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Abstract
Recent progress in understanding visceral afferents, some of it reviewed in the present issue, serves
to underscore how little is known about the aging of the visceral afferents in the gastrointestinal (GI)
tract. In spite of the clinical importance of the issue--with age, GI function often becomes severely
compromised--only a few initial observations on age-related structural changes of visceral afferents
are available. Primary afferent cell bodies in both the nodose ganglia and dorsal root ganglia lose
Nissl material and accumulate lipofucsin, inclusions, aggregates, and tangles. Additionally, in
changes that we focus on in the present review, vagal visceral afferent terminals in both the muscle
wall and the mucosa of the GI tract exhibit age-related structural changes. In aged animals, both of
the vagal terminal types examined, namely intraganglionic laminar endings and villus afferents,
exhibit dystrophic or regressive morphological changes. These neuropathies are associated with age-
related changes in the structural integrity of the target organs of the affected afferents, suggesting
that local changes in trophic environment may give rise to the aging of GI innervation. Given the
clinical relevance of GI tract aging, a more complete understanding both of how aging alters the
innervation of the gut and of how such changes might be mitigated should be made research priorities.
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Introduction
Little is known about how the visceral afferent innervation of the gastrointestinal (GI) tract
ages. A survey of the history of the question illustrates the point: Thirty years ago, a full fifty
years after the early descriptions of visceral afferents by Langley and others, Brizzee and Ordy
(1979) provided a cogent summary of what was then known about the effects of age on such
afferents. They noted that (1) almost nothing was known about structural changes associated
with aging of visceral afferents, and (2) motor networks in the ANS had received by that point
in time “much more attention” than the afferents.
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Presently, another thirty years on, the field’s knowledge of how aging affects visceral afferents
is just as unsatisfactory as it was in 1979, and the two assertions of Brizzee and Ordy are still
an apt summary of the state of visceral sensory neuroscience generally and certainly, more
particularly, of our understanding of the afferents innervating the gut.

Given the prominent and often debilitating effects of aging on GI function and health, the dearth
of information is especially unsatisfactory. The complications and disorders of GI function that
afflict the elderly and compromise their quality of life, and that often further complicate a
variety of other age-related diseases, have been extensively reviewed in recent years (e.g.,
O’Mahony et al., 2002; Newton, 2004; Hays and Roberts, 2006; Norton, 2006; Crane and
Talley, 2007; Morley, 2007; Trinh and Prabhakar, 2007; Roach and Christie, 2008). The
recognition of these significant health problems has led, recently, to examinations of the age-
related changes in the intrinsic motor networks innervating the GI tract (for reviews see: Hall,
2002; Wade, 2002; Wiley, 2002; Saffrey, 2004; Wade and Cowen, 2004; Phillips and Powley,
2007; Camilleri et al., 2008; Cersosimo and Benarroch, 2008). Somewhat surprisingly, though,
the awareness of clinical problems has not produced a comparable amount of attention to the
afferent limb of the innervation.

Such an oversight cannot be rationalized with a claim that many of the functional disturbances
(e.g., acid reflux, dyspepsia, constipation, diarrhea, and irritable bowel syndrome) are
manifested on the motor side. Motor symptoms are as easily produced by upstream distortions
or losses of the afferent limb of a reflex loop as by direct compromise of motor neurons.
Furthermore, motor disturbances--whatever their root causes--are more likely to remain
uncompensated or uncorrected if the afferents monitoring the motor responses are impaired
and not generating appropriate feedback.

Why there has been little to no attention paid to aging visceral afferents is not entirely clear,
but at least one factor contributing to this inertia would seem to be the technical difficulties in
isolating and analyzing the specific pool of afferents that innervate a particular viscus or organ
system. The cell bodies of the visceral afferents to the gut are intermingled with other visceral
afferents (in the case of both nodose ganglia and dorsal root ganglia [DRG] afferents) as well
as with other primary afferents (in the case of DRG afferents), and the different pools of afferent
neuronal somata cannot be identified unambiguously on morphological grounds. Similarly,
the neurites of visceral afferents run--both to their central relay nuclei and their peripheral
targets--in mixed nerve bundles within which they cannot be distinguished from afferent fibers
to other organs, or even efferents, on strictly morphological grounds. Even within their target
organs, visceral afferents are complexly admixed with elements of the local neural networks,
making identification difficult.

