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SUMMARY 

The results of studies on the influence of age on concentrations of vasopressin 
(VP) in blood plasma and hypothalamic and extrahypothalamic brain sites have not 
been unequivocal. Studies on extrahypothalamic concentrations of VP in the aging 
rat have used two age groups only and have mainly provided semiquantitative data. 
For these reasons we determined, by radioimmunoassay, the concentrations of 
vasopressin in thirteen brain structures and in the plasma of 3-, 10-, 20- and 28- 
month-old male Wistar rats. Age-related decreases in VP concentrations were found 
in the pituitary gland, hypothalamus, thalamus, midbrain, medulla oblongata, 
amygdala and pineal gland, while an increase was noted in plasma. Decreases in the 
concentration of VP in the amygdala and pineal gland occurred between 3 and 10 
months of age and probably represent developmental changes. In the pituitary, 
thalamus, midbrain, medulla oblongata and plasma, differences in the concentration 
of VP were also found between 10-month-old and older animals and are probably 
related to aging. The finding of increased plasma VP concentrations in aged animals 
agrees with the notion that neuronal function does not necessarily decline with age 
and suggests that neurons may even be activated. Age-related changes in VP concen- 
trations were not observed in the other structures examined. It has been reported 
that the VP innervation of a number of brain structures depends on testosterone. 
Despite reports to the contrary VP concentrations do not generally decline in these 
structures with aging. 
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INTRODUCTION 

Studies on age-related changes in concentrations of neuropeptides in the rat cen- 
tral nervous system have mainly focused on the neuroendocrine system [1]. Interest 
in these changes has arisen from the notion that the most elementary characteristic 
of the aging process is a loss of integration [2]. Neuropeptides are important in- 
tegratory principles in extrahypothalamic sites in the brain. However, only a limited 
number of reports on the influence of age on the concentrations of neuropeptides 
in extrahypothalamic brain areas have appeared [3-7]. Studies on VP have been 
most extensive, because this peptide is implicated in a number of central and 
peripheral processes that display changes associated with aging [8-11], such as car- 
diovascular regulation [12], thermoregulation [13], regulation of fluid balance [141 
and memory [15]. VP is synthesized in the neuroendocrine nuclei of the 
hypothalamus, suprachiasmatic nuclei, bed nucleus of the stria terminalis, medial 
amygdala, locus coeruleus (for e.g. see Refs. 16 and 17) and probably the pineal 
gland [18]. From these sites VP is transported to its sites of action. 

Data concerning the effects of aging on the hypothalamo-neurohypophyseal 
system are inconsistent [10,19]. For instance, increased, unaltered and reduced con- 
centrations of VP have been found in aged rats of the Long-Evans strain [19], the 
Fischer 344 strain [20,21] and the Sprague-Dawley and Fischer 344 strains [22,23], 
respectively. Similarly, concentrations of VP in the hypothalamus were reduced in 
aged rats of the Sprague-Dawley [22] and Long-Evans strains [19,24], and reduced 
[23] or equal [20,21] in the Fischer 344 strain. Concentrations of VP in the pituitary 
gland were equal (Sprague-Dawley [22], Fischer 344 [23], Long-Evans [24]) or 
reduced (Fischer 344 [20], Long-Evans [191). 

Reports about the influence of age on extrahypothalamic VP concentrations are 
more scarce [24-26]. Dorsa and Bottemiller [24] assessed, by radioimmunoassay, ex- 
trahypothalamic concentrations of VP in 3- and 26-month-old Long-Evans rats. 
These authors found reduced concentrations of VP in the dorsal septum, vascular 
organ of the lamina terminalis and locus coeruleus. Fliers et al. [25] and Goudsmit 
et al. [26] used immunocytochemistry to study VP concentrations in 3- and 34- and 
5- and 34-month-old Brown-Norway rats. In the former study reduced staining of 
vasopressinergic fibers was found in a number of extrahypothalamic brain regions, 
such as the lateral septum, the lateral habenula, the medial amygdala and the central 
gray, but in the latter study a reduction was found in the central gray only. 

