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Abstract

Age-related changes in non-adrenergic, non-cholinergic (NANC) neurotransmission might
contribute to differences in gastrointestinal motility. Our aim was to determine age-related changes
in functional innervation with vasoactive intestinal polypeptide (VIP) and substance P (Sub P) in rat
jejunum. We hypothesized that maturation causes changes in neurotransmission with these two
neuropeptides. Longitudinal and circular jejunal muscle strips from young (3 months) and middle-
aged (15 months) rats (total: 24 rats) were studied; the response to exogenous VIP and Sub P and the
effect of their endogenous release from the enteric nervous system during electrical field
stimulation (EFS) were evaluated. In longitudinal muscle, response to exogenous VIP and
endogenously released VIP during EFS were increased in middle-aged rats, while the effect of
endogenously released Sub P was decreased. In the circular muscle, the response to endogenously
released VIP was increased in middle-aged rats, while the effects of exogenous VIP and
endogenously released Sub P were unchanged. Response to exogenous Sub P was unaffected by
maturation in both muscle layers. Spontaneous contractile activity was increased in the longitudinal
and circular muscle of the older rats. In the jejunum of middle-aged rats, participation of VIP in
functional NANC innervation was increased, while functional innervation with Sub P was decreased.
These changes in the balance of inhibitory and excitatory neurotransmission occur during the year
of maturation in rats and demonstrate an age-dependant plasticity of neuromuscular bowel function.
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INTRODUCTION

Functional gastrointestinal disorders, such as abdominal pain, bloating, diarrhea, constipation,
and irritable bowel syndrome, are more common in the elderly, conferring detrimental effects
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on the well-being of the person (Camilleri et al., 2008; Camilleri et al., 2000; Firth et al., 2002;
Orr et al., 2002). Particularly with regard to the aging population of our society, age-related
changes in gastrointestinal function are of increasing interest in the field of gastrointestinal
research.

Age-related loss of neurons within the myenteric plexus of the enteric nervous system (ENS)
was first reported in the rat by Santer and Baker (Santer et al., 1988) and was later confirmed
in guinea pig (Gabella, 1989), mice (El-Salhy et al., 1999), and humans (de Souza et al.,
1993). Morphologic studies carried out predominantly in rat demonstrated that nitrergic
neurons are spared largely from this process, while about 60% of cholinergic neurons within
the ENS are lost from the ileum of 24-month-old rats (Cowen et al., 2000; Phillips et al.,
2003); cholinergic neurons which express certain specific, calcium-binding proteins are
affected more severely (Phillips et al., 2007; Thrasivoulou et al., 2006). These findings appear
to vary among anatomic regions, species, and different strains of rats (Phillips et al., 2007). In
the myenteric plexus of Fischer 344 rats, neuronal loss begins at the age of 12 months, follows
a linear course over time, and is organ-specific with an increasing severity from the proximal
to the distal gut (Phillips et al., 2001). Although similar changes occur in the central nervous
system, the extent of neurodegeneration of the ENS appears to be far more pronounced (Wade
etal., 2004).

Reports about age-related changes in peptidergic innervation with VIP and Sub P are rare. One
study showed that VIP- and Sub P-positive neurons are preserved in old rats (24 months),
although their number decreased dramatically in senile rats (36 months) (Feher et al., 1987).
A recent study confirmed the preservation of VIP- and Sub P-containing neurons in the ileum
of 24-month-old rats (Johnson et al., 1998); however, animals in this study had been maintained
on a calorie-restricted diet that is known to prevent age-related neuronal loss (Cowen et al.,
2000). A study in human colon was unable to demonstrate age-related changes in the VIP
concentration within the bowel wall (Koch et al., 1991). To the best of our knowledge,
functional studies of age-related changes in functional neuromuscular transmission with VIP
and Sub P in the rat jejunum have not been published. We believe that such studies are of
particular importance in order to try to link the morphologic changes described above with any
objective effects on motor activity than may affect function.

Therefore, the aim of our study was to determine age-related changes in functional innervation
of jejunal longitudinal and circular smooth muscle in Lewis rats with the inhibitory
neuropeptide VIP and the excitatory neuropeptide Sub P. We hypothesized that distinct, age-
related changes in the response to exogenously applied neurotransmitters and their endogenous
release during EFS occur during maturation. These changes might then provide clues to
explaining gastrointestinal motility disorders in the elderly.

