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Abstract 

In view of the previously reported marked reduction in the number of neurons in the rat small intestine, the influence of age on the 
responses to electrical stimulation of the longitudinal muscle-myenteric plexus preparation of the ileum of young (3-4 months), adult 
(12-13 months) and old (24-25 months) rats was investigated. The differences in responses between the three age groups were varied. At 
the basal tone level, electrical train stimulation induced complex responses consisting of a primary contraction, which was partly 
cholinergic, a secondary contraction, which was completely cholinergic and a rebound contraction, which was partly cholinergic. These 
responses did not differ between young, adult and old rats. The inhibiting effects of atropine and potentiating effects of physostigmine on 
these responses did not change with age. The acetylcholine-induced concentration-response curve did not differ between the three age 
groups. Electrical train stimulation of the precontracted longitudinal muscle-myenteric plexus preparation under nonadrenergic noncholin- 
ergic (NANC) conditions induced multiphasic responses consisting of a primary contraction, a primary relaxation, a postrelaxation and a 
rebound contraction. The primary contraction and the postrelaxation, which were nitrergic in nature, were not influenced by age. The 
primary relaxation was slightly more pronounced in young rats. In young rats, this relaxation was partly inhibited by Nr-nitro-L-arginine 
methyl ester (L-NAME) and ATP desensitization, while in adult and old rats these primary relaxations were only influenced by ATP 
desensitization, but not by L-NAME. Nitric oxide-induced relaxations were similar in the three age groups. The cAMP content was not 
increased by electrical stimulation, while the cGMP content increased with electrical stimulation, but no differences due to age were 
observed. These results suggest that cholinergic responses in the rat small intestine are well-maintained with age while the nitrergic 
contribution to NANC relaxation decreases with age. 
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I. Introduction 

Aging is the process of  functional and structural changes 
that occurs in an organism characterized by an increasing 
vulnerability to environmental challenges and thereby a 
decreased ability to survive (Masoro, 1991). Although not 
studied as intensively as, for instance, the cardiovascular 
system, the gastrointestinal tract changes structurally and 
functionally with age in animals and humans, leading to 
symptoms, such as constipation in old people. Previously, 
we obtained evidence of  age-related functional changes in 
the rat gastric fundus (Smits and Lefebvre, 1992, 1995). 
We now investigated the effect of  age on the rat small 
intestine. 
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In the small intestine of  man, guinea-pig and rat, a 
substantial reduction in the number of  myenteric neurons 
with age has been observed (Santer and Baker, 1988; 
Gabella, 1989; Desouza et al., 1993). Functionally age-re- 
lated changes in the rat and guinea-pig small intestine have 
also been observed (Kobashi et al., 1985; Nowak et al., 
1990). In contrast, small intestine transit time in rats did 
not change with age (Varga, 1976; Smits and Lefebvre, 
1996b) or humans (Kupfer et al., 1985), suggesting a great 
reserve capacity of  the intrinsic nervous system or the 
appearance of  compensatory mechanisms in the small in- 
testine with age. 

Excitatory cholinergic and inhibitory nonadrenergic 
noncholinergic (NANC) neurons, involved in ascending 
excitation and descending inhibition, respectively, play an 
important role in the motility of  the gastrointestinal tract. 
Previously, we obtained evidence that nitric oxide (NO) 
and ATP are inhibitory NANC neurotransmitters in the rat 
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ileum (Smits and Lefebvre, 1996a). In a search for possi- 
ble age-related changes in the rat ileum, we investigated 
the responses to electrical stimulation of the cholinergic 
and NANC neurons in the longitudinal muscle-myenteric 
plexus preparation of the ileum of young (3-4  months), 
adult (12-13 months) and old (24-25 months) rats. We 
also studied the effect of the neurotransmitters involved: 
acetylcholine, NO and ATP as well as the influence of NO 
synthesis inhibition and ATP desensitization on the electri- 
cally induced NANC relaxation. Finally, we studied the 
effect of electrical stimulation on the cAMP and cGMP 
content of the tissue. A preliminary account of these 
results has been presented (Smits et al., 1995). 

