

.2
 

7
1

.2
 

±
 6

.5
 

::c
 

m
 

::c
 -< 

7 
c
y

c
li

n
g

, 
li

tt
e
re

d
 

13
 

3
.2

 
±

 0
.4

 
3

7
.1

 
±

 2
.5

 
4

9
.0

 
±

 4
.4

 
6

4
.0

 
±

 8
.1

 
" 0 .., ::c

 
9 

c
y

c
li

n
g

, 
li

tt
e
re

d
 

10
 

4
.4

 
±

 1
.3

 
4

3
.1

 
±

 4
.3

 
5

2
.2

 
±

 5
.0

 
6

6
.5

 
±

 7
.0

 
» 

c
y

c
li

n
g

, 
ps

eu
do

 
2 

2
.0

 
5

3
.7

 
2

6
.7

 
1

6
.5

 
r » s:: 

11
 

c
y

c
li

n
g

, 
li

tt
e
re

d
 

6 
1

.9
 ±

 0
.4

 
3

2
.1

 
±

 5
.1

 
3

5
.1

 
±

 4
.4

 
3

5
.4

 
±

 4
.7

 
("

) -"c
 

c
y

c
li

n
g

, 
ps

eu
do

 
5 

3
.4

 
±

 0
.3

 
4

9
.8

 
±

 6
.5

 
3

7
.5

 
±

 7
.1

 
1

8
.3

 
±

 6
.1

 
=i

 
c 

C
.E

.,
 

ps
eu

do
 

9 
5

.2
 

±
 1

.9
 

5
4

.1
 

±
 6

.3
 

3
9

.1
 ±

 4
.5

 
2

3
.9

 
±

 7
.7

 
=i

 » :0
 

13
 

c
y

c
li

n
g

, 
li

tt
e
re

d
 

3 
4

.8
 

±
 2

.0
 

3
9

.3
 

±
 1

.9
 

4
3

.6
 

±
 2

.0
 

4
0

.0
 

±
1

8
.9

 
-< 

c
y

c
li

n
g

, 
ps

eu
do

 
7 

3
.3

 
±

 1
.3

 
3

3
.4

 
±

 3
.7

 
2

6
.6

 
±

 3
.0

 
2

0
.2

 
±

 6
.9

 
(;)

 
0 z 

15
 

c
y

c
li

n
g

, 
ps

eu
do

 
12

 
4

.6
 

±
 1

.0
 

5
4

.4
 

±
 7

.1
 

4
9

.4
 

±
 6

.8
 

3
2

.9
 

±
 7

.9
 

» 0 

C
.E

.,
 

ps
eu

do
 

9 
2

.0
 

±
 0

.5
 

5
8

.5
 

±
 6

.5
 

3
7

.5
 

±
 7

.1
 

31
. 8

 
±

 7
.2

 
» r en

 -< 
20

 
c
y

c
li

n
g

, 
ps

eu
do

 
8 

1
1

.2
 

±
 3

.3
 

3
8

.3
 

±
 6

.3
 

4
4

.4
 

±
 4

.2
 

3
5

.9
 

±
 8

.0
 

en
 .., 

C
.E

.,
 

ps
eu

do
 

4 
5

.9
 

±
 2

.0
 

3
8

.9
 

±
 9

.6
 

4
8

.5
 

±
lO

.4
 

1
1

.1
 

±
 3

.8
 

m
 

s:: 

22
 

c
y

c
li

n
g

, 
ps

eu
do

 
4 

3
.7

 
±

 2
.8

 
1

0
0

.6
 ±

1
3

.4
 

8
7

.5
 

±
 6

.8
 

7
.5

 
±

 2
.8

 
C

.E
.,

 
ps

eu
do

 
5 

1
.8

 
±

 0
.4

 
8

7
.2

 
±

19
.5

 
7

4
.8

 
±

 2
2

.7
 

2
2

.8
 

±
 8

.9
 

C
.E

. 
: 

C
o

n
st

an
t 

E
st

ro
u

s 
~
 



172 G. D. RIEGLE AND A. E. MILLER 

ovarian steroid production to decrease dramatically after meno­
pause in women in spite of increased gonadotropin secretion 
(MattingZy and Huang, 1969; Proaope, 1969; AdamopouZos, Loraine 
and Dove, 1971). Most evidence of aging effects on rat ovarian 
steroid secretion have been indirect utilizing vaginal cytological 
changes as indices of sex steroid secretion. Aschheim (1976) has 
characterized aging effects on rat vaginal cytology. Although 
some rats remain cyclic throughout their lives, increased percen­
tages show constant estrous or repetitive pseudopregnant vaginal 
smears with increased age. Aschheim reported a predomimance of 
rats showing constant estrous vaginal smears in the second year 
of life, with repetitive pseudopregnancies becoming dominant in 
the third year. Aschheim (1976) also found normal numbers of 
eggs ovulated in aged rats retaining normal estrous cycles. 

Conclusive evidence for the endocrine potential of some aged 
rat ovaries was supplied by Aschheim (1964/65). He found that 
ovaries grafted from young donors into aged recipients resumed 
the endocrine state of the recipient while some aged rat ovaries 
transplanted into young recipients showed normal endocrine 
cyclicity. Aschheim's results were confirmed by the experiments 
of Peng and Huang (1973). 

We and others have hypothesized that changes in progesterone 
and estrogen are involved with the loss of reproductive function 
in aging female rats. The effect of age on serum progesterone 
during pregnancy and pseudopregnancy was studied after mating in 
rats with normal ovarian cycles at 4, 7, 9, 11, 13, 15, 20 and 
22 months of age. Progesterone was also measured in constant 
estrous rats at 11, 15, 20 and 22 months of age made pseudopregnant 
by mating. Progesterone was measured in serial blood samples 
taken at 4 pm on days 1, 6, 11 and 16 of pregnancy of pseudopreg­
nancy. Successful pregnancy was reduced to 50% in the 11-month 
and to 25% in the 13-month old groups with no successful preg­
nancies in the older rats. The effect of age on serum progesterone 
in shown in Table 2. Progesterone ranged from 1.8 to 11.2 ng/m1 
on day 1. Progesterone was increased on days 6 and 11 after mating, 
ranging from 32 to 100 ng/m1. Progesterone concentrations at days 
6 and 11 after mating were not different in pregnant or pseudo­
pregnant rats and were not significantly reduced in the age groups. 
Progesterone averaged 55 ng/m1 on day 11 of pregnancy in 43 rats 
delivering litters and 48 ng/m1 on day 11 of pseudopregnancy in 
57 rats. Although young rats delivering normal litters maintained 
high progesterone on day 16 after mating, the pseudopregnant 
groups had reduced progesterone concentrations. These data suggest 
that the loss of reproduction in the aged female rat is not due 
to decreased luteal secretion of progesterone. 

Progesterone has an important role in the regulation of the 
ovarian cycle in the rat. We are currently conducting experiments 
to measure temporal changes in serum progesterone in young and 
aging rats during the estrous cycle and in constant estrous and 
pseudopregnant states. Progesterone has been measured in serial 
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blood samples taken at 4-hour intervals. Young rats show a 
progressive increase in progesterone during proestrus from 2 ng/ml 
at 8 AM to 3~ ng/ml at 8 PM. Cycling rats at 12 or 20 months of 
age have much smaller increases in progesterone during proestrus. 
The aged females also have smaller diurnal surges of serum pro­
gesterone in estrus and diestrous stages of the ovarian cycle. 
Progesterone was higher in aged pseudopregnant and persistent 
diestrous rats (4-12 ng/ml) than in aged constant estrous groups 
(1-2 ng/ml). These preliminary data indicate considerable age­
related effects on serum progesterone concentration. 

Pituitary gonadotropin secretion is markedly altered in aged 
females. Although Everitt (1976) suggests that excessive gonado­
tropin stimulation of the ovary in aging women could result in 
exhaustion of the ovary, most investigators have not found increased 
gonadotropin secretion until after the climacteric (Coble, Kohler, 
Cangille and Ross, 1969; Kohler, Ross and Odell, 1968). In addition, 
there is no evidence of increased LH secretion in aged female rats. 
Aschheim (1976) reported the existence of ovarian interstitial 
deficiency cells in aged rats which could be restored by LH 
injection. This suggestion of inadequate LH stimulation of aged 
rat ovaries is supported by our work in the aged female rat which 
has repeatedly demonstrated decreased serum LH and increased pro­
lactin concentration (Shaar et al., 1975; watkins, Meites and 
Riegle, 1975). 

We have tested pituitary responsiveness to LHRH in young and 
aged female rats (Watkins, et al., 1975). Although pituitary 
LH content and LH secretion after a single LHRH injection are re­
duced in aged female rats, our work (Figure 7) shows that the 
aged remale can sustain substantial serum LH concentrations which 
are similar to that of young females when multiple LHRH injections 
are made (Miller and Riegle, 1978). These data suggest that the 
pituitary of the aged female rat can secrete greater amounts of 
LH than normally occur indicating that the aged rat pituitary does 
not receive sufficient neuroendocrine stimulation of gonadotropin 
secretion. This hypothesis is supported by the recent studies 
of Meites et al. (1978). 

There is growing evidence that there are significant altera­
tions in hypothalamic function in the aged female rat which are 
similar to that previously outlined for the male. Clemens, 
Amenomori, Jenkins and Meites (1969) induced ovulation in aged 
constant estrous rats by electrical stimulation of the preoptic 
area. Huang, Marshall and Meites (1976) also showed that ovarian 
cycles could be reinitiated in aged constant estrous rats by 
stress treatments, or injections of ACTH or progesterone. In 
addition, Quadri, Kledzik and Meites (1973) found that systemic 
injections of L-dopa or iproniazid, which presumably act by 
increasing brain catecholamine content could restore vaginal 
cyclicity in similarly aged constant estrous rats. These experi­
ments suggest that age effects on hypothalamic catecholamine 
function could be related to the loss of reproduction in the aged 
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Figure 7. Effect of three intravenous injections of 500 ng of LHRH 
on serum LH in young estrous and diestrous and aged con­
stant estrous and persistent diestrous female rats. 
Serum LH is shown as the group mean with indicated SE. 
Serial blood samples were taken before LHRH injection 
(0, 75 and 150 min) and 15 min after LHRH stimulation 
(15, 90 and 165 min). 

rat. This hypothesis is directly supported by the work of Clemens 
and Finch which are reported elsewhere in this volume. 

In summary, the effect of age on the responsiveness of hypo­
thalamic-pituitary stimulation of gonadotropin release in unclear. 
We (Shaar et al., 1975) and others have shown significantly 
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smaller increases in serum LH following ovariectomy in aged compared 
to young female rats. Serum LH concentrations 6 weeks after gonad­
ectomy were about three times greater in young compared to aged 
female rats. In addition. we found decreased pituitary LH secre­
tion following a single LHRH stimulation (Watkins et al., 1975). 
However aged rats receiving multiple LHRH stimulations had serum 
LH concentration that were similar to identically treated young 
rats (Miller and Riegle, 1978).and our work on the effect of age 
on reproduction indicated no effect of age on 4 PM proestrous LH 
concentrations. 

CONCLUSION 

Experimental evidence reported here indicates that significant 
changes occur in the gonadotropin control mechanism of the laboratory 
rat with age. Our work shows that aging is accompanied by decreased 
serum testosterone. LH. FSH and progesterone and increased serum 
prolactin. Our work also shows reduced gonadal and pituitary 
responsiveness to acute stimulation of LH and LHRH. On the other 
hand. the gonads and pituitaries of aged rats are responsive to 
stimulation and. under conditions of chronic stimulation. they 
are capable of secreting similar amounts of hormones as found in 
similarly treated young rats. Although aged female rats lose 
their capacity to reproduce by 13 to 17 months of age. our studies 
suggest that this failure to reproduce is not due to failure of 
proestrus LH secretion or luteal function. These results indicate 
that the pituitaries and gonads of aged rats are capable of sus­
taining greater endocrine function than that normally occurring 
in these animals. 

Our studies suggest that the most fundamental change occurring 
in the reproductive control system of the aging rat is neuro­
endocrine. involving hypothalamic regulation of pituitary gonado­
tropin secretion. We have shown that the hypothalamus contains 
sufficient LH-releasing activity to affect pituitary secretion. 
Our experiments indicate major age differences in hypothalamic 
response to factors that stimulate or inhibit hypothalamic 
hormone release. A growing body of evidence suggests that there 
are significant changes in hypothalamic catecholamine content or 
activity in the aged rat which are related to neuroendocrine func­
tion. It is hoped that these findings should contribute to our 
understanding of the effect of aging on reproduction and permit 
the development of clinical therapies that can improve the endo­
crine state of the aged. 
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As many papers in this symposium indicate, there is rapidly 
growing evidence that alterations in the neural regulation of en­
docrine functions may playa major role in mammalian aging. In 
particular, there seems to be a somewhat selective age-dependent 
deterioration of dopaminergic transmitter systems in rodents (Finch~ 
1973; Simpkins~ MUeller~ Huang and Meites~ 1977) and in humans 
(Carlsson~ this volume). Additionally, there is now some evidence 
that reduced dopaminergic presynaptic function is associated with 
reduced postsynaptic dopamine receptors in at least some systems 
(Severinson and Finch, unpublished; Finch, this volume). The major 
role which dopamine seems to play in certain well-established age­
dependent syndromes, such as parkinsonism in humans (Carlsson~ this 
volume; Barbeau~ this volume) or cessation of ovarian cycling in 
rats (Clemens~ this volume; Clemens and Bennett~ 1977), as well as 
the apparent significance of hypothalamic dopaminergic mechanisms 
in endocrine regulation (reviewed in Reichlin~ 1974; Schally~ Ari­
mura and Kastin~ 1973; Blackwell and Guillemin~ 1973), lends signi­
ficant support to the view that neuroendocrine deregulation could 
be a critical factor in the mammalian aging process. 

Along with an apparently greater susceptibility of dopaminer­
gic systems to aging processes, there is, moreover, evidence that 
noradrenergic, cholinergic and other putative neurotransmitter sy­
stems which probably function in endocrine regulation exhibit age­
related changes (Finch~ 1973; Brody~ 1976; Simpkins et al.~ 1977; 
Riegle and Meites~ 1976; Robinson~ 1975; McGeer and McGeer~ 1976). 

The hypothesis of neuroendocrine regulatory alteration during 
aging has been a focus of increasing interest for several years 
(e.g. Finch~ 1973; Shock~ 1974), but it has been developed most 
fully in an excellent theoretical review by Finch (1976). According 
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to this view, alterations in the set points of certain neuroendo­
crine control mechanisms during aging lead to initial endocrine 
imbalances which, in turn, lead to other physiological and metabolic 
imbalances and further alterations in control mechanisms, until 
the delicate balances of many physiological systems are disrupted 
by a "cascade" of metabolic disturbance which is perceived as 
senescence (e.g., atherosclerosis, diabetes, muscular wasting, 
immunological imbalances, etc). Finch (1976)has also suggested 
that neuroendocrine changes seen during aging may be gradual and 
progressive continuations of set point alteration mechanisms 
thought to be present at many stages of development, puberty and 
perhaps, maturity. These areas of research along with those deal­
ing with immunological mechanisms appear to hold great promise 
for our understanding of "systemic" or "extrinsic" factors (i.e., 
factors not inherent to each cell) in the aging process. 

In the present paper, however, I wish to consider data and 
concepts related to aspects of neuroendocrine alteration during 
aging which are not generally dealt with. Additionally, I wish 
to propose a new hypothesis; one which is conceptually less complex 
than that of neuroendocrine regulatory alteration, but one which 
may provide an important addition to our concepts on neural-endo·­
crine interactions during aging; or, at least, will provide an 
hypothesis which can serve as a basis for empirical tests of 
whether such an addition to our concepts would be useful. 

The experiments to be summarized here are relevant to neuro­
endocrine aging phenomena in two areas. 

(1) Despite substantial evidence of decreased neurotransmitter 
functions, it is not clear how, or even if, these are translated 
into synaptic physiological deficits. That is, the decreased re­
ceptors alluded to above, or postsynaptic super sensitivity with 
age (which has been reported to occur in several peripheral 
somatic and sympathetic systems; e.g., Eisdorfer~ 1972; vysocil 
and Gutmann~ 1972; Korczyn~ Laor and Nemet J 1976) could conceivably 
partially compensate for neurotransmitter changes, and could there­
by prevent major functional deficits. Thus, it seems important 
to study synaptic functioning during aging with neurophysiological, 
as well as with chemical and anatomical, methods. Below, I will 
summarize results of the first micro electrode studies of specific 
synaptic functions in the brains of aging animals, and consider 
how these findings may relate to present concepts. 

(2) Another test of the neuroendocrine hypothesis which seems 
to me at least to be important, is the determination of whether or 
not age changes in any peripheral endocrine systems are quantita­
tively correlated with age-related brain changes. That is, if 
endocrine alterations are related to initial changes in brain con­
trol mechanisms, then there seemingly should be a somewhat propor­
tional relationship between degree of brain aging, assessed by 
some quantitative index, and levels of activity in at least some 
peripheral endocrine systems. However, alterations in bioactivity 
without changes in quantity of some hormones, as described by 
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Adelman (this volume) Inight also playa role in deregulatory pheno­
mena. 

The possibility of a quantitative brain-endocrine correlation 
is also relevant to the hypothesis which I wish to propose here. 
There is another issue which has been raised by several partici­
pants in this Symposium: Hhat is the initial cause of the neural 
changes leading to altered control mechanisms and, in turn, to en­
docrine and physiological imbalance? Although considerable evide­
nce has been discussed at this Symposium to strongly suggest that 
dopaminergic systems are particularly susceptible to age effects, 
it has also been noted that other systems for which the neurotrans­
mitters are unknown, or are non-aminergic, also show widespread de­
terioration (e.g.~ Brody~ 1973; Terry and Wisniewski~ 1972; Scheibel 
and Scheibel~ 1975; Vaughan~ 1977; Geinisman~ Bondarefl and Dodge~ 
1977). Thus, the issue of the first cause of neural degeneration is 
important to the hypothesis of neuroendocrine regulatory alteration. 

The hypothesis to deal with this issue which I wish to propose 
is that of the endocrine destruction of nerve cells during aging. 
I have suggested this elsewhere (Landfield~ unpublished; also see 
Landfield and Lynch~ 1977b), but I would like to eleborate some­
what on this view in this paper. In particular, I wish to propose 
that the adrenocortical steroids (primarily glucocorticoids) are a 
major factor in effecting, or at least accelerating, the aging of 
the brain. However, there also seems to be a good possibility that 
all steroids, and perhaps thyroid hormones as well, induce erosion 
of their specific brain target cells. 

An adrenocortical hypothesis of aging, of course, originated 
long before this paper. The studies of Wexler, Robertson and asso­
ciates on the Pacific salmon, and with breeder rats, and the stud­
ies of Selye and colleagues on stress, as well as earlier clinical 
observations, led to the suggestion that elevated glucocorticoids 
were responsible for may physiological concomitants of aging (re­
viewed in Wexler~ 1976; Selye and Tuchweber~ 1976). The contribu­
tion to these views I wish to make is to suggest: (a) that adreno­
corticoids affect aging of brain cells; and (b) that elevated levels 
of corticoids may accelerate this process, but are not necessary to 
the effect; that is, that normal levels of corticoids can induce 
brain aging, but that normal levels will require a longer time to 
attain degrees of aging seen with elevated levels. This view pre­
dicts that a quantitative relationship should obtain between plasma 
levels of glucocorticoids and measures of brain aging, particularly 
in major target cells of the corticoids. The bases for these views 
is being reviewed extensively elsewhere (Landfield~ submitted). 

