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Abstract

Ageing is associated with changes in neurotransmission which might be correlated with abnormal calcium
metabolism. Because there is evidence that nimodipine can enhance the learning abilities of ageing animals and
rolipram can enhance the excitability of neurons, providing a functional basis for cognition-enhancing activity,
age-related alterations in the binding of voltage-dependent L-type calcium channels and calcium/calmodulin-
independent cyclic adenosine monophosphate-selective phosphodiesterase (cyclic-AMP PDE) were studied in
3- week- and 6-, 12-, 18- and 24-month-old Fisher 344 rats by use of receptor autoradiography.

& H]Nimodipine and & Hlrolipram were used to label the voltage dependent L-type calcium channels and
calcium/calmodulin-independent cyclic-AMP PDE, respectively. ["H]Nimodipine binding showed no obvious
change in all brain areas of 12- and 18-month-old rats, as compared with 6-month-old animals. In 24-month-old
rats, howeyer, [3H]nimodipine binding increased significantly in the striatum and hippocampal CA3 sector. In
contrast, [3H]rollpram binding showed no significant change in most brain areas during agemg, except for a
transient change only in the hippocampal CAl sector of 12-month-old animals. [*HINimodipine and
[PHirolipram binding showed a significant increase in some brain areas of 3-week-old rats compared with
6-month-old animals.

The results indicate that in rats voltage-dependent L-type calcium channels are more susceptible to ageing
processes than calcium/calmodulin-independent cyclic-:AMP PDE. Our data also demonstrate that voltage-
dependent L-type calcium channels and calcium/calmodulin-independent cyclic-AMP PDE might play roles in
developmental processes. These findings might help further elucidation of the relationship between age-related

neurological deficits and behavioural pharmacology including cognitive function.

Nimodipine is a potent voltage-dependent L-type calcium
channel antagonist which has a high affinity for the central
nervous system and passes the blood-brain barrier rapidly
(Scriabine et al 1989). Several lines of evidence have
demonstrated that nimodipine can enhance the learning abil-
ities of ageing rabbits, rats and monkeys (Deyo et al 1989,
Sandin et al 1990; Straube et al 1990; Levere & Walker 1991).
This drug has aiso been reported to be effective for the treat-
ment of age-related disorders such as senile dementia (Tol-
lefson 1990). There has, furthermore, been growing interest in
the application of nimodipine as a protective agent against
ischaemic brain damage (Uematsu et al 1991; Roda et al 1995).
From these observations it is conceivable that nimodipine
might have a role in the treatment of age-related neurological
deficits and cognitive dysfunction. Little is, however, known
about changes of [*H]nimodipine binding in the ageing pro-
cess.

Rolipram, known to be an antidepressant, inhibits a calcium/
calmodulin-independent cyclic adenosine monophosphate-
selective phosphodiesterase (cyclic-:AMP PDE) isozyme
(Kariya & Dage 1988), leading to an increase in brain cyclic-
AMP levels (Schneider 1984). Regional distributions for
[*H]rolipram binding sites have been quantified and visualized
in the brain by receptor autoradiography (Kaulen et al 1989). A
recent study suggests that the PDE inhibitor denbufylline can
enhance the excitability of neurons, providing a functional
basis for cognition-enhancing activity (Nicholson et al 1991).
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The calcium/calmodulin-independent cyclic-AMP PDE might
therefore, play a role in modulation of brain function, although
the role of the cyclic-AMP PDE in ageing process is not fully
understood.

In this study we have, therefore, used receptor auto-
radiography to investigate age-related changes in voltage-
dependent L-type calcium channels and calcium/calmodulin-
independent cyclic-AMP PDE in aged rat brain.

Materials and Methods

Subjects

Male Fisher 344 rats, 3 weeks and 6, 12, 18 and 24 months old,
were used. The animals were lightly anaesthetized with ether
and then killed by decapitation. The brains were removed
immediately, frozen in powdered dry ice, and stored at —80°C
until assay. Sagittal sections 12 um thick were cut on a cryostat
and thaw-mounted on to gelatin-coated cover slides. Adjacent
sections stained with cresyl violet were examined with a light-
microscope. Each group contained five to seven rats.