2. Materials and methods 

2.1. General 

Male Wistar rats aged 3-4,  12-13 and 24-25 months 
(young, adult and old rats) were obtained from the Centre 
For Experimental Animals (University of Louvain, Lou- 
vain, Belgium). They were killed by a blow on the head 
and bleeding. After laparotomy, a segment of 20 cm of the 
distal part of the ileum (terminal 10 cm not included) was 
removed rapidly. A maximum of four longitudinal 
muscle-myenteric plexus preparations of 1.5 cm were pre- 
pared as described by Paton and Vizi (1969) for the 
guinea-pig ileum. Briefly, after rinsing of the lumen, the 
ileum was mounted on a glass rod and the longitudinal 
muscle with the myenteric plexus was gently wiped off 
with cotton-wool soaked in Krebs solution. The strips were 
suspended under a load of 0.6 g in 7.5-ml organ baths 
containing Krebs solution (with the following composition 
in mM: NaC1 118.5, KC1 4.8, CaC12 1.9, K H 2 P O  4 1.2, 
MgSO 4 1.2, NaHCO 3 25.0 and glucose 10.1) held at 37°C 
and gassed with 95% 0 2 / 5 %  CO 2. Changes in isometric 
tension were recorded via a Grass force-displacement 
transducer, FT03, on a Graphtec linearcorder F WR3701. 
Transmural electrical stimulation was performed via two 
platinum plate electrodes (22 × 7 mm, 6 mm apart) by 
means of a Grass $88 stimulator with a constant voltage 
unit (supramaximal voltage, 0.3 ms duration, 10-s trains). 
After an equilibration period of 60 min (rinsing every 15 
min), the optimal load for each tissue was determined; the 
contraction in response to 3 X 10 -7 M methacholine was 
recorded for different loads ranging from 0.6 to 1.6 g, with 
the load increased stepwise by 0.2 g. For the rest of the 
experiments, the tissues were held at their optimal load, 
where they had shown the most pronounced contraction 
with methacholine. At the end of the experiment, the 
tissues were weighed. 

2.2. Responses to electrical stimulation and to acetyl- 
choline 

Frequency-response curves were obtained by stimulat- 
ing the tissues with 10-s trains at increasing frequency 

(0.25-8 Hz) with 3-min intervals between stimulations. 
The influence of 3 X 10 -6 M tetrodotoxin (incubation 
time 15 min), 10- 6 M atropine (incubation time 15 min), 
1.82 × 10 -8 M physostigmine (incubation time 30 min) 
and 10 -6 M atropine + 3 X 10 -4 M NG-nitro-L-arginine 
methyl ester (L-NAME; incubation time 30 min) on these 
electrically induced contractile responses was studied by 
making two frequency-response curves before and after 
addition of these substances or their solvent. The acetyl- 
choline-induced concentration-response curve (10- 9_ 10- 4 
M) was obtained cumulatively with a stepwise increase in 
concentration once a stable plateau was reached with the 
previously added concentration. The acetylcholine-induced 
concentration-response curve was studied before and after 
addition of 1.82 X 10 -8 M physostigmine or its solvent 
(incubation time 30 min). 

2.3. Responses to electrical stimulation and to NO and 
ATP under NANC conditions 

The Krebs solution now contained atropine (10 _6 M) 
and guanethidine (4 X 10 -6  M )  in order to obtain NANC 
conditions. To study relaxant responses, the tone was 
raised by addition of 3 X 10 -7 M prostaglandin F2~ and 
relaxant stimuli were tested when a stable plateau was 
reached. A maximum of four prostaglandin F2~ additions 
was done in one tissue with a minimum washout period of 
60 min in between. The contractile response to repeated 
administration of prostaglandin F2~ was consistent. 

The response to electrical stimulation (10-s trains at 1, 
2, 4 and 8 Hz; minimum interval dependent on the recov- 
ery of tone after a stimulation train) and addition of 
putative transmitters (NO: 10 -7, 10 -6  and 10 -5 M, 2-min 
interval; ATP: 10 -5 and 10 -4 M,  only one concentration 
per prostaglandin F2~ plateau being tested) was investi- 
gated. NO and ATP were tested on different prostaglandin 
F2~ plateaus; ATP was also studied at the basal tone level. 
The neurogenic nature of the response to electrical stimula- 
tion was investigated using electrical stimulation in the 
absence and presence of 3 X 10 -6 M tetrodotoxin. 

To investigate the degree of nitrergic involvement in the 
responses, electrical stimulation (see above) was studied 
first in the absence and then in the presence of L-NAME 
(3 X 10 -4  M; incubation time 30 min) or its solvent 
(control). To study the purinergic contribution, electrical 
stimulation was also performed before and after ATP 
desensitization. Muscular desensitization to ATP was es- 
tablished by incubating 10 -4 M ATP for 30 min before 
increasing tone with prostaglandin F2~ and was tested by 
investigating the responses to l 0  -4 M ATP and 10 -5 M 
NO. The control tissue was not desensitized to ATP. The 
responses of control tissues were reproducible unless oth- 
erwise indicated. 