The endocrine destruction of brain cells hypothesis is schema­
tically illustrated in Figure 1 (solid lines), along with a simpli­
fied version of the neuroendocrine alteration hypothesis (dotted 
lines). Endocrine-induced aging of brain cells, if it exists, could 
be a result of initial brain deterioration arising from other 



182 

Neuroendocr ine 
Regulatory 
A l terat ion - - - -- -+ 

Endocrine Destruct ion 
of Bra in Cells : ~ 

- -- - -- I 
I 

I 
I 

, adrenal 
I cortex 

~kidney 

, , 

PHILIP W. LANDFIELD 

~ 
~ 

pancreas 

Figure 1. Schematic representation of two hypotheses of neural­
endocrine interactions during aging; the neuroendocrine 
regulatory alteration hypothesis, in which changes in 
brain-endocrine control mechanisms are proposed to lead 
to peripheral physiological deterioration; (e.g., the 
neuroendocrine cascade hypothesis of Finch, 1976); and 
the hypothesis of endocr1:ne acceleration of the rate of 
brain aging. Both mechanisms could operate together in 
a positive feedback loop. 

sources (e.g., genetic, cardiovascular) leading to elevated endo­
crine activity and thus to additional loss of brain cells or 
synaptic function; alternatively, normal endocrine levels could be 
an early cause of brain cell deterioration, leading to elevation 
of adrenocroticoids, additional brain cell loss, additional de­
regulation, etc.; in other words, a "runaway positive feedback 
loop" between neuroendocrine regulatory alteration and endocrine­
induced neural destruction could be formed. 

In the following pages I will also describe initial correla-
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tive experiments which are consistent with both neuroendocrine re­
gulatory alteration and endocrine brain destruction hypothesis of 
aging; at this time, clear evidence of adrenocortical age-like ef­
fects on brain cells is lacking, but I am presently conducting ex­
periments which I hope will conclusively test this possibility. 

In our neurophysiological studies, we have been using the hip­
pocampus as a model system for the study both of aging and of mem­
ory. There is substantial, though controversial, evidence that the 
hippocampus of rodents is involved in "recent" memory processes 
(Y'eviewed in Landfield, ]976; ]978; of course the evidence in hu­
mans is far more conclusive: e.g., Milner, ]970). The present 
and ongoing work in these aging Fischer rats, which have been shown 
to exhibit substantial memory deficits (Gold and MCGaugh, ]975), 
greatly strengthens the view, I believe, of an involvement of ro­
dent hippocampus in memory mechanisms. However, these points are 
developed more extensively elsewhere (Landfield, 1978), and the 
present paper concentrates more on the implications of these stud­
ies for neuroendocrine mechanisms. 

Our neurophysiological studies have so far only been conducted 
in hippocampus, both in vivo, in the acute, anesthetized (urethane) 
animal (Landfield, MC'Gaugh and Lynch, 1978), and in the in vitro 
hippocampal slice preparation (Lcmdfield and Lynch, 1977a). The 
neurophysiological studies utilized extracellular microelectrode 
recordings of synaptic responses which have been carefully analyzed 
by Andersen, Lomo and their associates-r (reviewed in Andersen, 1975) 
and by others (Fujita and Sakata, 1962; Deadwyler, West, Cotman and 
Lynch, 19(5). These responses allow for extracellular analysis, 
not only of unit spikes but also, apparently, of summated EPSPs and 
IPSPs, because of the extremely dense hippocampal packing of cells. 
In Figure 2)the physiological preparations are schematically shown, 
along with the population EPSP (slow positive potential), popula­
tion spike (fast negative spike), and population IPSP (slow positive 
potential following spike) of the typical postsynaptic response 
elicited by a single stimulation pulse administered to the Schaf­
fer-commissural pathway. Considerable evidence supports the view 
that these are postsynaptic summations of unit EPSPs, spikes and 
IPSPs, induced by electrical stLmulation of an input pathway, which 
exhibit this particular configuration of polarities due to a source­
sink current relationship between cell somata and terminal fields 
on the dendrites (Andersen, 1975). Many laboratories have demon­
strated that the slice exhibits physiological responses generally 
similar to those seen in vivo. Our slice studies were carried out 
in a modified in vitro chamber, developed primarily in the labora­
tory of Gary Lynch, that allows for stability of the responses over 
many hours. The concomitant use of in vitro and in vivo prepara­
tions allows us to guard against the possibility that aged tissue 
might be more affected, on the one hand, by anesthesia, or, on the 
other, by slicing for in vitro studies. 
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Figure 2. Diagram of the two neurophysiological preparations em­
ployed in the studies described. Top left: A~ the 
hippocampal slice preparation~ showing positions of the 
stimulating electrode in the Schaffer-commissural sys­
tem in CA2-3 and the recording micropipette in the pyra­
midal cell body layer of CAl. B~ the typical postsyn­
aptic response recorded to a stimulation pulse given 
to the Schaffer collaterals. Right: a~ the same re­
sponse recorded from the intact animal. Upper trace 
from pyramidal somata; lower trace from the terminal 
field of the Schaffer collaterals on the apical dendrites 
of CAl pyramids. Note polarity reversal of the EPSP 
component (please see text). b~ schematic of the elec­
trode positions in the intact preparation. The three 
traces on the lower left show intracellular records 
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To briefly summarize, we found no differences between young 
and aged hippocampal synapses in their evoked postsynaptic respon­
ses, either in terms of amplitude, latency or pattern, when stimu­
lation frequencies were low (Figure 3). Further, no obvious dif­
ferences were observed in spontaneous levels of spike activity. 

The hippocampus exhibits forms of synaptic plasticity (e.g., 
frequency potentiation, paired-pulse facilitation, post tetanic 
potentiation; depression during electrical stimulation) which are 
similar to those seen in many other synaptic systems. However, 
some aspects of the responses in hippocampus are somewhat unique 
in that the frequency and posttetanic potentiation are extremely 
robust, with remarkably low thresholds and, moreover, under some 
conditions, the posttetanic potentiation (PTP) appears to be almost 
nondecremental, lasting in various reports for from hours and days 
to weeks (Bliss and Lomo, 1973; Douglas and GoddaI'd, 1975). In 
most other mammalian systems PTP is gone within minutes, or at most 
an hour. Thus, hippocampal PTP has been termed long-term potentia­
tion (LTP) and has generated much interest in terns of possible 
relations to memory processes. 

In our studies, in both preparations, we found that aged syn­
aptic responses were only clearly deficient when challenged with 
higher frequency stimulation; that is, they were deficient in fre­
quency and long-term potentiation and exhibited a greater tendency 
to exhaustion or depression (Figure 4). Such deficiencies were 
only seen during orthodromic but not during antidromic, activation. 
We have proposed that these deficits in hippocampal synaptic plas­
ticity are relevant to age-related deficits in memory in these rats 
(Landfield, 1978; Landf1:eld, M(~Gaugh and Lynch, 1976; Landfield and 
Lynch, 1977). Moreover, in ultrastructural studies my associates 
and I have very recently obtained evidence that this synaptic defi­
cit is related to a quantitative age-related reduction in popula­
tions of synaptic vesicles in hippocampal synapses. 

However with regard to possible inplications for neuroendo­
crine regulation during aging, the following points may perhaps be 
noted. First, these functional data are highly consistent with 
chemical studies showing neurotransmitter changes with age and sug­
gest that the brain might well be altering or losing adequate con­
trol over hypothalamic hypophysiotropic systems. Second, loss of 
synaptic control would appear greatest during higher frequency ac­
tivation of neural systems. This finding seems highly consistent 
with a nunber of studies showing unimpaired baseline hormone 

fI'om a CA3 PYI'amidal cell in a hippocampal slice fI'om 
an aged animal. Note that the top intI'acellulaI' tI'ace 
shows spontaneous action potentials of 100 mV ampli­
tudes. Figures reproduced with the kind permission of 
the editors of J. Gerontology (A and B) and Brain Re­
search (a and b). Intracellular recordings obtained in 
collaboration with Dr. Sam Deadwyler. 
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Figure 3. Paired--ulse facilitation curves showing no major dif­
ferences between aged and young animals3 either in vitro 
(A) or in vivo (B). Graphs are of the amplitudes of the 
postsynaptic response to the second pulse of a pair of 
stimulation pulses at the same intensitY3 plotted as 
percent of the response to first pulse3 as a function 
of interpulse interval. C: second responses of a pair 
superimposed on a storage oscilloscope as the interpulse 
interval is varied. D: apparently normal extracellular 
unit spike activity recorded from an aged slice. Spikes 
are superimposed on a storage scope. 

Figure 4. Effects of repetitive stimulation. Left column: im­
paired frequency potentiation (growth of a response 
during train of stimulation pulses) (15 Hz for in vitro 
study; 6 and 12 Hz for in vivo study) in aged hippocam­
pus both in vitro (a) and in vivo (b). Right column: 
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(cont'd) 

impaired posttetanic~ or long-term~ potentiation (enhance­
ment of responses to a single pulse following a train of 
stimulation pulses) (10 sec of 15 and 50 Hz~ for in 
vitro; 5 sec of 100 Hz~ in vivo)~ in aged hippocampus~ 
both in vitro (a) and in vivo (b). Lower figure shows 
increased exhaustion or fatigue at aged hippocampal 
synapses in the intact preparation~ during continuous 4 
Hz stimulation for 5 min. Reproduced with permission of 
the editors of J. Gerontology (a~a) and Brain Research 
(b~b~ and lower figure). 
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levels, but sluggish endocrine responses to external stimuli, in 
aging animals (reviewed in Adelman, 1976; Finch, 1976). In fact, 
the rates of most neuromuscular responses to challenges are reduced 
during aging (Shock, 1961, 1974; Birren, 1965). Moreover, the 
inability of hippocampal synapses to respond normally to high 
frequency stimulation seems of interest in light of the correlation 
between high frequency activity in neuroendocrine cells and release 
of hormones (Hayward and Jennings, 1973; Dyball and Dyer, 1971). 
Lastly, the hippocampus appears to playa role in the regulation 
of ACTH secretion, particularly in relation to stress. Under some 
conditions, this role has been reported to be inhibitory (reviewed 
in Bohus~ 1975). Therefore, it seems conceivable that deteriorat­
ing hippocampal synaptic functions, according to the neuroendocr­
ine deregulation hypothesis, could be associated with alterations 
in adrenocortical activity. 

This possibility, along with evidence that the hippocampus is 
a major target organ for corticosterone (reviewed in McEwen~ Ger'­
lach and Nicco, 1975; Dekloet and McEwen, 1976), and the studies 
of Wexler and associates, noted earlier, led to the experiment de­
scribed below (Landfield, Waymire and Lynch, unpublished obser'va­
tions). Radioimmunoassays for plasma corticosterone and aldoster­
one, measures of adrenal weights, and quantitative analyses of the 
degree of hippocampal aging were carried out in 9 young (4 mo-old), 
9 mid-aged (13 mo-old) and 9 aged (25 mo-old) inbred Fischer 244 
rats, obtained from a germ-free colony maintained at Charles River 
Co. under contract to the National Institute of Aging and Dr. D. 
Gibson. 

The animals were sacrificed in triplets (1 young, I mid-aged, 
I aged) over a period of 5-6 hours, due to extensive dissection of 
organs from these expensive animals for use in other studies. How­
ever, the pattern of corticoid variations, the paired controls for 
time of sacrifice, and the magnitude of variation, all suggested 
that individual rather than diurnal factors accounted for the 
largest amounts of variance. 

Because there is considerable variance in the neurophysiologi­
cal measurements, we used an anatomical rather than a neurophysio­
logical index of hippocampal aging. This index was a quantitative 
analysis of the substantial increase in gold chloride staining of 
reactive astrocytes which occurs in hippocampus of aging Fischer 
rats (Landfield, Rose, Sandles, Wohlstadter and Lynch, 1977). This 
increase in reactive astrocytes is shown in Figure 5. 

It seems clear that this age-related astrocyte reactivity 
(which is most prominent in, but is not limited to, hippocampu~ was 
not due simply to a change in the staining properties of aging as­
trocytes. We are conducting quantitative ultrastructural studies 
of this astrocytosis and, although these are not completed, it is 
clear that there is a substantial increase in the number of astro­
glial profiles in aged tissue. Horeover, the aged astrocytes con­
tain considerable numbers of inclusions which are very different 
from the classical lipofuscin bodies observed in neurons and in 
peripheral tissues. 
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In many ways, these astroglial inclusions, similar to those 
reported by Vaughan and Peters (1974) in cortical microglia of 
aging rats, resemble the phagocytosed synaptic contacts seen in 
experimental degeneration studies (Mugnaini3 Walberg and Brodal3 
1967; Cook and Wisniewski 3 1973). Additionally, we have recently 
obtained good evidence that the major factor involved in triggering 
the astroglial reactivity is axon terminal degeneration (Figure 6C). 

Figure 6. Electron micrographs from hippocampal formation of an 
aged Fischer rat. a: typical lipofuscin bodies in the 
perikarya of dentate gyrus granule neurons. b: mem­
branous inclusion bodies in an astrocytic process from 
the neuropil of the Schaffer collateral synaptic terminal 
field. c: micrograph from the same region of another 
aged animal showing membranous vacuolar degeneration in 
axon terminals (stars)3 possibly surrounded by astro­
cytic processes. These degenerating elements could be 
related to mitochondria. Note large reactive astrocytic 
process in lower right3 containing filament and glycogen 
granules. 
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Thus, these glial alterations may reflect degenerative processes 
similar to those observed in human senile plaques (Terry, Wisniew­
ski, .1972; Wisniewski, Ghetti and Terr'y, 1973). 

In any case, the reactive astrocytes appear to be excellent 
correlates of age changes in hippocampus since a change can be ob­
served in mid-age, and since astrocyte reactivity is a well-known 
general correlate of brain damage or of brain edema. 

Analysis was performed by a camera lucida method on a Zeiss 
photomicroscope, using a drawing tube; the hippocampal region which 
was quantified in a "blind" study is shown in Figure 7. A grid 
reticule was superimposed over this area and total cells along with 
reactive cells were quantified in 9 mid-aged, 6 young and 6 aged 
animals. (Neurons of the pyramidal cell layer were not included). 
All counts were corrected for size of the delimited region by di­
viding these by the number of grid squares covering the area. 
Table 1 shows the results of this study in terms of age group means. 

It can be seen in Table 1 that significant increases in plasma 
adrenocorticoids (tests for paired samples, to control for diurnal 
effects) and in reactive astrocytes have developed by 13 mo in 
these Fischer 344 animals (mean life span in various reports is 
from 20-29 mo). Total cells (including reactive astrocytes, nonre­
active astrocytes, microglia, oligodendroglia and interneurons) 
tend to increase in the aged animals, but this is not significant 
due to large variance. However, a number of other investigators 
have reported increases in glial numbers with age, at least in some 
regions (e. [1., BY'izzee, sheY'1iJood and Timiy'as, .7 068; Vau[1han and 
Peters, 1974). Adrenal weight is significantly elevated in the 
aged animals, a pattern suggesting perhaps that some adrenal stim-

piilurc 'I. Sehema t;1:e Y'epY'csen ta t1:on oJ a coy'nua l slice of hippoeam­
pus. The rC[1ion quantified foY' Y'eactive astroeytes is 
shown in stipplin[1. P: pYY'amidal eell somata: SC: 
Sehaffer eollaterals; M: moleeular layer of the denLal;e 
[1YY'us; G: granule cell somata layer; MF: mossy fibey's; 
PeY'f: peY'forant path fibers from entor'hinal cortex. 
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TABLE 1. ADRENAL FUNCTION AND MEAN DENSITY OF REACTIVE AND TOTAL 
CELLS (PER GRID SQUARE) WITHIN THE QUANTIFIED REGION FOR 
THE 3 AGE GROUPS. 

Reactive Total Corticosterone Adrenal 
Cells Cells (ng/ml) weight 

(mg/pair) 

4 mo. 
mean ± 1 S.E.H. 1.21 20.7 42.0 37.7 

(n=6) ±.25 ±2.5 ±10.6 ±2.8 

13 mo. 
mean ± 1 S.E.M. 3.19 20.1 71. 2 39.9 

(n=9) ±.45 ±1.3 ±14.0 ±7.2 

25 mo. 
mean ± 1 S.E.M. 7.02 23.7 81. 6 52.5 

(n=6) ±1. 1 ±2.2 ±29.0 ±8.3 

ulating factor develops by 13 mo and leads to glandular hypertro­
phy by 25 mo. 

Lewis and Wexler (1974) reported elevated corticosterone in 
19 mo-old virgin male rats, along with hypertrophied adrenals 
which stained heavily for lipids. Our 25 mo-old animals exhibit 
enlarged adrenals, which also stain heavily with Sudan Black for 
neutral lipids (Figure 8), but they do not exhibit elevated ster­
oids. That is, medidn values are almost the same as in the young 
group, and the mean elevation is accounted for by two aged ani­
mals with values well above any seen in young or mid-aged animals. 
This latter observation supports the interpretation of an initial 
elevation of adrenal function in mid-age followed by a subsequent 
"burning out" or failure of adrenal function in most animals. Rie­
gle and Hess 1972) reported an elevated threshold for ACTH suppres­
sion by steriods with age, both of which might fit some aspects of 
our findings. Das and Magilton (1971) also reported elevated ad­
renal weight in conjunction with body weight in aging dogs. 

Thus, the apparent biphasic pattern of initial elevation and 
subsequent reduction of adrenocorticoids which we observed could 
account for some of the conflicting data in the literature. Of 
course, strain, species and relative physiological age differences 
also no doubt playa role. 

The changes in mean values for the three age groups seem to 
provide interesting data relevant to the issues at hand. However, 
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a b 

Figure 8. Sudan Black B stain for lipids of the adrenal cortices 
from young (a) and aged (b) rats. G: zona glomer'ulosa; 
F: ::ona fas ieulaLa . Ther'e 1: 13 gI'eater lipid staim:ng 
in I;he aged ;:ona J'asic:ulata. 

correlations among individual subjects provide a more powe rful an­
alytical tool, and were the main purpose of the study. In aged 
animals, the pattern of adrenal changes suggested that st e roid le­
vels found might not be those which had obtained throughout most 
of the animal's lifespan. Conversely, the young animals do not 
exhibit sufficient reactive gliosis to attempt an individual subj­
ect correlat ion. Therefore, the correlation study primarily fo­
cused on the mid-aged group. The results of the correlation between 
p.LBSrola corticosterone anli summe d g.Liosis ~a r,leasure giving approx­
imately equal weight to reactive c e lls and total cells) are shown 
in Figure 9. This correlation was r = +.76. The correlation of 
corticosterone with reactive cells alone was also significant (r = 

+.65). The correlation of reactive cells alone in the 6 aged ani­
mals in which astrocytes were quantified with adr'enal UJei ght was 
significant (r = +.71), but was not quit e significant with the mea­
sure of summed gliosis (r =+.65). Aldost e rone exhibited positive 
though nonsignificant correlations with measur es of brain gliosis. 

The correlation of adrenal weight with corticosterone in aged 
animals suggests that, in 25 mo-old animals, adrenal weight is a 
b e tter measure of the stimulation to which the gland had been sub­
j e cted to than are plasma steroids, and, moreover, supports the 
plasma steroid-gliosis correlation observed in the mid-aged group 
(Addendum ) . 

An interesting aspect of thes e studies was a significant cor­
relation observed between plasma corticosterone and plasma pH in 
these 13 mo and 25 mo-old animals (Figure 10). 

Although few studies have reported pH alterations during aging, 
such studies have usually been conducted in situ. In the present 
case, howeve r, plasma was analyzed for pH after C02 had evaporated, 
and after the hemoglobin had been separated by centrifugation from 
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Figure 10. COl'relation in aged and mid-aged "pats bcUJeen plasma 
cOl'ticoster'one and plasma pH. The la tter measur'e was 
obtained after' centr'ifugation and CO~ cvapOl'C1tion, and 
therefore buffer systems were r'educed. Four' mo-o ld 
animals exhibited a s'imilar corY'(;lai/?:on. 
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plasma. This loss of important buffering factors is the reason for 
the generally elevated pH observed. However, the correlation with 
corticosterone levels (but not with aldosterone) is more difficult 
to account for. 

