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Does the release of tritiated noradrenaline accurately 
reflect the release of endogenous noradrenaline 

from rat vas deferens nerve terminals? 

M A R C E L A B I T R A N * and W I L D O T A P I A 

D e p a r t a m e n t o de Ciênc ias F is io lógicas , Facul tad de Ciênc ias B io lóg icas , Pont i f íc ia Uni-
vers idad Cató l ica de Chi le , San t iago , Ch i l e 

To determine whether the release of tritiated noradrenaline (NA) from the 
sympathetic nerve terminals of the rat vas deferens is an accurate reflection of 
the release of endogenous NA, we compared the electrically-evoked release of 
tritiated and endogenous NA from the prostatic sections of the vasa deferentia 
of male rats. 
We found that while the release of tritiated NA was completely dependent on 
the presence of calcium, the release of endogenous NA was not. The overflow of 
both, tritiated and endogenous NA, was virtually unaffected by blockade of the 
neuronal uptake mechanism by desipramine. In contrast, blockade of the 
extraneuronal uptake greatly increased the overflow of endogenous NA, while 
having no effect on the overflow of tritiated NA. Tritiated NA release, on the 
other hand, was sensitive to prejunctional regulation, while the release of 
endogenous NA was not. Increases in stimulus train duration induced a 
significant increase in the release of endogenous NA, but not in that of tritiated 
NA. In contrast, the later responded to lower stimulus train frequencies and 
reached a plateau at lower frequency values as compared to the endogenous 
NA release. 

Our results indicate the existence of marked differences between the release of 
tritiated and endogenous NA. We. conclude that: 1) the assumption that tritiated NA 
release provides a good marker for endogenous NA release in the rat vas deferens 
seems unwarranted; 2) the use of endogenous NA to study the release process in 
the vas deferens requires a re-examination of the experimental conditions used, in 
order to minimize possible artifacts that may obscure the study of neuronal release; 
3) the choice between measuring the release of tritiated or endogenous NA must be 
evaluated for each tissue in particular, taking into account its cytoarchitecture, as 
well as the experimental conditions used. 
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INTRODUCTION 

T h e re lease of noradrena l ine (NA) is often 
s tud ied in i so la t ed o r g a n s or t i s sues by 
m e a n s of rad io i so top ic t echn iques . These 

involve p re labe l ing of the nerve terminals 
with tr i t iated N A pr ior to the induct ion of 
re lease . T h e as sumpt ion that the release of 
tr i t iated N A is represen ta t ive of the endog
enous N A release has been ques t ioned by 
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s tudies showing that the exogenous amine 
does not d is t r ibute homogeneous ly into the 
nerve te rminals of some t issues . 

D u e to its dense sympathe t i c innerva
t ion, the rat vas deferens has been used as a 
model sys tem for the study of noradrener
gic neuro t ransmiss ion . The t echn iques mos t 
c o m m o n l y e m p l o y e d in these s tudies in
volve pre labe l ing of the t issue by us ing the 
neurona l up take sys tem to in t roduce rad io
labeled N A into the sympathe t ic nerve ter
minal pr ior to re lease st imuli (Alber ts et al, 
1 9 8 1 ; La ra et al, 1985; Ross & Kelder , 
1979; Schõnfe ld & Trende lenburg , 1991). 
A l though such techniques are sensi t ive, it 
is not k n o w n whether tr i t iated N A release 
is an accura te reflection of e n d o g e n o u s N A 
re lease . In fact, au to r a d iog raph i c s tudies 
indicate that recent ly incorpora ted N A is 
preferent ia l ly stored in var icosi t ies c lose to 
the surface of the t issue and, in compar i son 
with e n d o g e n o u s N A , is preferent ia l ly re
leased f rom the s y m p a t h e t i c va r i cos i t i e s 
( M o u r a et al, 1990; Pa iva et al, 1993). 

T o de t e rmine if the re lease of tr i t iated 
N A is an accura te reflection of the re lease 
of e n d o g e n o u s NA, we compared the re
l e a s e of t r i t i a t e d a n d e n d o g e n o u s N A 
evoked s imul taneous ly by t ransmural e lec
trical s t imula t ion of the prostat ic segments 
of the rat vasa deferent ia . Specif ical ly , we 
s tud ied the r e q u i r e m e n t for ex t r ace l l u l a r 
ca l c ium ions , the impor tance of reup take 
and p re junc t iona l au to recep to r regula tory 
m e c h a n i s m s and the dependence of the re
lease on the frequency and durat ion of the 
s t imulus t ra ins . In addi t ion, to de te rmine 
whe ther diffusional barr iers may cont r ibute 
to a n o n - h o m o g e n e o u s dis t r ibut ion of the 
labeled N A leading to d issocia t ion in the 
re lease of tr i t iated and endogenous NA, we 
per formed some studies in ep i the l ium-de
nuded vasa deferent ia . 

M E T H O D S 

Drug sources. 

D e s i p r a m i n e , d i h y d r o x y b e n z y l a m i n e , nor
adrena l ine , no rme tanephr ine , pargyl ine , so 
d ium octyl sulfate and yoh imbine were pur
c h a s e d from S i g m a C o (St L o u i s , M O , 

U S A ) . [ 3 H ] N A ( l e v o - [ r i n g - 2 , 5 , 6 - 3 H ] , sp act 
7 1 . 7 C i / m m o l ) w a s p u r c h a s e d f r o m 
Dupon t , N E N (Bos ton , M A , U S A ) . 

Animals and general procedures. 

Male Sprague-Dawley rats (200-250 g) were 
bred in the animal reproduction facilities of 
this university. The rats were housed under 
standard condit ions (i.e., 25°C and controlled 
12:12 h light:dark cycle) and had free access 
to food and water. The rats were sacrificed by 
decapi ta t ion and the vasa deferent ia were 
carefully d issec ted free from adipose and 
connect ive tissues. The prostatic portions of 
the two vasa deferentia of each rat were cut 
and mounted in a 7 ml capacity organ bath 
containing Tyrode ' s solution of the following 
chemical composi t ion (mM): 113 NaCl, 4.7 
KC1, 2.5 C a C L , 2.5 M g S 0 4 , 1 N a H 2 P 0 4 . 
16.3 N a H C 0 3 , 7.7 glucose, 0.1 ascorbic acid 
and 0.003 E D T A , at pH 7.4, bubbled with 
9 5 % 0 2 plus 5 % C O , , kept at 37°C. The bath 
was equipped with paired plat inum wire elec
trodes with their axes parallel to the tissue 
p ieces . Transmura l neural st imulation was 
achieved by 1 ms duration pulses. 