MATERIALS AND METHODS

Preparation of Animals

The study was approved by the Institutional Animal Care and Use Committee (IACUC) of the
Mayo Foundation. Animal care and procedures followed the guidelines of the IACUC of the
Mayo Foundation in accordance with the guidelines of the National Institutes of Health and
the Public Health Service Policy of the Humane Use and Care of Laboratory Animals.

Experimental Groups

Healthy, male, Lewis rats (Harlan, Indianapolis, IN) were housed two rats per cage in a strictly
maintained, 12-h light/dark room (6 am to 6 pm) at a room temperature of 20°C, humidity of
45-55%, and with free access to water and standard rat chow (5001 Rodent Diet; PMI Nutrition

Auton Neurosci. Author manuscript; available in PMC 2010 December 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kasparek et al.

Page 3

International LLC, Brentwood, MO) in all experiments. Young rats were 3 months of age and
weighed 313 g (200-350 g) [median (range)], while “middle-aged” rats were 15 months of age
and weighed 525 g (475-600 g). Longitudinal jejunal muscle was studied in six young and six
middle-aged rats, while circular muscle was studied in a different set of six young and six
middle-aged rats.

Recording of Contractile Activity

Under anesthesia induced by inhalation of isoflurane 2% (Abbott Laboratories, North Chicago,
IL) and maintained by subsequent intraperitoneal sodium pentobarbital (30-50 mgekg?;
AmproPharmacy, Arcadia, CA), a segment of jejunum harvested 10 cm distal to the ligament
of Treitz was immersed in chilled, modified Krebs-Ringer's bicarbonate solution
(concentrations in mmol L™1: NaCl 116.4, KCI 4.7, CaCl, 2.5, MgSOy4 1.2, KH,PO, 1.2,
NaHCO3 23.8, calcium disodium edetate 0.26, and glucose 11.1) pre-oxygenated with 95%
oxygen/5% carbon dioxide (Puritan-Bennett Corp., Lenexa, Canada). The rats were Killed by
exsanguination under anesthesia. The jejunal segment was opened along its mesenteric border,
and eight, full-thickness muscle strips (8 mm long and 2 mm wide) per rat were cut either in
the direction of the longitudinal or the circular muscle layer. Full thickness muscle strips were
studied specifically to preserve the transmural neuromuscular integrity. The strips were then
suspended vertically in 10-ml tissue chambers filled with modified Krebs-Ringer's bicarbonate
solution which was bubbled continuously with 95% oxygen/5% carbon dioxide and maintained
at 37.5°C. The two ends of the muscle strip were at tached to a fixed hook and to a noncompliant
force transducer (Kulite Semiconductors Products, Inc., Leonia, NJ) to measure isometric
force.

Contractile activity was monitored online with a chart recorder (Grass 7D polygraph; Grass
Instrument Co, Quincy, MA) and was saved digitally on a personal computer using dedicated
software (MP-100A-CE and AcgKnowledge; Biopac Systems, Inc., Goleta, CA) to allow
detailed computer analysis later on.

Experimental Design

After 90 min of equilibration with intervening washouts of the bath solution every 15 min,
each muscle strip was stretched incrementally at 10-min intervals to its optimal length (Lg)
beyond which further stretching did not increase further the amplitude or frequency of
spontaneous contractile activity (Murr et al., 1996). Thereafter, non-adrenergic, non-
cholinergic (NANC) conditions were established by adding atropine (10~/ M), phentolamine
(107> M), and propranolol (51078 M) into the bath solution. All subsequent experiments were
performed at Ly under NANC conditions starting with the recording of spontaneous contractile
activity for 5 min as area under the contractile curve (g x 5 min mg 7 tissue) in all eight muscle
strips per rat. A representative recording of spontaneous contractile activity is given in Figure
1A. Strips without spontaneous contractile activity were excluded from the study (<2% of
strips). Each subsequent experimental condition was studied in at least two muscle strips per
rat. The mean effect of neurotransmitters or EFS was then summarized by calculating the mean
effect on contractile activity in these muscle strips from the raw data.