Below, we briefly address these issues as we review the limited information that is available
on the aging of visceral afferents to the GI tract. We also illustrate--with observations from our
recent experimental work--some advantages of identifying subpopulations of visceral afferents
with neural tracers and immunohistochemistry. Such strategies now make it practical to
distinguish the visceral afferents from other neuronal elements within the gut and to
characterize fully their responses to aging.

In reviewing the available information on the visceral afferent innervation of the GI tract and
illustrating some dystrophic features in identified afferent populations, we also discuss a few
of the issues and questions that pertain to the aging processes in the visceral afferent
innervations. For lack of more specific information, some of the issues and mechanistic
hypotheses are of necessity drawn from investigations of other organs (e.g. the heart; Ai et al.,
2007), other afferents (e.g., somatic primary afferents; Ulfhake et al., 2000, 2002), or even
other classes of neurons (e.g., central nervous system neurons; Mattson and Magnus, 2006).
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Though it is unclear how closely extrapolations from other neuronal systems will apply to
visceral afferents innervating the GI tract, the more detailed information available on the aging
of some of these other neuronal systems may offer particularly useful, if provisional,
frameworks for designing and evaluating more thorough analyses of the visceral afferents of
the gut.

Visceral Afferent Neuron Cell Bodies and Aging
Most of the limited work on age-related changes in visceral afferents to the GI tract has been
focused on the neuronal somata, not their neurites (Devor, 1991; Soltanpour et al., 1996;
Soltanpour and Santer, 1996; Bergman and Ulfhake, 1998; Bergman et al., 1999; Ulfhake et
al., 2000).

The visceral afferents innervating the gut originate from cells located, in the nodose ganglia
of the vagus nerve or from cell bodies in the DRG situated immediately peripheral to the spinal
cord. The neurons of the nodose ganglia and the caudal DRGs constitute the craniosacral
division and supply most low threshold mechanoreceptors and chemoreceptors to, respectively,
the proximal GI tract or the large intestine. The gut-innervating visceral afferents found in the
thoracicolumbar DRGs supply primarily high threshold afferent and nocioceptor fibers to the
GI tract (Janig, 1996; Grundy, 2002; Robinson and Gebhart, 2008).

The effects of age on neuronal somata in the nodose ganglia and the DRGs have been evaluated
in a number of experiments, as reviewed by Brizzee and Ordy (1979) and more recently by
Vega et al. (1993). In total, the work has failed to bring into focus any particular pattern of
change in neuronal number or size. Most experiments, indeed, have not documented an
unequivocal decrease in afferent neuronal number or a change in soma size in aging animals
of different species. While a number of investigations have not observed a change in number
or size (e.g., Soltanpour et al., 1996; Bergman and Ulfhake, 1998), certainly some experiments
have described decreases in size or number of neurons, at least in advanced senescence (cf.
Vega et al., 1993).

Though the extent--or even the occurrence--of afferent cell loss with age is controversial,
evidence of metabolic changes of the somata is routinely observed. Afferent somata in both
the nodose ganglia and DRG appear to express less basophilic Nissl material (i.e., they stain
less well), and exhibit accumulations of lipofuscin and translucent vacuoles. In addition,
particularly in late senescence, afferent somata often accumulate a variety of inclusions,
granules, filamentous bodies, masses and tangles. Changes in glia also occur in the ganglia
housing the visceral afferents. Descriptions of the changes in visceral afferent neuronal somata
and glia with age can be found in Brizzee and Ordy (1979), Koistinaho (1986), Koistinaho et
al. (1990), Vega et al., (1993), Soltanpour et al. (1996).