2.4. Assay of cyclic nucleotides 

Strips were now mounted in an isotonic setup that 
allowed quick clamping of the tissues (see below). Changes 
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Table 1 
The mass of the rats and the mass, the optimal load and the spontaneous 
activity of the tissues in young, adult and old rats 

Young Adult Old 

Rat mass (g) ~a.bb,c~ 357 + 7 473 _+ 7 523 ± 14 
Tissue mass (mg) 16.4_+0.6 16.8+0.7 15.6+0.6 
Optimal load (g) 0.75 ± 0.06 0.73 + 0.07 0.75 -+ 0.07 
Spontaneous activity 
(mN/mg) 

A 0.070-+0.009 0.075+0.011 0.093+0.008 
B 0.074 + 0.009 0.074 + 0.008 0.095 + 0.008 
C 0.108+0.024 0.091_+0.013 0.115+0.025 

Spontaneous activity was measured in Krebs solution (A) and in Krebs 
solution containing atropine and guanethidine at basal tone level (B) and 
when the tissue was contracted with prostaglandin F2~ (C). Mean_+ 
S.E.M.; n = 14-16 for spontaneous activity and n = 29-34 for mass of 
the rats, tissue mass and optimal load, in each age group, aa.bbxc p < 0.01. 
young vs. adult, young vs. old and adult vs. old, respectively. 

in length were recorded via a HSE lever transducer B type 
368 on a Graphtec linearcorder, WR3500. The load used 
was 0.75 g, as the experiments performed under isometric 
conditions showed that this was the mean optimal load for 
the three age groups (Table 1). After  1-h equilibration, the 
tone was raised with prostaglandin F 2 ~ and the tissue was 
stimulated electrically (2 Hz). The tissue was quickly 
clamped between two liquid nitrogen-cooled plates after 7 
s of  stimulation or 1 or 10 s after the end of  a 10-s 
stimulation train. Some tissues were c lamped after induc- 
tion of  tone with prostaglandin F 2 ~, without application of  
a relaxant stimulus (control). The tissue was homogenized,  
first with a membrane dismembrator  (B. Braun Melsungen, 
100%) for 45 s, and, second, with an ultrasonic probe (B. 
Braun Melsungen) for 4 X 5 s in 6% trichloroacetic acid 
on ice. The homogenate was centrifuged for 20 min at 
2600 × g and the tfichloroacetic acid was extracted from 
the supernatant 4 X with 5 vols. of  water-saturated ether. 
The cAMP content was measured with a binding assay 
based on the method of  Tovey et al. (1974) and the cGMP 
content was determined in a radioimmunoassay.  The pro- 
tein content on the pellet was determined with the method 
of  Lowry et al. (1951) with bovine serum albumin as 
standard. 

2.5. Statistical analysis 

Contractions induced by electrical stimulation at basal 
tone, by acetylcholine and by 3 × 10 -7 M prostaglandin 
F2~ as well as spontaneous activity were expressed as 
mN X (mg mass of  the t i ssue)-  ~. Spontaneous activity was 
assessed as the mean amplitude of  the spontaneous con- 
tractions measured for 1 min. Relaxations and contractions 
induced by electrical stimulation and by addition of  ATP 
and NO under NANC conditions were expressed as per- 
centage of  the prostaglandin F 2 ~-induced tone. The cyclic 
nucleotide contents were expressed as pmol  cyclic nu- 
cleotide × (mg protein) -~ . The data are given as mean ___ 

S.E.M. values, n referring to tissues obtained from differ- 
ent animals unless otherwise indicated. 

To evaluate the effect of  age on the responses, a 
one-way A N O V A  was performed with age as factor. When 
statistical significance ( P  < 0.05) was found, comparisons 
between young and adult, young and old and adult and old 
were performed with a Bonferroni-corrected unpaired t-test 
(Ludbrook, 1991). Comparisons between the responses in 
the absence and in the presence of  inhibitors in the same 
tissues were done with a paired t-test. When comparison 
between results obtained in parallel tissues from the same 
age group was required, an unpaired t-test was used. In all 
statistical procedures, a P value < 0.05 was considered to 
be statistically significant. 