Corticosterone is known to have a direct mobilizing and deple­
ting effect on cellular potassium which is independent of the kid­
ney effects of adrenocorticoids. In extreme cases, this can lead 
to extracellular hypokalemic alkalosis (and intracellular acidosis). 
It seems conceivable that, when uncovered by loss of buffering 
capacities, a relationship between individual corticosterone levels 
and plasma ionic composition might be observed. The possibility, 
from another viewpoint, that intracellular accumulation of K+ could 
affect DNA function and cellular hydration during aging has also 
recently been reported (Zs-NagYJ Zs-NagYJ PieriJ Giulli and DelMoro J 

1977). 
Intracellular microelectrode analyses of membrane resting and 

action potentials in brain neurons seems to be one means of deter­
mining whether intracellular ionic composition is disturbed with 
age. However, many cells would have to be analyzed statistically 
to determine if age-related differences exist. Nevertheless, I 
will briefly report on some extremely preliminary data collected 
from only a few cells from aged and young hippocampal slices. In 
this preparation, the extracellular ionic composition can be held 
fairly constant (leaving aside possible ionic sequestering in the 
extremely narrow hippocampal extracellular spaces) and differences 
should be largely attributable to intracellular ionic composition. 
These preliminary studies were conducted in collaboration with 
Dr. Sam Deadwyler. 

In several aged slices, action potentials approximating 100 mv 
were recorded (Figure 2, lower left traces). Spikes of this size 
were rarely observed in slices from young animals. Moreover, in 
in vivo studies in the cat, Kandel, Spencer and Brinley (1961) 
rarely recorded action potentials of this size from hippocampal 
pyramidal cells. We have not observed enough cases to draw any 
firm conclusions. Nevertheless, it seems of interest that, if 
true, these findings could be accounted for by intracellular accumu­
lation of K+ (increased membrane resting potential) or by depletion 
of intracellular Na+ (increased action potential), ionic alterations 
which might occur if adrenal functions were failing in the aged 
animal. However, possible consequences of ionic alterations, 
induced by steroid changes, on brain aging processes are highly 
speculative at this point. 

In summarizing, I believe that the neurophysiological data, 
along with the brain-endocrine correlations, are consistent with 
previously untested predictions arising from the neuroendocrine 
regulatory alteration hypothesis, and strengthen this concept. 
Additionally, however, the correlative data are consistent with an 
hypothesis of endocrine acceleration of brain aging through hor­
monal actions on brain target cells, by as yet unspecified mechan­
isms. The latter is a conceptually simple and testable hypothesis, 
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which I have begun to examine, and which, hopefully, may facilitate 
the analysis of neural-endocrine interactions in the aging process. 

Addendum: Note added in proof. We have just completed a study 
of the effects of prolonged administration of adrenal hormones on 
hippocampal astroglial reactivity. These studies clearly confirm 
the adrenal weight-astrogliosis correlation in untreated, aged rats 
(r = +.76, n = 10). Moreover, rats treated with hormones exhibited 
patterns of brain pathology fully consistent with the hypothesis 
of glucocorticoid acceleration of brain aging (Figure 1) as described 
by Landfield, Lindsey, Lynch (1978). 
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CYCLIC NUCLEOTIDES IN NEUROENDOCRINE FUNCTION 
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Several antipsychotic agents produce extrapyramidal side 
effects which resemble Parkinson's disease (Hollister~ 1972; 
Hornykiewicz~ 1973). It is generally agreed that these side effects 
may arise from the ability of these drugs to block the dopamine 
receptor of the caudate nucleus (Carlsson and Lindqvist~ 1963; 
Nyback and Sedvall~ 1968). Biochemical and pharmacological studies 
have suggested an intimate association between the dopamine recep­
tor and a dopamine-sensitive adenylate cyclase in the caudate since 
the properties of the enzyme mimicked in large part the actions of 
the dopamine receptor (Kebabian~ Petzold and Greengard~ 1972; 
Clement-Cormier~ Kebabian~ Petzold and Greengard~ 1974; Iverson~ 
1975; Anden and Stock~ 1973). 

Catecholarnines, especially dopamine have been implicated in 
controlling certain aspects of neuroendocrine function (MacLeod 
1969; Birge~ Jacobs~ Hammer and Daughaday~ 1970; Koch~ Lu and 
Meites~ 1970; Kamberi~ Mical and Porter~ 1971; Shaar and Clemens~ 
1974; Quijada~ Illner~ Krulich and McCann~ 1973/74). The median 
eminence has been identified as one such area receiving doparninergic 
innervation (Kavanagh and Weisz~ 1973). Since previous studies had 
supported the correlation between dopaminergic innervation of the 
extrapyramidal motor areas and the limbic system and the occurrence 
of dopamine sensitive adenylate cyclase in these areas, it was of 
interest to verify the presence of a dopamine-sensitive adenylate 
cyclase in the median eminence. It has been proposed that blocking 
the dopamine stimulation of adenylate cyclase by antipsychotic drugs 
in the caudate may relate in part to the ability of these agents to 
precipitate extrapyramidal side effects (Martin~ 1973). It has also 
been suggested that the endocrinological side effects of antipsy­
chotic drugs, especially hyperprolactinemia, may result from a 
blockade of dopamine receptors. For these reasons it was of inter-
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Figure 1. Effect of catecholamines on adenylate cyclase ac t:1:vity 
-in a homogenate of r at median erm:nence . Standard eondi­
tions were used for the measurement of adenylate eye lase 
activity . In the absence of added catecholamine , 78 . 1 
± 0. 9 pmoles (mg of protein) -l min- 1 of eyclic AMI' was 
formed. The increase in cyclic AMP above t his basal 
level is plat ted as a func tion of catecholamine coneen­
ty'ation . The da ta give the mean va lues and Y'anges for' 
duplicate determina t ions on each of three Y'(;plicat;e 
samples . 

Ke y : ( 0) dopamine; (0) nor epinephrine ; (/I, ) isopy'oteY'enol 

e s t t o investiga t e the a c t ion o f dopami ne and ant i psyc hoti c drug s 
in a r ea s thought to control ne uroendocrine functi on . 

The effec t s o f variou s concentra tions of dopamine, norepine ­
phrine and I- isoproterenol on adenylate c yclase ac t i vity in a ho ­
moge na te of the r a t median eminence i s s h own in Figure 1. Low 
c oncentrations o f dopamine s timulat e d a d e n y late cyc l ase activ ity . 
S i milar to prepar a tions o f the cauda t e e n zyme, I- isoprotere no l, a 
S- agon i st, wa s fo und to be ine ffe c tive on enzyme activit y . Nore ­
p i nep hrine wa s a bl e to stimula te ad e nyla t e cyclase ac tivity com­
parab l e to dopamine but was no t as po t en t as dop ami ne at equal 
doses . The ap par e nt Km f or n orepinep hrine on ad e nyla te cyclase 
ac tiv i t y of the median eminence was f ound t o be 3 0 ~M whereas tha t 
for dopamine a goni sts apormorphine, N-me thyl dopamine and 6,7 d i h y­
droxy-l,2,3,4- te trahydrona pthalene we r e a ll found to be pot ent ac ­
tiva t or s of the a denylat e cyclase act i v i ty in this brain r egion. 
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TABLE 1: CALCULATED INHIBITION CONSTANTS (K.) FOR ADENYLATE 
CYCLASE ACTIVITY FROM A HOMOGENATE~OF THE RAT MEDIAN 
EMINENCE 

DRUG K. * (nH) 
1 

Fluphenazine 7.0 

Chlorpromazine 70t 

Clozapine 6H 

Loxapine 13 

203 

* The K. value was calculated from the relationship K' = 1 + 
I, Km wher~ K' and K are the concentrations of dopaminemrequired 
to give half-maximalmactivation of the enzyme, in the presence and 
absence of test substance, respectively, and I is the concentra­
tion of the inhibitor. 

Where daggers appear, the K. value was calculated from the re­
lationship Iso = K. (1 + S/K ), ~where Iso is the concentration of 
drug required to give 50 permcent inhibition of the enzyme activi­
ty, and S is the concentration (40 W1) of dopamine. 

Representative drugs from the phenothiazine class were found 
to be potent inhibitors of the stimulation of adenylate cyclase ac­
tivity by dopamine (Table 1). Fluphenazine, one of the most pot­
ent phenothiazine compounds, both in the treatment of antipsycho­
tic disorders as well as in producing extrapyramidal side effects, 
was found to be a potent competitive antogonist of dopamine sensi­
tive adenylate cyclase activity in the median eminence. The inhi­
bition constant for fluphenazine on dopamine stimulation of adeny­
late cyclase activity in a homogenate of the rat median eminence 
was determined to be 7.0 nM. Another phenothizaine, chlorproma­
zine, had an inhibition constant ten times higher than that for 
fluphenazine when tested on the same enzyme preparation. The inhi­
bition constant for chlorpromzaine was calculated to be 70 nM. 
Clozapine, a dibenzodiazepine, was comparatively equipotent to chl­
orpromazine. Loxapine, a compound structurally similar to cloza­
pine but much more potent as an antipsychotic and precipitant of 
extrapyramidal side effects was equivalent to fluphenazine as an 
inhibitor of dopamine stimulated adenylate cyclase. 

The stimulation of adenylate cyclase activity in the median 
eminence may be especially important from the standpoint of neuro-
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endocrinology. The distribution of dopamine within the median 
eninence correlates well with the distribution of various releasing 
hornones in this region including gonadotrophin (LHRH) (Kizer~ 
Palkivits~ Tappaz~ Kebabian and Brownstein~ 1976) and dopamine has 
long been known capable of effecting LH release through an effect 
on the median eninence (Kordon~ Epelbaum~ Enjalbert and McKelvy~ 
1976). Since cyclic AHP has been implicated in the release of 
hormones from anterior pituitary gland (Cehovic~ Posternak and 
Charallais~ 1971; Bowers~ 1971; Zor~ Lamprecht~ Kaneko~ Scheider~ 
McCann~ Field~ Tsafiri and Lindner~ 1971;; iabrie~ Borgeat~ Lemay~ 
Lemaire~ Barden~ Drouin~ Lemaire~ Jolicoeur and Belanger~ 1974; 
Wakabayaski~ Date and Tamaoki~ 1973); it is possible that dopamine 
nay stinulate the release of hormones fron the ned ian eminence 
which may influence anterior pituitary function. Candidates for 
such hornones may be LHRH and TRH both of which are localized in 
this region. The phenothiazines could then block the action of 
dopamine's effect on such release at the dopanine receptor in the 
median eminence by blocking the ability of dopanine to activate 
adenylate cyclase. Certainly, the evidence that a dopanine sensi­
tive adenylate cyclase occurs in the median eminence and that anti­
psychotic drugs are potent antagonists of this enzyme is compatible 
with the idea that the endocrinological side effects of the anti­
psychotic drugs nay result from a blockade of dopamine receptors 
in this area. 

Several studies during the past years have implicated the 
catecholamines in the control of prolactin secretion from the 
anterior pituitary. Certain pharmacological agents like the 
phenothiazines have also been implicated in altering prolactin 
release from the anterior pituitary (Lu~ Amenomori~ Chen and Meites~ 
1970; Ben-David~ Dannon~ Benveniste~ Weller and Sulman~ 1971; 
Smalstig~ Swayer and Clemens~ 1974). While in vivo studies suggest 
that dopamine and the antipsychotic drugs may well have their action 
on prolactin release at the level of the hypothalamus, specifically 
at the median eminence, in vitro studies indicate that these agents 
can have a direct action on the pituitary (Sherman and Kolodny~ 
1974). The results reported herein on dopanine's action on adenyl­
ate cyclase activity in the median eminence prompted an investiga­
tion of dopamine and phenothiazine action on adenylate cyclase 
activity in the pituitary. Because of the complexity of the pitui­
tary, it seemed more desirable to conduct such studies on a single 
cell type. The cells selected for this study were an anterior 
pituitary clonal cell line known as GH 3 /C 14 which secretes both 
prolactin and growth hormone. 

Cyclic nucleotides have been implicated in prolactin release. 
Dibutyryl cyclic N1P as well as theophylline have been reported to 
increase prolactin release in vitro (Nagasawa and Yanai~ 1972; 
Lemay and Labrie~ 1972; Dannies~ Gautivik and Tashjian~ 1974; Wolff 
and Jones~ 1970) thus suggesting a positive correlation between 
the intracellular level of cyclic AHP and the release of prolactin. 
This was puzzling because dopamine inhibits prolactin release from 
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Figure 2. Effect of chlorpromazine on adenylate cyclase activity 
in a homogenate of GH3 cells. Standard conditions were 
used for measurement of adenylyl cyclase activity. The 
data represent the mean ± SE for six separate experiments. 

the anterior pituitary but in the caudate increases cyclic AMP 
levels. In both the caudate and median eminence, dopamine increases 
adenylate cyclase activity. Conversely, chlorpromazine, which 
stimulates prolactin release, had been shown to inhibit dopamine­
stimulated responses in the median eminence on cyclase and to block 
dopamine-stimulated activity on cyclic AMP accumulation in the 
caudate. Because of the correlation of increased cyclic AMP levels 
with hormone release, one possibility to consider was that the 
pituitary might possess an adenylate cyclase activity that could 
somehow be activated by chlorpromazine. Indeed, such was the case. 
Homogenates df GH3/C14 cells were found to have an adenylate cyclase 
system which could be activated by chlorpromazine (Figure 2). The 
apparent Km in enzyme activity was observed with concentrations of 
chlorpromazine as low as 0.5 ~M. The action of chlorpromazine on 
adenylate cyclase activity appeared to be specific for prolactin 
producing cells since the drug had no effect on cyclase activity 
of AT20 cells, a tumor cell line which produces ACTH. Dopamine, 
either alone or in the presence of chlorpromazine, did not alter 
the activity of adenylate cyclase in homogenates of the GH3 cells. 
The results show that the hydroxy as well as methoxy derivatives 
mimic the effect of the parent compound on adenylate cyclase activity 
but were less potent than chlorpromazine itself. The nitrodioxide 
derivative of chlorpromazine was not effective in stimulating the 
enzyme. Similarly, 7,8-dihydroxychlorpromazine was virtually 
ineffective in stimulating GH3/C14 adenylate cyclase activity. 
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TABLE 2: EFFECT OF CHLORPROMAZINE AND CHLORPROMAZINE DERIVATIVES 
ON GH3 ADENYLATE CYCLASE ACTIVITY 

DRUG Km*(x10-6M) 

Chlorpromazine 0.7 ± 0.2 

Chlorpromazine sulfone 1.B ± 0.1 

7-methoxych1orpromazine 2.S ± 0.3 

7-hydroxych1orpromazine 2.S ± 0.2 

B-hydroxych1orpromazine 2.7 ± 0.4 

Chlorpromazine S-oxide 3.0 ± 0.1 

7,B-dimethoxych1orpromazine 3.0 ± 0.1 

3,7-dimethoxych1orpromazine 10.0 ± 0.4 

Ch1orpromazine-N-oxide 30.0 ± 0.2 

Ch1orpromazine-S, N-dioxide > 100.00 

7,B-dihydroxych1orpromazine > 100.00 

* Concentration of chlorpromazine and related compounds which 
cause 50% stimulation of adenylate cyclase activity in a membrane 
preparation of GH3 cells. 

The effects of chlorpromazine on adeny1ate cyclase activity 
from homogenates of the rat anterior pituitary are shown in Figure 
3. Chlorpromazine alone, at concentrations as high as 10-4M, had no 
significant effect in these homogenates. However, when chlorpro­
mazine plus the guany1 nucleotide analog, S'guany1imidophosphate 
GPP(NH)P, were tested together, a three-fold increase in enzyme 
activity was observed. A significant increase in cyclase activity 
occurred in the presence of 1.S x 10-6M GPP(NH)P. In the presence 
of 10- 5M chlorpromazine, a concentration which caused maximal stimu­
lation of the GH3 enzyme, plus GPP(NH)P, a significant increase in 
enzyme activity was observed in homogenates of the rat pituitary 
when compared to GPP(NH)P alone. 

These data suggest two sites of action for phenothiazine 
alteration of adenohypophysea1 hormone release. At the level of 
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Figupe 3. Effect of vapious concentpations of chlorpromazine~ 
GPP(NH)P or chloppromazine (lO-sM) plus GPP(NH)P on 
adenylate cyclase activity in homogenates of pituitaries 
fpom adult male pats. The increase in cyclic AMP above 
the basal level is plotted as a function of test sub­
stance concentration. In the absence oj' added test 
substance 55.6 pmol(mg protein)_l min- 1 of cyclic AMP 
7JaS formed. Data are fpom a representative expcpiment. 
Each point is the average of duplicates. 

m~dian eminence, the control of hormone release and possible anta­
gonism of this control mechanism may be through the ability of dopa­
mine to stimulate adenylate cyclase activity in the median eminence 
and the ability of the phenothiazines to block this stimulation. 
In addition, the mechanism of phenothiazine action on prolactin 
release may be due to a direct action of the drug on the pituitary, 
particularly in prolactin-containing cells. Further support for 
dopamine's role in the functioning of the median eminence comes from 
the finding that dopamine is capable of binding specifically to homo­
genates of the rat median eminence and anterior pituitary (Cronin~ 
Roberts and Weiner~ 1978). These data suggest that one way the 
phenothiazines may facilitate increases in prolactin release from 
the anterior pituitary is through a direct activation of adenylate 
cyclase in the prolactin-containing cells. Finally, the results 
of this study indicate that the dopamine receptor in the anterior 
pituitarY,which is apparently uncoupled to adenylate cyclase~has 
different characteristics from the dopamine receptor cyclase complex 
in the caudate and median eminence. 
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INTRODUCTION 

The aging process in man results in or is accompanied by a 
host of changes in brain structure and biochemistry (Terry and 
Gershon, 1976). The possible relationship of these alterations 
to the diminished mental function seen frequently in the older 
population is not yet known. Furthermore, the implications of these 
alterations for the manifestation and severity of neurological 
diseases such as parkinsonism are poorly understood. A major 
task in the investigation of biochemical changes occurring with 
senescence is to sort out the early or primary changes of greatest 
functional significance. In this regard, it is becoming increasingly 
evident that biogenic amine and closely interrelated transmitter 
or synaptic modulator systems play important roles in hypothalamic, 
cortical and extrapyramidal system functions. A number of studies 
have indicated that in experimental animals and in man deficiencies 
in brain aminergic systems, assessed functionally and/or biochemi­
cally, may occur with senescence (Finch, 1973; Finch, Jonec, Hody, 
Walker, Morton-Smith, Alper and Dougher, 1975; Jonec and Finch, 
1975; McGeer and McGeer, 1976ab; McGeer, McGeer and Suzuki, 1977; 
Simpkins, Mueller, Huang and Meites, 1977) (see also Finch and 
McGeer in this volume). An overall conclusion that may be derived 
from these biochemical studies is that with senescence decreased 
levels and/or capacity for synthesis of transmitters such as dopa­
mine, acetylcholine and gamma-aminobutyric acid (GABA) may occur 
in selective brain regions. 
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Another and major component of transmitter systems that as 
yet has received little attention in the overall evaluation of 
transmitter action in the senescent brain is the receptor for 
the transmitter in question. Receptors might possibly be altered 
in number, properties and/or functional coupling. Furthermore, 
changes might possibly occur in pre-synaptic as well as in post­
synaptic receptor systems. Central aminergic receptor systems 
have been studied biochemically primarily by either direct assess­
ment of radioligand binding to receptors (Synder and Bennett, 1976) 
or measurement of receptor-mediated stimulation of adenylate 
cyclase activity by transmitter (Makman, 1977). Methodology for 
study of direct binding of biogenic amine agonists or antagonists 
to receptors has developed relatively recently. Suitable and 
relatively specific ligands are now available for study of dopamine, 
a-adrenergic and B-adrenergic receptors in various brain regions, 
but not for histamine receptors and less clearly for serotonin 
receptors. A variety of intact and broken cell systems have been 
utilized to demonstrate neurotransmitter modulation of cyclic AMP 
formation as well as the possible role of cyclic AMP in synaptic 
transmission and other cellular functions in the nervous system. 
Both intact brain slices and tissue homogenates have been useful 
for study of regulation of cyclic AMP formation by transmitters. 