S o m e expe r imen t s were carr ied out in 
ep i t he l i um-denuded vasa. The removal of 
the epi the l ium was accompl ished mechani
cally. The ductus was held firmly from its 
prostat ic end with a pair of forceps, a circu
lar cut of the muscu la r layers was done, tak
ing care not to sever the epi the l ium and the 
muscular layers were gently stripped out. 

W e rout inely recorded the musc le con
t ract ions evoked by the t ransmura l electr i
cal s t imula t ion in order to eva lua te the vi
a b i l i t y of t h e p r e p a r a t i o n a n d t h e 
pos t - junc t iona l r e sponses . I sometr ic musc le 
con t rac t ions of the pros ta t ic segmen t s of 
the two vasa deferent ia of each rat were 
recorded under 1 g basal tension through 
F T . 0 3 force d i sp l acemen t t ransducers con
nected to a mode l 7 Grass Po lygraph . Each 
e x p e r i m e n t was pe r fo rmed 4 to 6 t imes , 
each t ime with t issues from a different rat. 

Study design. 

T o c o m p a r e the re lease of [ 3 H ] N A with that 
of e n d o g e n o u s N A from the rat vas defer
ens , w e m e a s u r e d the re lease (or the over-
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f low) of t r i t ium and N A before and after 
s t imula t ing the prostat ic halves of the vasa 
deferent ia , p re l abe led with [ 3 H ] N A , with 
two consecu t ive t ra ins (SI and S2) of e lec
trical pu l ses (of 75 V, at 7.5 Hz) del ivered 
30 min apart . In most s tudies , each train 
lasted 20 s. 

In control exper iments , SI and S2 were 
del ivered under identical condi t ions . In ex
per iments des igned to evaluate the effects of 
different drugs on the release of [ 3 H ] N A and 
endogenous NA, these drugs were added to 
the organ bath 10 min prior to S2 and re
mained in contact with the t issues for the 
remainder of the exper iment . S ince the over
flow of N A (both tritiated and endogenous) 
m e a s u r e d after e lect r ical s t imula t ion was 
fairly small , in most exper iments we mea
sured N A overf low after combined pharma
co log ica l b l o c k a d e of the up t ake m e c h a 
n i sms , the pre junct ional regula t ion by a 2 

autoreceptors and the oxidation of N A by 
m o n o a m i n o o x i d a s e ( M A O ) . Th i s was ac 
compl i shed by supplement ing the Tyrode ' s 
solut ion with 0.6 \lM des ip ramine , 3 | j M 
yohimbine , 10 u M normetanephr ine and 1 
| iM pargyl ine . W e refer as NA release the 
overf low of N A obtained in the presence of 
all the a b o v e - m e n t i o n e d d r u g s . In s o m e 
s tudies , part of the exper imenta l protocol 
(B2 and S2) was carried out using a cal
c ium-free solut ion supp lemented with 0.1 
\LM E G T A . 

In s tudies a imed at eva lua t ing the effect 
of the s t imulus durat ion on N A re lease , the 
t i s sues w e r e s t imu la t ed four c o n s e c u t i v e 
t imes ( S I , S2 , S3 and S4 ; at 7.5 Hz with 75 
V pulses) every 30 min, with train dura
t ions r andomly ass igned to ei ther 2, 5, 10 
or 20 s. S i m i l a r l y , in s t u d i e s a i m e d at 
e v a l u a t i n g the effect of s t imu la t i on fre
q u e n c y on N A re lease , the t i s sues were 
s t imula ted four consecu t ive t imes ( S I , S2 , 
S3 and S 4 ; for 20 s with 75 V pulses) every 
30 min, with pulses f requencies randomly 
ass igned to ei ther 3.5, 7, 15 or 45 Hz . 

Uptake of [3H]NA and release protocol. 

T h e prosta t ic segmen t s of two vasa defer
ent ia were incubated in T y r o d e ' s solut ion 
to r an initial per iod of 30 min . T o al low for 
the neuronal up take of [ 3 H ] N A , the t issues 

were incuba ted for 60 min in solution con
ta ining [ 3 H ] N A (spec act 71.7 C i / m m o l , 28 
nM) and 10 \\M no rme taneph r ine to mini
m i z e the ex t raneurona l up take of the tracer. 
After a 50 min wash ing per iod , the t issues 
were moun ted in the organ bath, a l lowed to 
equi l ibra te for 1 h and subjected to e lectr i 
cal s t imula t ion . 

T h e s o l u t i o n in the o r g a n ba th was 
changed every 5 min dur ing the release pe
riod and the 7-ml fractions were received in 
test tubes conta in ing perchloric acid (PCA, 
final c o n c e n t r a t i o n 0 .05 N ) and s o d i u m 
metabisulf i te (final concentra t ion 0 .0036%). 
The col lected fractions were kept at 4 °C un
til assayed for tritiated and endogenous NA. 
SI and S2 were del ivered at 19 and 49 min. 
respect ively, from the start of the release pe
riod. At the end of the release protocol , the 
t issues were homogen ized in 15 vol of 0.4 N 
P C A . T h e h o m o g e n a t e s were centr i fuged 
(7 .000 g x 20 min) and the supernatants 
were assayed by l iquid scint i l la t ion spec
trometry and high precis ion liquid chroma
tography coupled to e lect rochemical detec
tion ( H P L C - E C ) to de te rmine the remaining 
tissue contents of [ 3 H ] N A and endogenous 
N A , respect ive ly . T h e same protocol was 
used in exper iments carried out in epi the
l ium-denuded vasa deferentia. 

Measurement of [3H]NA. 

The radioact iv i ty present in 0.5 ml al iquots 
of the fractions of T y r o d e ' s solut ion col
lected dur ing the re lease p ro toco ls , as well 
a s t h e r a d i o a c t i v i t y p r e s e n t in 0 .5 ml 
a l i q u o t s of the p e r c h l o r i c s u p e r n a t a n t s 
o r ig ina ted f rom the s ed imen ta t i on of the 
t issue h o m o g e n a t e s , was measu red by liq
uid scint i l la t ion spec t romet ry . Unde r con
trol condi t ions , approx ima te ly 3 0 % of the 
basal t r i t ia ted c o m p o u n d s re leased corre
sponds to N A , w h e r e a s N A accounts for 
a p p r o x i m a t e l y 6 5 % of the t r i t ia ted com
p o u n d s re leased by e lec t r ica l s t imula t ion 
(data not s h o w n ) . 