Receptor autoradiograpl y

[PPH]Nimodipine bindin;.. Autoradiographic localization of
voltage-dependent L-type calcium channels was detected
using [*H]nimodipine by the methods of Bellemann et al
(1983) with minor modifications. Brain sections were pre-
incubated for 30 min at room temperature in 50 mM Tris-HCl
buffer (pH 7-4) containing 150 mM NaCl and 1 mM CaCl,. The
sections were then incubated with 1-5nM [3H]nimodipine
(specific activity, 152 Ci mmol~! (NEN)) in the same buffer
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for 60 min at room temperature. After incubation, the sections
were washed twice for 10min at 4°C in fresh buffer. Non-
specific binding was determined by use of 15 uM nimodipine
(Sigma) under the same experimental conditions.

[’H]Rolipram binding. Autoradiographic distribution of cal-
cium/calmodulin-independent cyclic-AMP PDE  inhibitor
binding sites was detected using [*H]rolipram according to
the method of Kaulen et al (1989) with minor modifications
(Araki et al 1992). Brain sections were incubated for 60 min at
0°C with SnM [BH]rolipram (specific activity 60 Ci mmol ™!
Amersham) in 150 mM phosphate buffer (pH 7-4) containing
2mM MgCl, and 100 uM dithiothreitol. After incubation the
sections were washed twice with fresh buffer for 30s at 0°C
and briefly rinsed in ice-cold distilled water. Non-specific
binding was determined using 1uM rolipram (Meiji Seika
Co. Ltd, Yokohama, Japan) under the same experimental
conditions.

Data analysis

The sections were quickly dried under a cold air stream and
were exposed to Hyperfilm-"H (Amersham) for 4-6 weeks in
X-ray cassettes with a set of [*H]microscales (Amersham). The
optical density of the brain areas was measured with a com-
puter-controlled image analyser, as described previously
(Araki et al 1995). Binding assays were performed in duplicate
under subdued lighting. Values were expressed as means * s.d.
Statistical significance was determined by analysis of variance
then Dunnett’s multiple comparison test.

Results

Regional age-related alterations of [*H]nimodipine and
[*Hrolipram binding are summarized in Tables 1 and 2.
Representative autoradiograms of this binding are shown in
Fig. 1.

Receptor autoradiography

[PHNimodipine binding. The localization of [*H]nimodipine
binding was relatively heterogeneous throughout the brain. In
adult (6-month-old) rats the highest [3H]nimodipine binding
was evident in the hippocampus, followed by the neocortex,
thalamus, cerebellum and striatum. Other regions showed
relatively low [*H]nimodipine binding. In immature (3-week-

old) rats a significant increase in {°H]nimodipine binding was
observed in the striatum and hippocampal CA3 sector and
thalamus, compared with those regions in the adult animals.
Other regions showed no significant change in [*H]nimodipine
binding. [*H]nimodipine binding, on the other hand, was not
significantly different in the brains of 12- and 18-month-old
rats. In 24-month-old rats, however, a significant increase in
(*Hlnimodipine binding was found in the striatum and hippo-
campal CA3 sector. Other regions showed no significant
alteration in [3H]nimodipine binding.

[*H]Rolipram binding. In adult rats [*H]rolipram binding was
strikingly heterogeneous and was greatest in the hippocampus,
neocortex, striatum and thalamus. Other regions had a low
grain density of [*H]rolipram binding. In immature rats the
grain density of [*H]rolipram binding was quite similar to that
of the adult animals, although a significant increase in [*H]roli-
pram binding was observed in the thalamus, substantia nigra
and cerebellum of the immature rats, compared with those
regions in the adult animals. Other regions showed no obvious
change in [*H]rolipram binding. No significant change in
[*Hjrolipram binding was, on the other hand, seen in most
brain areas in 12-, 18- and 24-month-old rats. A transient
increase in [3H]rolipram binding was observed only in the
hippocampal CA1 sector of 12-month-old rats.