An assessment of the aging of visceral afferents innervating the GI tract based on these changes
in cell bodies in the afferent ganglia is greatly complicated, however, by the fact that none of
the descriptions were based specifically on an afferent population projecting to the gut. The
nodose ganglia are comprised entirely of visceral afferents, but these afferents project to a
variety of organs. Thus an observation of a neuronal change in the nodose ganglia with age
cannot be unequivocally associated with the subpopulation innervating the GI tract. The
ambiguities are even greater for the DRGs since primary somatic afferents and visceral
afferents (projecting to multiple sites or multiple organs) coexist in the same ganglia.

Tentatively, it would seem likely that the visceral afferents to the GI tract exhibit the same
changes in Nissl substance expression and the same aggregations of lipofuscin and inclusions
that have been described globally for the heterogeneous populations of afferents with cell
bodies in nodose ganglia and the DRGs. The conclusion, though, needs to be tempered by the
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observation that investigators have observed in other neural systems that neurons in different
sites and different subpopulations display different aging patterns (Andrew, 1956; Finch,
1993; Anderton, 1997, 2002; Phillips et al., 2003b; Mattson and Magnus, 2006; Phillips and
Powley, 2007; Braak and Del Tredici, 2008).

Aging of Vagal Afferent Terminals in the Gut
As discussed elsewhere (Powley and Phillips, 2005) injections of neural tracers into pools of
visceral afferents make it possible to assign arbitrary chemical signatures or “phenotypes” to
the afferents and then to identify their terminals in their target sites. Similarly, afferents
expressing distinctive neuropeptides can be processed immunohistochemically to identify their
neurites throughout different tissues. And, unlike the traditional confusion as to which organ
is innervated by a given neuron in a ganglion, examinations of labeled visceral afferent
terminals at their target sites are unambiguous as to the type of afferent and the site of
innervation. These strategies have now been used extensively to characterize the normal or
young-adult structural organization of the afferents in gut (e.g., Neuhuber, 1987; Berthoud and
Powley, 1992; Berthoud et al., 1997; Fox et al., 2000; Wang and Powley, 2000), but they have
been only used in a limited way to look at aging of the same terminals (Phillips and Powley,
2001, 2007). For present purposes though, it is instructive to add even these few limited
observations to a survey of visceral afferent aging. The observations focus on a
mechanoreceptor in the muscle wall, the intraganglionic laminar ending, and a putative
chemoreceptor in the mucosa, the villus afferent.

The Intraganglionic Laminar Ending (IGLE)
The first vagal visceral afferent to the GI tract recognized and described was the intraganglionic
laminar ending (IGLE; Nonidez, 1946; Rodrigo et al., 1975). This ending is well characterized
as to its structure (Neuhuber and Cleric, 1990; Berthoud and Neuhuber, 2000; Phillips and
Powley, 2000; Powley and Phillips, 2002; Neuhuber et al., 2006), distribution within the GI
tract (Berthoud et al., 1997; Wang and Powley, 2000), and functional operation (Zagorodnyuk
and Brookes, 2000; Zagorodnyuk et al., 2001, 2003). In brief, IGLEs are plates or leaflets of
puncta formed at the surface of myenteric ganglia throughout the GI tract (see Fig. 1). The
puncta in the main are located at the surface of a ganglion where they effectively are sandwiched
between the ganglionic neuronal somata and one of the smooth muscle layers, with some of
the puncta insinuated or interdigitated between the neuronal cell bodies. An individual vagal
IGLE afferent will typically branch and divide so as to produce several separate IGLE plates
(ranging from one to perhaps 18 or 20; Fig. 1 illustrates 7 such IGLEs issued by a single
afferent) innervating multiple neighboring myenteric ganglia, with the receptive field of the
afferent corresponding to the arbor of plates the fiber issues.