2.6. Substances used 

A d e n o s i n e - 5 ' - t r i p h o s p h a t e  ( A T P ;  B o e h r i n g e r ,  
Mannheim, Germany),  acetylcholine chloride (Sigma, St. 
Louis, MO, USA),  atropine sulphate (Sigma), bovine serum 
albumin (Sigma), guanethidine sulphate (Sigma), metha- 
choline chloride (Schuchardt, Munchen, Germany),  N ~- 
n i t ro-L-arg in ine  me thy l  ester  ( L - N A M E ;  S igma) ,  
physost igmine salicylate (Federa, Brussels, Belgium), 
prostaglandin F 2.  (Sigma), tetrodotoxin (Janssen Chimica, 
Beerse, Belgium). The cAMP [3H] assay system and the 
cGMP [1251] RIA-ki t  were bought from Amersham 
(Buckinghamshire,  UK) and DuPont Canada (Ontario, 
Canada), respectively. Al l  drug solutions were prepared on 
the day of  the experiment except for prostaglandin F2~ and 
tetrodotoxin for which stock solutions were made and kept 
at - 2 0 ° C .  Saturated NO solutions were prepared from the 
gas (Air  Liquide, Belgium) as described by Kelm and 
Schrader (1990). 

3. Results 

3.1. General 

The mass of  the rats, the tissue mass, the optimal load 
and the mean amplitude of  the spontaneous contractions 
are given in Table 1. The mean amplitude of  the sponta- 
neous contractions did not change significantly after the 
addition of  atropine and guanethidine, nor did it change 
significantly after contraction with prostaglandin F2~. No 
difference between age groups was observed for sponta- 
neous contractility, optimal load and tissue mass. 

3.2. Responses to electrical stimulation and to acetyl- 
choline 

A representative trace of  the responses to electrical 
stimulation at basal tone is shown in Fig. 1A. At 0.25 and 
0.5 Hz, electrical stimulation induced phasic contractions 
(the first of  these contractions will be termed the primary 
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contraction) corresponding to the pulses of electrical stim- 
ulation (Fig. 1A, three and five pulses for 0.25 and 0.5 Hz, 
respectively). Sometimes, at 0.5 Hz, a tonic contraction 
was observed after the first phasic contraction. At 1 and 2 
Hz, the primary contraction was still observed, but a more 
tonic contraction then developed (secondary contraction), 
further, superimposed phasic contractions were observed 
which did not correspond to the number of pulses of 
electrical stimulation (Fig. IA). At 4 and 8 Hz, the primary 
contraction was immediately followed by the secondary 
contraction; at 8 Hz, the primary contraction was some- 
times difficult to distinguish from the more pronounced 
secondary contraction (Fig. 1A). A sustained rebound con- 
traction was observed after stopping of the stimulation. 

The amplitude of the primary contraction was similar 
between 0.25 and 1 Hz, while it increased slightly from 2 
Hz on (Fig. 2A). The amplitude of the secondary contrac- 
tion and of the rebound contraction increased with increas- 
ing frequency (Fig. 2B,C). No age-related differences in 
amplitude of the three contractions described were ob- 
served (Fig. 2A-C).  All these responses were abolished by 
3 × 10 - 6  M tetrodotoxin (n = 2 -3  in each age group). 

Atropine (10 -6 M) partially inhibited the primary con- 
tractions at 0.25-2 Hz. At 0.25 and 0.5 Hz, the phasic 
contractions occurring after the primary contraction were 
inhibited in a similar manner. The primary contractions at 
0.25-2 Hz were totally inhibited by 10 - 6  M atropine + 3 
× 10 - 4  M L-NAME (only tested in young rats, n = 3). At 
4 and 8 Hz, the primary contraction was abolished by 
atropine (Fig. 3A). The secondary contractions were com- 
pletely inhibited by atropine (Fig. 3B) and sometimes even 
a small relaxation was observed. The rebound contraction 
was not consistently influenced by atropine. The influence 
of atropine on the electrically induced contractions did not 
differ significantly between the three age groups. 

12.5mN 
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PGF2( x 3x10 -7 M 1 n l in  
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Fig. 1. Representative traces showing the effects of  electrical stimulation 

(supramaximal voltage, 0.3 ms duration, 10-s trains) on the longitudinal 
muscle-myenteric plexus preparation of the ileum of a 1-year-old rat: (A) 
in Krebs solution at basal tone level; (B) in Krebs solution containing 
atropine and guanethidine when the preparation was precontracted with 
prostaglandin F 2 a" 
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Fig. 2. Mean responses for the primary contraction (A), secondary 
contraction (B) and rebound contraction (C) induced by electrical stimula- 
tion (supramaximal voltage, 0.3 ms duration, 10-s trains) and for contrac- 
tions induced by acetylcholine (D) of the longitudinal muscle-myenteric 
plexus preparation of the ileum of young (1:3, open bars), adult ( zx, black 
bars) and old ((3, hatched bars) rats. Contractions are expressed as 
mN ×(mg mass of the tissue) -1 . Mean+ S.E.M.; n = 12-14 in each age 
group for the electrically induced responses and n = 6-8  in each age 
group for the responses to acetylcholine. 