In the present study we measured VP concentrations in the hypothalamus, 
pituitary, plasma and extrahypothalamic brain structures of 3-, 10-, 20- and 28- 
month-old male Wistar rats. We performed this study for several reasons. First, 
information on extrahypothalamic changes in rats is scarce and inconclusive. Sec- 
ond, previous studies examined two age groups only. This has the drawback that it 
is very difficult to infer whether differences found between two age groups are a 
manifestation of brain development or brain aging [27]. Third, up to now most 
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information has been obtained in semiquantitative studies, the limitations of which 
are obvious. Fourth, little is known about the course of extrahypothalamic changes 
in rats with age, which necessitates investigations with more than three age groups. 
Moreover, data on changes in the hypothalamo-neurohypophyseal system of Wistar 
rats are scarce. The Wistar rat is relevant in this respect, since from available data 
it seems that changes in the fluid balance in this strain [28] resemble those in humans 
(for e.g. see Refs. 29 and 30). 

MATERIALS AND METHODS 

Experimental animals 
In the present study male outbred Wistar rats (Bor:WISW(SPFCpb)) were used. 

The rats were purchased from Winkelmann (Borchen, F.R.G.) at 2 months of age 
and were kept under controlled environmental conditions (12/12 h light/dark cycle, 
free access to food and water). The 50% survival age of the strain of rats used is 28 
months. Animals were handled once a day in the week preceding the experiment. A 
total of 28 rats were used, divided over four groups of 3-, 10-, 20- and 28-month-old 
animals. 

Brain dissection and plasma collection 
Rats were decapitated at midday and trunk blood was collected in heparinized 

tubes for the determination of plasma VP concentrations. The brains were removed 
from the skull and dissected in a cold room for the determination of VP concentra- 
tions in different parts of the brain. The brain was cut at the optic chiasm to make 
anatomical landmarks visible. The tissue block delimited by the corpus callosum, 
ventricles and the fimbria hippocampus was taken as the septum. The tissue rostral 
from the tranversal cut and ventral to the septum, anterior commissure and fissura 
rhinalis was taken as the preoptic area. The midbrain and hypothalamus-thalamus 
were separated by a cut rostral to the mamillary bodies. The rest of the dissection 
was performed according to Gispen et al. [31]. 

Extraction of  VP and radioimmunoassay of VP 
VP was extracted from plasma and brain samples and concentrations of VP were 

determined as reported elsewhere [32]. Briefly, acidic brain tissue homogenates were 
boiled, centrifuged and lyophilized. The freeze-dried material was washed in 50% 
ethanol and spun down. Ethanol fractions were evaporated under vacuum. Residues 
were taken up in assay buffer. Radioimmunoassay was performed in a volume of 100 
#1 using antiserum WI, characterized by Burbach et al. (1984), in a dilution of 
1:512 000. Assay tubes contained 1 fmol of vasopressin tracer purchased from Amer- 
sham (Buckinghamshire, UK). After 72 h, bound and free ligand were separated 
with Ficoll ®-dextran-coated charcoal. The intra- and interassay coefficient of varia- 
tion were 7.1% and 8.6%, respectively. Non-specific binding was < 3% and binding 
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of tracer by excess antibody was 90% with our assay. The detection limit was 0.5 
pmol/g protein. 

Statistics 

The data were subjected to a one factor (age) analysis of variance, followed by the 
Newman-Keuls test for post hoc multiple comparisons. For data on brain VP con- 
centrations, Pearson's correlation coefficients were calculated and assessed for 
significance using the Student t-test. 

RESULTS 

Figure 1 A, B and C shows concentrations of VP in the hypothalamo- 
neurohypophyseal system of Wistar rats of different ages. Age-related changes were 
observed for plasma (Fig. 1A, P < 0.001), the hypothalamus (Fig. 1B, P < 0.05) 
and the posterior lobe of the pituitary (Fig. 1B, P < 0.01). Post hoc multiple 
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Fig. 1. Concentrations of VP in the hypothalamo-neurohypophyseal system of 3-, 10-, 20- and 28-month- 
old male Wistar rats. Values significantly different are indicated by different characters. Values not dif- 
ferent are indicated the same character. 
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comparison revealed that the concentration of VP in the hypothalamus was lower 
in 20- and 28-month-old rats than in 3- and 10-month-old rats. The level of VP in 
the posterior pituitary lobe was lower in 20-month-old rats than in 3-month-old rats 
and lower in 28-month-old than in 10-month-old rats. Plasma VP concentrations 
were similar in 3- and 10-month-old rats but thereafter increased with age. 