As the gut and its innervations age, IGLEs develop two conspicuous types of dystrophic or
heteroplastic changes. One of these age-related changes consists of dilations and bulbous
swellings, some of them quite dramatic, of the neurite forming the IGLEs or even the IGLE
plates themselves (Fig. 2). These swellings can be dense masses as large as a myenteric neuron
(Inset in Fig. 2), and they commonly contain organelles or vacuoles (mitochondria?) that appear
clear because they do not incorporate the dextran tracer used to visualize the morphology of
the afferent’s axon and terminal.

The second type of dystrophic change in aged IGLEs consists of a contraction of the IGLE
from its typical extensive plate of fine puncta to a simpler and smaller involuted structure or
plate (Fig. 3A-C). Many of the apparently involuted and shrunken puncta fill densely with
tracer and exhibit vacuoles much like parent neurites described above (Fig. 2). In contrast to
these dark, densely contracted puncta, some aged IGLEs also seem to contain other more lightly
labeled “ghost” puncta that may represent a different stage of a developing involution. Dilations
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and swellings containing translucent vacuoles are also seen in the afferent neurites as they
course in myenteric connectives and before they ramify into IGLE plates (Fig. 3D).

The dystrophic patterns in aging IGLEs clearly document that the visceral afferents supplied
by the vagus to the myenteric plexus undergo age-related morphological changes at the target
site. These profiles suggest the possibility that, as the afferents age, they lose trophic support
from the target tissues, and this issue is discussed below. Additional questions about these
dystrophic IGLE patterns should, however, be mentioned here: To date, we have made only
limited observations on the visceral afferents in the NIH Fischer 344 rat model of aging in the
course of surveys focused on the aging of the enteric innervation of the gut. We have not yet
performed quantitative assessments of the time course of the regressive changes noted in
afferents, the regional distributions of the changes, or the relative frequencies of the changes.
That such changes do occur in aging, though, underscores the need for more complete analyses
and for investigations of the underlying mechanisms.

Vagal Villus Afferents
A second vagal visceral afferent, the villus afferent, also undergoes age-related dystrophic or
regressive changes. Mucosal afferents found in intestinal villi have been examined with
electrophysiological protocols for decades, and (at least partial) morphological descriptions of
them have been reported (Hill, 1927; Berthoud et al, 1995; Powley et al., 2005; Phillips and
Powley, 2007). We recently completed a more exhaustive analysis of these endings in villi
(Powley et al., unpublished observation) of adult rats. Here, though, we note how such endings
age.

The vagal villus afferents enter one or more villi and travel to the apical or luminal tip of the
structure(s), repeatedly bifurcating into simple open arbors of terminals as they travel (Fig.
4A). In an adult rat, these villus arbors consist of simple, relatively smooth terminal neurites
with only modest and inconspicuous varicosities.

The vagal villus afferents in aged animals, however, exhibit signs of regression or dystrophy.
The arbors within the villi tend to contract and simplify, retaining fewer terminal elements
(Fig. 4B). In addition, the terminal processes develop flattened and enlarged features
reminiscent of lamellipodia. These features often appear thin and flattened (e.g. Fig. 4B-D),
extending from one side of the affected neurite, and they often contain darker regions or masses
aggregated within the structure.

In sum, villus afferents, the vagal visceral afferents innervating the intestinal mucosa (and
constituting presumptive chemoreceptors), undergo dystrophic changes with aging. Their
terminal arbors regress or involute, and they develop lamellar extensions or swellings. This
pattern, much like that described above for IGLEs, may well represent some loss of trophic
support and stimulation for the visceral afferents (see additional discussion below). In
addition-- or alternatively--the pattern could reflect some cumulative consequences of the
chronic wear and tear and damage that the epithelium and mucosal tissues experience. Much
like the case of the IGLE observations discussed above, our observations on aging patterns of
vagal villus afferents are as yet limited. Our observations do, however, establish that the
afferents undergo dystrophic remodeling with aging, but should be tempered by the fact that
more systematic and quantitative assessments of the location(s), extent, and progression of the
changes need to be provided in the near future. Observations on other visceral afferents,
including other vagal afferents as well as DRG afferents, are similarly needed.