The fractional t r i t ium release was calcu
lated by d iv id ing the t r i t ium re leased in 
each fraction by the a m o u n t of radioact ivi ty 
present in the t issue at the t ime of col lec
t ion . S t i m u l a t i o n - e v o k e d t r i t i um re lease 
was defined as the t r i t ium re leased dur ing 
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the pe r iod of s t imula t ion p lus 3 ensu ing 
c o l l e c t i o n p e r i o d s , v a l u e s to w h i c h the 
basal t r i t ium release had been previous ly 
subt rac ted . Resul ts of these s tudies are ex 
pressed as pe rcen tages of fractional t r i t ium 
release (% F R ) . 

Measurement of endogenous NA. 

T h e f r ac t ions of T y r o d e ' s so lu t ion co l 
lec ted dur ing the re lease p ro toco l s were 
p rocessed by adsorpt ion ch romatography in 
a lumina (Anton & Sayre , 1962), pr ior to 
t h e i r i n j e c t i o n i n t o t h e H P L C s y s t e m . 
D i h y d r o x y b e n z y l a m i n e (70 p m o l / s a m p l e ) 
was added as internal s tandard to the re
m a i n i n g 6.5 ml of e a c h f r a c t i o n . N o r 
a d r e n a l i n e was e lu ted from the a l u m i n a 
with 0 .10 N P C A and its concent ra t ion in 
the perchlor ic e luates was de te rmined by 
H P L C - E C , as previous ly descr ibed (Torres 
et al, 1992). Briefly, 100 |j.l samples of per
chlor ic e luates or t issue superna tan ts (d i 
luted 20-fold in m o b i l e phase ) w e r e in
j e c t e d onto a l i ch rosphe re r eve r se p h a s e 
ion-pair co lumn (60 R P Select B, Merck 
5 0 9 8 1 , 5 \im, 124 x 4 m m ) us ing a mobi le 
p h a s e of p H 2 .7 , con t a in ing ( m M ) : 100 
N a H 2 P 0 4 , 1.0 N a 2 E D T A , 1.15 s o d i u m 
octyl sulfate and 1.5% acetoni t r i le . A flow 
rate of mob i l e phase of 0.8 ml /min was 
main ta ined by a Merck Hitachi L -6200 A 
p u m p . T h e e lec t rochemica l detect ion sys
t em ( 6 5 6 E D , M e t r o h m ) c o n s i s t e d of a 
g lassy ca rbon w o r k i n g e l e c t r o d e and an 
Ag/AgCl reference e lec t rode , set at a po 
tential of 0.8 V with an amperome t r i c de
tector (641 V A , M e t r o h m ) connec ted to a 
Merck Hitachi D-2500 integrator . The re
tent ion t ime for N A under these condi t ions 
ranged be tween 3.9 and 4.2 min, and the 
limit for N A detect ion was approx imate ly 
0.2 pmol / in jec t ion . The s ignal - to-noise ra
tio for de tec t ion of basal endogenous N A 
was approx imate ly 5. Resul ts are expressed 
as pmol of N A released per ml solut ion. 

Statistical analyses. 

Resu l t s are exp re s sed as m e a n s ± S E M ' s . 
D i f f e r ences b e t w e e n m e a n s w e r e e v a l u 
ated by the pa i red S t u d e n t ' s r-test in the 
case of e n d o g e n o u s N A and by the paired 

W i l c o x o n test in the ca se of t r i t ia ted NA 
(which is e x p r e s s e d as a re la t ive va lue) . 
T h e resu l t s of the s tud ies on the effects of 
s t i m u l u s t r a in f r e q u e n c i e s o r d u r a t i o n s 
w e r e eva lua t ed by o n e - w a y A N O V A , fol
l o w e d by post-hoc N e w m a n - K e u l s mul 
t iple r ange test . P r io r to the A N O V A , the 
p r o p o r t i o n s of t r i t ia ted N A re lease were 
subjec ted to a rc -s in t r ans fo rma t ion . In all 
c a ses , s ign i f i cance was set at P < 0 .05 . 

RESULTS 

Overflow of tritiated and 
endogenous noradrenaline. 

In cond i t ions in which the m e c h a n i s m s of 
neurona l and ex t raneurona l reuptake , enzy
mat ic degrada t ion and prejunct ional regula
tion of N A are opera t ive (i.e., T y r o d e ' s so
l u t i o n w i t h o u t d r u g s ) , t h e e l e c t r i c a l 
s t i m u l a t i o n of t h e t i s s u e s ( F i g 1, S I ) 
evoked small over f lows of tr i t iated and en
dogenous N A , c o m p a r a b l e to the respect ive 
basal overf low values (Fig 1, B l ) . In fact. 

3 1 0 

o 

f DM1 + YOHI + NMN + PARG 

Tritiated 
I I Endogenous 

SI B2 
FRACTION 

Fig 1. Effect of transmural stimulation on overflow and 
release of tritiated and endogenous NA. The prostatic 
segments of the two vasa deferentia of each rat, previously 
loaded with [ 3 H]NA, were transmurally stimulated with 2 
trains of stimuli (SI and S2; at 7.5 Hz for 20 s; pulses of 
70 V, 1 ms) delivered 30 min apart. During first half of 
release protocol (Bl and S I ) , tissues were incubated in 
Tyrode ' s solution without drugs. During second half of 
protocol (B2 and S2), tissues were incubated in Tyrode 's 
solution supplemented with 0.6 \lM desipramine. 3 uM 
yohimbine, 10 p.M normetanephrine and 1 pM pargyline. 
Resul t s exp res sed as means ± S E M ' s (n = 4-6) . ** 
P<0.005; * P<0.05 vx corresponding values in S I . 
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in two out of four t issues s tudied no over
flow of NA was de tec ted in r esponse to 
electr ical s t imula t ion , whereas one of 4 t is
sues failed to display trit iated N A overf low 
in response to electr ical s t imulat ion. 