Homogenates have been particularly useful for study of 
dopamine-stimulated adenylate cyclases (Brown and Makman, 1972; 
Kebabian, Petzold and Greengard, 1972; Iversen, 1975; Makman, 1977). 
The regional distribution of dopamine receptors in the central 
nervous system, assessed by dopamine-stimulation of adenylate 
cyclase (Makman, 1977) and by both in vitro and in vivo binding 
of radioactive dopamine receptor antagonists to membranes (Creese, 
Burt and Snyder, 1975; Burt, Creese and Snyder, 1976; Fields, 
Reisine and Yamamura, 1978; Laduron, Janssen and Leysen, 1978; 
Hollt, Czlonkowski and Herz, 1977) agrees with that predicted on 
the basis of anatomical, behavioral, and electrophysiologic studies. 
Studies of the relative affinities of agonists and antagonists 
for striatal dopamine-stimulated adenylate cyclases and for 
displacement of labeled dopamine antagonists or agonists from 
receptor sites in striatum strongly suggest that even in a given 
brain region there may be more than one type or form of dopamine 
receptor. Based on binding studies, it appears that dopamine 
receptors may possibly exist in both agonist or antagonist states 
(Burt et al., 1976). Neither of these receptor forms in striatum, 
however, is clearly identical to that which is coupled to adenylate 
cyclase (Makman, 1977). In studies of monkey brain regions,we 
have distinguished pharmacologically three types of dopamine 
receptors coupled to adenylate cyclase, one type present in 
anterior limbic cortex, a second in frontal cortex and a third 
in several regions including caudate nucleus, retina and hypo­
thalamus (Mishra, Makman, Ahn, Dvorkin, Horowitz, Keehn and 
Demirjian, 1976; Ahn, Mishra, Demirjian and Makman, 1976; Ahn and 
Makman, 1977). Dopamine receptor-adenylate cyclase systems in 
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rat striatum and cortex are also distinguishable from one another 
(Brockaert, Tassin, Thierry, Glowinski and Premont, 1977). 
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The studies to be presented here are concerned primarily with 
the influence of aging on the dopamine-stimulated adeny1ate cyclase 
system and on dopamine antogonist binding in various regions of the 
rabbit central nervous system. Certain related parameters are eva­
luated as well. In addition, studies are presented concerning his­
tamine-stimulated adeny1ate cyc1ases. Finally, preliminary data 
for a cortical S-adrenergic adeny1ate cyclase are also presented. 
Particular attention has been given to brain regions most likely to 
be involved in central functions known or thought to be lost or im­
paired with senescence in man. The results indicate that selective 
changes in brain aminergic receptor function do occur with senesce­
nce. Also, on the basis of this work it appears that the rabbit 
provides a new and useful animal model for elucidation of changes 
in brain transmitter systems with aging. 

METHODS 

Rabbits (New Zealand Hhite, from Breathitt Rabbit Producers, 
Jackson, Kentucky) were sacrificed by air injection into an ear 
vein followed by opening of the cranial vault and rapid dissection 
of the brain. Aged rabbits were retired breeder females (average 
mean life span of 5 years) and for comparison female rabbits 4-5 
months of age and anim1as of both sexes at 2-3 weeks of age were 
used. The average mean life span of male rabbits from the same com­
mercial breeder is 7 years. Male Sprague-Dawley rats were killed 
by decapitation. 

For adeny1ate cyclase assays,a1iquots of the homogenate (25 W1) 
were incubated in a shaking water bath at 30°C for 2.5 or 5 min. in 
a total volume of 100 W1 of incubation medium containing 80 m11 Tris 
maleate buffer (pH 7.4), 5 roM theophylline, 2 m11 MgS04, 0.5 roM ATP 
and appropriate test agents. The reaction was terminated by placing 
the assay tubes in a boiling water bath. Particulate matter was re­
moved by low speed centrifugation and a1iquots of the supernatant 
fluids were assayed for cyclic AMP by a protein binding assay pre­
viously described (Brown and Makman, 1973). Each experiment invol­
ved, as a minimum, triplicate adeny1ate cyclase incubations for 
every condition studied and replicate determinations of cyclic AJ1P 
content were made in most cases. Other details and analyses of the 
data were as reported previously (Ahn and Makman, 1977). Assays of 
dopamine receptor binding sites in rabbit brain membrane fractions 
(resuspended 50,000 x g pellets) were carried out according to the 
method of Burt (et al., 1976) with the following modifications. 
The ligand used was [H 3 ]-spiroperido1, 26 Ci/mmo1e (Amersham Searle) 
at concentrations of 0.1 to 1.6 nM. The final volume for the incu­
bations was 1.0 m1. Incubations were carried out for 20 rather 
than 10 minutes. Specific binding was measured as the excess over 
the blank value obtained in the presence of 1 WM spiroperido1. 
The blank produced essentially the same value as 1 WM (+)-butac1a-
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mol and the pharmacologically inactive isomer (-)-butaclamol did 
not displace radioactive ligand at the concentration chosen for 
the blank. Saturability of stereospecific binding sites was demo­
nstrated in all brain regions studied. 

Choline acetylase activity of tissue homogenates was determin­
ed as described previously (Datta, Thal and Wajda, 1971). This 
procedure measures the rate of acetylation of choline by C14 -acetyl 
CoA in the presence of excess substrate, with the C14 -acetylcholine 
formed then separated from unreacted C14 -acetyl CoA by electrophor­
esis. 

Dopamine and norepinephrine were determined in rabbit brain 
regions by a radioenzymatic method previously described (Sharpless 
and Brown, 1978). 

RESULTS 

TRANSMITTER-STIMULATED ADENYLATE CYCLASES IN REGIONS OF RABBIT CNS 

Dopamine was found to simulate adenylate cyclase activity not 
only in rabbit striatum (caudate-putamen) and retina as previously 
reported (Makman, Brown and Mishra, 1975) but also in frontal cor­
tex, anterior limbic (cingulate) cortex and hypothalamus (Table 1). 
The data presented are for a maximally effective concentration of 
dopamine. The stimulatory effects are comparable in magnitude to 
those obtained with these regions from other species studied with 
the exception of monkey which,in general,has CNS activity more re­
sponsive to dopamine. The responses to dopamine in the rabbit CNS 
regions have been characterized in other studies, not presented 

TABLE 1. INFLUENCE OF BIOGENIC AMINES ON ADENYLATE CYCLASE ACTIVITY 
IN VARIOUS REGIONS OF YOUNG ADULT RABBIT BRAIN AND RETINA 

Region Adenylate cyclase activity (pmoles cyclic AMP formed/mg 
prot ein /5 min) * 

Basal DOEamine Histamine NoreEineEhrine 

Anterior limbic cortex 246 ± 23 (5) 494 ± 25(4) 514 ± 22(4) 

Frontal cortex 237 ± 18(5) 462 ± 17(5) 574 ± 33(5) 481 ± 43(2) 

Hypothalamus 480 ± 46(2) 715 ± 24(2) 725 ± 38(2) 701 ± 62(2) 

Caudate-Putamen 301 ± 52(6) 763 ± 67 (6) 

Retina 183 ± 34 (6) 458 ± 21(6) 

* Each experimental value represents the mean ± S.E.M. for separate experiments 
with tissues from 4-6 month old female rabbits (number of rabbits and experi­
menta in parentheses). The final concentration of agents used was 100 ~M. 
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Figure 1. Influence of age on dopamine-stimulated adenylate 
cyclase of rabbit caudate-putamen. Experimental details 
were as described in the text. Values represent percent 
stimulation by dopamine at the indicated concentrations 
over basal activity as given in Table 2. Values are 
means for separate assays of tissue from 7 young and 
7 old animals (young and old animals paired for study). 

here, to involve interactions with dopamine receptors based on the 
relative potencies of agonists, dopamine, apomorphine and norepine­
phrine, and on the blockade of those reponses by 
dopamine antagonists such as fluphenazine, haloperidol and pimozide. 
In other species,the major component of the response to norepine­
phrine in the regions shown (Table 1) appears to be due also to 
interaction with dopamine receptors (Ahn et al., 1976; Ahn and 
Makman, 1977). Further studies will be required to establish 
this in the rabbit. Rabbit frontal cortex also contains,in a 
relatively low amount,a S-adrenergic receptor adenylate cyclase 
system stimulated by isoproterenol (Figure 2). 

The two rabbit cortical regions studied and also rabbit 
hypothalamus contain histamine-stimulated adenylate cyclase 
activity in addition to activity stimulated by dopamine (Table 1). 
Spiker, Palmer and Manian (1976) have also studied this activity 
in rabbit cortex. We find histamine-stimulated activity to be 
present also in frontal cortex of Cebus monkey and guinea pig 
(Ahn and Makman, unpublished observations) and in hypothalamus 
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TABLE 2. LACK OF INFLUENCE OF AGING ON BASAL AND Gpp (NH)p-STIMULATED 
ADENYLATE CYCLASE ACTIVITY OF RABBIT CNS REGIONS. 

Region and additions Activity* Percent change 
to assay 4-5 month 5 year old in activity 

old animals animals with aile 

Striatum (caudate-putamen): 

Basal 368 ± 58 (7) 334 ± 32 (7) -9 

Anterior limbic cortex: 

Basal 246 ± 23 (4) 234 ± 27 (4) -5 

Frontal cortex: 

Basal 237 ± 18 (5) 249 ± (4) +5 

Gpp (NH)p, 100 ).1M 5550 ± 125 (2) 5539 ± 304 (2) -4 

Hypothalamus: 

Basal 480 ± 46 (2) 490 ± 28 (2) +2 

Gpp (NH)p, 100 11M 1618 ± 48 (2) 1563 ± 235 (2) -3 

Retina: 

Basal 183 ± 34 (6) 189 ± 22 (6) +3 

* pmoles cyclic AMP formed/5 min/mg protein (number of animals, assayed seperately 
in triplicate, in parentheses). 

of guinea pig (Ahn and Makman, 1977). Although not yet characterized 
pharmacologically in the rabbit cortex, our preliminary studies 
of monkey and guinea pig cortex indicate that a mixed HI and H2 
receptor type is involved in the stimulation by histamine. While 
we presume the dopamine-stimulated adenylate cyclase to be neuronal, 
it is possible that a major component of histamine-stimulated 
adenylate cyclase in at least some brain regions may be glial or 
vascular (see also Discussion). 

INFLUENCE OF AGING ON BASAL AND Gpp(NH)p-STIMULATED ADENYLATE 
CYCLASE ACTIVITY 

No change in basal adenylate cyclase activity was found with 
aging in any of the regions of brain or in retina of the rabbit 
(Table 2). Basal activity was also unchanged in rat striatum as 
these animals aged from 2-3 months to 2-2.5 years of age (data 
not presented). Similarly, in frontal cortex and hypothalamus 
of the rabbit no alteration was found with aging in the marked 
stimulation of adenylate cyclase activity by the GTP analogue, 
Gpp(NH)p (Table 2). 
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TABLE 3. ADENYLATE CYCLASE ACTIVITY OF HYPOTHALAMUS OF YOUNG AND 
OLD RABBITS 

Additions to Assay Increase in cyclic AMP formation* % change in 
due to biogenic amine response with 

4-5 month old 5 year old age t 
animals animals 

Dopamine, 5 \.1M 106 ± 10 22 ± 12 -79 (p<O.OOl) 

Dopamine, 100 \.1M 235 ± 24 161 ± 10 -31 (P<0.02) 

Norepinephrine, 100 \.1M 220 ± 62 74 ± 25 -66 (p<0.05) 

Histamine, 100 \.1M 245 ± 38 83 ± 15 -66 (p<0.005) 

* p moles cyclic AMP/5min/mg protein formed over basal activities as given in 
Table 2. 

t % change in stimulation due to biogenic amine with age (p values for signifi­
cance of change in parentheses). 

INFLUENCE OF AGING ON DOPAMINE-STIMULATED ADENYLATE CYCLASE 
ACTIVITY OF RABBIT AND RAT STRIATUM 

While basal adeny1ate cyclase activity of striatum (caudate-putamen) 
was unchanged with aging, in the older rabbits the maximal stimu­
lation of activity by dopamine was decreased by approximately 
40-50 percent (Figure 1). There was no apparent change in the 
concentration of dopamine required for half-maximal stimulation. 
Similar decreases with age in maximal stimulation by dopamine were 

TABLE 4. ADENYLATE CYCLASE ACTIVITY OF ANTERIOR LIMBIC CORTEX OF 
YOUNG AND OLD RABBITS 

Additions to assay Increase in cyclic AMP formation* % change in 
due to biogenic amine response with 

age t 
4-5 month old 5 year old 

animals animals 

Dopamine, 100 llM 248 ± 24 (+lOU) 129 ± 23 (+55%) -46 (p<0.005) 

Histamine, 5 llM 194 ± 32 (+ 79%) 117 ± 12 (+50%) -37 (p<0.05 

Histamine, 100 llM 268 ± 22 (+109%) 164 ± 28 (+70%) -36 (p<O.Ol) 

* pmoles cyclic AMP/5min/mg protein formed over basal activities _e given in 
Table 2 (data for 4 separate experiments with young and 4 with old animals). 
(Percent stimulation by biogenic amine in parentheses). 

t % change in stimulation due to biogenic amine with age (p values for significance 
of change in parentheses). 
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Figure 2. Influence of age on biogenic amine-stimulated adenylate 
cyclase activity of rabbit frontal cortex. Experimental 
details were as described in the text. Values represent 
percent stimulation over basal activity as given in 
Table 2. 

also obtained for rat striatum (as animals aged from 2-3 months 
to 2-2.5 years of age, data not shown). 

INFLUENCE OF AGING ON BIOGENIC AMINE-STIMULATED ADENYLATE CYCLASES 
OF RABBIT HYPOTHALAMUS, CORTICAL AREAS AND RETINA 

In hypothalamus, both dopamine- and histamine-stimulated adenylate 
cyclase activities were decreased in the older animals (Table 3). 
Similar results were obtained for stimulation by dopamine and by 
histamine in anterior limbic cortex (Table 4) and frontal cortex 
(Figure 2). Finally, in preliminary studies there was also found 
a markedly decreased stimulation by isoproterenol in frontal cortex 
of the older animals (Figure 2). 

These studies indicated that the effects of aging on biogenic 
amine-stimulated adenylate cyclases were selective for the trans­
mitter or hormonal component of the system (i.e., did not involve 
basal or Gpp(NH)p-stimulated activity) but were not selective for 
a particular transmitter system or for one particular brain region. 
On the other han~ in at least one CNS region containing appreciable 
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Figure 3. Influence of age on dopamine-stimulated adenylate 
cyclase activity of rabbit retina. Experimental details 
were as described in the text. Values represent percent 
stimulation over basal activity as given in Table 2. 

amounts of dopamine-stimulated adenylate cyclase, the retina, there 
was found to be no change in this activity with aging (Figure 3). 
Thus, the retin~ in a sense, serves as a control for the other regions 
and provides evidence for at least some degree of regional selec­
tivity in the influence of aging on dopamine-stimulated activity. 

ADENYLATE CYCLASE ACTIVITY OF CNS REGIONS OF DEVELOPING RABBITS 

Prevjously,we reported that in rat retina there occurred a 
rapid postnatal development of dopamine-stimulated adenylate 
cyclase during the first few weeks after birth during which 
period development and maturation of the inner retina (where the 
activity appears to be located) also occurred (Makman et al., 1975). 
Adenylate cyclase activity of CNS regions of 2 to 3 week old 
rabbits is summarized in Table 5. As evident from those data 
together with the data in Tables 1 and 2 for 4 to 6 month old 
animals, basal and transmitter-stimulated adenylate cyclases were 
fully developed not only in retina but also in frontal cortex and 
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TABLE 5. ADENYLATE CYCLASE ACTIVITY OF CNS REGIONS OF 2-3 WEEK OLD 
RABBITS 

Region and addition Activity* t Percent 
to the Assay Stimulation 

by transmitter t 

Frontal Cortex 

None (basal) 200 ± 19 

Gpp(NH)p, 100 )JM 1105 ± 282 

Dopamine, 5 )JM 380 ± 44 90 ± 22 

Dopamine, 100 )JM 541 ± 42 171 ± 21 

Histamine, 100 )JM 397 ± 50 99 ± 25 

H:Z:Eothalamus 

None (basal) 162 ± 5 

Gpp (NH)p, 100 IJH 873 ± 50 

Dopamine, 100 )JM 248 ± 18 53 ± 11 

Histamine, 100 )JM 279 ± 13 72 ± 8 

Caudate-Putamen 

None (basal) 448 ± 22 

Dopamine, 0.1 )JM 670 ± 42 66 ± 24 

Dopamine, 1 )JM 928 ± 25 107 ± 29 

Dopamine, 10 )JM 1046 ± 40 134 ± 10 

Dopamine, 100 )JM 1234 ± 57 175 ± 14 

Retina 

None (basal) 146 ± 26 

Dopamine, 1 )JM 362 ± 18 134 ± 12 

Dopamine, 10 )JM 378 ± 14 145 ± 10 

Dopamine, 100 )JM 379 ± 20 146 ± 15 

* pmo1es cyclic AMP formed/5 min/mg protein 
t Data represent averages for 3 experiments ± S.E.M. for caudate-putamen and 

retina or for triplicate assay incubation ± S.E.M. for 1 experiment for 
frontal cortex and hypothalamus 

caudate-putamen at 2 to 3 weeks of age. There occurred in these 
regions no appreciable change in basal or transmitter-stimulated 
activities with further maturation to the young adult (4 to 6 
month old) animal. On the other hand, basal activity in hypothalamus 
and Gpp(NH)p-stimulated activity in both hypothalamus and frontal 
cortex increased during this maturational period but not as animals 
aged from 4 to 6 months to 5 years as described earlier. These 
studies indicate that the changes that were found to occur with 
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Figure 4. Representative saturation curves for specific [3Hl­
spiroperidol binding sites in rabbit brain regions. 
Experimental conditions were as described in the text. 
Data were obtained from a single old rabbit. 

senescence were not due to the continuation of a process already 
evident during an earlier period of life but represent rather phe­
nomena with post-maturity onset. 

INFLUENCE OF AGING ON SPIROPERIDOL-BINDING SITES IN RABBIT BRAIN 
REGIONS 

Based on the studies of adenylate cyclase, in which the 
maximal response to transmitter (e.g., dopamine) in several brain 
regions was selectively decreased with senescence, it appeared 
that this might be due directly to a decreased number of receptors. 
This possibility was assessed directly by measurement of binding 
of radioligand to dopamine receptors. With the ligand chosen, 
the dopamine antagonist, spiroperidol, saturable, stereospecific 
binding sites could be measured not only in caudate-putamen, but 
in cortical regions as well. Representative data for saturation 
curves in three brain regions from a single rabbit are shown in 
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Figure 5. Representative saturation curve (upper portion) and 
Scatchard analysis derived from that curve (lower 
portion) for specific [3Hl-spiroperidol binding sites 
in rabbit caudate-putamen. Experimental conditions 
were as described in the text. Data were obtained 
from a single young rabbit. 

Figure 4. The binding data were evaluated by Scatchard analysis, 
as exemplified by Figure 5. The results of these binding studies 
in young and old animals indicated an appreciable decrease in 
number of spiroperidol binding sites in caudate-putamen with aging 
(Table 6). This decrease was comparable in magnitude to that 
described earlier for dopamine-stimulated adenylate cyclase of 
caudate-putamen. Similar decreases in spiroperidol binding sites 
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TABLE 6. [3H]-SPIROPERIDOL BINDING SITES IN BRAIN REGIONS OF OLD 
AND YOUNG RABBITS 

Total binding sites 
(fmo1es/mg wet weight: 

4-5 month old rabbits* 

5 year old rabbits* 

Ratio of bindin~ sites 
in young/old rabbits + 

Caudate-Putamen 

10.3 (8) 

6.7 (6) 

1.3 ± 0.13 (6) 

* Number of rabbits in parentheses. 