The addition of 1.82 X 10 -8 M physostigmine did not 
increase the tone of the tissues. Physostigmine increased 
the primary contraction at 0.25 and 0.5 Hz. At 1-8 Hz, an 
increase in amplitude was also seen but it was variable and 
did not reach significance (Fig. 3C). The secondary con- 
traction was augmented by physostigmine at all frequen- 
cies (Fig. 3D). The rebound contraction was also increased 
by physostigmine. The potentiation of the contractions by 
physostigmine was not influenced by age. 

A c e t y l c h o l i n e  ( 1 0 - 9 - 1 0  - 4  M )  induced concentration- 
dependent contractions which were increased by physostig- 
mine (n = 6-8,  experiments not shown). Acetylcholine- 
induced contraction and the influence of physostigmine on 
it was not altered with age (Fig. 2D). 

3.3. Responses to electrical stimulation and to NO and 
ATP under NANC conditions 

Preliminary experiments had indicated that 3 × 10 7 M 
p r o s t a g l a n d i n  F2~ contracted the tissue to 73 + 4, 78 + 3 
and 80 + 5% (n = 10-12 out of 4 rats in each age group) 
of the maximal response to prostaglandin F 2 ~ for young, 
adult and old rats, respectively. In the experiments, the 
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Fig. 3. The mean effect of 10 -6 M atropine (upper panel) and 1.82 X 10-8 
M physostigmine (lower panel) on the primary (left) and secondary 
(right) contractions induced by electrical stimulation (supramaximal volt- 
age, 0.3 ms duration, 10-s trains) of the longitudinal muscle-myenteric 
plexus preparation of the ileum of young rats. Open and closed symbols 
indicate the contractions before and after addition of atropine and 
physostigmine, respectively. Contractions are expressed as mN×(mg 
mass of the tissue)- i. Mean + S.E.M.; n = 6-8. *' * * P < 0.05, P < 0.01, 
significantly different from the response before addition of atropine or 
physostigmine. 

contraction induced by 3 × 10 -7 M prostaglandin F2~ was 
0.69 + 0.05, 0.62 + 0.05 and 0.70 ___ 0.04 mN X (mg tissue 
mass) -1 for young, adult and old rats (n = 24-33).  The 
responses elicited by electrical stimulation were very com- 
plex and have been described in Smits and Lefebvre 
(1996a): in short, they consisted of  a primary contraction 
followed by a primary relaxation during the stimulation 
period of  10 s, and a postrelaxation followed by a rebound 
contraction on ending stimulation (Fig. 1B). All these 
responses were abolished by 10 -6 M tetrodotoxin (n = 2 - 3  
for each age group). The primary contraction and the 
postrelaxation decreased with increasing frequency, while 
the primary relaxation and rebound contraction increased 
with increasing frequency (Fig. 4). The primary contrac- 
tion was not influenced by age (Fig. 4A), while the 
primary relaxation and rebound contraction were more 
pronounced in young rats (Fig. 4B,D). The postrelaxation 
was similar in the three age groups, except for old rats at 2 
Hz, where they showed a significantly more pronounced 
postrelaxation compared to young rats (Fig. 4C). 

NO ( 1 0 - 7 - 1 0  -5 M) induced short-lasting relaxations 
which were similar in shape and amplitude in the three age 

groups (n = 7 in each age group, experiments not shown). 
3 X 10 -4 M L-NAME abolished the primary contraction 
and the postrelaxation induced by electrical stimulation in 
the three age groups. In young but not in adult and old 
rats, 3 × 10 -4 M L-NAME slightly reduced the primary 
relaxation at the higher frequencies of  stimulation (Fig. 
5A,E); in adult rats the primary relaxation was even slightly 
increased by L-NAME (Fig. 5C). The rebound contraction 
was increased in all age groups at 4 and 8 Hz after 
addition of  L-NAME (Fig. 5B,D,F). In the control tissues, 
not receiving L-NAME, an increase in rebound contraction 
was also observed, but this increase was smaller (young 
rats: 13 ___ 8 and 3 + 9% for 4 and 8 Hz, respectively; adult 
rats: 14 + 13 and 18 ___ 6% for 4 and 8 Hz, respectively; 
old rats: 5 ___ 4 and 5 + 6% for 4 and 8 Hz, respectively; 
n = 8). 