Phillips et al. Page 5

Auton Neurosci. Author manuscript; available in PMC 2011 February 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Considering a Trophic Explanation of Gastrointestinal Visceral Afferent
Aging

As suggested in the introduction, surprisingly little else is known about the effects of aging on
the structure of the visceral afferents innervating the GI tract. Additional conclusions at the
present time have to rely on comparisons and extrapolations from other systems (e.g., visceral
afferents to other organs, other types of afferents, etc.) and models or general principles
developed from other processes (e.g., degenerative changes; pathological effects).

Perhaps the most promising model for further exploration of the age-related changes in the
visceral afferent innervations of the gut may be a trophic explanation. Such an explanation
would be consistent with the structural effects of aging that have been observed, and are briefly
reviewed above, upon neuronal somata in the nodose ganglia and the DRGs. In addition, the
patterns of age-related changes we have observed in IGLEs and villus afferent terminals are
consistent with a deterioration or a waning of trophic influences.

A trophic explanation also finds support in observations drawn from other neural systems.
There is evidence that trophic factors are involved in the age-related neuronal changes
documented for enteric neurons (Wade and Cowen, 2004; Thrasivoulou et al., 2006).
Furthermore, trophic factors are strongly implicated in the age-related neuronal changes seen
in other classes of primary sensory neurons (e.g., Cowen, 1993; Ulfhake et al., 2000, 2002).

Additional observations also implicate trophic factors in the organization of vagal visceral
afferents, and, hence, link visceral afferents in the GI tract to a trophic factor explanation of
age-related dystrophies. The observations are of two kinds. First, for some of the vagal visceral
afferents, evidence exists indicating that the afferents are affected by trophic factor
manipulations. Second, for some of the vagal visceral afferents, evidence also exists that the
tissues that they target undergo age-related changes, thus suggesting that the trophic stimulation
of the afferents does change with aging. These indirect observations can be considered briefly
for the two most thoroughly studied vagal visceral afferents in the gut, namely IGLEs and
intramuscular arrays (IMAs).

The Organization of IGLEs Suggests Their Structure is Controlled by Trophic Influences
Three converging lines of evidence are consistent with a role for trophic factors in maintaining
IGLE morphology and, by implication, with roles for diminished trophic agents in the aging
of the visceral afferents.

One set of observations comes from examinations of the relationships between IGLEs and their
target tissues. These putative mechanoreceptor endings are tightly insinuated on and in the
ganglia of the myenteric plexus, where their puncta articulate in characteristic and specialized
ways with different enteric neurons (Fig. 5F) and neurites (Fig. 5G). Ultrastructural evidence
indicates that the IGLEs form appositions and vesicle-containing synapse-like contacts with
myenteric neurons (Neuhuber, 1987;Neuhuber et al., 2006; c.f., Fig. 9 in Powley et al. 2008).
Also, critically, these IGLE puncta can be found in apposition with cholinergic myenteric
neurons (Fig. 5F). As we (Phillips et al., 2003b) and others (Abalo et al., 2005;Thrasivoulou
et al., 2006) have shown, age-related neuronal losses in the myenteric ganglia are specific to
the cholinergic--and include the calretinin subpopulation of cholinergic neurons (cf. Fig.
6B,C)-- phenotype. Thus, since IGLEs contact myenteric elements that are lost with age and
since the afferent terminals undergo the involution and dystrophic changes described above,
changes in trophic support for the IGLEs with age seem particularly likely.

A second set of observations, based on a trophic factor knockout model, indicates that the
morphology and distribution of intestinal IGLEs depends specifically on the expression of
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trophic factor NT-4: In a comparison between IGLEs in mice which the gene for NT-4 is
knocked out and IGLEs in littermate controls that express NT-4, Fox et al. (2001a) found that
the absence of the trophic factor led to extensive losses (~80-90%) of IGLEs in the duodenum
and ileum.