The response to increasing concentrations of VIP was studied in two strips per rat. When
longitudinal muscle strips were studied, three increasing concentrations of VIP (1078, 1077,
1076 M) were administered with washouts between each concentration, while circular muscle
strips were exposed to stepwise, escalating, cumulative concentrations of VIP (3x1079, 1078,
3x1078, 1077, 3x10~7 M Fig. 1B). Thereafter, the response to the greatest concentration of
VIP (longitudinal muscle: 1078 M; circular muscle: 3x10~7 M) was studied without and with
the VIP antagonist ([D-p-Cl-Phe®, Leul?]-VIP; 1076 M), the NO synthase inhibitor L-NG_pjtrq
arginine (L-NNA; 1074 M), and the combination of both antagonists. L-NNA was used to
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determine VIP effects related to a potential interaction between VIP and NO (Van Geldre et
al., 2004).

In two other strips per rat, the effect of exogenous Sub P was studied. As for VIP, the
longitudinal muscle was exposed to three, increasing concentrations of Sub P (1078, 1077,
1075 M) with intervening washouts, while stepwise, escalating, cumulative concentrations of
Sub P were administered when studying circular muscle (3x1079, 1078, 3x1078, 107,
3x10~7 M; Fig. 1C). In addition based on other observations (Kasparek et al., 2007a;Kasparek
et al., 2007b;Kasparek et al., 2008), muscle strips were precontracted with a submaximal
concentration of Sub P (10~7 M), and the effect of a single application of VIP (longitudinal
muscle: 1078 M; circular muscle: 10~/ M) on stimulated contractile activity was studied to
determine if the effect of VIP was altered by precontraction. A submaximal concentration of
Sub P, instead of the maximal concentration of Sub P, was administered to stimulate phasic
contractile activity instead of causing a nonphysiologic, tonic contraction.

The experimental designs for the dose-response experiments varied between muscle layers
with single concentrations in longitudinal and cumulative concentrations in circular muscle.
These experiments in young and mature rats in the longitudinal and circular muscle layer were
done as separate experiments in different time periods using a slightly different study design.

Four muscle strips per rat were subjected to EFS with a constant voltage (longitudinal muscle:
10 V; circular muscle: 20 V), pulse width (longitudinal muscle: 0.5 msec; circular muscle: 4
msec), and duration of stimulation (10 sec for both muscle layers; Fig. 1D). Based on
preliminary experiments, 3 and 6 Hz were used as inhibitory frequencies in both muscle layers,
and 50 and 20 Hz were used as stimulatory frequencies in longitudinal and circular muscle,
respectively. Direct effects of EFS on smooth muscle were excluded by preliminary
experiments using tetrodotoxin. Between each EFS, 10 min were allowed for spontaneous
activity to recover before the next EFS was applied. After each series of stimulations, the bath
solution was exchanged. Two of the four strips were exposed to EFS without and with the VIP
antagonist alone, L-NNA alone, and the combination of VIP antagonist and L-NNA. L-NNA
was used to antagonize the profound inhibitory effect of endogenously released NO in order
to unmask the more subtle effects of endogenously released VIP. The other two strips were
studied without and with the Sub P antagonist ([D-Pro2,D-Trp”?]-Sub P).

Atthe conclusion of each experiment, the muscle strips were blotted on filter paper and weighed
to normalize motility data per mg tissue weight.

Data Analysis

Before studying drug or EFS responses, baseline contractile activity expressed as the area under
the contractile curve (g x 5 min mg ! tissue) was measured for 5 min under NANC conditions
at L for each strip. Typically, drug effects on contractile activity were evaluated for the 5-min
interval after administration and compared to baseline contractile activity during an equally
long interval immediately before the drug was administered. When muscle strips were
precontracted with Sub P for 2 min, the effect of VIP was measured over the next 5-min interval
and compared to the last 90 sec (longitudinal muscle) or 60 sec (circular muscle) of
precontraction directly before administration of VIP. Intervals differ between both muscle
layers, because stable, stimulated contractile activity was established more rapidly in
longitudinal than in circular muscle. Thus, drug responses are given as the percentage change
from baseline contractile activity (defined as 0%), which represents the contractile activity 5
min, 90 sec, or 60 sec before drug administration. Positive values represent an increase and
negative values a decrease in contractile activity.
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The EFS response was determined only during the 10-sec period of stimulation; we did not
evaluate the response to termination of EFS (the so-called *“off contraction™). Contractile
activity was expressed as the percentage change from baseline contractile activity for an equally
long interval measured during the 20 sec (longitudinal muscle) or 40 sec (circular muscle)
immediately before EFS. Because the frequency of contractions appeared to be less in the
circular muscle, a greater duration of baseline interval was used for the circular muscle to obtain
a stable and representative measurement of baseline contractile activity.