In cont ras t to the above , in condi t ions in 
which the m e c h a n i s m s of reuptake , degra
dation and prejunct ional regulat ion of NA 
were b locked (solut ion supp lemented with 
d e s i p r a m i n e , n o r m e t a n e p h r i n e , p a r g y l i n e 
and yoh imb ine ) , the electr ical s t imulat ion 
evoked marked re leases of tr i t iated and en
d o g e n o u s NA, which were , respect ive ly , 5 
and 20 t imes larger than the co r respond ing 
basa l r e l e a s e v a l u e s (F ig 1). T h e basa l 
overf low of tr i t iated and e n d o g e n o u s N A 
was not affected by the p r e s e n c e of the 
above -men t ioned drugs in the solut ion. 

Effect of blockade of extraneuronal uptake. 

Addi t ion of 10 u M norme tanephr ine to a 
T y r o d e ' s s o l u t i o n o t h e r w i s e d e v o i d of 
d rugs increased the s t imula ted and basal 
over f lows of endogenous NA by 54 and 5 
t i m e s , r e s p e c t i v e l y (Fig 2) . In con t r a s t , 
no rme tanephr ine had no significant effects 
on the overf low of tr i t iated N A (Fig 2). 

Effect of blockade of neuronal uptake. 

In t h e a b s e n c e or p r e s e n c e of 0 .6 u.M 
des ip ramine the basal and s t imulated over
flow of tr i t iated or e n d o g e n o u s N A was be
low detec t ion l imits (not shown) . W h e n the 
exper imen t was carr ied out in a T y r o d e ' s 
s o l u t i o n c o n t a i n i n g n o r m e t a n e p h r i n e , 
pa rgy l ine and y o h i m b i n e , the addit ion of 
0.6 u M des ip ramine p roduced no change in 
ei ther the basal or the s t imula ted release of 
tri t iated or e n d o g e n o u s N A (Fig 3). 

DMI 

+ YOHI + NMN + PARG 

Tritiated 
\' —1 Endogenous 

T 
-

B1 S1 82 S2 

FRACTION 

• Tritiated 
I I Endogenous 

Fig 3. Effect of d e s i p r a m i n e on re lease of t r i t i a ted and 
endogenous NA. The prostatic segments of the two vasa 
deferentia of each rat, previously loaded with [ ! H]NA. 
were transmurally stimulated with 2 trains of stimuli (SI 
and S2; at 7.5 Hz for 20 s; pulses of 70 V, 1 ins) delivered 
30 min apart. During first half of release protocol (Bl and 
SI ) , tissues were incubated in Tyrode ' s solution contain
ing 3 y.M yohimbine, 10 p:M normetanephrine and 1 pM 
pargyline. During second half of protocol (B2 and S2), 
t issues were incubated in the above-described solution 
supplemented with 0.6 pM desipramine. Results expressed 
as means ± SEM's (n = 4-6). 

81 S1 B2 S2 

FRACTION 

Fig 2. Effect of n o r m e t a n e p h r i n e on overflow of t r i t i 
ated and endogenous NA. The prostatic segments of the 
two vasa deferentia of each rat, previously loaded with 
[ 5 H]NA, were transmurally stimulated with 2 trains of 
stimuli (SI and S2: at 7.5 Hz for 20 s: pulses of 70 V, 1 
ms) delivered 30 in in apart. During first half of release 
protocol (Bl and S I ) , tissues were incubated in Tyrode 's 
solution without drugs. During second half of protocol (B2 
and S2), t issues were incubated in T y r o d e ' s solut ion 
supplemented with 10 \lM normetanephrine. Results ex
pressed as means ± SEM's (n = 4-6). * P<0.()()5 vs corre
sponding values in SI and B l . 

Effect of blockade 
of prejunctional autoreceptors. 

Addi t ion of 3 u,M y o h i m b i n e to a T y r o d e ' s 
s o l u t i o n c o n t a i n i n g n o r m e t a n e p h r i n e , 
d e s i p r a m i n e and p a r g y l i n e inc reased the 
s t imula ted re lease of tr i t iated N A 7.4 t imes 
but had no effect on the basal re lease of 
tri t iated N A . Y o h i m b i n e had no effect on 
e i ther the basal or the s t imula ted re lease of 
e n d o g e n o u s N A (Fig 4 ) . 
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YOHI 
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FRACTION 

Fig 4. Effect of yohimbine on release of tritiated and 
endogenous NA. The prostatic segments of the two vasa 
deferentia of each rat, previously loaded with [ 3 H]NA. 
were transmurally stimulated with 2 trains of stimuli (SI 
and S2; at 7.5 Hz for 20 s; pulses of 70 V, 1 ins) delivered 
30 min apart. During first half of release protocol (Bl and 
SI ) , tissues were incubated in Tyrode 's solution contain
ing 0.6 pM desipramine, 10 pM normetanephrine and 1 
pM pargyline. During second half of protocol (B2 and S2), 
tissues were incubated in the above-described solution 
supplemented with 3 pM yohimbine. Results expressed as 
means ± SEM's (n = 4-6). * P<0.005 vs corresponding 
value in S 1 . 

0 5 10 15 20 
TIME IS) 

Fig 5. Effect of train duration on release of t r i t ia ted 
and endogenous NA. The prostatic segments of the two 
vasa de fe ren t i a of each rat , p r ev ious ly loaded with 
[ 3 H]NA, were t ransmural ly stimulated with 4 trains of 
electrical stimuli (S I , S2, S3 and S4; at 7.5 Hz; pulses of 
70 V, 1 ms) delivered 30 min apart. Duration of trains was 
randomly assigned to either 2, 5, 10 or 20 s. Experiment 
ca r r ied out in T y r o d e ' s so lu t ion con t a in ing 0.6 (iM 
desipramine. 3 pM yohimbine, 10 pM normetanephrine 
and 1 pM pargyline. Results expressed as means ± SEM's 
(n = 4-6). One way ANOVA indicated significant overall 
difference between means for endogenous NA (F=9.8: 
P<0.0()2), but not for tritiated NA ( F = T . 8 4 ; P<0.4). 

Effect of duration and frequency 
of electrical stimulation. 