Discussion

Ageing is associated with striking changes in neurotransmis-
sion which might underlie age-dependent deficits in cognitive
function and psychomotor performance (Bartus et al 1982;
Joseph et al 1983). These deficits might, at least in part, be
correlated with abnormal calcium metabolism. For example,
calcium-dependent acetylcholine release is reduced in the
brain of aged mice (Gibson & Peterson 1981) and perturba-
tions in normal calcium metabolism have been correlated with
learning and memory deficits in aged rabbits (Deyo et al 1989).
Several studies have, furthermore, reported that brain ageing is
accompanied by a reduction in calcium uptake (Gibson &
Peterson 1987; Martinez et al 1987). Thus age-related changes
in calcium metabolism might affect neuronal functions such as
neurotransmitter release and neurotransmission.

In this study, no significant increase in [3H]nim0dipine
binding was observed in any brain areas of 12- and 18-month-

Table 1. Age-associated changes in [*H]nimodipine-binding in the rat brain.

Region Age
3 weeks 6 months 12 months 18 months 24 months

Frontal cortex 35+6 25+11 24+6 25+ 10 37+6
Parietal cortex 32+6 30+15 3147 28+ 17 3517
Striatum 41+ 8* 21+10 255 24410 43 9%
Hippocampus

CAl sector 3216 31+10 35£10 24+14 42410

CA3 sector 60+ 10* 40+9 476 42+14 63+ 7*

Dentate gyrus 67110 75+10 85+ 11 72+£17 88+9
Thalamus 66+ 13* 30+10 39+6 33+14 46+ 10
Substantia nigra 32418 1412 17£12 14+14 27+10
Cerebellum 3714 245 2147 2349 22+£10

Optical density was converted to fmol (mg tissue) ' by use of PPHimicroscales. Values are expressed as
means +s.d. *P < 0-01 compared with 6-month-old group (Dunnett’s multiple range test; n=>5-7).
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Table 2. Age-associated changes in [*H]rolipram-binding in the rat brain.

Region Age
3 weeks 6 months 12 months 18 months 24 months

Frontal cortex 112+£20 102+19 119+16 91+15 91+15
Parietal cortex 10017 85+ 14 106 £20 97+17 90 + 14
Striatum 73£13 74 £ 81 8212 69+13 77+£12
Hippocampus

CAl sector 104 £22 127+ 15 156 + 19* 148+ 19 142 £20

CA3 sector 123+23 123412 145+£32 129 +20 123+£16

Dentate gyrus 95+ 14 89+18 95+18 85+5 86+ 15
Thalamus 138 £22% 87+12 95+ 16 82113 87+18
Substantia nigra 64 £+ 16+ 4349 45+8 415 44 +8
Cerebellum S8 £ 12f 4547 36+4 3943 374£5

Optical density was converted to fmol (g tissue) "' by use of [*H]microscales. Values are expressed as
means +s.d. *P < 0-05, TP < 0-01 compared with 6-month-old group (Dunnett’s multiple range test; n=5-7).

FIG. 1. Autoradiographic distribution of [3H]nimodipine (A) and [3H]rolipram (B) binding in the rat brain. Left: adult (6 months old) rat brain,
right: aged (24 months old) rat brain. A significant increase in [*H]nimodipine binding was noted in the striatum and hippocampal CA3 sector in
aged rats, compared with those in adult animals (A). In contrast, no significant change in ["H]rolipram binding was observed in any brain areas of

aged rats (B).

old rats, as compared with those from adult animals. A sig-
nificant increase in [3H]nim0dipine binding was, however,
found in the striatum and hippocampal CA3 sector of 24-
month-old rats. A previous study suggested that an age-
dependent increase in [3H]verapamil (a voltage-dependent
calcium-channel blocker) binding was seen in the rat cortical
membrane (Battaini et al 1985). Govoni et al (1985) reported,
furthermore, that the number of [3H]nitrendipine (a voltage-
dependent calcium channel blocker) binding sites was slightly
increased in the cortical membranes of 24-month-old rats. In
agreement with our findings Navaratnam & Khatter (1991)
have, interestingly, also observed an age-related increase in
(*H]nitrendipine binding in the sarcolemmal membrane. From
these observations, the present study seems to suggest that
calcium channels are gradually affected in ageing processes
and this might lead to neurological deficits.