The third set of observations is that IGLEs evidence plasticity and reorganization when they
are challenged. When IGLEs are compromised by trauma to the stomach wall (cf. Phillips and
Powley, 2005) or, even more drastically, when the visceral afferents are axotomized (Phillips
et al., 2000, 2003a), the afferents exhibit regeneration, growth cones, and sprouting, and the
neurites eventually reform IGLE plates. After insults, though, the endings often remain
deformed or dystrophic, in some ways similar to the profiles of aging endings, suggesting that
the tissue trauma may have reduced or distorted the local trophic environment.

The Organization of Vagal Intramuscular Arrays (IMAs) Suggests that Their Structure is
Controlled by Trophic Influences

Another subpopulation of vagal visceral afferents, the IMA, has yet to be systematically
examined for possible age-related dystrophic changes. On the other hand, though, far more is
known about these endings and the way they articulate with their targets than is known about
the villus afferents discussed above. [Too little is yet known about the articulations of villus
afferents with other villous tissues to evaluate a trophic hypothesis of the aging of the villus
afferents, though it is worth noting that, consistent with a trophic explanation of the patterns
of aging of vagal villus afferents, mucosal villi are known to change with age (Ecknauer et al.,
1982; Penzes and Regius, 1985; Holt et al., 1988; Atillasoy and Holt, 1993).] IMAs, much like
IGLEs, appear to be controlled by trophic relationships with their GI targets.

IMAs, which have only recently been characterized structurally (e.g., Berthoud and Powley,
1992; Fox et al., 2000; Phillips and Powley, 2000; Powley and Phillips, 2002; Powley et al.,
2008), are parallel arrays of terminals in smooth muscle issued by individual vagal afferents
(Fig. 5A). The parallel telodendria of the IMAs run in conjunction with networks of interstitial
cells of Cajal (ICCs; Fig. 5B), and this afferent-ICC complex is oriented parallel to the smooth
muscle fibers (Fig. 5C,D). As illustrated in Fig. 5E, similar to ICCs, the telodendria of IMAs
intertwine tightly with the axons of visceral afferents (presumably, based on their CGRP
phenotype, originating from DRGs; Phillips et al., 2006, 2007, Phillips and Powley, 2007).

In ways analogous to the observations on IGLE plasticity, three types of observations indirectly
suggest that the structural features of IMAs are responsive to trophic factors. One set of
observations is structural. Intramuscular array telodendria intertwine closely with the processes
of ICCs, appearing to make contact (Fig. 5C,D). A recent ultrastructural study (Powley et al.,
2008) confirms that IMAs form pre-junctional thickenings with varicosities and appositions
with ICCs. Such structural interactions suggest, that the IMAs might derive trophic as well as
structural support from the ICCs and potentially other elements such as CGRP-positive DRG
fibers (Fig. 5E). And, since ICCs have recently been shown to decline with age (Bernard et al.,
2007; Camilleri et al., 2008), it would seem likely that IMAs might well undergo
complementary losses or remodeling similar to that described by Fox et al. (2001b) in the
trophic factor NT-4 knockout mouse.