Data are summarized as meanSEM. Analysis of variance (ANOVA) was used to examine the
effect of different drugs or EFS on contractile activity. Repeated measures ANOVA was used
for repeated measurements within the same rat and thus were treated as repeated factors (e.g.
for concentration response to VIP, Sub P, or EFS response under different conditions). The
two groups of rats were independent factors. When the overall main effect was statistically
significant when analyzed by ANOVA, pairwise comparisons were performed post-hoc using
paired Student's t-tests (for repeated factors) or two-sample t-tests (for independent group
factors). Additional t-tests were used for single comparisons (e.g. versus baseline contractile
activity). A Bonferroni correction was applied when evaluating the statistical significance of
multiple t-tests. ANOVA on Ranks was used when data were not distributed normally.

Atropine sulfate, phentolamine hydrochloride, DL-propranolol hydrochloride, L-NC-nitro
arginine, Sub P, [D-Pro?,D-Trp”9]-Sub P, VIP, and [D-p-Cl-Phe®,Leul’]-VIP were purchased
from Sigma-Aldrich, St. Louis, MO.

Longitudinal Muscle

Spontaneous contractile activity—After equilibration, stretching, and establishing
NANC conditions, the area under the contractile curve was measured during a 5-min interval
and normalized by the tissue weight. The spontaneous contractile activity was less in young
versus middle-aged rats (2.5+0.5 vs. 6.0£0.9 g x 5 min mg 1 tissue; p<0.01).

Response to exogenous VIP—The inhibitory effect of VIP on spontaneous contractile
activity was greater in middle-aged rats (p<0.05; ANOVA) in which VIP caused a
concentration-dependent inhibition of contractile activity; in contrast, VIP had no measurable
effect on spontaneous contractile activity in young rats (Fig. 2A). The inhibitory effect of VIP
(1078 M) in the middle-aged rats was prevented in part by the VIP-antagonist, L-NNA, and
their combination (p<0.05; ANOVA); however, L-NNA and the VIP-antagonist did not have
additive effects (Fig. 2B). Precontraction of muscle strips with a sub-maximal concentration
of Sub P (1077 M) increased the relative percent inhibitory effect of VIP (107% M) in both
groups. The inhibitory effect of VIP (10~ M) on stimulated contractile activity was prevented
in part by the VIP antagonist in both groups (p<0.05; ANOVA, Fig. 2C).

Response to Exogenous Sub P—Sub P caused a concentration-dependent increase in
spontaneous contractile activity which was comparable between young and middle-aged rats
(p<0.05; ANOVA,; Fig. 3A).

Response to EFS—EFS at 3 Hz under control conditions (NANC conditions) inhibited
spontaneous contractile activity in both groups (p<0.05; Fig. 4A). Neither the VIP antagonist
nor L-NNA alone altered the response to EFS at 3 Hz in either group. In contrast, the
combination of the VIP antagonist and L-NNA increased the EFS response compared to all
other conditions in middle-aged but not in young rats (p<0.05; ANOVA).
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Under control conditions, EFS at 6 Hz inhibited spontaneous contractile activity to a similar
extent in both groups (p<0.05; Fig. 4B). While the VIP antagonist alone had no effect on EFS-
induced inhibition, L-NNA reversed the inhibitory EFS response compared to the control
response in both groups (p<0.05; ANOVA). When the VIP antagonist and L-NNA were
combined, the EFS response was increased compared to the response under control conditions
and with the VIP antagonist alone in both groups (p<0.05; ANOVA). Overall, EFS responses
at 6 Hz did not differ markedly between young and middle-aged rats (p=NS; t-test).

EFS at 50 Hz under control conditions caused a net excitatory response in young rats, while
in middle-aged rats, contractile activity was inhibited (p<0.05; Fig. 4C). The Sub P antagonist
decreased the EFS response at 50 Hz in young rats (p=0.04) and also in the middle-aged rats,
but the effect in middle-aged rats was not significant (p=0.11)

Circular Muscle

Spontaneous contractile activity—As with longitudinal muscle, spontaneous contractile
activity was also less in the circular muscle of the young versus the middle-aged rats (4.6+£0.5
g x 5vs. 7.5+1.3 g x 5 min mg~1; p=0.06).