Several neurotransmitters are well known to stimulate the
formation of cyclic-AMP by activation of adenylate cyclase
(Phillis 1977). Cyclic-AMP plays a key role in expression or
activation of ion channels and acetylcholine receptors (Arta-
lejo et al 1990; Ifune & Steinbach 1990). The cyclic-AMP
cascade, including adenylate cyclase, is involved in learning,
short-term memory and synaptic plasticity (Buxbaum & Dudai
1989; Zhong et al 1992) and is, therefore, implicated in ageing
processes and cognitive function. Cellular cyclic nucleotide
phosphodiesterases are also known to play a role in the
metabolism of cyclic-:AMP by determining the response
intensity and duration of neurons to various neurotransmitters
acting via adenylate cyclase (Kaulen et al 1989).

Rolipram is an antidepressant with calcium/calmodulin-
independent specific cyclic-AMP type-IV PDE inhibitory
properties, leading to increased brain cyclic-AMP levels; the
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binding sites have a unique distribution showing only limited
overlap with general cyclic-:AMP and phosphatidylinositol-
related markers (Kariya & Dage 1988; Kaulen et al 1989).
These observations, therefore, imply a function for the cal-
cium/calmodulin-independent cyclic-:AMP PDE in cognitive
function and ageing processes. The present study, however,
showed no significant changes in [*H]rolipram binding in most
brain areas during ageing. These findings suggest the possi-
bility that calcium/calmodulin-independent cyclic-AMP PDE
might not play a key role in ageing processes. It is, however,
now generally accepted that there are four type-IV cyclic-AMP
PDE isoform families, denoted IV 5, IVg, IV and IVp (Lob-
ban et al 1994; McPhee et al 1995), although the precise
functional role of these enzymes is not fully understood. It is,
therefore, necessary to investigate the regional pattern of each
subtype of type-IV cyclic-AMP PDE for further understanding
of age-related changes in the brain, using receptor autoradio-
graphic and biochemical techniques.

In this study, a significant increase in [3H]nim0dipine
binding was observed in the striatum, hippocampal CA3 sector
and thalamus of 3-week-old rats as compared with those of 6-
month-old rats. On the other hand, [*H]rolipram binding also
increased significantly in the thalamus, substantia nigra and
cerebellum of 3-week-old animals. Several recent studies have
demonstrated that the density of calcium channels changes
during development. In isolated rat hippocampal cells the peak
calcium current increases from postnatal day 12 to postnatal
day 28 (Thompson & Wong 1991). In isolated rat cortical
neurons, furthermore, the mean whole-cell calcium current
increases with age up to approximately 3 weeks postnatal and
then levels off, with a decline in adult animals (Lorenzon &
Foehring 1995). Thus the present study also seems to suggest
that voltage-dependent L-type calcium channels change in the
brain during development. Akaike et al (1993) recently
reported that rolipram can contribute to the neuronal devel-
opment of PC 12 cells by increasing intracellular cyclic-AMP,
which has an important role in the development of voltage-
dependent calcium channels. They suggest, furthermore, that
rolipram can behave like a neurotrophic factor in cultured
PC12 cells. This finding is of interest in relation to develop-
mental relationships between the voltage-dependent calcium
channels and calcium/calmodulin-independent cyclic-AMP
PDE. In this study, however, we have no ready precise
explanation of a significant increase in [3H]rolipram binding in
the thalamus, substantia nigra and cerebellum of 3-week-old
rats. Further studies are, therefore, needed to investigate the
detailed mechanism of our findings, although the study sug-
gests that calcium/calmodulin-independent cyclic-AMP PDE
and voltage-dependent L-type calcium channels might play
roles in developmental processes.