A second set of observations, based on an analysis of IMA structure in animals with mutation
affecting ICCs, indicates that IMAs do draw trophic support from ICCs. Fox et al. (2001b)
have observed that c-Kit mutant mice (that lack c-Kit the receptor kinase and hence lack ICCs
in the forestomach) have a selective loss (~70%) of IMAs in the forestomach. In a parallel
experimental analysis, Fox et al. (2002) have also observed that mice mutant for steel factor,
the c-Kit receptor ligand, display comparable losses and disruptions of IMAs.
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Finally, a third set of observations also points to the conclusion that the structure of visceral
afferent IMAs is dependent on trophic factors, thus making the prediction that IMAs may well
undergo regressive or dystrophic changes with age. Our experiments looking at vagal afferent
remodeling after injury to the stomach wall (Phillips and Powley, 2005) or axotomy (Phillips
et al., 2000, 2003a) indicated that IMAs can regenerate and re-establish arrays of parallel
telodendria, though the endings that differentiate tend to organize with significant distortion
both in terms of the structure of the telodendria and in terms of the tissue targets they innervate.
The patterns of plasticity again would appear to be particularly consonant with explanations
in terms of altered trophic environments. Such a point also, in a sense, suggests a way of
evaluating a trophic model of gut visceral afferent aging: We have yet to fully survey IMAs
for age-related reorganizations, but the tight articulations with target tissues and the other
indirect suggestions of trophic support for plasticity predict that alterations may be found.

Do Vagal Afferents and Efferents Age Differently?
As reported and reviewed elsewhere, efferent innervations of the gut also develop heteroplastic
swellings and dystrophic features with age (Phillips et al., 2006, 2007; Phillips and Powley,
2007; cf. Fig. 2G in Walter et al., 2009 for an example of a dystrophic vagal extrinsic efferent),
with such plastic changes considered to be a result of changes in the trophic control of efferents
(Cowen, 1993; Andrews, 1996; Cowen and Gavazzi, 1998). Thus, it may be the case that
afferents and efferents develop comparable dystrophic and regressive morphological patterns
because of similar age-related changes in the trophic support of the neural projections.

One set of observations, however, suggests that there are some differences in the aging
processes of the vagal afferents and efferents. The protein alpha-synuclein is expressed in some
enteric neurons and in all vagal preganglionic efferents to the gut (Phillips et al., 2008), and
aggregations or misfolded masses of alpha-synuclein occur in many of the age-related
neuropathies in the intrinsic and extrinsic gut efferents (Phillips et al., unpublished), but the
protein is not (or very seldom) expressed in vagal afferents to the gut (e.g., Fig. 6A).
Conceivably, of course, the afferents may express other proteins that are susceptible to
misfolding and aggregations, but regardless, it would appear that aging of vagal afferents must
involve at least somewhat different mechanisms than does aging of efferents innervating the
GI tract. This is particularly relevant to the evolving hypothesis that for certain age-related
diseases, such as Parkinson’s, the sensory components of the nervous system remain intact
while the motor areas--particularly the visceromotor systems--progressively degenerate (Braak
et al., 2006; 2007; Cersosimo and Benarrock, 2008; Braak and Del Tredici, 2009).