T h e r e l e a s e of e n d o g e n o u s N A r e l e a s e , 
u n l i k e tha t of t r i t i a ted N A , i n c r e a s e d wi th 
the l e n g t h e n i n g of the s t i m u l u s t ra in du 
ra t ion . O n e way A N O V A ind i ca t ed a s ig
n i f i can t overa l l d i f f e rence b e t w e e n m e a n s 
for e n d o g e n o u s N A ( F = 9 . 8 ; P< 0 . 0 0 2 ) , 
b u t no t for t r i t i a t ed N A ( F = 1 . 8 4 ; P < 0 . 4 ) . 
A post-hoc N e w m a n - K e u l s m u l t i p l e 
r a n g e tes t i n d i c a t e d that the a m o u n t of 
e n d o g e n o u s N A re leased by a 20 s t ra in 
w a s s ign i f i can t ly d i f ferent f rom that re
l eased by 2, 5 or 10 s t ra ins ( P < 0 . 0 5 ) (F ig 
5) ; w h e r e a s the r e l ea se s e v o k e d by 2, 5 or 
10 s t r a ins w e r e not s ign i f i can t ly differ
ent b e t w e e n t h e m s e l v e s . In con t r a s t , the 
a m o u n t of t r i t i a ted N A re l ea sed by a 20 s 
t ra in was no t s ign i f i can t ly d i f fe ren t f rom 
that r e l ea sed by 2, 5 or 10 s t r a in s . In 
a d d i t i o n , the r e l e a s e s e v o k e d by 2, 5 or 
10 s t r a ins w e r e not s ign i f i can t ly differ
ent b e t w e e n t h e m s e l v e s (Fig 5) . 

The re lease of both endogenous and tri
t iated N A increased with the increase in 

s t imula t ion f requency . O n e way A N O V A 
indica ted a s igni f icant overa l l d i f ference 
be tween m e a n s for both , endogenous and 
t r i t i a t e d N A ( F = 1 1 . 0 2 ; P < 0 . 0 0 1 ; and 
F = l 8.16, P < 0 . 0 0 1 , r e spec t ive ly ) . A post-
hoc N e w m a n - K e u l s mul t ip le r ange test in
dica ted that the a m o u n t of endogenous NA 
re leased by a 45 Hz train was significantly 
different from that re leased by 3.5, 7, 15 or 
30 Hz trains (P<0 .05) (Fig 6 ) , and no sig
nificant di f ferences were found between the 
re leases evoked by 3.5, 7 and 15 Hz trains. 
In contras t , the amoun t s of tr i t iated NA re
leased by 3.5 and 15 H z trains were signifi
c a n t l y d i f f e ren t f rom t h o s e r e l ea sed by 
t rains at all o ther f requencies . No signifi
cant di f ferences were found be tween triti
ated N A re leases evoked by 7, 30 and 45 
Hz t ra ins (Fig 6) . 

Effect of extracellular calcium removal 
and cadmium addition. 

Omission of calcium ions from the incubation 
solution (Ca 2 + - f ree Tyrode ' s solution supple
mented with 0.1 niM E G T A ) completely in-
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hibited the stimulated release of tritiated N A 
but had no effect on the stimulated release of 
endogenous N A (Fig 7). Basal releases of tri
tiated and endogenous NA were decreased by 
21 and 3 8 % , respectively, in the absence of 
calcium ions (Fig 7). 

Addi t ion of 100 p M C d C l 2 to a ca lc ium-
c o n t a i n i n g T y r o d e ' s so lu t ion c o m p l e t e l y 
inhibi ted the s t imula ted release of tr i t iated 
N A and sl ightly decreased the basal re lease 
of tr i t iated N A , but had no stat ist ical ly sig
nificant effect on the s t imula ted or basal 
r e l ea se of e n d o g e n o u s N A (F ig 8) . T h e 
same resul ts were obtained with 500 U.M 
C d C l 2 (not shown) . 

NA release from epithelium-denuded 
vasa deferentia. 

The pros ta t ic segments from ep i the l ium-de
nuded vasa w e i g h e d 28.7 ± 0.9 mg and the 
p r o s t a t i c s e g m e n t s f r o m c o n t r o l v a s a 
we ighed 33.9 ± 2.5 mg (n=5 ; P=0 .09 ) . The 
total amoun t of endogenous N A was s imi
lar in control and ep i the l ium-denuded vasa 
deferent ia , but the t i ssues devo id of ep i the
l ium accumula ted 5 0 % more [ 3 H ] N A than 
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Fig 6. Effect of t r a i n f requency on re lease of t r i t i a t ed 
and endogenous NA. The prostatic segments of the two 
vasa de fe ren t i a of each rat , p rev ious ly loaded with 
[ 3 H]NA, were transmurally st imulated with 4 trains of 
electrical stimuli ( S I , S2, S3 and S4; for 20 s; pulses of 70 
V. 1 ms) delivered 30 min apart. Frequency of trains ran
domly assigned to either 3.5, 7, 15 or 45 Hz. Experiment 
car r ied out in T y r o d e ' s so lu t ion con t a in ing 0.6 p M 
desipramine, 3 pM yohimbine, 10 pM normetanephrine 
and 1 pM pargyline. Results expressed as means ± SEM's 
(n = 4-6). One way ANOVA indicated significant overall 
d i f fe rence be tween means for bo th , e n d o g e n o u s NA 
(F=l 1.02; P-cO.001), and tritiated NA (F=l8 .16 ; P<0 .00 l ) . 
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Fig 7. Effect of calcium-free conditions on release of tr i t i
ated and endogenous NA. The prostatic segments of the two 
vasa deferentia of each rat, previously loaded with ( 3 H]NA. 
were transmurally stimulated with 2 trains of stimuli (SI and 
S2; at 7.5 Hz for 20 s; pulses of 70 V, 1 ms) delivered 30 min 
apart. During first half of release protocol (Bl and SI) , tis
sues were incubated in Tyrode's solution containing 3 pM 
yohimbine. 10 pM normetanephrine and 1 pM pargyline. 
During second half of protocol (B2 and S2), tissues were 
incubated in calcium-free solution containing 0.1 mM EGTA 
plus drugs indicated above. Results expressed as means ± 
SEM's (n = 4-6). ** P<0.01 v.v corresponding values in SI 
and B l ; * P<0.03 v.v corresponding values in B l . 
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Fig 8. Effect of cadmium on release of tritiated and 
endogenous NA. The prostatic segments of the two vasa 
deferentia of each rat, previously loaded with [ 3 H]NA, 
were transmurally stimulated with 2 trains of stimuli (SI 
and S2; at 7.5 Hz for 20 s; pulses of 70 V, I ms) delivered 
30 min apart. During first half of release protocol (Bl and 
SI ) , tissues were incubated in Tyrode ' s solution contain
ing 0.6 p M d e s i p r a m i n e , 3 pM y o h i m b i n e . 10 pN4 
normetanephrine and 1 pM pargyline. During second hall 
of protocol (B2 and S2), t issues were incubated in above-
described solution supplemented with 100 pM CdCl 2 . Re
sults expressed as means ± S E M ' s (n = 4-6). ** P<0.001 r.v 
corresponding value in S I ; * P<0.01 vs corresponding 
value in B 1 . 
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did the control t issues (Table I) . Electr ical 
s t i m u l a t i o n of e p i t h e l i u m - d e n u d e d v a s a 
e v o k e d a s u s t a i n e d c o n t r a c t i l e r e s p o n s e 
(Fig 9) and the re lease of both tr i t iated and 
endogenous N A (Table I) . The responses to 
S2 were s imilar to those to S I , indicat ing 
that desp i te the surgical p rocedure , the m e 
chanical and the re lease capaci t ies of the 
t issues were s table in t ime. The re lease of 
endogenous N A from ep i the l ium-denuded 
vasa in r e sponse to electr ical s t imula t ion 
was s imi lar to that of control t i ssues . H o w 
ever, the re lease of tr i t iated N A from epi
t h e l i u m - d e n u d e d vasa was app rox ima te ly 
2 6 % that of control t issues (Table I) . 