ATP (10 - 5 - 1 0 - 4  M) induced short-lasting relaxations 
in precontracted tissues, but contractions at basal tone. The 
relaxations and contractions were similar in the three age 
groups (n = 5 - 6  in each age group, experiments not 
shown). At 10 -5 M, the ATP-induced relaxations were 
61 _+ 3, 49 + 5 and 49 _+ 6% for young, adult and old rats, 
respectively. ATP desensitization completely blocked the 
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Fig. 4. Mean frequency-response curves for the primary contraction (A), 
primary relaxation (B), postrelaxation (C) and rebound contraction (D) 
induced by electrical stimulation (supramaximal voltage, 0.3 ms duration, 
10-s trains) under NANC conditions of the precontracted ileal longitudi- 
nal muscle-myenteric plexus preparation of young ( [] ), adult ( r, ) and old 
(©) rats. Contractions and relaxations were expressed in relation to the 
contraction induced by 3X 10 -7 M prostaglandin F2,. Mean+S.E.M.; 
n = 25-33. a p < 0.05, young vs. adult; b.bb p < 0.05, P < 0.01, young 
vs. old. 
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(A, C and E) and the rebound contraction (B, D and F) induced by 
electrical stimulation (supramaximal voltage, 0.3 ms duration, 10-s trains) 
under NANC conditions of the precontracted ileal longitudinal muscle- 
myenteric plexus preparation of young (upper panel), adult (middle panel) 
and old (lower panel) rats. Open and closed symbols indicate the response 
before and after addition of L-NAME, respectively. Mean4-S.E.M.; 
n = 8-9 in each age group. * '* * P < 0.05, P < 0.01, significantly differ- 
ent from the response before addition of L-NAME. 
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induced by electrical stimulation (supramaximal voltage, 0.3 ms duration, 
10-s trains) under NANC conditions of the precontracted ileal longitudi- 
nal muscle-myenteric plexus preparation of young (A), adult (B) and old 
(C) rats. Open and closed symbols indicate the response before and after 
ATP desensitization, respectively. Mean+ S.E.M.; n = 8-9 in each age 
group. *' * * P < 0.05, P < 0.01, significantly different from the response 
before ATP desensitization. 

Table 2 
The cGMP content (pmol X (mg protein)- l ) under control conditions and 
after electrical stimulation (supramaximal voltage, 0.3 ms duration, 2 Hz; 
clamped after 7 s of stimulation (ES1) or 1 (ES2) or 10 (ES3) s after a 
10-s train) in young, adult and old rats 

Young Adult Old 

Control 0.239 ± 0.041 0.269 + 0.034 0.1624- 0.014 
ES1 0.476_+0.091 a 0.538_+0.096 aa 0.3384-0.030 aa 
ES2 0.411 _+0.067 a 0.4054-0.074 a 0.306-1-0.026 aa 
ES3 0.3104-0.043 a 0.296-t-0.070 0.189+0.011 a~ 

Mean+S.E.M.; n = 5-6 in each age group, a.aa p < 0.05, P < 0.01, 
significantly different vs. control. 

relaxat ions induced by A T P  in young  (n  = 7), adult (n  = 4) 

and old (n  = 3) rats but  did not  inf luence the response to 

NO.  A T P  desensi t izat ion did not  inf luence  the pr imary 

contract ion,  the postre laxat ion or  the rebound contraction,  

but  it reduced  the pr imary  re laxat ion part ial ly (Fig. 6 A - C ) ;  

this reduct ion did not  differ  s ignif icant ly be tween  the three 

age groups.  

3.4. Assay of cyclic nucleotides 

The basal  c A M P  content  was similar  in young  and adult 

rats (6.08 ___ 1.01 and 7.20 + 0.36 pmol  X (mg protein) -1 ) 

but decreased in old rats (4.31 4-0 .41 p m o l X ( m g  

protein)  - l ,  n = 5 - 6  in each age group,  P < 0.05, be tween  

adult and o ld  rats). Electr ical  s t imulat ion did not  alter the 

c A M P  content  in the three age groups.  