Frontal Cortex 

4.1 (8) 

3.8 (6) 

Anterior limbic 
cortex 

7.1 (9) 

4.3 (7) 

1. 74 ± O. 64 (4) 1. 65 ± O. 55 (4) 

t Values ± S.E.M. are given (number of pairs of old and young rabbits assayed 
simultaneous in parentheses). Ratios are computed for the paired data. 

were found with aging in frontal and anterior limbic cortex 
(Table 6). However, because of the greater variation in binding 
capacity from one animal to another in those cortical regions, 
further studies will be required to establish the significance of 
these differences. It should be noted that the ratios of binding 
sites in young and old rabbits in Table 6 are for paired animals 
(assayed at the same time) only, whereas the average values for 
binding sites in each region as given in Table 6 include data 
from additional (non-paired) animals. 

In contrast to the decreased number of spiroperidol binding 
sites in the older animals, the affinity of the receptor for 
spiroperidol was not changed with age in any of the regions studied. 
Thus, in caudate-putamen KD values for spiroperidol ± SEM (number 
of experiments in parentheses) were 1.4 ± 0.36 (7) and 0.97 ± 0.23 
(6) nanomolar for young and old rabbits respectively. Corresponding 
values in anterior limbic cortex were 1.1 ± 0.21 (7) and 1.1 ± 0.32 
(6) . 

INFLUENCE OF AGING ON DOPAMINE CONTENT AND CHOLINE ACETYLASE ACTIVITY 

Of major interest with respect to the changes with aging found 
to occur in receptors for biogenic amines, was to determine whether 
this involved a selective loss of receptors on a neuron that was 
still viable and capable of other functions, or the selective loss 
of this neuron with retention of other neurons (e.g., presynaptic 
neuron, etc.), or loss of both pre- and post-synaptic neurons. 
To approach this problem, we have carried out analyses of cate­
cholamine concentration and also activity of the enzyme choline 
acetylase in these brain regions. The data obtained revealed that 
in rabbit caudate-putamen no change in dopamine concentration 
occurred with aging from 4 to 5 months to 5 years of age (data not 
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TABLE 7. LACK OF INFLUENCE OF AGE ON CHOLINE ACETYLASE ACTIVITY OF 
RABBIT BRAIN 

Activity* 

Brain Region Youn~ 0ld Ratio 
(5 1'10s) (5 vrs) young/old 

Caudate-Putamen 3 .(, 5.5 0.66 

frontal Cortex 0.92 1. 01 0.91 

Anterior limbic cortex 0.91 1. 05 0.B7 

* L.moles acetyl choline forrned/hr/p,TI1 wet wt. 

shown). Since dopamine content may be considered an indirect 
measure of the presynaptic dopamine nerve terminals in caudate­
putamen, it appears that no loss of the presynaptic component 
is evident at an age at which a major decrease is evident in the 
associated postsynaptic receptor component. Studies are currently 
in progress to assess the influence of aging in transmitter 
content in cortex and hypothalamus of the rabbit. 

Since the major role of dopamine in caudate-putamen is believed 
to be the inhibition of firing of cholinergic neurons in that 
region, we also investigated the activity of choline acetylase in 
caudate-putamen (Table 7). No decrease in the activity of this 
enzyme was found with age. Thus, the loss of dopamine receptors 
was not accompanied by loss of an enzyme of transmitter synthesis 
located in neurons presumed to also contain a major component of 
the post-synaptic dopamine receptors. In addition, there occurred 
with senescence no change in choline acetylase activity in the 
two cortical regions studied (Table 7). 

DISCUSSION 

The studies presented here indicate that in the rabbit the 
amount of dopamine-stimulated adeny1ate cyclase activity and the 
number of spiroperido1 binding sites in caudate-putamen both 
decrease with senescence. We have obtained similar findings for 
rat striatal dopamine stimulated adeny1ate cyclase. Decreased 
activity in striatum of aged rats has also been reported by Puri 
and Vo1icer (1977). Furthermore, Finch and coworkers have found 
a decreased number of spiroperido1 binding sites in mouse striatum 
with senescence, as rerorted elsewhere in this volume. Thus, in 
three species striatal dopamine receptors assessed by adeny1ate 
cyclase activity and/or spiroperido1 binding capacity have been 
found to be decreased with aging. That the loss of striatal dopa­
mine receptors with age is selective was indicated by the lack 
of change in basal adeny1ate cyclase activity, dopamine concentra­
tion or activity of choline acetylase in rabbit striatum. It, 
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therefore, seems likely that the process by which dopamine receptors 
are decreased in this brain region takes place in the absence of, 
or at least is initiated prior to, comparable loss of either the 
presynaptic dopaminergic input or of the neurons on which are 
located the dopamine receptors. Based on the less complete but 
similar data obtained here for frontal cortex, anterior limbic 
cortex and hypothalamus of the rabbit, comparable losses of dopa­
mine receptors, presumably due to a similar mechanism, also 
occurred in these other regions with senescence. On the other 
hand, in the retina no loss of dopamine receptors coupled to 
adenylate cyclase was evident. 

The actual mechanism of dopamine receptor loss is not yet 
known. We have previously suggested that central dopamine receptors 
may be modulated either in the direction of supersensitivity or 
desensitization by physiological or pathological processes (Makman, 
1977). Thus, unilateral lesions of the dopamine neurons in 
substantia nigra of the rat resulted in enhanced stimulation by 
dopamine of adenylate cyclase in the striatum (Mishpa, Gapdnep, 
Katzman and Makman, 1974). Also, during normal postnatal develop­
ment in the rat the dopamine-stimulated adenylate cyclase of the 
rat after attaining maximal activity by 15 days of age, subsequently 
declines in activity from day 15 to 29 (Makman et al., 1975). The 
reason for this subsequent decline (to adult levels) was postulated 
to be related to a desensitization occurring shortly after inner­
vation, i.e., the reverse of denervation supersensitivity. Recently, 
Dr. Ahn has carried out studies demonstrating the direct production 
of desensitization of dopamine receptors by incubation of monkey 
(data not shown) or rabbit (Table 8) cortical slices in vitpo with 

TABLE 8. INFLUENCE OF PREINCUBATION OF RABBIT FRONTAL CORTEX SLICES 
WITH DOPAMINE ON SUBSEQUENT RESPONSIVENESS OF HOMOGENATE 
ADENYLATE CYCLASE TO DOPAMINE AND HISTAMINE 

Agents added to assay 30 minute preincubation*: P values 
without dopamine with dopamine (l00 11M) 

Adenylate cyclase activity** 

None (basal) 158 + 14 208 + 26 NS 

Dopamine, 100 11M 244 + 15 (+54) 201 + 2 (-3) p<0.05 

Histamine, 100 11M 301 + 16 (+91) 272 + 15 (+31) NS 

* Chopped tissue slices of frontal cortex from 4-5 month old female rabbits were 
preincubated for 30 min. at 37°C in Krebs-Ringer Bicarbonate medium containing 
15 mM glucose either in the presence or absence of 100 11M dopamine. At the end 
of the incubation the slices were washed three times with the same medium and 
then homogenized in the standard Tris-maleate-EGTA buffer for adenylate cyclase 
assay 

** pmoles cyclic AHO formed/mg protein/5 min. Values are means + S.E.M. for tripli­
cate incubations and assays for each condition studied. 
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dopamine. The slice incubation is then followed by extensive 
washing of the tissue and homogenization for assay of adenylate 
cyclase activity. As shown in the table, selective desensitization 
to dopamine was produced in such an experiment. We have also 
been able to produce selective desensitization to histamine by 
preincubation of tissue with histamine {Ahn and Makman~ unpublished 
observations}. Kakiuchi and RaIl {1968} first demonstrated 
desensitization of brain tissue to norepinephrine and histamine 
in studies carried out entirely with slices of rabbit cerebellum, 
rather than preincubation of slices followed by adenylate cyclase 
assay. Studies made by our laboratory first showed that a com­
parable desensitization of S-adrenergic receptors coupled to 
adenylate cyclase was produced by exposure of intact lymphoid 
cells or cultured fibroblasts to catecholamines {Makman~ 1971}. 
Other studies of desensitization in cultured cells have been 
reviewed previously {Makman~ Morris and Ahn~ 1977}. 

Thus, there is a long-standing precedent for the acute 
desensitization of both central and peripheral tissues to biogenic 
amines. The involvement of such a mechanism in the changes with 
aging reported here would also provide a common process by which 
loss of responsiveness not only to dopamine but also to histamine 
and S-adrenergic agonists might occur. Desensitization might 
be responsible for loss of peripheral receptor responsiveness 
with aging as well, e.g., for the reduced S-receptors found on 
human mononuclear cell membranes with aging {Schocken and Roth~ 
1977}. Different tissues or cell types in culture normally differ 
in the rapidity and/or extent of the desensitization process. In 
general, dopamine receptors appear to be desensitized much less 
readily than are S-receptors. The changes with aging might be 
related to changes in sensitivity of receptors to the desensitization 
process. Alternatively, the recovery from desensitization might 
be involved. It is, of course, also possible that there is a 
selective decline in the rate of synthesis of receptors oocurring 
without specific relationship to the desensitization process. 
Additional studies will be required to establish the actual 
mechanism of receptor loss. 

The studies reported here indicate a similar rate of loss 
of different types of dopamine receptors with age. Thus, cortical 
dopamine receptors and striatal dopamine receptors coupled to 
adenylate cyclase may be distinguished from one another pharmaco­
logically as discussed previously, and both are decreased with 
age in the rabbit. Also, spiroperidol binding sites represent 
a class of dopamine receptors, at least in part, distinguishable 
from those measured by the adenylate cyclase assay, and in several 
regions both classes of receptors are decreased with senescence. 

In addition, the receptor losses reported in this study 
suggest the involvement of several different cell types. While 
we believe the dopamine receptors to be exclusively neuronal in 
the rabbit brain, histamine and S-adrenergic receptors may be 
located in part or largely on glial and/or vascular cells, and 
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also the extent to which these receptors may be neuronal or non­
neuronal may very in different brain regions (Wilkening and MakmanJ 
1975) . 

The functional significance of the receptor losses found with 
aging remain to be established. The similar decreases in dopamine 
receptor binding and dopamine-stimulated adeny1ate cyclase at 
least suggest the absence of spare dopamine receptors coupled or 
potentially coupled to adeny1ate cyclase. Following nearly complete 
nigra1 1esions,we routinely observe about a doubling of striatal 
dopamine-stimulated adeny1ate cyclase activity in the rat (Mish~a 
et al' J 1974). Smaller increases (20-40%) in haloperidol binding 
sites are observed in striatum after nigra1 lesion (C~eese et al' J 
1977). It is presumed that these changes make a significant 
contribution to the functional receptor supersensitivity which 
occurs after such a lesion. In order to produce readily detectable 
behavioral effects by destruction of nigra1 dopamine neurons, 
lesions generally must be at least 80 percent complete (assessed 
by extent of loss of striatal dopamine content), (E. Ga~dne~J 
unpublished obse~vations). Thus, at the presynaptic level there 
may exist greater "reserves" than are present at the postsynaptic 
level in striatum. The "postsynaptic" dopamine receptor losses 
reported here therefore might well have functional significance. 
While symmetrical bilateral loss might have little apparent 
influence on basal motor function, such loss might impair function 
in specific situations or be additive to loss occurring for some 
other reason. In man, such losses with senescence in striatum 
might possibly result in predisposition to development of parkin­
sonism. Likewise, losses in cortex and hypothalamus might result 
in an impairment of other eNS functions with age. 

SUMMARY 

Evidence for selective decreases in biogenic amine receptor 
function with age in the rabbit has been obtained. Dopamine­
stimulated adeny1ate cyclase activity in the striatum (caudate­
putamen) of rabbit brain declined by about 50 percent as rabbits 
aged from less than 1 to 4 to 5 years of age. Similar decreases 
in transmitter-stimulated adeny1ate cyclase activity were found 
for histamine as well as for dopamine and norepinephrine in 
hypothalamus, frontal cortex and anterior limbic cortex. Iso­
proterenol-stimulated activity was also decreased with age in 
frontal cortex. These changes appeared to represent decreases 
in maximal response and not alteration in affinity for amine. 
In contrast, dopamine-stimulated adeny1ate cyclase of retina and 
transmitter-independent (basal or Gpp(NH)p-stimulated) activity 
in each of the regions studied were not altered with age. Dopamine 
receptors in striatum directly assessed by measurement of[3 H1 -
spiroperido1 binding revealed a comparable decrease in the number 
of binding sites without change in ligand affinity. Preliminary 
data also indicated decreased spiroperido1 binding sites in the 
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cortical regions of older animals. These changes in striatum 
and cortex were evident in the absence of decreases in either 
dopamine content or choline acetylase activity, an activity pre­
sumed to be present in neurons containing dopamine receptors. 
It is proposed that selective age-dependent decreases in post­
synaptic biogenic amine receptor content occur in the absence 
of, or independent from, neuronal cell loss, possibly by a mechanism 
involving receptor desensitization. These changes occur in the 
animal model in those brain regions which in man are thought to 
be of importance in the loss of cerebral function that is found 
with senscence. 

A preliminary report of this work has be presented (11akman, 
Ahn, Thal, Dvorkin, Horowitz, Sharpless and Rosenfeld, 1978). 
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ABSTRACT 

The relative content of monoamines within identified brain 
stem neurons in 4 and 20-yea, old monkeys (Macaca nemestrina) was 
determined with microspectrofluorometric techniques. Intraneuronal 
monoamine content was found to decrease with age in the locus coe­
ruleus, substantia nigra and raphe and was found to be reduced fur­
ther in the locus coeruleus by the presence of lipofuscin granules. 
These data indicate that intraneuronal monoamine content is reduced 
in the aged macaque. 

INTRODUCTION 

Aging is accompanied by decreases in content and turnover of 
some central monoamines as well as changes in levels of their syn­
thetic enzymes (Finch, 1973; this volume; Carlsson, this volume; 
Clemens, this volume). Clearly, the loss of dopamine in the nigro­
striatal and mesolimbic systems and its relationship to parkinson­
ian symptoms is well appreciated. Significant loss of dopamine in 
the hypothalamus of the aged rodent may be related to reproductive 
senescence,and the possibility exists that other brain monoamine 
systems also change with age. 

Histofluorescence analysis of monoaminergic neurons in the 
aged animal model can allow the analysis of qualitative and quan­
titative changes in pools of neurons as well as within individual 
neurons. This type of analysis can provide information concerning: 
(1) whether all neurons of a specific neucleus change synchronously 
with age; (2) the degree to which aging pigments may affect intra­
neuronal monoamine content; and (3) the relative amount of intra­
neuronal monoamine within different brain nuclei. The present 
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investigation represents an attempt to determine the relative 
changes in intraneuronal content of dopamine, norepinephrine and 
serotonin which accompany age in a non-human primate. 

MATERIALS AND METHODS 

Six colony-raised, pit-tailed Macaques (Macaca nsmestrina) 
aged 4 and 20 years old were examined with the formaldehyde-induced 
histofluorescence technique of Falck and Hillarp (1962). Relative 
quantitation of monoamine histofluorescence was determined micro­
spectrofluorometrically as described elsewhere (Sladek, McNeill, 
Walker and Sladek, in press). All spectral recordings were per­
formed at constant instrument settings to eliminate variation in 
instrument sensitivity from interfering with quantitative values. 
The locus coeruleus, substantia nigra, and nucleus raphe dorsalis 
were chosen as representative nuclei for norepinephrine, dopamine 
and serotonin-containing neurons respectively. The mean and stan­
dard deviation of all quantitations were calculated 

RESULTS 

Qualitatively, histofluorescence of each of the nuclear groups 
chosen for analysis appeared most intense in the 4-year old animals, 
although perikarya of the substantia nigra appeared less intense 
than either the locus coeruleus or raphe in both ages. Serotonin 
fluorescence of raphe neurons appeared within the perinuclear cyto­
plasm and even extended into neuronal processes in the young anim­
als (Figures 1 and 2). These same neurons occasionally possessed 
lipofuscin granules, and in the old animals lipofuscin fluorescence 
predominated. Perikarya of the substantia nigra often appeared to 
contain a reticulated cytoplas~,and in general, the cells looked 
less healthy than those of the other two groups (Figures 3 and 4). 
Lipofuscin was not a common feature of nigral neurons. Norepine­
phrine fluorescence of the locus coeruleus appeared intense in both 
ages, somewhat more intense in the younger animals (Figures 5 and 6). 
Lipofuscin granules were seen in locus coeruleus neurons in both 
ages; however, they were more abundant in the older animals. 

Spectral analysis of the relative intensity of individual neu­
rons of these groups revealed a significant loss of monoamine from 
each group with age. The relative intensities of dopamine-contain­
ing neurons of the substantia nigra were analyzed as three groups 
of 4 and 20-year old animals. In each group the relative intensity 
was significantly lower in the older animals (Figure 7). Similar 
determinations were made for serotonin-containing neurons of the 
nucleus raphe dorsalis and norepinephrine-containing neurons of the 
locus coeruleus and confirmed the qualitative analysis that mono­
amine fluorescence was less intense in the older animals (Figures 
8 and 9). Furthermore, locus coeruleus was subdivided according 
to the presence or absence of lipofuscin granules within the 
perinuclear cytoplasm. In both ages, the mean norepinephrine 
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Figure 1. (top left) Nucleus raphe dorsalis - 4-year old. Yellow 
serotonin histofluorescence appears in the cytoplasm 
and process of a neuronal perikaryon. Yellow-gold pig­
ment granules (+) also are seen in the cytoplasm. X200. 

Figure 2. (top right) Nucleus raphe dorsalis - 20-year old. A 
predominance of lipofuscin granules is seen (~) and 
serotonin histofluorescence (+) appears less prominent 
than that depicted in Figure 1. X200. 

Figure 3. (middle left) Substantia nigra - 4-year old. Moderately 
intense dopamine his to fluorescence is seen within peri­
karya (+). X200. 

Figure 4. (middle right) Substantia nigra - 20 year-old. Neuronal 
perikarya (+) appear to contain a weaker histofluorescence 
and a more reticulated cytoplasm than younger animals. 
X200. 

Figure 5. (bottom left) Locus coeruleus - 4-year old macaque. 
Intense blue norepinephrine fluorescence characterized 
the perinuclear cytoplasm. Yellow-gold pigment granules 
(+) are visible in some of the neurons. X200. 

~igure 6. (bottom right) Locus coeruleus - 20-year old macaque. 
Norepinephrine fluorescence is somewhat less intense 
and pigment granules (+) are more prominent in compari­
son to the young macaque. X400. 
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Figu~e 7. Histog~am of ~elative intensity (RI) fo~ substantia 
nig~a. The mean and standa~d deviation a~e plotted fo~ 
3 pai~s of 4 and 20-yea~ old macaques. The numbe~ of 
pe~ika~ya analyzed appea~s within each ba~ above the 
ho~izontal axis. Significant dec~eases in neu~ot~ans­
mitte~ content appea~ed in the 20-yea~ old macaques. 

intensity was significantly less in the lipofuscin-positive peri­
karya than in the lipofuscin-free perikarya (Figure 10). Also, 
the mean intensity of the lipofuscin-free neurons of the 20-year 
old was significantly less than the 4-year old,and the intensity 
of lipofuscin-positive neurons was significantly lower in the 
20-year old. When all the fluorescent neurons, both lipofuscin­
free and positive, were pooled and treated as a single group, it 
was found that the mean intensity of these neurons in the 20-year 
old was significantly less than the 4-year old. 

