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Abstrac t - -We  have studied the concentration of calmodulin and phosphodiesterase (cAMP high Kin) in 
five different parts of the rat central nervous system (hemispheres, cerebellum, diencephalon, brain 
stem and spinal cord) during postnatal development (5, l(J, 15, 20, 30 and 45 days after birth). The con- 
centration of the enzyme and its regulatory protein were independent, so that no correlation could be 
established between them. In most structures, calmodulin concentration tended to decrease with age, 
while phosphodiesterase increased or remained at similar values during the time studied. 

The calmodulin inhibitor trifluoperazine, inhibited phosphodiesterase activity to different degrees, 
depending on the structure, and age. Hemispheres, diencephalon and brain stem showed maximal 
inhibition (approximately 95~65% of control). In these structures, inhibition was higher in older 
animals. By contrast, cerebellum and spinal cord PDE was less inhibited by trifluoperazine (65-50% of 
control), and inhibition was independent of age. The validation of a method for both calmodulin and 
phosphodiesterase assay, using a modification of established methods, is also reported. 

K O' words': Calmodulin,  Phosphodiesterase,  CNS, Rat. 

Severa l  types  of  p h o s p h o d i e s t e r a s e s  ( P D E ) ,  c leaving  the 3 ' - 5 '  b o n d  of  cyclic nuc leo t ides ,  a re  
p re sen t  in rat  bra in .  2°'2t'27 They  have been  classified into d i f fe ren t  types  accord ing  to thei r  
c h r o m a t o g r a p h i c  b e h a v i o u r  19'28 and the i r  k inet ic  p r o p e r t i e s f l  7 P D E  act ivi ty  is highest  in the 
cen t ra l  ne rvous  sys tem (CNS) ,  2'4 whe re  cyclic nuc leo t ides  p lay  an i m p o r t a n t  role  in t r ansduc ing  
chemica l  messages .  14 The  p r e d o m i n a n t  form in most  p r e p a r a t i o n s  is specif ical ly ac t iva t ed  by 
Ca2+-ca lmodul in .  v Mos t  s tudies  have been  p e r f o r m e d  using c A M P  as subs t r a t e ,  and  con- 
sequen t ly  this enzyme  is of ten  r e fe r r ed  to as a "high Kin" P D E . I  In a t t e m p t i n g  to def ine the  
phys io log ica l  role  of  cyclic nuc leo t ide  p h o s p h o d i e s t e r a s e s ,  the  d i f fe rence  be tw e e n  adul t  and  new- 
born  an imals  has been  r e p o r t e d ,  bo th  in P D E  and in its ac t iva to r  act ivi t ies .  24'26"32 Neve r the l e s s ,  

i n fo rma t ion  abou t  sequen t i a l  changes  in the d i f ferent  par t s  of  the CNS is lacking.  
The  pu rpose  of  the p re sen t  s tudy was to inves t iga te  the  ca lmodu l in  and c a i m o d u l i n - d e p e n d e n t  

P D E  act ivi t ies  in five d i f fe ren t  par t s  of  the  female  rat  CNS (hemisphe re s ,  c e r e b e l l u m ,  d i e n c e p h a -  
Ion, b ra in  s tem and spinal  co rd )  dur ing  pos tna ta l  d e v e l o p m e n t  (5, 10, 15, 20, 30 and 45 days  af te r  
b i r th ) ,  in o r d e r  to d e t e r m i n e  if a co r re l a t ion  exists  be tw e e n  bo th  act ivi t ies  and  to d e t e r m i n e  the 
deg ree  of  P D E  d e p e n d e n c e  on ca lmodul in .  A s implif ied P D E  and ca lmodul in  assay,  consis t ing in 
a modi f ica t ion  of  pre-ex is t ing  me thods  ~5 was used.  

E X P E R I M E N T A L  P R O C E D U R E S  

Materials 

8-(3H)Cycl ic  A M P  (1036 G B q / m m o l )  was pu rchased  f rom R a d i o c h e m i c a i  Cen t r e  ( A m e r s h a m ,  
U . K . ) .  A n i o n  exchange  resin ,  A G  l x 2, 50-100 mesh was o b t a i n e d  f rom B i o R a d  L a b o r a t o r i e s .  
R e a d y  So lv -HP  Scint i l la t ion  Cockta i l  was o b t a i n e d  f rom B e c k m a n .  U n l a b e l l e d  c o m p o u n d s  
( adenos ine ,  cyclic A M P  and 5 ' - n u c l e o t i d a s e ) ,  were  f rom Sigma Chemica l  Co.  Ltd .  Tri-  
f l uope raz ine  was gene rous ly  d o n a t e d  by Smith ,  Kl ine  and French .  Al l  o the r  r eagen t s  were  of  the  
highest  commerc i a l l y  ava i lab le  qual i ty .  