Responseto exogenous VIP—The profound inhibition of spontaneous contractile activity
by exogenous VIP in the circular muscle was comparable between groups (p<0.05; Fig. 5A)
but was more pronounced compared to the longitudinal muscle (see Fig. 2). The inhibitory
effect of VIP (3x1077 M; p<0.05 vs. baseline; ANOVA) was unaffected by the VIP antagonist,
L-NNA, and their combination in both groups (p=NS; Fig. 5B); however, in young rats, the
VIP-induced inhibition (3x10~7 M) was more pronounced in the presence of the VIP antagonist
compared to the response with L-NNA (p<0.05; ANOVA). After precontraction of muscle
strips with a sub-maximal concentration of Sub P (107 M; p<0.05 vs. baseline; ANOVA), the
inhibitory response to VIP (10~ M) was unchanged, and the VIP antagonist did not inhibit the
effect of VIP (p=NS; Fig. 5C).

Response to exogenous Sub P—Sub P caused a comparable, concentration-dependent
increase in contractile activity in young and middle-aged rats (p<0.05; ANOVA, Fig. 3B).

Response to EFS—Under NANC conditions, EFS at 3 Hz tended to inhibit contractile
activity (Fig. 6A). L-NNA alone and in combination with the VVIP antagonist had no effect on
the response to EFS in young rats but increased the EFS response compared to the control
response and the response with the VIP antagonist alone in middle-aged rats (p<0.05;
ANOVA). In contrast to longitudinal muscle, in circular muscle, EFS at 6 Hz did not alter
contractile activity under control conditions (Fig. 6B). The VIP antagonist had no noticeable
effect in either group; however, L-NNA converted the response to EFS at 6 Hz to a net
contractile response, while the combination of L-NNA and the VIP antagonist caused a further
increase in contractile activity in both groups. The excitatory response to EFS at 20 Hz was
comparable between groups and was inhibited by the Sub P antagonist to a similar extent in
both young and middle-aged rats (p<0.05; 6C).

DISCUSSION

The aim of our study was to explore age-related changes in neuromuscular responses mediated
by the inhibitory neuropeptide VIP and the excitatory neuropeptide Sub P in the longitudinal
and circular smooth muscle of rat jejunum. By studying the response to exogenously applied
neurotransmitters, our aim was to delineate changes in the response of the two smooth muscle
layers to their respective local release of neurotransmitters, while we studied the effect of
endogenously released (by EFS) neurotransmitters to investigate changes in the neuronal
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release of neurotransmitters from the enteric nervous system as a consequence of maturation.
Our study showed changes, not only between young and middle-aged rats, but also in the
responses of longitudinal and circular muscle to VIP without and with a VVIP antagonist and to
inhibitory and excitatory frequencies of EFS as revealed by a VIP antagonist, L-NNA, and the
combination of these two targeted agents.

NO and VIP appear to be the dominant, inhibitory, NANC neurotransmitters in the ENS.
Moreover, there is an intense interaction between these enteric neurotransmitters, in that both
neurotransmitters can influence the production, release, and effects of each other (Van Geldre
et al., 2004). The role of NO and VIP in the control of contractile function, however, varies
considerably among species, anatomic regions, and different muscle layers (Niioka et al.,
1997; Okishio et al., 2000; Tomita et al., 2005). The age-related increase in the sensitivity to
exogenous VIP in the longitudinal muscle (Kasparek et al., 2007b; Niioka et al., 1997; Okishio
et al., 2000) accompanied by an increase in the VIP-mediated component of EFS-induced
inhibition suggests an increased role of VIP in the NANC inhibition of contractile activity in
the longitudinal jejunum of middle-aged rats. This finding is supported by the observation that,
although nitrergic neurons appear to be spared largely from age-related neuronal loss (Phillips
et al., 2003), expression of NO synthase and NO production (Takahashi et al., 2000), as well
as the effects of endogenously released NO during EFS (Smits et al., 1996; Takeuchi et al.,
1998), are decreased in the longitudinal muscle of jejunum and ileum in old rats. The overall
magnitude of EFS-induced inhibition, however, was unchanged in the longitudinal muscle of
jejunumand ileumin old rats in that study, implying that the muscle adapts with other inhibitory
NANC neurotransmitters replacing the presumed decreased influence of NO (Takeuchi et al.,
1998); indeed, VIP was identified as this other inhibitory NANC neurotransmitter in the
longitudinal muscle of the rat colon (Takeuchi et al., 2000). In addition, findings from our
studies at 3 Hz in circular muscle suggest, albeit indirectly, that not only the participation of
VIP but also that of NO appears to be increased in middle-aged rats and thereby further extends
this concept of age-related changes in functional NANC innervation.