DISCUSSION 

Analysis of selected monoamine-containing loci of the aged 
non-human primate revealed a decrease in fluorescence intensity 
accompanying aging. While this is a well-known phenomenon in the 
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Figure 8. Histogram of relative intensity (RI) for nucleus raphe 
dorsalis. The mean and standard deviation are plotted 
for 3 pairs of 4 and 20-year old macaques. The number 
of perikarya analyzed appears within each bar above the 
horizontal axis. Significant decreases in neurotrans­
mitter content appeared in the 20-year old macaques. 

nigrostriatal dopamine system, it has not been demonstrated 
previously in any of the other monoamine groups of the brain. 
However, as Professor Carlsson has alluded to in his presentation, 
it seems reasonable that similar changes might occur in other 
nuclei especially in light of the reported alterations in monoamine 
synthetic enzymes which accompany human aging (McGeer and McGeer, 
1975). It is not known at present if all monoamine systems lose 
neurotransmitter content with age, but preliminary examination in 
aged macaque of the ventral noradrenergic system including its 
terminal innervation in the hypothalamus revealed an intence his to­
fluorescence comparable to that seen in young macaque (Sladek et al., 
in press). Furthermore, the tuberoinfundibular dopamine system of 
the 20-year old macaque demonstrated maximum intensity, perhaps 
even above that of the younger animals (Sladek et al., in press). 
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Figure 9. Histogram of relative intensity (RI) for locus coeruleus. 
The mean and standard deviation are plotted for J'pairs 
of 4 and 20-year old macaques. The number of perikarya 
analyzed appears within each bar above the horizontal 
axis. Significant decreases in neurotransmitter content 
appeared in the 20-year old macaques. 

Thus, a drop in neurotransmitter content in neurons of monoaminer­
gic loci may not be a generalized phenomenon, but this needs to 
be tested further. 

The occurrence of lipofuscin granules within neurons during 
aging is a well-known phenomenon (Brizzee~ Grdy and Kaack~ 1974). 
The present data indicate that in the locus coeruleus the presence 
of lipofuscin within the perinuclear cytoplasm is associated with 
decreased monoamine neurotransmitter content. To our knowledge, 
this is the first demonstration that these autofluorescent pigment 
deposits are coincidental with decreased neurotransmitter content. 
This raises speculation about possible depressed transmitter func­
tion in monoaminergic neurons which contain lipofuscin. Alternately, 
the decreased content could be due to a displacement of norepine­
phrine by pigment granules, however, spectral analysis of that 
part of the cytoplasm which contained only norepinephrine in 
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Figure 10. The effect of autofluorescent pigment granules on nore­
pinephrine relative intensity is illustrated for neurons 
of the locus coeruleus. In a pair of 4 and 20-year old 
macaques3 locus coeruleus neurons were subdivided into 
lipofuscin-free (group I) and lipofuscin-bearing (group 
II) perikarya. The presence of lipofuscin correlated 
with a significant decrease in norepinephrine content 
in both the 4 and 20-year old macaques (p < .001). Fur­
thermore3 norepinephrine content was significantly lower 
(p < .001) in lipofuscin-free perikarya of the 20-year 
old macaque in comparison to lipofuscin-free perikarya 
of the 4-year old. The mean intensity of lipofuscin­
positive neurons also was significantly lower in the 20-
year old animal than in the 4-year old. (p < .001). 
Mean ± SD. 

lipofuscin-bearing perikarya revealed a significant loss of norep­
inephrine. Relative intensity values were all measured at the peak 
emission wavelength of norepinephrine (i.e., 480 nm). It is unlike­
ly that the presence of lipofuscin in the scanned neurons augmented 
this peak, for the lipofuscin emission peaks (560, 600 nm) are con­
siderably higher than that of norepinephrine. Furthermore, if an 
error had been introduced by this procedure, it would have enhanced 
the relative intensity values of the lipofuscin-bearing scans. In-
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stead, these values always appeared less than those gathered from 
lipofuscin-free neurons. Therefore, the present results appear to 
indicate that the presence of lipofuscin within coeruleal 
neurons is coincidental with a depressed transmitter content in 
comparison to lipofuscin~free coeruleal neurons. The presence of 
lipofuscin would not appear to be the only factor related to de­
creased neurotransmitter content because lipofuscin-free perikarya 
of the locus coeruleus in the 20-year old animal contained signifi­
cantly less norepinephrine than lipofuscin-free perikarya of the 4-
year old animal. Possible causes for this reduced content of neu­
rotransmitter could include increased turnover, decreased synthesis 
or decreased re-uptake. The elucidation of this problem will await 
further investigation. 

ACKNOWLEDGEMENTS 

The authors thank Betsy Putnam Buell for technical assistance 
and Dr. Douglas Bowden who supplied the animals for this investi­
gation. This work was supported in part by NIH Grant NS 11642 and 
by USPHS Career Development Award NS-00259 to Celia D. Sladek. 

REFERENCES 

Brizzee, K.R., Ordy, J.M. and Kaack, B. (1974). Early appearance 
and regional differences in intraneuronal and extra neuronal 
lipofuscin accumulation with age in the brain of a non-human 
primate (Maccaca mulatta) J. Geront. 29~ 366-381. 

Carlsson, A. Age-dependent changes in central dopaminergic and 
other monoaminergic systems. In: Parkinson's Disease: Aging 
and Neuroendocrine Relationships. Eds. C.E. Finch, D.E. 
Potter and A.D. Kenny. Plenum Press. New York (in press). 

Clemens, J. Some neuroendocrine aspects of aging. In: Parkinson's 
Disease: Aging and Neuroendocrine Relationships. Eds. C.E. 
Finch, D.E. Potter and A.D. Kenny. Plenum Press. New York 
(in press). 

Falck, B., Hillarp, N.S., Thieme, G. and Torp, A. (1962). Fluore­
scence of catecholamines and related compounds condensed with 
formaldehyde. J. Histochem. Cytochem. 10~ 348-354. 

Finch, C.E. (1973). Catecholamine metabolism in the brains of ag­
ing male mice. Brain Res. 52~ 261-276. 

Finch, C.E. Age-related changes in brain catecholamines: A sympo­
sium of findings in C57BL/6J mice and other rodent models. 
In: Parkinson's Disease: Aging and Neuroendocrine Relation­
ships. Eds. C.E. Finch, D.E. Potter and A.D. Kenny. Plenum 
Press. New York (in press). 



RELATIVE QUANTITATION OF MONOAMINE HISTOFLUORESCENCE 239 

McGeer, E.G. and McGeer, P.L. (1975). Age changes for some enzymes 
associated with metabolism of catecho1amines, GABA and ace­
tylcholine. Adv. Behav. BioL. 16, 287-305. 

Sladek, J.R., Jr., McNeill, T.H., Walker, P. and Sladek, C.D. 
Age-related alterations in monoamine and neurophysin systems 
in primate brain. In: Aging in Non-Human ~imate$, Neuro­
bioLogy of Aging, VoL. 6. Ed. D.M. Bowden, Raven Press (in 
press) . 



INTEGRATED MORPHOLOGY OF NEURONAL CATECHOLAMINES 
AND NEUROPHYSIN IN THE AGED MACAQUE 

JOHN R. SLADEK, Jr., JOANN McCONNEL,* and THOMAS H. McNEILL 

Department of Anatomy 
University of Rochester School of Ifedicine 
Rochester, New York 

and Department of Neurobiology and Anatomy* 
University of Texas Hedical School 
Houston, Texas 

ABSTRACT 

A new method for the simultaneous visualization of brain pep­
tides and monoamine neurotransmitters was employed to analyze the 
integrated morphology of hypothalamic catecholamines and neurophy­
sins in young and old monkeys. Immunocytochemical analysis using 
bovine neurophysin revealed a dual papulation of light and dark 
stained cells in the paraventricular nucleus in young and old mac­
aques. In general, both populations of neurons stained with less 
density in old macaques indicating the possibility of a reduced 
content of neurophysin. Further analysis using specific neurophy­
sin antisera for vasopressin or oxytocin revealed an appreciable 
decrease in the number of vassopressin-containing perikarya in the 
20 year monkey whereas oxytocin-synthesizing neurons did not show 
a similar change in numbers with age. Qualitatively, terminal in­
nervation patterns of hypothalamic catecholamines remained strik­
ingly constant in spite of marked reductions in dark-stained neuro­
physin perikarya of the paraventricular nucleus. 

INTRODUCTION 

A number of brain functions are regulated or at least influen­
ced by neuron systems which either are located within or connected 
to the hypothalamus. Some of these intrinsic neuronal networks 
have been identified as catecholaminergic or peptidergic 
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through the independent use of immunocytochemical and histofluores­
cence techniques. In many instances, components of peptidergic 
and catecholaminergic (CA) neurons have been found in the same 
neural locus; notable examples include: (1) norepinephrine terminals 
and vasopressin (VP) and oxytocin (OX) neurons of magnocellular 
hypothalamic nuclei (Fuxe~ 1965; Zimmerman~ Defendini~ SokoZ and 
Robinson~ 1975); (2) endocrine-releasing hormones and dopamine­
containing terminals of the median eminence (HokfeZt~ EZde~ Fuxe~ 
Johansson~ LjungdahZ~ GoZdstein~ Luft~ Efendia~ NiZsson~ Terenius~ 
Ganten~ Jeffaoate~ RehfeZd~ Said~ Perez de Za Mora~ Possani~ Tapia~ 
Teran and PaZaaios~ 1978). Independent analyses of the magnocel­
lular nuclei have led to considerable speculation that pericellu­
larly arranged nor adrenergic terminals of the supraoptic (SON) 
and paraventricular (PVN) nuclei may contact peptidergic perikarya 
providing a morphological basis for a functional interaction. 
These morphological data are supported in part by investigations 
which indicate that norepinephrine may play a role in the secre­
tion of VP from the posterior pituitary (Kuhn~ 1974; MiZton and 
Paterson~ 1974). A method recently developed by this laboratory, 
for the simultaneous visualization of monoamines and neuropeptides 
in a single tissue block (MaNeiZZ and SZadek 1978; SZadek et aZ.~ 
1978a) has been used to demonstrate an apparent morphological 
juxtaposition between noradrenergic terminals and OX and VP- con­
taining soma of the SON and PVN (MaNeiZZ and SZadek~ 1977). This 
technique provides a means for the simultaneous analysis of 
alterations in these systems at a specific point in time (e.g. 
ontogeny, puberty, aging) or during selected functional states 
(e.g. osmotic stress, reproduction). Since existing data indicate 
that the regulation of water balance may be altered significantly 
in old age (Rodeak~ Lederis and HeZZer~ 1960; Donihue~ 1965; 
Turkington and Everitt~ 1976), the present investigation was 
undertaken to examine the integrated morphology of both CA and 
neurophysin systems in young and old macaques in an attempt to 
provide a morphological correlate to this phenomenon. 

MATERIALS AND METHODS 

Six macaques (M. nemestrina)~ three each of 4 and 20 years 
of age,were killed under ketamine anesthesia (10 mg/kg i.m.). 
These animals were maintained under monitored conditions at the 
Seattle Regional Primate Center and appeared generally free from 
disease and malnutrition. Three pairs of animals (one of each 
age per pair) were freeze-dried as a unit for 8 weeks and treated 
for Falck-Hillarp histochemistry as described previously by this 
laboratory (Hoffman and SZadek~ 1973). Each set of three brains 
was embedded into a single paraffin block and serially sectioned 
at 10 ~M as a single specimen. Every tenth section was stained 
with cresyl violet for orientation purposes. Anatomically similar 
levels through the PVN were chosen and examined for the simultaneous 
demonstration of neurophysin and CA. Immunocytochemistry of 
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neurophysin was performed on alternate sections to those examined 
for his to fluorescence according to the method of McNeill and Sladek, 
(1978). Bovine neurophysin (BNP), human estrogen-stimulated 
neurophysin (ESN) and human nicotine-stimulated neurophysin (NSN) 
antisera were supplied by E. A. Zimmerman and A. G. Robinson. 
BNP was used to analyze all neurophysin-containing cells while 
the more specific ESN and NSN antisera demonstrated OX and VP­
synthesizing neurons respectively (Robinson~ 1975; Robinson~ 1976). 
Examination was made of the qualitative appearance and relative 
number of neurophysin-containing perikarya in each experimental 
pair. Simultaneous visualization of CA varicosities and neuro­
physin-containing perikarya of the PVN was performed to determine 
the relative degree to which CA-neurophysin interactions occur 
in young and old macaques. 

RESULTS 

Examination of sections stained with cresyl violet revealed 
that the PVN of Macaca nemestrina appeared similar in position 
and shape to the human PVN. Neurons within the PVN were generally 
mUltipolar although some bipolar ones were present. Processes of 
these cells were seldom seen in Nissl preparations, but were 
visualized in sections stained for BNP. Quantitative cell counts 
of the magnocellular perikarya in the PVN revealed a comparable 
total number of neurons present in the young and old monkey. 

Immunocytochemical staining of the PVN with BNP revealed the 
presence of two populations of stained neurons, one lightly stained 
and the other densely stained. Both populations of neurons 
possessed multipolar shapes and processes filled with stained 
neurophysin which extended 20-100 ~m from the cell perikaryon. 
This dual population of neurons appeared in both young and old 
macaques, but a difference in the relative numbers of each popu­
lation was noted as described below. Furthermore, the density of 
staining in the dark cell population appeared to decrease with 
age. The 20-year old monkeys were characterized by the presence 
of large, densely stained Herring bodies within both the PVN and 
the exiting fibers of the hypothalamoneurohypophyseal tract. The 
total amount of immunoreactive product appeared reduced in the 
old animals in part due to a reduced staining of neuronal processes. 

CATECHOLAMINE HISTOFLUORESCENCE 

Dense patterns of CA varicosities were seen within the 
hypothalamus of young and old macaques. In general, the density 
of varicosities within identified hypothalamic nuclei did not 
appear to change with age although a slight increase was noted 
within the arcuate nucleus wherein patterns approached high (4+) 
levels in the older specimens. The magnocellular nuclei were 
characterized by extremely dense patterns of CA varicosities, many 
of which appeared in juxtaposition to the magnocellular perikarya 
as described below. 
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QUANTITATIVE NEUROPHYSIN ANALYSIS 

Quantitation of the number of neurons stained with BNP neuro­
physin revealed no change in the total cell population of the PVN 
with age; however, independent analysis of dark and light stained 
cells of the PVN revealed a marked reduction in the dark stained 
cells with a concommitant increase in light stained cells. Cell 
counts performed according to the techniques of Konigsmark (1 9 70) 
revealed an 84% decrease in dark-stained cells in the PVN in the 
older monkey. Staining with the more specific ESN and NSN anti­
sera confirmed the finding of a constant total number of immonu­
rea ctive cells. Of interest, dark stained cells with ESN antiserum 
did not demonstrate a change in number while those stained with NSN 

Figure 1. Left . ParaventY'icular nucleus : 4 year 0 ld M. nemesLy·i na. 
Immunocy tochemical staining fo r NSN demonstrates numer­
ous dense neUY'ona 1 perikarya and an abundance of beaded 
processes . X60 

Figure 2. Right . Par aventricular nucleus : 20 year old M. nemestr­
ina . A neuronantomica l level comparable to thaL illus­
t r ated i n Fig. 1 demonstl"ates a reduction in NSN posi­
t i ve parikay·ya and proce;3ses . X60. 
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decreased with age by 54% (Figures 1 and 2). In the latter instance, 
a concommitant rise in light stained cells was seen. Immunocyto­
chemical staining with the specific ESN and NSN antisera revealed 
a marked drop in positively stained fibers of the hypothalamo­
neurohypophyseal tract and within the PVN. Large positively-stained 
Herring bodies were present with both antisera. 

CATECHOLAMINE-NEUROPHYSIN INTEGRATION 

Analysis of alternate tissue sections with the simultaneous 
visualization technique for neuropeptides and monoamines was 
applied to separate sections stained with each neurophysin antiserum. 
In all instances, CA varicosities were seen in juxtaposition to 
neurophysin-containing perikarya and proximal dendrites. Numerous 
CA varicosities appeared to align with the perimeter of these 
neurons (Figures 3 and 4), although the majority of CA varicosities 
did not appear in juxtaposition to neuronal perikarya. Analysis 
of the percentage of cells which appeared contacted by CA vari­
cosities in ESN and NSN stained sections revealed a certain con­
stancy in young and old animals. However, a slight decrease in 
the number of ESN-dark stained cells was noted between young and 
old animals (67% young; 58% old). Also,a slight increase was 
noted in the number of NSN-light stained cells between the 4 and 
20 year olds (70% young; 76% old) which appeared contacted by CA 
varicosities. 

DISCUSSION 

The use of an immunocytochemical approach to evaluate age­
related changes in neuropeptide systems presents a more sensitive 
and selective method to study peptide morphology than has been 
employed previously. Since BNP is non-selective for a specific 
neurophysin in the monkey, both populations of neurophysins are 
stained when BNP is used as the primary antiserum (Zimmer.man, et 
aZ., 1975). The presence of a dual population of immunoreactive 
cells (i.e. dark and light staining neurons) in the magnocellular 
nuclei stained with BNP has been reported preViously in both the 
adult rhesus monkey (Zimmer.man, 1973) and rat (SokoZ, Zimmer.man, 
Sawyer and Robin8on, 1976). This difference in the density of 
cytoplasmic staining between neurons may not solely represent a 
difference in peptide content, but may also reflect a somewhat 
selective yet not totally specific preference for one of the 
monkey neurophysins as has been reported in the rat (SokoZ et aZ., 
1976). Therefore, cautious interpretation of comparisons 
between changes in light and dark cells is imperative. The 
present data showed a marked reduction in the subpopulation of 
dark staining neurons with BNP in the 20 year-old animal. Although 
densitometry measurements were not performed,it was apparent that 
both light and dark cell populations of the PVN in the aged 
animal were somewhat less dense than in the young animal. Neuronal 
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Figure 3. Upper paraventricular nucleus: 4-year old M. nemestrina. 
Catecholamine varicosities and neurophysin (ESN) peri­
karya are seen simultaneously. Numerous varicosities 
(~) appear to surround this peptidergic neuron of the 
magnocellular system. X3?0. 

Figure 4. LOUJer paraventricular nucleus: 20-year old M. nemestrina. 
Catecholamine varicosities (~), as in the younger anim­
als, appear in juxtaposition to a peptidergic neuron. 
The cell perikaryon and a thick process appear to be 
contacted. X3?0. 

perikarya and axonal and dendritic processes appeared to contain 
less reaction product in the older animals. This reduction in 
number of dark-stained cells as well as the overall decrease in 
the amount of reaction product in the PVN suggests that there is 
a decrease in the amount of peptide and carrier content of the 
PVN in the 20-year old animal. Since the primary site of magno­
cellular neuropeptide storage is in axon terminals in the neuro­
hypophysis and not the perikarya of the PVN and SON (Sloper, 1966), 
this alteration in peptide content may represent a depressed 
synthetic capability in the older monkey as opposed to a storage 
phenomenon. However, whether this dysfunction results from an 
intrinsic malfunction of the synthetic machinery, an alteration 
in the afferent input or some other cellular mechanism must 
await further investigation. 

Staining with the specific ESN and NSN antisera provided 
further information as to specific cell popUlation changes within 
the PVN in the old monkey. Using ESN as the primary antiserum, 
there was no change in the population of dark cells in the PVN of 
the young and old monkeys, however, a reduction of 54% was noted 
in dark stained cells with the NSN antiserum. These data suggest 
the possibility of a preferential effect on VP-synthesizing neurons 
as opposed to OX-synthesizing neurons. It is important to note, 
however, that the percentage drop in NSN stained cells was not as 
great as that with BNP staining. Presumably this is accounted 
for by a certain degree of cross-reactivity of the NSN antiserum 
with OX neurons, since both neurophysins may contain a number of 
homogeneous antigenic peptide sequences (Capra and Walter, 19?5). 
The presence of an increased number of large Herring bodies in 
the 20-year old monkey may also be implicated in age-related 
changes in water balance. Since the presence of Herring Bodies 
may result from an alteration or disruption on an axoplasmic flow 
{Dellman, 19?3),the presence of a substantial increase in both 
the size and number of these inclusions in the old monkey is 
significant and suggests that there may be a substantial change 
in axoplasmic flow to the neural lobe accompanying old age. This 
finding supports earlier findings of a decreased amount of neuro­
secretory material in the posterior pituitary in old animals 
using both the Gomori stain (Rodeck et al' 3 1960; Donihue3 1965) 
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and bioassay (Turkington and Everitt, 1976). These data suggest 
that the decrease of neurosecretory material in the posterior 
pituitary of the old mammal may result from an alteration in 
axoplasmic flow rather than an alteration in intrinsic storage or 
secretory capabilities of the endocrine gland. 