Correspondence  and reprint requests  should be addressed to: Dr. Eladio Montoya,  Depar tamento  de Biologia y 
Bioquimica,  Facultad de Ciencias, Universidad de C~idiz, Apar tado  40, Puerto Real (Cfidiz), Spain. 

Abbreviations: cAMP,  adenosine 3',5'-cyclic monophospha te ;  PDE,  phosphodiesterase;  CNS, central nervous system. 
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Animals 

Female Sprague-Dawley rats, fed a standard laboratory rat chow diet, were housed at 22-24°C; 
one adult (pregnant or with litter) or six pups (after weaning at 21 days) per cage. The animals 
were killed by decapitation at 5, 10, 15, 20, 30 and 45 days after birth. The brain was removed and 
the hemispheres,  cerebellum, diencephalon, brain stem and spinal cord were immediately dis- 
sected, placed in liquid nitrogen and kept at -70°C till processing. 

Methods 

Calmodulin and calmodulin-dependent PDE activities were measured in tissue homogenates  
made in 20 mM Tris-HCI,  pH 7.5 (1:40 w/v) by sonication. Aliquots of these homogenates  were 
first placed in a boiling water  bath and after 4 min were put in an ice-water bath, to be later centri- 
fuged at 1000 g for 10 min. The supernatant was used for calmodulin determinations. Non-boiled 
homogenates  were also centrifuged at 1000 g for 10 rain. Aliquots of the supernatant (10 and 
20 ~1 in duplicate) were used for PDE determinations. 

Calmodulin assay 

One stage. Calmodulin-deficient PDE was obtained from bovine brain, following the procedure 
described by Cheung and Lin. m Twenty ~1 of the enzyme in 10 mM Tris-HCI,  pH 7.5, were 
preincubated in the presence of increasing amounts of a calmodulin standard, obtained from 
boiled rat brain as described above,  or in the presence of unknown calmodulin from the different 
structures of the CNS. Ten ~1 of 4 mM CaCI2 were added (to reach a final volume of 50 ~1) and 
incubation at 30°C for 20 min was started to allow the coupling of the enzyme to the regulatory 
protein. After this time, 50 ~1 of the reaction mixture were added. This was made up with 1 mM 
cAMP, including 60,000 cpm of [3H]cAMP, 60 mU of 5'-nucleotidase, 40 mM Tris-HCl ,  pH 7.5, 
and 12 mM magnesium acetate. The reaction was stopped after 20 min with the addition of ! ml 
of the slurry anion exchange resin (1:2 in water). After  centrifugation, 500 p,I of the supernatant 
were counted for radioactivity. The adenosine retention power of the resin was considered a 
correction factor when making the calculations. 

A standard curve was constructed from the calmodulin standard, to which unknown values 
were referred. Data are expressed in units per mg of protein, a unit being the amount of calmodulin 
giving half maximal PDE activation. To assess the possible calmodulin-like effects of5 '-nucleotidase,  
and therefore the interference of this assay in calmodulin measurement ,  calmodulin-free bovine 
brain PDE was incubated as described above,  with the omission of calmodulin from the assay, but 
adding increasing concentrations of 5'-nucleotidase (0-1200 mU). 

Two stage. This assay was performed basically as described before, but with the omission of 
5'-nucleotidase in the incubation. After preincubation for 2(I rain and incubation with the sub- 
strate for another  20 min, the reaction was stopped by placing the tubes in a boiling water bath for 
2 min. After thermal equilibrium at 30°C, 60 mU of 5'-nucleotidase were added and the incuba- 
tion was continued for 15 rain. Samples were thereafter  processed as in the one stage assay. 

Phosphodiesterase assay 

Phosphodiesterase in samples was measured by the one stage procedure.  The validity of this 
method was confirmed by comparing the results with the two stage procedure.  In both methods,  
10-20 ~1 of non-boiled homogenates  were incubated for 20 min in the presence of the afore- 
mentioned reaction mixture. In the one stage method,  5'-nucleotidase (60 mU/incubate) were also 
present. In the two stage procedure,  the samples were initially incubated without 5'-nucleotidase. 
The incubation media was the same described for calmodulin, and samples were processed in the 
same way described for the one and two stage assay of calmodulin, respectively. To assess the 
calmodulin dependence of PDE,  homogenates  from the different structure of the CNS from 
animals of 5, 20 and 40 days were incubated in the presence of 0.1 mM trifluoperazine, a well- 
known calmodulin inhibitor. 

Phosphodiesterase activity was expressed in nmoles of cAMP hydrolyzed per min per mg of 
protein. 