Interestingly, these age-related changes in functional innervation with VIP in the longitudinal
muscle of the jejunum were prevented when animals underwent complete extrinsic denervation
by syngeneic, orthotopic small bowel transplantation 12 months previously (Kasparek et al.,
2008). This observation raises the question about the role of the extrinsic nervous system in
maturation of the ENS, a question which cannot be elucidated any further by the design of our
study. Together, these findings highlight differences in the innervation with VIP and NO
between anatomic regions, as well as potential variations in their interaction (Van Geldre et
al., 2004). We did not find any obvious, age-related changes in the endogenous release of NO
during EFS, but our study was not designed specifically to explore age-related changes in
nitrergic neurotransmission. The differences between the EFS response at 3 Hz and 6 Hz
demonstrates that the quantity and/or spectrum of neurotransmitters released during EFS
depends on the frequency of EFS; however, we cannot draw any further conclusions on in
vivo functional innervation with VIP and NO from this observation.

One drawback of our study is the variable effect of the VIP antagonist we used in the
longitudinal and circular muscle layer. We used this antagonist because it demonstrated the
ability to antagonize the effect of exogenous as well as endogenously released VIP in the
longitudinal muscle layer (Kasparek et al., 2007b; Kasparek et al., 2008). Surprisingly, this
VIP antagonist (10~ M) was unable to block the effects of VIP in the circular muscle layer.
The reason for this variable effect of the VIP antagonist between muscle layers remains unclear.

In contrast to VIP, the response to exogenous Sub P was not affected by maturation. The only
study we could find evaluating age-related, functional changes in the innervation with Sub P
was performed in the longitudinal muscle of guinea pig ileum; this study showed an increase
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in the excitatory response to exogenous Sub P in older animals which was paralleled,
interestingly, by an age-dependent decrease in the innervation of the longitudinal muscle layer
by excitatory motor neurons (Abalo et al., 2007). These results differ from our study but were
performed in a different species and in a different anatomic region. The differences we showed
between young and middle-aged rats in the EFS-response at 50 Hz under NANC conditions
in the longitudinal muscle might reflect a decreased release of Sub P in middle-aged rats, which
is supported by the finding that the Sub P antagonist inhibited the EFS response in young but
not in middle-aged rats. A decrease in endogenous release of Sub P would not be too surprising,
because cholinergic excitatory motor neurons are known to be affected more severely by age-
related neuronal loss and because acetylcholine and Sub P are co-localized in these neurons
and interact with one another (Brookes et al., 1991; Holzer et al., 1997; Phillips et al., 2003).
Data about age-related changes in functional cholinergic innervation of gastrointestinal smooth
muscle are limited and inconsistent. In rat colon, aging is associated with a decreased release
of acetylcholine caused not only by the loss of cholinergic neurons but also by an impaired
calcium influx via membrane calcium channels in cholinergic neurons (Roberts et al., 1994).
These findings might explain the increased expression of muscarinic receptors in the jejunum
of old rats, although no age-related changes in response to exogenous acetylcholine nor
expression of acetylcholinesterase were found in this study (Tezuka et al., 2004). A limitation
of our study is that we cannot exclude the possibility of a more pronounced release of inhibitory
NANC neurotransmitters, such as VIP, NO, or other inhibitory neurotransmitters, in the
response to EFS at 50 Hz in longitudinal muscle of middle-aged rats or the release and effect
of other excitatory NANC neurotransmitters, such as neurokinin A or gamma amino butyric
acid.