The  c G M P  content  under  control  condi t ions  and after 

electr ical  s t imulat ion is g iven  in Table  2. The  basal  c G M P  

content  did not  differ  s ignif icant ly  be tween  the three age 

groups.  Af te r  s t imulat ion for  7 s at 2 Hz,  the c G M P  

content  increased s ignif icant ly  by a factor  o f  2. The  inter- 

val  o f  7 s was selected to correspond with the electr ical ly  

induced pr imary  relaxation.  1 and 10 s after s t imulat ing at 

2 Hz  for 10 s, the c G M P  content  was still s ignif icant ly  

increased but the increase was less p ronounced  at 10 s; 

these t ime points  cor respond to the funct ional ly  observed  

postre laxat ion and rebound contraction.  The  rise in c G M P  

content  after e lectr ical  s t imulat ion was not in f luenced  by 

age. 

4.  D i s c u s s i o n  

This  study was des igned to e lucidate  the possible  com-  

pensatory mechan i sms  responsible  for sustained small  in- 

testinal transit  in the course  o f  aging compensa t ing  for 

morpho log ica l  changes  that invo lve  a p ronounced  decrease  

in the number  o f  neurons  in this tissue. As the inhibi tory 

nonadrenergic  nonchol inerg ic  and exci tatory chol inergic  

sys tems are impor tant  in media t ing  re laxat ion in front o f  

the bolus and contract ion behind the bolus  during peristal-  
sis (Costa  and Furness,  1982; Wa te rman  and Costa,  1994), 

we invest igated the effect  o f  age  on both systems. 

Electr ical  s t imulat ion at basal  tone induced complex  
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responses consisting of a primary contraction, a secondary 
contraction and a rebound contraction, all tetrodotoxin-sen- 
sitive, suggesting a neurogenic nature. The primary con- 
traction seems similar to that described by Barthb et al. 
(1992) in the same preparation being partly cholinergic, 
partly nitrergic. This was confirmed in our study where we 
found that the primary contraction, at least at the lower 
frequencies of stimulation, was decreased by atropine and 
increased by physostigmine. Moreover, the atropine-re- 
sistant primary contractions were abolished by L-NAME. 
At 4 and 8 Hz, atropine abolished the primary contraction 
completely, suggesting a fully cholinergic nature of these 
contractions. The secondary contraction seems to be 
cholinergic as this contraction was totally inhibited by 
atropine. The rebound contraction was probably partly 
cholinergic as physostigmine increased it. Surprisingly, 
atropine had only inconsistent effects on the rebound 
contractions. 

Age-related changes in responses to electrical stimula- 
tion of cholinergic nerves and/or  to acetylcholine receptor 
agonist have been observed in the rat jejunum (Kobashi et 
al., 1985), in the guinea-pig isolated ileum (Tsai and 
Ochillo, 1987), the rat proximal longitudinal small intes- 
tine (Nowak et al., 1990) and the rat colon (McDougal et 
al., 1984; Butt et al., 1993). In contrast, we did not observe 
age-related differences in the cholinergic responses in- 
duced by electrical stimulation. Morphological data indi- 
cated a 43% reduction in the number of neurons in the 
myenteric plexus of the rat small intestine (Santer and 
Baker, 1988). As the reduction of the neuron number with 
age seems to affect all neuron types equally (Santer and 
Baker, 1988) and if we assume a decreased number of 
cholinergic neurons with age, the persisting electrically 
induced cholinergic responses in older rats might be re- 
lated to an increased postjunctional response to acetyl- 
choline or a decreased breakdown by acetylcholinesterase. 
This seems not the case in the rat small intestine as the 
acetylcholine-induced concentration-response curve re- 
mained unaltered with age and as the physostigmine-in- 
duced potentialization of cholinergic responses was not 
influenced by age. On the other hand, spare receptors for 
acetylcholine might be present and if the amount of acetyl- 
choline released in young rats greatly exceeds that required 
for occupation of the critical part of the receptors inducing 
a maximal effect, even a 40% decrease of the released 
amount of acetylcholine with aging will not influence the 

cholinergic functional responses. Still, the submaximal 
electrically induced cholinergic contractions were also not 
changed with aging, so that this possibility can also be 
ruled out. The longitudinal muscle-myenteric plexus prepa- 
ration thus seems to be part of the group of tissues, such as 
the rat gastric fundus (Stairs and Lefebvre, 1992), in which 
the functional cholinergic apparatus remains unaltered with 
advancing age. 