Proteins were measured using bovine serum albumin as standard. ~' 
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Statistics 
Compar i sons  be tween P D E  or calmodul in  levels at different t imes of  postnatal  deve lopment  

were done  by one-way analysis of  variance,  and Dunne t t ' s  t test. 

R E S U L T S  

Assay validation 
The one stage calmodul in  and P D E  assay p roduced  very similar results to the more  conven-  

tional two stage assay. High concent ra t ions  of  5 ' -nucleot idase  p roduced  activation of  calmodulin-  
deficient P D E ,  but no effects were observed  with the amoun t  of  the enzyme (60 mU)  used 
normal ly  in the assay (Table 1). P D E  activity was linear th roughou t  the time of  incubat ion (up to 
30 rain, Fig. 1) and super imposable  straight lines were obta ined  independent ly  of  the p rocedure  
used (one or  two stage assay). In this exper iment  the amoun t  of  5 ' -nucleot idase  added  to the 
assays (60 m U )  was the quant i ty  usually employed ,  indicating that  for  these times and 
nucleot idase concent ra t ions  both methods  gave the same results. Similarly, no differences 
between the two methods  were seen in the P D E  response to calmodulin (Fig. 2). 

Table I. Calmodulin-like effects of 
5'-nucleotidase 

5'-Nucleotidase PDE activity 
(mU) % of 'O" 5'-nucleotidase 

'O" 100 
33.5 100 
75.0 100 

150.0 129 
300.0 150 
600.0 186 

1200.0 244 

Data are expressed as means of triplicates. 
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Fig. 1. Effect of time of incubation on rat brain PDE activity, e, One stage assay, m, Two stage assay. 
Data are expressed as means of triplicates. 

Changes in PDE and calmodulin activities during postnatal development 

The highest P D E  activity was de tec ted  in the hemispheres  at all ages, fol lowed by the di- 
encepha lon  and the brain stem. The  lowest values co r re sponded  to the cerebel lum and the spinal 
cord.  

DN 3:6-C 
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Fig. 2. Effect of calmodulin concentration on calmodulin-frcc bovine brain PDE. • One stage assay, m, 
Two stage assay. Data are expressed as mean of triplicates. Purified calmodulin (Fluka) was used 

P D E  in the hemispheres  (Fig. 3) showed statistically significant increasing values th roughout  
the time studied,  reaching a plateau at 30 days. By contrast ,  P D E  in d iencephalon (Fig. 4) 
showed irregular behaviour  with values peaking at 30 days. 

P D E  in brain stem (Fig. 5) decreased after 10 days, changes being statistically significant at 45 
days. In cerebel lum (Fig. 6) no changes were observed with age. Finally, a similar pat tern was ob- 
served in the spinal cord (Fig. 7). 

The highest calmodulin values were similarly found in the hemispheres  (Fig. 3). They  showed a 
maximum at 10, 20 and 30 days, decreasing thereafter .  In the d iencephalon (Fig. 4), levels were 
very similar at days 5 and 10, decreasing significantly afterwards. In brain stem (Fig. 5) calmodu-  
lin concentra t ion showed a clearly decreasing pattern.  Values were very high at day 5, and then 
decreased.  Calmodul in  concent ra t ion  in cerebel lum (Fig. 6), showed biphasic behaviour ,  with a 
maximum at 20 days, a l though no statistically significant differences were observed.  Finally, 
spinal cord values (Fig. 7) did not change during maturat ion.  P D E  activity depended  to varying 
degrees on calmodulin.  When  the calmodulin inhibitor tr if luoperazine was added,  different res- 
ponses were seen depending  on structure and age (Table 2). Maximal inhibition was seen in 
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Fig. 3. PDE and calmodulin activity in rat cerebral hemispheres. Data are expressed as means of 10-17 
samples-+ S.E. Dots above data indicate statistically significant differences vs 5 days. • P<0.05; e e .  

P<0 .01 :  e e e  P<0 .001 .  
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Fig. 4. P D E  
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Fig. 6. P D E  and  ca lmodu l in  ac t iv i t ies  in rat ce rebe l lum.  D a t a  are exp re s sed  as in Fig. 3. 
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Fig. 7. P D E  and ca lmodul in  activities in rat spinal cord.  Da ta  are  expressed  as in Fig. 3. 