Based on the overall observation from our study that functional NANC innervation with VIP
appeared to be increased in middle-aged rats, while innervation with Sub P was decreased when
compared to young rats, we assume that the age-related increase in spontaneous contractile
activity in the longitudinal and, although less pronounced, in the circular muscle of rat jejunum
is the consequence of a change in the balance between excitatory and inhibitory innervation;
whether this increase in spontaneous contractile activity is important as a compensatory or
adaptive response that dominates over inhibitory NANC innervation is unknown. Most other
studies have explored the response to EFS or exogenously applied drugs but have not evaluated
spontaneous contractile activity. Only one study implied a similar phenomenon in the ileal
longitudinal muscle of the guinea pig, but there was no specific analysis of changes in
spontaneous contractile activity (Abalo et al., 2007). We cannot exclude an effect of age-related
changes in muscle volume on our results; however, we attempted to control for this by
normalizing the contractile data by the weight of the muscle strips.

Many of the previous studies exploring age-related changes in the gastrointestinal tract were
performed in Fisher 344 rats (Phillips et al., 2003; Phillips et al., 2004; Phillips et al., 2001,
Phillips et al., 2007) in which survival curves are established, and the course of these changes
is best characterized. Although the median life span of Lewis rats seems to be comparable to
those of other strains (Altun et al., 2007), objective data about age-related changes in the
gastrointestinal tract do not exist for Lewis rats. We were interested particularly in studying
Lewis rats, because inbred Lewis rats are used frequently for studies of gut function after the
extrinsic denervation necessitated by syngeneic small bowel transplantation; indeed, age-
related changes in functional neurotransmission might affect these results, especially in the
long-term follow-up (Hirose et al., 1995; Kasparek et al., 2007a; Kasparek etal., 2007b; Tomita
et al., 2005).

Age-related functional changes or cell loss in the gastrointestinal tract are not restricted to cells

of the myenteric plexus but also affect extrinsic sympathetic and parasympathetic (vagal)
innervation (Phillips et al., 2001; Phillips et al., 2007; Phillips et al., 2006), intrinsic primary
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afferent neurons (Wade etal., 2004), glia cells (Phillips et al., 2004), and maybe even interstitial
cells of Cajal (Bernard etal., 2009; Hall, 2002). In addition, age-related changes in the thickness
of the muscle layers, composition of contractile fibers in smooth muscle cells, mitochondrial
function as well as diminished sarcoplasmatic release, and impaired resequestration of
cytoplasmatic calcium with age have also been described (Hall, 2002; Lopes et al., 2006).
Furthermore, age-related changes in downstream mechanisms have been reported for ion
channel activity (Roberts et al., 1994) and for pathways involving tyrosine kinase and
phosphokinase C (Bitar, 2003; Wiley, 2002). Although we cannot further elucidate the
contribution of these factors in our results, we believe that our results may represent the
summated effect of maturation on functional neurotransmission with VIP and Sub P in the
longitudinal and circular muscle of rat jejunum.

In conclusion, we have demonstrated that age-related changes occur in functional, peptidergic
neuromuscular transmission with VIP and Sub P. These changes are associated with an
increased response to exogenous VIP and a decreased endogenous release of Sub P in the
longitudinal muscle, while the effect of endogenously released VIP is increased in both muscle
layers. These age-related changes may represent a relative change in the balance between
inhibitory and excitatory innervation during the process of maturation of the gastrointestinal
tract. Although these alterations demonstrated in middle-aged rats might reflect maturation or
physiologic, age-related adaption or degeneration of the gastrointestinal tract, they might also
participate in the pathophysiology of gastrointestinal motility disorders in the elderly.
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Representative tracings show raw data from young and middle-aged rats in longitudinal and
circular muscle for: A) Spontaneous contractile activity. B) The effect of exogenous VIP. C)
The effect of exogenous Sub P. D) The response to EFS at different frequencies.
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Longitudinal muscle of rat jejunum. A) Response to increasing concentrations of exogenous
VIP. VIP caused a concentration-dependent inhibition of spontaneous contractile activity only
in middle-aged rats; *p<0.05 for concentration-dependent inhibition of spontaneous contractile
activity and vs. young rats (ANOVA). B) Effect of exogenous VIP (108 M) in presence of L-
NNA (10~# M) and VIP antagonist (108 M). The inhibitory effect of VIP (10~8 M) in middle-
aged rats was prevented partially by the VIP antagonist (106 M), L-NNA (1074 M), and the
combination of both antagonists with no additional effect of the VIP antagonist and L-NNA,;
*p<0.01 compared to baseline contractile activity (t-test); 'p<0.05 compared to control
response (ANOVA). C) Response to VIP (10~8 M) after precontraction with a sub-maximal
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concentration of Sub P (1077 M). The inhibitory effect of VIP (1076 M) was increased after
precontraction and was prevented in part by the VIP antagonist (10~ M) in both groups;
*p<0.01 compared to baseline contractile activity (t-test); Tp<0.05 compared to control
response without precontraction (ANOVA); ¥p<0.05 compared to response with
precontraction without VIP antagonist (1075 M; ANOVA). All experiments were carried out
under NANC conditions.
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Figure 3.