In ep i the l ium-denuded vasa deferent ia , 
add i t ion of 100 (J.M C d C l 2 inh ib i ted the 
basal and s t imula ted re lease of tri t iated N A 
by 46 and 7 2 % respect ive ly , but had no ef
fect on the basal or s t imula ted re lease of 
e n d o g e n o u s N A (Fig 10). 

DISCUSSION 

This s tudy shows that the re lease of trit i
ated N A from sympathe t ic nerve te rminals 
of the rat vas deferens is not an accura te 
reflect ion of the re lease of endogenous N A . 
In fact, major dissocia t ion be tween labeled 
and e n d o g e n o u s N A re lease was observed 
in re la t ion to the r equ i remen t for ex t race l 
l u l a r c a l c i u m i o n s , t h e i m p o r t a n c e of 
r eup t ake and regu la to ry m e c h a n i s m s and 
the d e p e n d e n c e of the re lease on the dura
t ion of the s t imulus train. W e found that 
whi le the re lease of tri t iated N A was com-

A 

m i n 

Fig 9. Effect of ep i the l ium r e m o v a l on mechan ica l re
sponse of the vas defe rens to t r a n s m u r a l s t imula t ion . 
Polygraphic recordings of twitch responses of prostatic 
segments of vasa deferentia to transmural electrical stimu
lation (at 7.5 Hz for 20 s; pulses of 70 V, 1 ms) with trains 
delivered 30 min apart (SI and S2, left and right, respec
tively). Preparations with intact epithelium (A) or epithe
l ium-denuded (B). 

pletely dependen t on the p resence of cal
c ium ions in the ex t race l lu la r m e d i u m , the 
re lease of e n d o g e n o u s N A was not. Cons i s 
t en t ly , b l o c k a d e of c a l c i u m c h a n n e l s by 
c a d m i u m inhibi ted the re lease of tri t iated 
N A but d id not inhibi t the re lease of endog
enous N A . T h e lack of effect of c admium 
on the re lease of e n d o g e n o u s N A might be 
a t t r i bu ted to d i f fus ional p r o b l e m s which 
may restr ict the access of the ca lc ium an
tagonis t to sympathe t i c var icosi t ies found 
in the deepe r m u s c u l a r layers of the vas . 
H o w e v e r , this s eems not to be the case as 
c a d m i u m failed to inhibi t the re lease of en
d o g e n o u s N A in ep i the l ium-denuded vasa 
deferent ia w h e r e diffusional barr iers must 
be great ly reduced . 

Table I 

Effect of epithelium removal on the uptake of [ 3H]NA and on the stimulated release of tritiated and 
endogenous NA from vas deferens nerve terminals. 

Tritiated NA Endogenous NA 

Vasa deferentia Uptake SI S2 Content SI S2 
(cpm x 10 3) (% FR) (% FR) (nmol) (pmol/ml) (pmol/ml) 

Control 461 ± 3 1 2 .14±0 .39 2.00 1 0.40 3.83 + 0.21 10 .411 .6 11.1 1 1.0 
Epithelium-denuded 698 + 53 0.58 ± 0.1 1 0.51 ± 0 . 0 9 3.46 1 0 . 0 6 9.5 ± 1.6 10.3 1 2.0 Epithelium-denuded 

* * 

Control and epi thel ium-denuded vasa deferentia previously loaded with [ 3 H]NA, t ransmural ly st imulated (SI and S2; at 
7.5 Hz for 20 s; pulses of 70 V, 1 ms). Results expressed as means + S E M ' s from 5-6 separate exper iments . % FR. 
percent fractional tritium release. NA content in nmol per prostatic segment . * P<0.001 vs corresponding values in 
control vasa deferentia. 
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Fig 10. Effect of cadmium on release of tritiated and 
endogenous NA from epithel ium-denuded vasa defer
en t i a . The prostatic segments of vasa deferentia, from 
which the epi thel ium had been surgically removed, were 
loaded with [-'HJNA and subsequently st imulated with 2 
trains of electrical stimuli (SI and S2; at 7.5 Hz for 20 s; 
pulses of 70 V, 1 ms) delivered 30 min apart. During first 
half of release protocol (Bl and S I ) , t issues were incu
b a t e d in T y r o d e ' s s o l u t i o n c o n t a i n i n g 0 .6 pM 
desipramine, 3 p M yohimbine, 10 pM normetanephrine 
and 1 p M pargyline. During second half of protocol (B2 
and S2), t issues were incubated in above described so
lution supplemented with 100 pM CdCl 2 . * P<0.05 v.v 
corresponding values in S I and B 1 . 