Simultaneous visualization of CA varicosities and neurophysin­
containing perikarya revealed a high percentage of apparent 
axosomatic juxtaposition in PVN in both the young and old animals 
with both ESN and NSN antisera. This is a departure from the 
phenomenon reported in rat brain by Fuxe (1965) and Sladek, McNeill 
and Zimmerman (1978) wherein magnocellular PVN perikarya appeared 
somewhat ventrolateral to the CA field. This finding may represent 
a high degree of CA influence on PVN perikarya in the primate, an 
influence which could persist with aging based on the morphology 
presented here. However, these findings do not account for all 
axodendritic terminations, which could provide an important input 
into this magnocellular nucleus. Such analysis must await a 
methodology which allows visualization of more than just the 
proximal portion of dendrites as seen with the present immuno­
cytochemical technique. 

Qualitative his to fluorescence analysis did not reveal a 
striking change in CA terminal innervation of this nucleus. 
However, the subjective observation was that of a possible shift 
in density of fine terminals which could be candidates for 
axodendritic terminations. These data appear to be consistent 
with a concurrent report by Sladek, McNeill, Walker and Sladek 
(1978) of a lack of qualitative histofluorescence change in the 
ventral noradrenergic bundle in these same animals. This is in 
contrast to a significant reduction in intraneuronal content of 
the perikarya of origin of the dorsal noradrenergic bundle. The 
ventral bundle has been shown in rat (Ungerstedt, 1971) to innervate 
the hypothalamus and might be presumed in primate to act in a 
similar manner. The observed change in fine terminal innervation 
of PVN, however, could be attributed to one or two additional 
sources of afferent input to this nucleus, one being from the 
dorsal bundle itself or another from a previously undescribed 
dopaminergic input to this nucleus. Unpublished observations in 
our laboratory indicate that, at least in the rodent, a dopaminergic 
input may exist to the PVN; although no evidence at present indi­
cates this may occur in the primate, it remains a viable possibility, 
particularly in light of the marked drop in dopaminergic neurons 
in primate brain stem as reported elsewhere in this proceedings 
(Sladek and Sladek, 1978). The former feasibility of a coeruleal 
type innervation from the dorsal noradrenergic bundle is especially 
interesting considering the possibility that the dorsal bundle 
might contribute fibers to the hypothalamus of the macaque (Bowden, 
German and Poynter, 1978). 

PVN perikarya of the older animals demonstrated a relatively 
higher intraneuronal content of lipofuscin than in younger animals. 
The presence of lipofuscin in coeruleal neurons was demonstrated 
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to be coincidental with a decreased content of norepinephrine as 
determined by Sladek and Sladek (1978). If a similar phenomenon 
occurs in neurons which contain peptides and lipofuscin then one 
might account for the generalized decreased density of staining of 
neurophysin in the older animals based on the presence of this 
autofluorescent pigment. 
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LOSS OF CHOLINE ACETYL TRANSFERASE ACTIVITY 
IN NORMAL AGING AND IN SENILE DEMENTIA 
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Department of Pathology 
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1300 Morris Park Avenue 
Bronx, New York 10461 

INTRODUCTION 

The goal of neurochemical studies on human brain is to fina 
out how various sUb-populations of neurons are affected by aging 
and disease. Neurons are classified according to the substance 
used for chemical transmission, and the groups can then be investi­
gated by measuring the activities of enzymes specifically involved 
in the formation or degradation of the transmitter. Neurons which 
use acetylcholine as the transmitter are among the easiest to in­
vestigate in human brain, because the enzyme choline acetyl trans­
ferase is found uniquely in such cells (Kuhar, 1976). There is 
also abundant evidence to show that the enzyme activity is stable 
in the brain for periods of days following death, a feature which 
greatly facilitates studies of autopsied human tissues (reviewed 
by MacKay, Davies, Dewar and Yates, 1978). 

My own studies over the last few years have concentrated on 
the effects of aging and dementia on the human cholinergic neurons 
of the cerebral cortex. Before discussing the results of these 
studies, I would like to try to outline the main problems encoun­
tered by myself and others in research of this type. These diffi­
culties center around the selection of tissues for neurochemical 
examination. 

CASE SELECTION 

Definition of a control group of subjects is not nearly as 
simple as one would wish. To accurately determine the influence 
of age alone on human cholinergic neurons, the ideal would be to 
obtain brains from individuals of various ages in whom the level 
of cognitive function was not altered significantly by illness in 
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the pre-terminal phase. In practical terms, the best I have been 
able to achieve is to determine whether or not individuals coming 
to autopsy were alert, responsive, and orientated with respect to 
time and place within a few hours of death. Where this could be 
determined, the case notes were examined in more detail for indi­
cations of any psychiatric or neurological illness. If this 
screening revealed nothing abnormal, the case was tentatively la­
belled normal, and the right hemisphere was taken for neurochemical 
investigation. The left hemisphere, the brain stem, and the cere­
bellum were fixed in formalin and sent for neuropathological ex­
amination. Any of the following abnormalities was considered suf­
ficient reason to exclude the case: gross depigmentation of the 
substantia nigra or locus coeruleus; anything more than minimal 
cerebral atherosclerosis; presence of old or new infarcts; neuro­
fibrillary tangles or senile plaques. 

This clinical and neuropathological screening process has 
eliminated about 80% of the cases, without prior diagnosis of demen­
tia, coming to autopsy over the last year. Even with this selection 
it is hard to know how accurately the control group represents the 
population at large. The definition of a group of cases of senile 
dementia of the Alzheimer type (SDAT) presents rather less of a 
problem. Almost all cases with a diagnosis of SDAT are thoroughly 
evaluated by psychiatrists and neurologists before death, and so 
the mental status is usually well documented. In my studies, the 
clinical notes have been evaluated to choose the cases with pro­
found, progressive global dementia, with no focal neurological 
signs. Those cases chosen almost always showed numerous neurofi­
brillary tangles and neuritic plaques in sections of cerebral cor­
tex or neuropathological study. Cases also showing significant 
cerebrovascular disease or depigmentation of either substantia 
nigra or locus coeruleus were eliminated so that a clear picture 
of SDAT could be obtained. Again for the purposes of clarity, 
SDAT cases were only included in the study if numerous neurofibril­
lary tangles and neuritic plaques were found in sections of hippo­
campus and sections of frontal and parietal cortex. 

Although the procedures for case selection outlined above have 
been very tedious and time-consuming, over the last four years the 
data gathered on the cortical cholinergic system have been reason­
ably clearcut. 

RESULTS AND DISCUSSION 

The first and most obvious conclusion to emerge from studies 
of choline acetyl transferase (ChAT) activity in the cases select­
ed was the large reductions in several areas of cerebral cortex 
from SDAT cases. Some of these data are, presented in Table I. 
There are two reasons for dividing the cases, both controls and 
SDAT, into those aged 70 or less and those aged 71 or more. 

Soon after Maloney and Davies (1976) first reported reduc­
tions in ChAT actively in SDAT cases, publications from two inde-
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TABLE 1. CHOLINE ACETYLTRANSFERASE ACTIVITY IN FOUR BRAIN REGIONS 

(A) CONTROLS AND SDAT CASES 70 YEARS OF AGE OR LESS AT DEATH 

AREA CONTROL SDAT 

Convexity Frontal Cortex 0.47 ± 0.01 (13 ) 0.030 ± 0.003 (6) 

Parietal Cortex 0.36 ± 0.05 (13) 0.017 ± 0.003 (6) 

Mid-Temporal Gyrus 0.45 ± 0.04 (13) 0.019 ± 0.007 (6) 

Hippocampus 0.53 ± 0.05 (13) 0.033 ± 0.003 (6) 

Activities of the SDAT group are significantly lower than those of 
the controls (p < 0.01) . 

(B) CONTROLS AND SDAT CASES 71 YEARS OF AGE OR MORE AT DEATH 

AREA CONTROL SDAT 

Convexity Frontal Cortex 0.05 ± 0.005 (7) 0.02 ± 0.005 (8 ) 

Parietal Cortex 0.04 ± 0.008 (7) 0.01 ± 0.004 (8) 

Mid-Temporal Gyrus 0.04 ± 0.006 (7) 0.02 ± 0.005 (8) 

Hippocampus 0.16 ± 0.020 (7) 0.05 ± 0.012 (8) 

Activities of the SDAT group are significantly lower than those of 
the controls (p < 0.05). 

SDAT: senile dementia of Alzheimer type 

pendent groups (Perry, Perry, Blessed and Tomlinson, 1977; White, 
Goodhardt, Keet, Hiley, Carasco, Williams and Bowen, 1977) con­
firmed our findings. Notable, however, were the apparently small­
er reductions in ChAT activity found by these workers when their 
data and ours were compared. Detailed scrutiny of the papers cited, 
as well as later work (Perry, Gibson, Blessed, Perry and Tomlinson, 
1977), revealed that Perry and her co-workers had selected cases 
appreciably older in mean age than those I had studied, and that 
this was true also of the study of White and colleagues. 

As Table I shows, the extent of the difference in ChAT acti­
vity between control and SDAT cases is dependent largely on the 
age range of the control group. This is because the older controls 
have a much lower cortical Chat activity than the younger controls. 
There are not significant differences in ChAT activity between the 
younger and older groups of SDAT cases. This point is better dis­
played in Figures 1 and 2, which show the actual ChAT activities 
found in two brain regions: in the control cases there is a clear 
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age-related decline, which is statistically significant in both re­
gions (mid-temporal gyrus, r= 0.773, t= 5.17; hippocampus, r= 0.847, 
t= 6.56). 

The second reason for separating the data from younger and 
older SDAT cases relates to the long-standing confusion regarding 
the nomenclature of this condition. Almost by tradition, demented 
patients below the age of 65 who were shown to have neurofibrillary 
tangles and neuritic plaques were said to have Alzheimer's disease, 
or pre-senile dementia. Those aged 65 or older with similar path­
ology were usually labelled senile dementia cases. As Katzman 
(1976) has pointed out, the clinical and pathological features of 
the under 65 and over 65 cases are virtually identical. The data 
presented in this paper suggest that the pre-senile and senile 
forms of Alzheimer's disease are remarkably similar neurochemical­
ly, and thus support the view that the apparently arbitrary age of 
65 should no longer be used to separate patients suffering from 
what seems to be a single disease entity. 



LOSS OF CHOLINE ACETYL TRANSFERASE ACTIVITY IN AGING 255 

HIPPOCAMPUS 

0.9 

.... 
~ • Normals Cl 

Q) 

~ o AD/SDAT Cases 
~ 
~ • Cl 0.6 • ...... • ~ 

...... • VI • Q) 

(5 • • E • ::I.. • ~ • 
I- 0.3 :; 
I-
U • • <{ • • • I- 0 • • 
<{ 0 
...c eo u 0 

0 0 

45 55 65 75 85 95 
AGE 

Figure 2. A strong inverse correlation between age and ChAT acti­
vity is again evident in the normals. The activity in 
the SDAT cases is uniformly low. 

CONCLUSIONS 

That there are major deficits in ChAT activity in the cere­
bral cortex of SDAT cases now seems beyond doubt. What these data 
tell us about the disease is not yet clear. Future research must 
distinguish between extensive loss of cholinergic neurons in SDAT, 
and/or survival of these cells with greatly reduced functional ca­
pacity. This question has enormous potential significance. Hus­
carinic receptors for acetylcholine are present in normal numbers 
in SDAT cortex (Davies and Verth~ 1977), and if the cholinergic 
neurons do survive the disease, then steps to restore their func­
tion may have significant therapeutic benefits. 

The age-related decline in ChAT activity found in the control 
cases suggests that cholinergic function declines in the absence 
of brain disease. Drachman and Leavitt (1974) came to a similar 
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conclusion as a result of their elegant pharmacological studies 
with young and old people. It may well be that neurochemical and 
pharmacological studies can now explain, at least in part, a very 
cornmon observation: that aging is associated with considerable 
loss of mental faculties. 
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increases in plasma, 191 

Adrenergic receptors 
alpha 

cretinism and, 4 
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Adrenergic receptors (cont'd.) 
beta 

Aging 

desensitization of, 226 
in rabbit frontal cortex, 
215 

adrenocortical hypothesis and, 
181 
disease and, 16 
dopamine agonists and 
treatment of, 95 
dopaminergic function and, 91 
endocrine hypothesis of, 179 
error theories of, 27 
monosynaptic physiology and, 
179 
neuroendocrine aspects and, 77 
neuronal loss and, 16 
neurotransmitter system and, 
41 
polypeptide hormones and, 59 
receptor loss and, 211 
reproductive function and, 

male, 149, 160 
female, 127, 170 

Akinesia, 104, 106 
Aldosterone, 188, 193 
Alzheimer's disease (see also 

presenile dementia) 
choline acetyl transferase in, 
30, 54, 252 
cortex in, 255 

Amino acids 
glutamic acid, 18 
phenylalanine, 3 
tryptophan, 3 
tyrosine, 3 

Amino acid profile, 
levels and diurnal changes 
in, 28 

Amino acid decarboxylase 
inhibition of, 4, 6 

Amphetamine 
minimal brain dysfunction 
and, 2, 3 

Analgesia 
S-lipotropin derivatives 
and, 104 
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Androstenedione, 128, 136, 138 
Anovulatory females, 114 
Apomorphine, 24, 104, 106, 202, 

214 
APeD cells 

deficiency syndrome, 106 
extrapyramidal signs and, 
107 
theory of, 106 

Arcuate nucleus, 24, 243 
Arcuate - median eminence-

hypophysial system, 19 
Astrocyte, 188, 189, 190 
Astrogliosis, 194, 196 
Axoplasmic transport system 

54, 246, 247 

Basal ganglia, 7, 106, 107 
Benton retention test, 103 
Biorhythms, 29 
Bovine neurophysin (BNP) 

staining with, 243, 244 
Brain monoamine oxidase (¥AO), 

52 
Brain-monoamine synthesis 

castration-induced changes 
in, 4 

Brain stem, 7, 18, 20, 46, 48, 
49, 106 
tyrosine hydroxylase in, 43 

Bromocriptine, 84, 95, 96 
Butaclamol, 214 
Butyrophenones (see 

haloperidol, spiroperidol) 

Calcitonin, 61 
Castration 

increase in brain monoamines 
by, 5, 138, 141 

Catalepsy, 103 
Catatonia, 103 
Catecholamines (see also 

dopamine, epinephrine, 
norepinephrine) 
age-related changes in 
brain, 15 
integrated morphology of, 
241 
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Catecholamines (cont'd.) 
regulation of. 24 
role in cyclic endocrine 
function, 92 

Caudate nucleus, 46, 47. 
48. 49, 52. 53, 201. 205. 
207. 212. 221 

Caudate - putamen, 214, 215. 
220. 221. 222. 223, 224, 
227 

Catecholamine-O-methyl 
transferase (COMT). 105, 
130, 131 

Cerebral cortex. 7. 23, 26, 
27. 30. 48. 213, 224, 251. 
252 

p-Chlorophenylalanine, 29 
Chlorpromazine, 203, 205, 206, 

207 
Choline, 11. 23 
Choline acetyl transferase 

(CAT), 26, 30, 44, 214. 
223. 251 

Choline acetyl transferase 
(CAT) activity 
of cerebral cortex, 253 
in normal aging, 43. 251 
in senile dementia. 54. 251 

Cholinergic neurons, 11. 30, 
47. 224, 251, 255 

Cholinergic systems, IS, 47, 
53 
cortical. 252 

Circadian rhythms, 8, 10 
Clozapine, 203 
Conditioned avoidance response 

(CAR). 3, 102 
Constant estrous 

androgenized, 116 
rats in, 79, 128, 141. 173 
syndrome of, 80 
thyroid axis and, 112 

Copulatory behavior, 156 
Corpora lutea, 88, 114. 128 
Cortical microglia 

of aging rats. 190 
Corticosterone. 188, 192, 193, 

194. 195 

hippocampal action of, 188 
Cretinism 

noradrenaline synapses 
and, 4 

Cyclic nucleotides 
neuroendocrine function 
and, 201 
cyclic AMP, 204, 205, 207 
dibutyryl cyclic AMP 

increase prolactin 
release by, 204 

Dementia 
drug therapy and, 95 
presenile (Alzheimer's 
disease), 10, 251 
senile, 10 

Denervation 
aging phenomena and, 24 

Dibenamine 
blockage of ovulatory 
gonadotropin surge, 129 

Dihydroergocornine, 95 
Dihydroergocryptine, 95 
Dihydroergocrystine, 95 
DNA 
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age-related decrease in, 16 
altered structure of. 59 
function of K+, 195 
impaired transcription and, 
27 

Dopa 
accumulation of, 4, 6 
conversion of. 20, 21 
decrease in prolactin by, 
168 
effect on ovarian cycles, 80 
and life span, 96 
restoration of vaginal, 

cycling. 91, 173 
therapeutic activity of, 106 

Dopa decarboxylase, 43, 51, 
107 
inhibition by NSD 1015, 4, 6 
aging and, 51 
decrease in Parkinson's 

disease, 41 
peripheral blockers of, 29 
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Dopamine 
abnormal turnover of, 2 
circadian variation in, 8 
decrease with age, 7 
in depression, 8 
in ovarian cycling, 28 
in Parkinson's disease, 101 
in prolactin secretion, 1 
in psychic processes, 1 
in senile and presenile 

dementia, 10 
in sleep, 8 
prolactin system and, 142 
uptake of, 23 

Dopamine-activated adenyl 
cyclase 
influence of age on, 218 
inhibition by neuroleptics, 
23, 203, 205 
in rat median eminence, 202 

Dopamine S hydroxylase (DBH), 
46 

Dopamine receptors 
characterization of, 24 
functional significance of 
loss, 227 
loss with aging, 211 
loss of pre-and postsynaptic, 
24, 179 
modulation of, 225 
testosterone enhancement of,S 
types in brain regions, 212 

Dopamine receptor agonists 
apomorphine, 202 
bromocriptine, 84 
6,7 dihydroxy, 1, 2, 3, 4 -
tetrahydronaphthalene, 202 
L-dopa, 28 
lergotrile, 28 
N-methyl dopamine, 202 

Dopamine receptor antagonists 
(see also individual drugs) 
butaclamol, 214 
chlorpromazine, 203, 205, 
206, 207 
fluphenzaine, 203 
haloperidol, 2, 24 
loxapine, 203 

penfluridol, 2, 24 
pimozide, 2 
spiroperidol, 24, 221 

Dopaminergic neurons 
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decrease with age of, 7 
early postnatal life and, 1 

Dyskinesias 
Pro-Leu-Gly-NH2(PLG) and, 
104 

Electronconvulsive shock 
changes in L-dopa and 
5-hydroxyptophan, 21, 22 

S-Endorphin 
akinesia induced by, 104 
analgesic action of, 103 
biosynthetic percursor of, 
62 

Enkephalin 
opiate receptor ligand, 102 

Epinephrine 
increased concentration in 
pseudopregnancy, 133, 141 
median eminence concentration 
of, 135 
reduced concentration in 
constant estrous, 133, 140 

Erection response 
decline with age of, 149, 
153 
testing procedure for, 150 
and testosterone,154 

Ergolines, 95 
Ergot alkaloids, 96 
Estradiol 

induction of pituitary 
tumors, 79 
loss of reproductive 
function and, 172 
in old, pseudopregnant 
females, 142 
positive feedback on luteini­
zing hormone, 88 
regulatory cascade and, 141 
reproductive senescence and, 
127 
serum levels and dopamine in 
median eminence, 134, 137 
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Estrogen-stimulated neurophysin 
(human). 243. 245 