Response to increasing concentrations of exogenous Sub P. A) Longitudinal muscle of rat
jejunum. B) Circular muscle of rat jejunum. Sub P caused a concentration-dependent increase
in spontaneous contractile activity in both groups in both muscle layers (p<0.05; ANOVA).
Circles are young rats and triangles are middle-aged rats. All experiments were carried out
under NANC conditions. Data is mean+SEM.
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Response of spontaneous contractile activity of longitudinal muscle of rat jejunum to EFS at
A) 3Hz, B) 6 Hz, and C) 50 Hz. The combination of VIP antagonist and L-NNA increased the
response to EFS at 3 Hz in middle-aged but not in young rats. In contrast, at 6 Hz, L-NNA
alone and in combination with the VIP antagonist increased the EFS response in both groups.
Under control conditions, the EFS response at 50 Hz was greater in young compared to middle-
aged rats. The Sub P antagonist decreased the EFS response at 50 Hz only in young rats;
*p<0.05 compared to baseline contractile activity; Tp<0.05 compared to control response in
same group (ANOVA); #p<0.05 compared to response with VIP antagonist in same group
(ANOVA); 8p<0.05 compared to L-NNA in same group (ANOVA); ¥p<0.05 compared to
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young rats under same condition (t-test). All experiments were carried out under NANC
conditions.

Auton Neurosci. Author manuscript; available in PMC 2010 December 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

A

0

Dose VIP [M]

3x10° 10% 3x10° 107 3x107

=20 -

-40 -

-60 -

-80

=100 -

Young

-20 -
-40 -
-60 -
=80 -

-100 -

-120 -

-140 -

-160 -

-180 -

Middle-aged

Young

X
S o
1

5

-60 -

% change from baseline contractile activity

-80 -

Figure 5.

Middle-aged

mean+SEM;n=6

[]

Page 18

® Young
Middle-
A

aged

Control
response

VIP
antagonist

L-NNA

VIP
antagonist
+ L-NNA

Control
response

with pre-
contraction

with pre-
contraction
and VIP
antagonist

Circular muscle of rat jejunum. A) Response to escalating, cumulative concentrations of
exogenous VIP. VIP caused a concentration-dependent inhibition of spontaneous contractile
activity in both groups (p<0.05; ANOVA). B) Effect of exogenous VIP in the presence of L-
NNA (1074 M) and VIP antagonist (10-® M). The inhibitory effect of VIP was not blocked by
the VIP antagonist, L-NNA, or the combination of both, was greater in presence of the VIP
antagonist than in presence of L-NNA (*p<0.05; ANOVA). C) Response to VIP (107 M) after
precontraction with a sub-maximal concentration of Sub P (107 M). The inhibitory effect of
VIP on precontracted muscle was unaffected by the VIP antagonist (p=NS). All experiments
were carried out under NANC conditions.
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Figure 6.

Response of spontaneous contractile activity of circular muscle of rat jejunum to EFS at A) 3
Hz, B) 6 Hz, and C) 20 Hz. The combination of VIP antagonist and L-NNA increased the
response to EFS at 3 Hz in middle-aged but not in young rats. In contrast, at 6 Hz, the
combination of VIP antagonist and L-NNA increased the EFS response in both groups. The
Sub P antagonist prevented the excitatory EFS response at 20 Hz in both groups; *p<0.05
compared to baseline contractile activity; Tp<0.05 compared to control response in same group
(ANOVA); #p<0.05 compared to response with VIP antagonist in same group

(ANOVA); 8p<0.05 compared to response with L-NNA in same group (ANOVA); ¥p<0.05
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compared to young rats under same condition (t-test). All experiments were carried out under
NANC conditions.
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