Age-related changes in concentrations of VP were also observed in various ex- 
trahypothalamic areas (Fig. 2A,B). The VP concentrations showed age-related 
changes in the midbrain (P < 0.001), medulla oblongata (P < 0.001) (Fig. 2A), 
amygdala (P < 0.05), pineal gland (P < 0.05) and thalamus (P < 0.01) (Fig. 2B). 
Concentrations of VP in the amygdala and pineal gland were highest in 3-month-old 
rats. VP concentrations in the medulla oblongata and midbrain decreased with age 
and those in the thalamus were lower in 20- and 28-month-old rats than in 3- and 
10-month-old rats. 
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Fig. 2. Concentrations of VP in extrahypothalamic brain regions of 3-, 10-, 20- and 28-month-old male 
Wistar rats. Values significantly different are indicated by different characters. Values not different are 
indicated by the same character. 
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Fig. 3. Relationship between concentrations of VP in the amygdala and pineal gland. 

No significant changes in concentrations of VP were observed with age in the 
anterior pituitary, septum, preoptic area, olfactory bulb, striatum and hippocampus 
(Fig. 2C,D; P values > 0.05). 

To investigate whether the decreases in VP concentrations were related, correla- 
tion coefficients were calculated for data on plasma and brain structures. A high cor- 
relation was found between the concentrations of VP in the amygdala and pineal 
gland (r 2 = 0.97, P < 0.001, Fig. 3). Other correlations were not significant. 

DISCUSSION 

Not all differences observed between young adult and old rats can be attributed 
to aging. Young adult rats, for instance, may not have matured completely, which 
implies that developmental changes contribute to the differences. This is why we 
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used four age groups to discriminate between aging and development. Indeed, 
changes in the concentration of VP were observed between 3 and 10 months of age, 
in the hypothalamus, amygdala and pineal gland and these are thus probably 
associated with development. Changes in the pituitary, medulla oblongata, mid- 
brain, thalamus and plasma continued after 10 months of age and can be taken to 
reflect aging. 

The literature on the influence of aging on the hypothalamo-neurohypophyseal 
system is conflicting. These discrepancies cannot be attributed entirely to strain dif- 
ferences. The present results confirm the finding of Fliers and Swaab [28] that the 
basal plasma VP concentration increases with age in Wistar rats. These investigators 
observed increased plasma VP concentrations in 32-month-old Wistar rats [28] as 
compared to animals younger than 11 months of age. We already observed increased 
plasma VP concentrations in Wistar rats of 20 months, which can be regarded as 
middle-aged, but not old. It is important to note that we handled our rats before 
experimentation and that the animals showed no signs of stress. This was done to 
control for the possibility, suggested by Silverman et al. [21], that the increased 
plasma VP concentrations in old animals reflect an increased sensitivity to stress. 
This is the first time that the influence of age on pituitary and hypothalamic contents 
in Wistar rats has been determined by radioimmunoassay. The decreased concentra- 
tions of VP in the pituitary of aged rats do not imply a reduced neurosecretory activ- 
ity, since plasma VP concentrations were clearly increased. In fact, the picture 
observed in aged Wistar rat is not unlike that observed in young animals undergoing 
osmotic stress [33]. In rats, a decline in VP concentration in the pituitary has been 
observed after 3 days of water deprivation. Three days' dehydration did not alter VP 
concentrations in the hypothalamus, which is probably indicative of increased syn- 
thesis and transport of the hormone within the hypothalamo-neurohypophyseal 
system [34]. Our findings thus underscore the notion that the hypothalamo- 
neurohypophyseal system becomes activated with age. It has been suggested that a 
reduced kidney function activates the neurosecretory cells [35]. However, Miller [19] 
suggested that the increased VP concentration is the cause of a decreased kidney 
function. This opinion would seem less likely in view of the fact that in some strains 
of rats a rise in plasma VP concentration is not observed, whereas kidney function 
is diminished [36,37]. The discrepancies in the studies on the influence of age on the 
fluid state may be related to the "use it or loose it" principle advocated by Swaab 
[38]. In rats, a disturbance in kidney function may be the trigger that activates 
neurosecretory cells. When kidney function does not decline or declines "too late", 
activation may no longer be possible. Subtle differences between groups of rats in, 
for instance, water intake and kidney function may alter the course of alterations 
in fluid state in rats with age. 