At present , no easy explana t ion seems 
evident for the observat ion that the electr i 
c a l l y - e v o k e d r e l e a s e of e n d o g e n o u s N A 
does not depend on the p resence of extra
cel lu lar ca lc ium. In fact, this observa t ion is 
in open cont rad ic t ion with the widely ac
cepted view that the impulse -propaga ted re
lease of N A from sympathe t ic nerve t e rmi 
nals is a c a l c i u m - d e p e n d e n t p rocess that 
occurs th rough an exocy to t i c m e c h a n i s m 
(Augus t ine et al, 1987; Smith & Winkle r , 
1972). However , it has been repor ted that 
u n d e r ce r ta in c o n d i t i o n s a c a l c i u m - i n d e 
pendent re lease of N A occurs from sympa
t h e t i c n e r v e s f r o m r e s e r p i n e - p r e t r e a t e d 
G u i n e a p i g v a s d e f e r e n s a n d s e m i n a l 
v e s i c l e ( P a t o n , 1 9 7 3 ; R o s e et al, 1994 ; 
Ross & Kelder , 1979; S c h o m i g et al, 1984; 
W a k a d e & K i r p e k a r , 1 9 7 4 ) . A s i m i l a r 
m e c h a n i s m has been sugges ted to par t ic i 
pate in the non-exocy to t i c re lease of endog
enous N A from sympathe t i c nerves from 
the i schemic m y o c a r d i u m of rats and dogs 
(Rose et al, 1994; Schõmig et al, 1984). 

In a s imi la r way , the lack of C a 2 + - d e -

p e n d e n c e of e n d o g e n o u s N A r e l e a i ^ ob
served in this s tudy m a y ind ica te rather 
than an a typica l r e lease p r o c e s s , the exis t 
ence of l imi ta t ions of the p repara t ion due 
to the p a r t i c u l a r c y t o a r c h i t e c t u r e of the 
vas and /o r to the e x p e r i m e n t a l cond i t ions 
used . T h e vas de fe rens is a thick p repara 
t i o n , t h e i n t e r i o r of w h i c h , e s p e c i a l l y 
at 3 7 ° C , m a y w e l l be h y p o x i c . U n d e r 
re la t ive ly hypox ic c o n d i t i o n s , the up take 
of e n d o g e n o u s N A by v e s i c l e s of t h e 
m o r e d e e p l y l o c a t e d a x o n s s h o u l d be 
d e c r e a s e d , l e a d i n g to t h e a c c u m u l a t i o n 
of e x t r a v e s i c u l a r N A d u r i n g the c o u r s e 
of the e x p e r i m e n t . T h e r e l e a s e of th i s 
ex t r aves i cu l a r N A wil l b e non -exocy to t i c 
and therefore i n d e p e n d e n t of C a 2 + . In con
t r a s t , t h e m o r e s u p e r f i c i a l v a r i c o s i t i e s , 
p re fe ren t ia l ly l abe led by t r i t ia ted N A , are 
unde r a h ighe r o x y g e n tens ion and display 
an e x o c y t o t i c r e l ease , m a r k e d l y d e p e n d e n t 
on C a 2 + . It shou ld a lso be cons ide red that 
h y p o x i c axons may be m o r e suscep t ib le to 
d a m a g e by the e lec t r ica l s t imul i . In this 
s c e n a r i o it is c o n c e i v a b l e tha t the " r e 
l e a s e " of e x t r a v e s i c u l a r N A or ig ina ted in 
the m o r e deep ly loca ted axons , may occur 
b e c a u s e of t r a n s i e n t b r e a k d o w n of the 
p l a s m a m e m b r a n e , a p roces s less l ikely to 
be r e g u l a t e d by C a 2 + and p r e j u n c t i o n a l 
m e c h a n i s m s . In f a c t , a2 a d r e n o c e p t o r 
b l o c k a d e by y o h i m b i n e i n c r e a s e d 7 .4 
t imes the r e l ease of t r i t ia ted N A but had 
no effect on the r e l e a s e of e n d o g e n o u s 
N A . This impl ies that inhib i t ion of re lease 
by p r e j u n c t i o n a l a d r e n e r g i c a u t o r e c e p t o r 
ac t iva t ion affects se lec t ive ly the re lease of 
t r i t ia ted N A and, by in fe rence , the re lease 
of N A or ig ina ted from m o r e superf ic ia l ly 
loca ted va r i cos i t i e s . Th i s a lso seems to be 
the c a s e for o t h e r s y m p a t h e t i c p r e junc 
t ional r egu la to r s , such as N P Y and c A M P 
both of wh ich se lec t ive ly modify the re
lease of t r i t ia ted N A but have no effect on 
the re lease of e n d o g e n o u s N A from the rat 
vas de fe rens (Bi t ran et al, unpub l i shed ob 
se rva t ions ) . 

Wi th regard to the m e c h a n i s m s respon
sible for the c lea rance of the re leased NA, 
we found that both labeled and endogenous 
N A w e r e s u b j e c t to e f f i c i en t c l e a r a n c e 
m e c h a n i s m s . In fact, in the absence of in
h i b i t o r s of the u p t a k e , d e g r a d a t i o n and 
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prejunct ional regula t ion of N A , the over
flow of both tr i t iated and e n d o g e n o u s N A 
w a s b a r e l y d e t e c t a b l e . B l o c k a d e of 
ex t r aneurona l up take by n o r m e t a n e p h r i n e 
great ly enhanced the e lectr ical ly s t imula ted 
overf low of e n d o g e n o u s N A whi le affect
ing to a lesser extent the overf low of triti
ated N A . T h e resul ts of this study are con
s i s t e n t w i t h r e p o r t s t h a t i n d i c a t e t h e 
ex i s t ence of p ro found d i f fe rences in the 
dis t r ibut ion in and re lease from vas defer
ens sympathe t i c nerve end ings of endog
enous N A and recent ly incorporated trit i
ated N A (Azevedo et al, 1990; M o u r a et al, 
1990; P a i v a et al, 1993 ; S c h õ m i g et al, 
1990, 1991 , 1992). Specif ical ly , au torad io
graphic ev idence shows a preferential la
bel ing of the ne rve te rmina ls located in the 
outer layers of the vas deferens wal l . S ince 
the s y m p a t h e t i c n e r v e s a re d i s t r i b u t e d 
th roughout the ent i re wall , it fol lows that 
t h e e x o g e n o u s a m i n e p e n e t r a t e s o n l y 
poor ly to the deeper layers of the vas . The 
decreased output of tr i t iated N A observed 
by us in e p i t h e l i u m - d e n u d e d vasa in re
sponse to electr ical s t imula t ion is also in 
line with the idea that in vasa with intact 
ep i the l ium the labeled N A dis t r ibutes non-
h o m o g e n e o u s l y into the sympathe t ic vari
cos i t ies . Therefore , unl ike the trit iated N A 
that der ives from m o r e superficial var icos i 
t i e s , t he e n d o g e n o u s N A r e l e a s e d f rom 
var icos i t i e s located across the en t i re vas 
wall has a grea ter chance of being taken up 
into musc l e fibers dur ing its diffusion. 