In conclusion, this study provides evidence that voltage-
dependent L-type calcium channels are more susceptible to
ageing processes than calcium/calmodulin-independent ade-
nosine monophosphate-selective phosphodiesterase in rat
brains. Furthermore, our results suggest that voltage-dependent
L-type calcium channels and calcium/calmodulin-independent
adenosine monophosphate-selective phosphodiesterase might
play roles in developmental processes. These findings might
help further elucidation of the relationship between age-related
neurological deficits and behavioural pharmacology including
cognitive function.

References

Akaike, N., Furukawa, K., Kogure, K. (1993) Rolipram enhances the
development of voltage-dependent Ca®* current and serotonin-
induced current in rat pheochromocytoma cells. Brain Res. 620:
58-63

Araki, T., Kato, H., Kogure, K. (1992) Mapping of second messenger
and rolipram receptors in mammalian brain. Brain Res. Bull. 28:
843-848

Araki, T., Kato, H., Fujiwara, T., Kogure, K., Itoyama, Y. (1995) Post-
ischemic changes in [3H]g1ycine binding in the gerbil brain after
cerebral ischemia. Eur. J. Pharmacol. 278: 91-96

Artalejo, C. R., Ariano, M. J., Perlman, R. L., Fox, A. (1990)
Activation of facilitation calcium channels in chromaffin cells by
D, dopamine receptors through a cAMP/protein kinase A-dependent
mechanism. Nature 348: 239-242

Bartus, R. T., Dean, R. L., Beer, B., Lippa, A. S. (1982) The
cholinergic hypothesis of geriatric memory dysfunction. Science
217: 408—417

Battaini, F., Govoni, S., Rius, R. A., Trabucchi, M. (1985) Age
dependent increase in [*H]verapamil binding to rat cortical mem-
brane. Neurosci. Lett. 61: 67-71

Bellemann, P., Schade, A., Towart, R. (1983) Dihydropyridine recep-
tor in rat brain labeled with [3H]nimodipine. Proc. Natl. Acad. Sci.
USA 80: 23562360

Buxbaum, J. D., Dudai, Y. (1989) A quantitative model for the kinetics
of cAMP-dependent protein kinase (type II) activity. Long-term
activation of the kinase and its possible relevance to learning and
memory. J. Biol. Chem. 264: 9344-9351

Deyo, R. A., Straube, K. T., Disterhoft, J. F. (1989) Nimodipine
facilitates associative learning in ageing rabbits. Science 243:
809-811

Gibson, G. E., Peterson, C. D. (1981) Ageing decreases oxidative
metabolism and the release and synthesis of acetylcholine. J.
Neurochem. 37: 978-984

Gibson, G. E., Peterson, C. (1987) Calcium and the ageing nervous
system. Neurobiol. Ageing 8: 329-334

Govoni, S., Rius, R. A., Battaini, F., Bianchi, A., Trabucchi, M. (1985)
Age-related reduced affinity in [*H]nitrendipine labeling of brain
voltage-dependent calcium channels. Brain Res. 333: 374-377

Ifune, C. K., Steinbach, J. H. (1990) Regulation of sodium current and
acetylcholine responses in PC 12 cells. Brain Res. 506: 243-248

Joseph, J. A., Bartus, R. T., Clody, D., Morgan, D., Finch, C., Beer, B.,
Sesack, S. (1983) Psychomotor performance in the senescent rodent:
reduction of deficits via striatal dopamine receptor upregulation.
Neurobiol. Ageing 4: 313-319

Kariya, T., Dage, R. C. (1988) Tissue distribution and selective
inhibition of high affinity cAMP phosphodiesterase. Biochem.
Pharmacol. 37: 3267-3270

Kaulen, P., Bruning, G., Schneider, H. H., Sarter, M., Baumgarten, H.
G. (1989) Autoradiographic mapping of a selective cyclic adenosine
monophosphate phosphodiesterase in rat brain with antidepressant
[*Hjrolipram. Brain Res. 503: 229-245