VP disappears from a number of brain structures after castration [17], including 
the septum, hippocampus, amygdala and midbrain. Although the testosterone status 
decreases with age in several strains of rats [26,39,40], changes in the VP innervation 
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dependent on testosterone have not been consistently found [25,26]. Fliers et al. [25] 
noticed a remarkable similarity between the decreased vasopressinergic fiber density 
with age and the decreased VP innervation after castration, but Goudsmit et al. [26] 
only found a diminished staining in the central gray. Goudsmit et al. [26] argued that 
the intense staining in their study as compared to the study of Fliers et al. [25] may 
have contributed to this difference. In the present study changes in VP concentra- 
tions in some of  the structures of which the VP innervation depends on testosterone, 
were not observed with radioimmunoassay either. In accordance with the previous 
reports mentioned [25,26] a decline in the VP concentration in the midbrain was 
found. Therefore, the only consistent decline in VP concentration related to a 
testicular decline in aged rats, appears to be observed in the midbrain. This is an im- 
portant finding, since the release of VP in midbrain structures appears to be especial- 
ly important for improved performance of rats in the passive avoidance test [15]. In 
this context, it is interesting to note that the impairment in conditioned taste aver- 

sion in old rats can be restored by administration of VP [41]. 
The high correlation between concentrations of VP in the amygdala and pineal 

gland suggests that the concentration of  VP in these structures is regulated by a com- 
mon factor. This factor cannot be testosterone since the decrease in plasma 
testosterone concentration is too modest to explain the sharp decrease in VP concen- 
tration in the amygdala and pineal gland between 3 and 10 months of age. Another 
alteration that occurs with maturation in Wistar rats is the loss of B-adrenergic 
receptors in the pineal gland during the light period after 3 months of age [42]. 
Whether this alteration is related to the decrease in the concentration of VP in the 
pineal gland and how the concentrations in the pineal gland and amygdala are syn- 
chronized remains to be demonstrated. Significant correlations between changes in 
other structures were not observed. This may be related to the fact that at one or 
both sites compared, VP is not synthesized. The release of VP at vasopressinergic 
terminals is probably too variable to allow correlations in concentrations to be seen. 
With respect to the medulla oblongata, VP appears to be involved in central regula- 
tion of the cardiovascular reflex [12]. The gradual decline in the concentration of VP 
in the medulla oblongata may be related to cardiovascular changes and changes in 
the autonomic nervous system with age (e.g., decreased contractility of the cardiac 
muscle [43], decreased sensitivity of target organs [44], reduced parasympathetic [45] 
or increased sympathetic drive [46]). In fact, it has been shown that administration 
of VP in aged rats reinstates stress-related parasympathetic control of cardiac func- 

tioning [47]. 
In summary, vasopressinergic systems in the brain show different changes with 

age. The hypothalamo-neurohypophyseal system appears to be activated from 
middle-age onwards in Wistar rats. Changes observed in the amygdala and pineal 
gland are better characterized as being related to maturation rather than to aging. 
Structures of which the VP innervation is testosterone-dependent did not generally 
show a decline in VP concentrations with age. The present results indicate that it is 
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important to use more than two age groups in aging studies in which young and old 
are compared. In addition, the observation that aging in relation to the 
vasopressinergic systems is already apparent in middle-age deserves further in- 
vestigation. 
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