S u r p r i s i n g l y , t h e n e u r o n a l u p t a k e 
m e c h a n i s m did not seem to play a main 
ro le in the c lea rance of e i ther tr i t iated or 
e n d o g e n o u s N A r e l e a s e d by e l e c t r i c a l 
s t imula t ion . In our s tudies , addi t ion of 0.6 
(iM des ip ramine (a concent ra t ion that in
hibits by 7 0 % the incorpora t ion of exog-
enously adminis te red tri t iated N A ) had no 
effect on e i ther the overf low or the re lease 
of tr i t iated or e n d o g e n o u s N A evoked by 
electr ical s t imula t ion . The lack of effect of 
des ip ramine is still puzz l ing and a comple te 
dose / r e sponse study will be required to fun
damen t the present observa t ion . 

W e found that the release of e n d o g e n o u s 
N A w a s m o r e s e n s i t i v e to i n c r e a s e s in 
s t imulus dura t ion than was the release of 
tr i t iated NA. This may result from an often 
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over looked dif ference be tween the pools of 
e n d o g e n o u s and labeled N A with respect to 
N A synthes i s . It is obv ious that newly syn
thesized mo lecu le s of N A can cont r ibute to 
increase the pool s ize of e n d o g e n o u s NA 
but not that of t r i t iated NA. In fact, an in
c reased rate of N A synthes is , often associ
ated wi th ne rve s t imula t ion (Delanoy el al, 
1982; Schwarz et al, 1980), will have oppo
site effects on the endogenous and labeled 
NA pools . An increased synthesis may con
tribute to an enhanced release of NA from 
the endogenous pool , leading at the same 
t ime to a decreased release of tritiated NA as 
a result of the dilution of the labeled pool by 
the un labe l ed a m i n e . A n o t h e r factor that 
contr ibutes to the dissociat ion between la
beled and endogenous N A release derives 
from the fact that the recently incorporated 
amine is preferent ia l ly released, whatever 
s t imulus is used (Moura et al, 1990). 

It can not be ignored the tr i t iated nor
adrena l ine repor ted to be re leased in this 
s tudy is ac tua l ly a m i x t u r e of [ 3 H ] - N A , 
[ 3 H]-me tabo l i t e s and [ 3 H ] - H 2 0 . In a strict 
sense , and in order to specif ical ly compare 
the re lease of t r i t ia ted and e n d o g e n o u s NA, 
the tr i t iated c o m p o u n d s should be separated 
in order to know accura te ly to which extent 
the re lease of rad ioac t ive N A is changing 
re la t ive to the r e l ease of [ 3 H]-metabo l i t e s 
and [ 3 H ] - H 2 0 . H o w e v e r , s ince in mos t stud
ies this separa t ion is not per formed and the 
a im of this s tudy was to de te rmine if the 
current ly used rad io iso topic techniques can 
rel iably m e a s u r e the re lease of endogenous 
N A , we measu red the t r i t ium release , with
out further separa t ion . The only exempt ion 
was a control expe r imen t in which we de
t e r m i n e d that a p p r o x i m a t e l y 3 0 % of the 
basal t r i t ium re lease co r responded to NA, 
whereas N A accounted for approximate ly 
6 5 % of the t r i t ium re leased by electr ical 
s t imula t ion (da ta not s h o w n ) . 

T a k e n toge the r , our resul ts ind ica te the 
e x i s t e n c e of m a r k e d d i f fe rences be tween 
the r e l ease of t r i t ia ted an e n d o g e n o u s NA. 
H o w e v e r , the in te rp re ta t ion of theses dif
f e r ences in t e r m s of the i r p h y s i o l o g i c a l 
s ign i f i cance and the c h o i c e be tween the 
u s e of r a d i o i s o t o p i c t e c h n i q u e s a n d 
H P L C - m e a s u r e m e n t of e n d o g e n o u s NA is 
a diff icult one . On the one hand, e v i d e n c e 
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presented here and in p rev ious reports sug
gests that t r i t ia ted N A is a c c u m u l a t e d in 
superf ic ia l ly loca ted axons and at its best , 
ref lec ts par t of the m e c h a n i s m s and s tages 
invo lved in e n d o g e n o u s N A re l ease . On 
the o the r hand , our resul t s ind ica te that the 
r e l ease of e n d o g e n o u s N A is C a 2 + - i n d e -
p e n d e n t and not subjec ted to p re junc t iona l 
r egu la t ion . T h e s e obse rva t i ons are qu i te in 
c o n t r a d i c t i o n wi th the a c c e p t e d v i ew of 
the r egu la to ry p rope r t i e s of neu rona l neu
r o t r a n s m i t t e r r e l e a s e and m a y i n d i c a t e 
ra ther than an a typ ica l r e l ease p r o c e s s , the 
e x i s t e n c e of l imi ta t ions of the p repa ra t i on 
re la ted to the pa r t i cu la r c y t o a r c h i t e c t u r e of 
the t i s sue and /o r the expe r imen ta l cond i 
t ions u sed in this s tudy . W e c o n c l u d e that : 
1) the a s s u m p t i o n that t r i t ia ted N A re lease 
p r o v i d e s a g o o d m a r k e r for e n d o g e n o u s 
N A re lease in the rat vas defe rens seems 
u n w a r r a n t e d ; 2) the u s e of e n d o g e n o u s N A 
to s tudy the r e l ea se p roces s in the vas def
e rens requ i res a r e - examina t i on of the ex
p e r i m e n t a l c o n d i t i o n s u s e d , in o r d e r to 
m i n i m i z e pos s ib l e ar t i facts that may ob 
scure the s tudy of neu rona l r e l ease ; 3) the 
c h o i c e be tween m e a s u r i n g the re lease of 
t r i t ia ted or e n d o g e n o u s N A mus t be eva lu 
ated for each t i ssue in par t i cu la r , t ak ing 
into accoun t its cy toa rch i t ec tu re , as wel l 
as the e x p e r i m e n t a l c o n d i t i o n s used . 