Estrous cycle 
constant syndrome of. 80 
drug treatment and. 80 
senile changes in, 79 
and thyroid function. 112 

Extrapyramidal system 
aging and, 1. 16. 41. 53 
antipsychotic drugs and. 201 
APUD cell deficiency and. 
107 

Fertility 
loss of. 18. 170 

Fluphenazine, 
inhibition of adenylate 
cyclase activity. 203, 
215 

Follicle stimulating hormone 
(FSH) 
biosynthesis of. 61 
increased output with age, 
78, 129. 163 
neuroendocrine 

regulation of. 138 
tissue receptor in 
senescence. 138 

Food deprivation 
decreased thyroid function 
and, 112 

Galactorrhea 
serum prolactin and, 78 
response to bromocriptine, 
84 

Gamma aminobutyric acid (GABA) 
distribution of. 52 
loss with aging of, 30, 41 
in Huntington's chorea. 107 
postmortem delay and, 43 
uptake of, 23 
in whole brain, 18 

Gene expression (selective) 
polypeptide hormone. aging 
and. 68 

Gliosis 
plasma corticosteroids and. 
193. 194 

Globus pal1idus 
dopa decarboxylase activity 
in. 51 
tyrosine hydroxylase 
activity in. 48 

Glucagon 
sequence homology of, 63 

Glucocorticoid 
acceleration of brain aging 
and. 181, 196 
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Glucose intolerance 
age-dependent changes in, 67 

Glutamic acid decarboxylase 
activity in human brain, 48 
activity in neonatal period, 
44 
change with senescence, 45 
distribution of. 52 
rapid decline of, 26, 43, 53 

Glutamic acid decarboxylase 
change with aging, 45. 47 
loss in Huntington's chorea, 
41 

Gonad (see also ovary; testis) 
suppression by prolactin, 84 

Gonadectomy (see also 
castration; ovariectomy) 
decreased steroid negative 
feedback after, 170 
serotonin synthesis and, 5 
serum LH levels after. 168 

Gonadotropins (see also FSH 
and LH) 
aging and deficit in 
secretion of, 83, 162. 173 
estradiol and production of, 
139 
deficit of neurotransmitters 
and, 29 
hypothalamic monoamines and 
release of, 168 
dopamine distribution and 
release of. 204 
menopause and. 172 
ovarian unresponsiveness 
to, 78 
releasing factor and. 133 
restoration by thyroxine, 
112 
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Gonadotropins (cont'd.) 
underfeeding and, 119 

Guany1imidophosphate [GPP (NH) P] 
adenylate cyclase activity 
and, 206, 216 

Haloperidol 
binding after nigral lesion, 
227 
blockage of ovulatory 
gonadotropin surge, 129 
increased prolactin secretion 
by, 140 
muscular dysfunction and, 2 
reduced binding with age, 26 

Herring bodies 
within hypothalamo­
neurohypophyseal tract, 243 
within paraventricular 
nuclei, 243 

Hippocampus 
aging, 188 
astrogliosis in, 194 
choline acetyl transferase 
activity in, 253, 255 
function, 188 
neurofibrillary tangles in, 
252 
plasticity, 185 
post tetanic potentiation, 185 
synapses, 186 

Hippocampal slice 
postsynaptic response of, 184 
Schaffer collateral response 
in, 184, 186 

Histamine 
adenylate cyclase activity 
and, 217, 227 
cortical receptors of, 216 
desensitization to, 226 

Human chorionic gonadotropin 
(HCG) 
increased steroidogenesis 
to, 139 
testicular response to, 162, 
163 

Huntington's chorea 
changes in neurotransmitter 

regulation, 30, 31 
gamma aminobutyric acid 
(GABA) and, 107 

Hydergin~ (see also 
dihydroergocornine, 
dihydroergocryptine, 
dihydroergocrystine) 
inhibition of prolactin 
release, 96 
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treatment of dementia, 95 
6-Hydroxydopamine 

akinesia produced by, 106 
20 a-Hydroxyprogesterone 

(20 a-OH-P) 
aging and concentration in 
serum, 135, 136 
in constant estrus, 139, 
141 
pituitary hormones and, 
135 
in reproductive senescence, 
135, 136 

Hyperprolactinemia 
in aged rats, 132 
decreased dopaminergic 
activity and, 140, 141 
dopaminergic receptor 
blockade and, 201 

Hyperthyroidism 
spontaneous constant 
estrous and, 121 

Hypogonadism 
bromocryptine and, 84 
prolactin and, 83 

Hypokalemic alkalosis 
corticosterone and, 195 

Hypophysectomy 
Pro-Leu-Gly-NH2(PLG) and, 
104, 106 

Hypothalamus-pituitary­
gonadal (HPG) axis (see 
also Hypothalamus) 
aging changes in 78, 159 
of rats and humans, 83 
responsiveness of, 168 
role in reproductive 
decline, 129, 142 
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Hypothalamus (see also HPG-axis) 
biogenic amine levels in, 
9, 231 
catecholamine turnover in, 
18, 93 
dopa decarboxylase activity 
in, 51 
dopamine S-hydroxylase 
activity in, 46 
failure of in aging, 77 
increased ~~o activity in, 
121 
norepinephrine level, 
castration and, 138 
peptides in, 101 
regulation of anterior 
pituitary and, 165 
prolactin release and, 204 
adenylate cyclase in, 212, 
218, 220 
catecholamine histofluor­
escence in, 235, 243 

Hypothyroidism 
aging process and, 67 
brain norepinephrine 
synthesis and, 121 
crowd-inducing pseudopreg­
nancy and, 122 

Insulin 
aging-induced alteration of, 
60, 69 
heterogeneity of, 62 

Interpeduncular nucleus 
enzyme activity in, 45 

Iproniazid 
reactivation of ovarian 
hormonal cycle by, 28, 128, 
173 

Isoproterenol 
adenylate cyclase activity 
and, 202, 215 
decreased activity with age, 
227 
desensitization and, 226 

Lactation 
prolactin and, 84 

Lergotrile mesylate 
increased life span and, 97 
reactivation of ovarian 
hormonal cycles, 28, 128 
suppression of prolactin 
levels, 86 

Levodopa (see also dopa) 
therapy of Parkinson's 
disease, 101 

Limbic system 
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choline acetyl transferase 
in, 53, 224 
dopamine-sensitive adenylate 
cyclase in, 201, 214 
histamine-sensitive adenylate 
cyclase in, 218 
spiroperidol-binding sites 
in, 223 

Lipofuscin 
accumulation in brain with 
age, 41 
impairment of neuronal 
function, 54 
and reduced monoamines 

in locus coeruleus, 
231, 236 
in nuclear raphe 
dorsalis, 233 

S-Lipotropin (LPH) 
derivatives of, 62, 101, 107 
induction of lipolysis by, 
102 
Parkinson's disease and, 103 
production of tremor and 
akinesia, 104 

Locus coeruleus 
loss of monoaminergic neurons 
in, 7, 16, 24, 50 
and sleep, 30 
norepinephrine fluorescence 
in, 233 

Long-term potentiation 
in hippocampus, 185 



264 

Loxapine 
dopamine-stimulated adenylate 
cyclase and, 203 

Luteinizing hormone (LH) 
in aged rats, 133 
impairment of release with 
age, 79 
release by dopamine, 204 
response to LHRH in aged rats, 
163, 174 
response of testes to, 17 
mechanism for decreased LH 
release, 168 
plasma level in aging males, 
152 
thyroid hormone and, 121 

Luteinizing hormone releasing 
hormone (LHRH; LRF) 
in median eminence, 133, 135 
response in hyper­
prolactinemic patients, 84 
stimulation in aged rats, 
164, 174 

Magnocellular hypothalamic 
nuclei peptidergic and 
catecholaminergic neurons 
in, 242, 247 

Medial preoptic area 
lesions of, 92 
ovarian function and, 118, 
113 

Median eminence 
catecholamine changes with 
age in, 19, 128, 133, 140 
catecholamine-sensitive 
adenylate cyclase in, 202 
LRF concentration in, 133 
microdissection of, 130 
ovariectomy and, 28, 121 
storage of hypothalamic 
hormones, 165 

Menopause 
exhaustion of oocytes and, 
170 
reproduction senescence 
and, 128 

Mesolimbic system 
loss of dopamine in, 1, 231 
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Methoxytyramine 
circadian variation of, 10 
in postmortem brain, 7, 9 

N-Methyl dopamine 
activity in median eminence, 
202 

Mid-temporal gyrus 
choline acetyl transferase 
activity in, 53, 253, 254 

Monoamine histofluorescence 
in locus coeruleus, 236 
in young and old monkeys, 
231 
in nucleus raphe dorsalis, 
235 
in substantia nigra, 234 

Monoamine oxidase 
increased activity with age, 
52 
ovarian cycles and inhibition 
of, III 
thyroxine and increased 
activity of, 121 

Monosynaptic neurophysiology 
aging and, 179 
brain-endocrine correlations, 
179 

Mood 
effect of Pro-Leu-Gly-NH2 
(PLG) on, 104 

Motivation 
effect of Pro-Leu-GlY-~~2 
(PLG) on, 104 

Mouse 
aging characteristics of, 15 
neurotransmitter levels in, 
18 

Naloxone 
reversal of analgesia by 
S-endorphin, 104 

Neostriatum 
enzyme activities with age, 
47, 93 

Neural crest 
origin of APUD cells, 107 

Neural lobe 
age and axoplasmic flow to, 
246 
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Neurohypophysis 
neuropeptide storage in, 246 

Neuroleptics (see also 
butyrophenones; 
phenothiazines) 

Neurological disease 
aging and, 30 
Alzheimer's disease, 54, 252 
Huntington's chorea, 107 
Parkinson's disease, 1, 50, 
101 

Neuronal loss 
aging and, 16, 24, 223 

Neurophysin 
reduced content of, 241 

Neurotransmitter turnover 
neuroendocrine feedback 
and, 27 
nutritional influence on, 27 
rate of decrease of, 22 
rate of processing of, 20 

Neurotransmitter enzyme levels 
in humans, 48 
in neonatal rats, 43 
postmortem delay, 42 
in senescent rats, 45 

Nigro-striatal system 
dopaminergic pathways in, 1 
age-related reductions of 
dopamine in, 19, 91 
decrease of tyrosine 
hydroxylase in, 27 
lesions in, 25 
Parkinson's disease and, 30 

Norepinephrine (noradrenaline) 
adenylate cyclase activity 
in median eminence, 202 
adenylate cyclase activity 

in rabbit brain, 214, 
217 
in non-human primates, 
231 

age-related changes in median 
eminence, 19, 133, 135 
in human brain regions with 
age, 9 
lergotrile and hypothalamic 
concentration of, 94 
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locus coeruleus and, 50, 232 
neuroendocrine regulatory 
alteration hypothesis and, 
182 
sleep regulation and, 30 
turnover of, 20, 22 

Norrnetanephrine 
human brain levels of, 9 

NDS 1015 
accumulation of DOPA after, 
4, 6 

Nicotine-stimulated neurophysin 
(NSN; human) 
immunocytochemical staining 
for, 244 
decrease in hypo thal­
amoneurohypophyseal tract, 
245 

Nucleus accumbens 
tyrosine hydroxylase 
activity in, 48 

Nucleus raphe dorsalis 
aging and relative intensity 
of, 235 
serotonin containing 
neurons in, 232, 233 

Olfactory tubercle 
dopa decarboxylase activity 
in, 51 
tyrosine hydroxylase 
activity in, 46, 48, 93 

Opiate receptors 
methionine-enkephalin and, 
102 

Orthodromic activation 
deficiency in aged synaptic 
responses, 185 

Ovarian cycles 
decline of, 28, 111 
role of dopamine in, 80 
effect of reduced food 
intake, 114 
gonadotropin secretion 
and, 78 
manipulation of thyroid axis 
and, 114 
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Ovariectomy (see also 
gonadectomy) 
effect of lergotrile after, 
87 
effect of serum LH, 82, 91, 
175 

Ovary 
atrophic change with aging, 83 
constant estrous cycle and, 80 
LH receptors in, 138 
senescent anovulation and, 128 

Oxytocin, 241, 246 
Oxotremorine 

Pro-Leu-Gly-NH2 (PLG) 
potentiation of, 104 

Paraventricular nucleus 
catecholamine varicosities 
and neurophysin in, 246 

Parietal cortex 
neurofibrillary tangles in, 
252 

Parkinson's disease 
peptidergic theory of, 106 

Penfluridol 
accumulation of dopa after, 4 
conditioned avoidance 
response and, 3 
development of dopaminergic 
synapses and, 2 

Penile erection 
age-related changes in, 149 
castration and, 154 
circulating testosterone 
and, 149 

Perinatal period 
central dopaminergic neurons, 
1, 8 

Pre-estrapause 
thyroid in diet and, 117 
unrestricted feeding and, 
120 

Peptide hormones 
APL~ cells and, 101 
in brain, 101 
modulation of aminergic 
function, 107 
Parkinson's disease and, 103 
synthesis, 102 
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Posterior pituitary 
aging and brain 
catecholamines in, 19 
decreased neurosecretory 
material with age, 246 
role of norepinephrine in, 
242 

Postsynaptic supersensitivity 
with age, 180 

Post tetanic potentiation 
in young and aged 
hippocampus, 185, 187 

Potassium 
intracellular level and 
DNA function, 195 

Pregnancy 
nerve cell differentiation 
during, 4 
progesterone level in, 172 
prolactin elevation during, 
78 

Pre- and postsynaptic neurons, 
selective loss of, 223 

Preoptic area 
dopa decarboxylase activity 
in, 51 
ovulation by stimulation of, 
173 

Pre-senile dementia (see 
Alzheimer's disease) 
age-dependent neuronal loss 
in, 10 
loss of choline acetyl­
transferase activity in, 54 
neurofibrillary tangles in, 
254 

Presynaptic uptake mechanisms 
selective impairment with 
age, 23 

Proestrous 
dopamine concentration in, 
128 
median eminence concentration 
of catecholamines and LRF, 
133 
serum gonadotropin levels in, 
133 
progesterone increase during, 
173 
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Progesterone 
initiation of ovarian cycles 
by, 28, 80 
levels in reproductive 
senescence, 135, 170, 175 
in senescent pseudopregnancy, 
141 

Prolactin (PRL) 
age and serum levels of, 134, 
135, 173 
chlorpromazine and, 205, 207 
dopaminergic neurons and 
secretion of, 1, 92, 128 
feedback action of estradiol, 
142 
impairment of HPG axis and, 
83, 175 
inhibiting factor of, 140 
pre - and postmenopausal 
levels of, 78 
suppression by lergotrile, 
86, 87 

L-Prolyl-L-leucyl-glycine 
amide (PLG) 
dyskinesias and, 104, 106 
potentiation of L-dopa, 
apomorphine and oxotremorine, 
104 

Propylthiouracil (PTU) 
in anovulatory females, 113 
vaginal cytological 
alterations and, 117 

Pseudopregnancy (see also 
pregnancy; repetitive 
pseudopregnancy) 
hypothyroidism and, 122 
lergotrile mesylate and, 90 
progesterone levels in, 172 
repetitive, 79, III 
senescence and, 139 

Puberty 
castration, 4, 6 
central dopaminergic neurons 
and, 1 
neuroendocrine changes at, 27 
schizophrenia and, 5 

Putamen 
age and, 9 
circadian variation in 
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monoamine levels, 8 
dopa decarboxylase activity 
in, 51 
tyrosine hydroxylase 
activity in, 49 

Pyramidal cells 
in cornual slice of 
hippocampus, 191 
gold chloride stain of, 189 

Radioenzymatic assay 
of catecholamines in brain 
regions, 18 

Raphe 
reduced monoamine content 
of, 29, 231 
sleep and, 29 

Receptor function 
loss of with aging, 211 
of dopamine, 5, 24 

Regulator genes 
senescence and polypeptide 
hormones, 69 

Renin-angiotensin 
in Huntington's chorea, 107 

Repetitive pseudopregnancy 
(see also pseudopregnancy) 
occurrence in life, 122 
thyroid function and, 116 
underfeeding and, 113 

Reproductive axis 
thyroid influence, 116, 120 
underfeeding and, 116 

Reproductive senescence (see 
also reproductive function) 
adrenoceptor agonists and, 
80, 85, 128 
hypothalmic - pituitary -
ovarian interactions, 127 
loss of dopamine and, 231 

Reproductive function 
aging effects on, 77, 127, 
170, 231 

Retina 
adenylate cyclase activity 
in, 214, 216, 220 
dopamine receptors in, 212 

Reuptake mechanism 
impairment with age, 23 
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Rhinencephalon 
decline of glutamic acid 
decarboxylase with age (GAD), 
53 

RNA 
in brain with aging, 27, 59 
glandular extracts of, 61 

Schaffer-commissural system 
in hippocampal slice 
preparation, 184, 191 

Schizophrenia 
involvement of sex hormones, 
5, 10 
occurrence at puberty, 5 

Segmental Progeroid Syndromes 
aging phenotype and, 69 

Selective gene expression 
polypeptide hormones and 
aging, 68 

Senescent anovulation 
(see constant estrous) 

Senile dementia (see also 
Alzheimer's disease; 
dementia) 

Serotonin (5-HT) 
and APUD concept, 107 
castration and synthesis 
of,S, 6 
decreased receptor activity 
of, 4, 212 
in hypothalamus, 9 
and nucleus raphe dorsalis, 
232, 233 
phenylketonuria and, 3 
sleep and synthesis of, 29 
synaptosomal uptake in aged 
brain, 23 

Sexual activity 
castration and, 155 
erection response and, 156 
inhibition by serotonin, 5 
peptide hormones and, 102 

Sleep 
and biorhythms, 29 
loss of locus coeruleus 
neurons and, 30 
monamine levels and, 8 
role of neurotransmitters 

and, 30 
Spike activity 

in aged brain slice, 186 
Spinal roots 
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aging and neuronal loss of, 
16 

Spiroperidol 
binding in specific brain 
regions, 221-224 
decrease in binding with 
age, 227 
dopamine receptor binding 
of, 24, 213 

Starvation (see underfeeding) 
Steroidogenesis 

in constant estrus, 142 
response to human chorionic 
gonadotropin, 139 
in ovary, 78, 84 

Steroids (see estradiol, 
progesterone, corticosterone, 
glucocorticoid, 
androstenedione, 
20 ~-hydroxy progesterone) 

Stress 
reinitiation of ovarian 
cycles, 173 

Striatum 
accumulation of dopa, 4 
adrenergic system, in, 44, 
45, 47 
adenylate cyclase activity 
in, 214, 216 
age-related catecholamine 
change in, 1, 19, 140 
cholinergic system in, 
11, 44, 45, 47, 224 
dopamine receptors in, 212 
gabanergic system in, 45, 47 
haloperiodol binding in, 227 
pre - and postsynaptic 
dopamine receptors in, 24 

Substance P 
loss in Huntington's chorea, 
41, 107 

Substantia nigra 
adenylate cyclase in, 225 
age-induced losses in, 7, 
16, 41, 50 
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Substantia nigra (cont'd.) 
choline acetyl transferase 
in, 252 
GAD activity with age in, 52 
intraneuronal monoamine 
content in, 231, 233, 234 
tyrosine hydroxylase activity 
in, 93 
unit firing and dopamine 
concentration in, 140 

Superior central gyrus 
aging and neuronal loss in, 
16 

Super sensitivity 
of central dopamine receptors, 
225, 227 

Supraoptic nucleus 
contact of noradrenergic and 
peptidergic neurons, 242 

Synaptic function 
adrenocortical steroids and, 
181 
loss of during aging, 26 
dopaminergic presynaptic and 
postsynaptic, 179 
postsynaptic super­
sensitivity, 180 

Synaptic plasticity 
in hippocampus, 185 

Synaptosomes 
impairment of uptake with 
age, 23 

Testosterone 
age-related decrease in, 175 
age-related diseases and 
plasma levels of, 17, 18 
role in brain monoamine 
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