Tab le  2. Effect ol  t r i l luoperaz inc  on P[)|'~ activity 

St ructures  5 20 45 

H e m i s p h e r e s  12.5 ± 1.3 3.7 ~ 0.3 2 5  :* l.f) 
D icncepha lon  26.2 ~ 2.9 12.4 + 0.3 11.6 :+ 1.5 
Brain s tem 35.S ~ 5.1 29.3 + 1.4 29.4 ± 2.5 
( ' e r e b e l l u m  64.0 + 1.7 47.2 ~ 3.0 55.2 ± 5.9 
Sp ina lcord  51 .S + I.~ 51.3 ~ IL t) 49.,'4: ~ II.8 

Da ta  are  expressed  as mean s  of  lhree  samples  f rom 
different  a n i m a l s ±  S.K. m the absence  ~f t r i f luoperaz ine  
(100% activity) or  m the p resence  o!  100 ~tM tri- 
f luopcrazine .  

hemispheres,  followed by diencephaton, brain stem, spinal cord and cerebellum, in that order. 
Except in spinal cord and cerebellum, inhibition increased with age. 

DISCUSSION 

In this report ,  a modification of pre-existing methods for PDE assay has been employed to 
measure calmodulin and calmodulin-dependent PDE (cAMP, high K,,) in different brain regions 
during the postnatal development  of the rat. This assay is based on the absence of calmodulin-like 
effects of 5'-nucleotidase (fraction IV) on calmodulin-free bovine PDE,  in contrast with the 
effects of Crotalus Atrox venom, ~ the most widely used source of this enzyme. 

Results shown here, using a large number  of animals, confirm and extend existing data con- 
cerning regional distribution of PDE and c a l m o d u l i n ,  ~242<32 although to our knowledge, 
sequential studies of both activities in different parts of the CNS have not been reported. PDE 
activity (cAMP, high Kin) was to a great extent dependent  on caimodulin, as demonstrated by 
trifluoperazine inhibition, the greatest dependence being present in those structures which 
showed highest activity. 

Calmodulin concentrations showed biphasic behaviour (hemispheres,  cerebellum), did not 
change (spinal cord), or tended to decrease (diencephalon, brain stem). This kind of behaviour 
has also been described using immunohistochemistry.  In mice, it has been shown that anti- 
calmodulin immunofluorescence in the intermediate zone of cerebral cortex diminishes from day 
9, and in the long fibres of nuclei caudatum and putamen from day 1 1, the disappearance in the 
latter correlating in time with myelination. 23 
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S i n c e  c a i m o d u l i n  p l a y s  a n  i m p o r t a n t  r o l e  in  b r a i n ,  r e g u l a t i n g  m a n y  c a l c i u m - m e d i a t e d  p r o -  

c e s s e s ,  ~'17 a t t e m p t s  h a v e  b e e n  m a d e  to  c o r r e l a t e  c a l m o d u l i n - d e p e n d e n t  e n z y m e s  w i t h  ca l -  

m o d u l i n - c o n c e n t r a t i o n s  d u r i n g  d e v e l o p m e n t .  A s  s e e n  in t h i s  p a p e r ,  n o  c o r r e l a t i o n  c o u l d  b e  

e s t a b l i s h e d  fo r  c a l m o d u l i n  a n d  P D E ,  j u s t  as a c o r r e l a t i o n  b e t w e e n  c a l m o d u l i n  a n d  a d e n y l a t e  
cyc l a se  h a s  n o t  b e e n  s h o w n  22 

T h i s  l ack  o f  c o r r e l a t i o n  h a s  b e e n  a t t r i b u t e d  to  c e l l u l a r  h e t e r o g e n e i t y  d u r i n g  d e v e l o p m e n t ,  TM 

d i f f e r e n t  g e n e  r e g u l a t i o n  o f  b o t h  p r o t e i n s ,  ~ e x i s t e n c e  o f  m u l t i p l e  f o r m s  o f  P D E  19"28 a n d  ex i s t -  

e n c e  o f  o t h e r  e n z y m e s  a n d  c e l l u l a r  e v e n t s  r e g u l a t e d  by  c a l m o d u l i n .  25"29 T a k i n g  i n t o  a c c o u n t  re -  

c e n t  f i n d i n g s  w h i c h  d e m o n s t r a t e  t h a t  c a l m o d u l i n  p l ays  a n  i m p o r t a n t  r o l e  in  t i s s u e s  u n d e r g o i n g  

c e l l u l a r  p r o l i f e r a t i o n ,  3"12"3~ a n d  d i f f e r e n t i a t i o n ,  s a n d  t h a t  in t h e s e  s i t u a t i o n s  c a l m o d u l i n  is in-  

c r e a s e d ,  6"3°'3t t h e  h i g h  a m o u n t s  o f  t h i s  p r o t e i n  s e e n  in y o u n g e r  a n i m a l s  c o u l d  b e  a r e f l e c t i o n  o f  

t h i s  f ac t ,  s i nce  b r a i n  p r o l i f e r a t i o n  in t h e  r a t  is n o t  a c h i e v e d  till  d a y  17 o f  l ife.  13"34 
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