Levere, T. E., Walker, A. (1991) Ageing and cognition: enhancement
of recent memory in rats by the calcium channel blocker nimodi-
pine. Neurobiol. Aging 13: 63-66

Lobban, M., Shakur, Y., Beattie, J., Houslay, M. D. (1994) Identifica-
tion of two splice variant forms of type-IVB cyclic AMP phospho-
diesterase, DPD (rPDE-IVB1) and PDE-4 (rfPDE-IVB2) in brain:
selective localization in membrane and cytosolic compartments and
differential expression in various brain regions. Biochem. J. 304:
399406

Lorenzon, N. M., Foehring, R. C. (1995) Characterization of pharma-
cologically identified voltage-gated calcium channel currents in
acutely isolated rat neocortical neurons. II. Postnatal development.
J. Neurophysiol. 73: 1443-1451

Martinez, A., Vitorica, J., Bogonez, E., Satrustegui, J. (1987) Differ-
ential effects of age on the pathways of calcium influx into nerve
terminals. Brain Res. 435: 249-257

McPhee, 1., Pooley, L., Lobban, M., Bolger, G., Houslay, M. D. (1995)
Identification, characterization and regional distribution in brain of
RPDE-6 (RNPDE4AS), a novel splice variant of the PDE4A cyclic
AMP phosphodiesterase family. Biochem. J. 310: 965974

Navaratnam, S., Khatter, J. C. (1991) Increased [3H]nitrendipine



314 T. ARAKI ET AL

binding sites in rat heart during adult maturation and aging.
Neuroscience 41: 593-600

Nicholson, C. D., Challiss, R. A. J., Shalid, M. (1991) Differential
modulation of tissue function and therapeutic potential of selective
inhibitors of cyclic nucleotides phosphodiesterase isoenzymes.
Trends Pharmacol. Sci. 12: 19-27

Phillis, J. W. (1977) The role of cyclic nucleotides in the CNS. Can. J.
Neurol. Sci. 2: 153-195

Roda, J. M., Carceller, F., Diez-Tejedoe, E., Avendano, C. (1995)
Reduction of infarct size by intra-arterial nimodipine administered
at reperfusion in a rat model of partially reversible brain focal
ischemia. Stroke 26: 1888-1892

Sandin, M., Jasmin, S., Levere, T. E. (1990) Aging and cognition:
facilitation of recent memory in aged nonhuman primates by
nimodipine. Neurobiol. Aging 11: 567-571

Schneider, H. H. (1984) Brain cAMP response to phosphodiesterase
inhibitors in rats killed by microwave irradiation or decapitation.
Biochem. Pharmacol. 33: 1690-1696

Scriabine, A., Schuurman, T., Traber, J. (1989) Pharmacological basis
for the use of nimodipine in central nervous system disorders. Fed.
Eur. Biochem. Soc. Lett. 3: 1799-1806

Straube, K. T., Deyo, R. A., Moyer, J. R., Disterhoft, J. F. (1990)
Dietary nimodipine improves associative learning in aging rabbits.
Neurobiol. Aging 11: 659-661

Thompson, S. M., Wong, R. K. (1991) Development of calcium current
subtypes in isolated rat hippocampal pyramidal cells. J. Physiol.
439: 671-689

Tollefson, G. D. (1990) Short-term effects of the calcium channel
blocker nimodipine (Bay-e-9736) in the management of primary
degenerative dementia. Biol. Psychiatry 27: 1133-1142

Uematsu, D., Araki, N., Greenberg, J. H., Sladky, J., Reivich, M.
(1991) Combined therapy with MK-801 and nimodipine for protec-
tion of ischemic brain damage. Neurology 41: 88-94

Zhong, Y., Budnik, V., Wu, C. F. (1992) Synaptic plasticity in
drosophila memory and hyperexcitable mutants: role of cAMP
cascade. J. Neurosci. 12: 644-651