Previously, we have shown that, in young rats, electri- 
cal stimulation under NANC conditions of the precon- 

tracted longitudinal muscle-myenteric plexus preparations 
induces complex responses consisting of primary contrac- 
tion, primary relaxation, postrelaxation and rebound con- 
traction. In young rats, the primary contraction and the 
postrelaxation are nitrergic, while the primary relaxation 
has partly nitrergic, partly purinergic and partly unknown 
nature and the rebound contraction is partly peptidergic 
(Smits and Lefebvre, 1996a). The primary contraction and 
the postrelaxation remained largely unchanged with aging, 
except for an unexplained increased amplitude of the 
postrelaxation at a stimulation frequency of 2 Hz in old 
rats. In all age groups, these responses were fully nitrergic 
as they were abolished by L-NAME. The increase of the 
rebound contractions in the presence of L-NAME in all 
age groups was possibly caused by the inhibition of the 
postrelaxation so that the rebound contractions were less 
functionally antagonized. The amplitude of the rebound 
contractions as such decreased with aging. 

The primary relaxation was decreased with age. L- 
NAME slightly decreased this relaxation in young rats but 
not in adult and old rats, suggesting that NO is not 
involved in the primary relaxation in adult and old rats. At 
a low frequency of stimulation, the primary relaxation in 
the presence of L-NAME even increased slightly in adult 
rats, possibly by inhibition of the contractile nitrergic 
system, which is responsible for the primary contraction. 
The contribution of ATP to the primary relaxation seems 
equal in all age groups in view of the similar influence of 
ATP desensitization. The decrease of the primary relax- 
ation with age might thus indeed be related to the lack of a 
nitrergic contribution. This is in contrast with the observa- 
tions in the rat gastric fundus of an increased contribution 
of NO with age in the electrically induced NANC relax- 
ations (Smits and Lefebvre, 1995). NO activates the solu- 
ble guanylate cyclase, and thus causes accumulation of 
cGMP (Waldman and Murad, 1987). Previously, we have 
shown that in the longitudinal muscle-myenteric plexus 
preparation of the rat small intestine, the cGMP content of 
the tissue also increased upon electrical stimulation and 
upon addition of NO (Smits and Lefebvre, 1996a). As the 
primary relaxation is partially nitrergic in young rats but 
not in adult and old rats, one could expect that the rise in 
cGMP content after a 7-s train stimulation, which corre- 
sponds with the moment of maximal primary relaxation, 
would be less in adult and old rats. This was not the case 
but the lack of a relationship between the degree of 
relaxation and the cGMP content of the tissue has been 
observed previously in the rat gastric fundus (Smits and 
Lefebvre, 1995) and in other tissues (for review, see 
Nakatsu and Diamond, 1988). Impairment of the responses 
to activation of a nitrergic pathway with aging can be due 
to an age-induced decrease in release of NO or a defect at 
the level of guanylate cyclase or further (Moritoki et al., 
1988; Atkinson et al., 1994). As the NO-induced relaxation 
in the rat small intestine persisted with aging, defects at the 
postjunctional level seem less likely and the decreased 
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nitrergic  contr ibut ion to pr imary  re laxat ion seems related 

to a decrease  in the N O  release.  Recent ly ,  it was shown 

that the re la t ive  number  o f  ni t rergic  neurons,  as demon-  

strated with  N A D P H - d i a p h o r a s e  staining, is very  s imilar  in 

the i l eum of  6- and of  26-month-o ld  rats (Belai  et al., 

1995). In v i ew of  the decrease  in total neuron number  

(Santer  and Baker,  1988), this indeed indicates a reduct ion  

in total number  o f  ni t rergic  neurons.  Howeve r ,  assuming a 

defect  in the ni t rergic  neurons,  it is diff icul t  to understand 

why  the ni t rergic  pr imary  contract ion and postre laxat ion 

were  main ta ined  (unless different  sets o f  neurons are in- 

volved) .  

Transi t  in the rat i l eum is main ta ined  with  age (Varga,  

1976; Smits  and Lefebvre ,  1996b); in the actual funct ional  

study changes  in the chol inergic  and the inhibi tory N A N C  

sys tem were  absent  or  l imited.  This  contrasts s trongly wi th  

the reduct ion in the number  o f  neurons  that Santer  and 

Baker  (1988) have  descr ibed for  this tissue. This  suggests  

that the intrinsic nervous  sys tem of  the gastrointest inal  

tract has a great  reserve  capaci ty  or  that there are compen-  

satory mechan i sms  that cannot  be d iscerned in this in vi tro 

setup. 

In conclus ion ,  the chol inergic  apparatus o f  the rat i l eum 

longi tudinal  musc le -myen te r i c  plexus  preparat ion is un- 

changed  with  age, whi le  the ni t rergic  contr ibut ion to N A N C  

relaxat ion is decreased in adult and old rats. 
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