Summary
Visceral afferents, which are responsible for initiating GI reflexes and providing feedback
about functional adjustments of the gut, exhibit structural remodeling with aging. Vagal IGLEs
and villus afferents, the two types of visceral afferent terminals that have been examined in the
gut to date, both display dystrophic and regressive changes with aging. Such deficits, one found
in the muscle wall and one found in the mucosa, are consistent with diminished trophic support.
But whatever the mechanism, such dystrophic features presumably compromise both afferent
feedback from the aged gut and reflexes key to gastrointestinal health. Given the strategic
functions of gut visceral afferents and given the evidence that they deteriorate with age, as does
GI function, more systematic evaluations of visceral afferent aging are certainly needed.
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Figure 1.
Vagal afferents that terminate in the myenteric plexus are considered putative tension receptors;
they produce endings known as intraganglionic laminar endings (IGLEs). In an adult rat (3
months of age), a single well labeled axon terminating in the corpus adjacent to the greater
curvature had a receptive field consisting of approximately 15 separate IGLEs. Seven of the
15 IGLEs are pictured in panels A (4 IGLEs), B (1 IGLE), and C (2 IGLEs); the receptive field
of an afferent that terminates in IGLEs is thought to encompass the area occupied by the cluster
of IGLEs. IGLEs were visualized by injecting dextran-tetramethylrhodamine-biotin (D-TMR-
B; D-3312; 15%, MW 10k, lysine fixable, Molecular Probes, OR) into the nodose ganglia
followed 14d later with a permanent DAB immunohistochemical protocol (Powley and
Phillips, 2005). Scale Bar in C = 25 μm for A-C.
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Figure 2.
Degenerative changes are illustrated in a vagal afferent neurite prior to terminating in an IGLE
(located towards the greater curvature of the forestomach of an aged rat; 22 months of age);
adapted from a panel which originally appeared in Phillips and Powley, 2007. Two
heteroplastic varicosities stand out in marked contrast to the considerably smaller diameter of
the axon from which they originate, and the presence of small lucent vesicles (possible
mitochondria?) around the circumference of the larger of the two varicosities--shown at higher
power in the Inset--further validates the assumption of a degenerative fate for this particular
afferent. Scale Bar = 50 μm; 15 μm in inset.
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Figure 3.
IGLEs in the stomachs of two different aged rats (22 months of age) injected in the nodose
ganglia with D-TMR-B showed a range of morphological changes consistent with age-induced
deterioration. These IGLEs, which were “aged” in appearance, had numerous inclusions with
unstained central cores that occurred along the length of the secondary and tertiary branches
(A; ending located directly below the lower esophageal sphincter in the corpus), and laminar
plates that were diffuse and 2-dimensional (B; ending located on the greater curvature side of
the pyloric sphincter in the transition zone between the antrum and the corpus) in comparison
to their young adult counterparts (see Fig. 1). In addition, in contrast to the highly arborizing
adult IGLEs, some aged IGLEs appeared to be pruned back to the parent axon and less leafy
by comparison (C; ending located in the antrum). Finally, within axonal bundles of D-TMR-
B labeled aged vagal afferents (D; bundle was located in the corpus in close proximity to the
IGLE shown in panel A), axons of normal diameter ran parallel to axons with engorged regions
that were three to four times as thick. Scale Bars = 25 μm.
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Figure 4.
In young adult rats, vagal afferents supply extensive networks of free nerve endings terminating
at the apical tip of the intestinal villi immediately subjacent to the epithelium (A; 3 months of
age), and function as possible chemoreceptors detecting the chemical composition of the
contents of the lumen. A single vagal fiber enters the villus (B; bottom right) in an aged rat (22
months of age) and climbs to the apical tip where it gives off terminal processes immediately
below the epithelial wall. The Insets in panel B are enlargements of regions of the free nerve
endings that have contracted into flattened plates of dystrophic neurites. Panels C and D are
similar examples of the flatted ovid, fusiform morphology of the dystrophic vagal afferent
intravillous arbors in villi of aged rats (22 months of age). Nickel enhanced DAB was used to
permanently visualize the D-TMR-B labeled vagal afferent innervation of the villus in 100
μm thick transverse sections of mucosa sampled from the proximal duodenum. Scale Bars =
25 μm; D applies to insets in B.
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Figure 5.
Intramuscular arrays (IMAs) are vagal afferent terminals located in the smooth muscle layers
of the GI tract, and are thought to be mechanoreceptors involved in the detect of changes in
length of the end-organs that they innervate. The morphology of IMAs consists of a parent
neurite that upon entering the smooth muscle layer branches several times into fine individual
processes running for several millimeters in the same orientation as the muscle layer in which
the neurites terminate, creating a distinct pattern of parallel elements with occasional bridging
elements (brown fibers; A). Within the smooth muscle layers, interstitial cells of Cajal of the
intramuscular type (purple cells; B-D) are in close contact with IMAs (reddish-brown fibers;
C-E), indicating possible communication between the two (cf. Powley et al., 2008). In the same
study, IMAs running in nerve bundles within the muscle layers made contact with individual
neurites (purple fibers; E). The same dynamic exists for the vagal afferent innervations of the
myenteric plexus, with IGLEs (brown terminals) in close contact with both neurons (dark blue/
nitrergic; light blue/cholinergic; F), and axons (purple fibers; G). Scale Bars = 25 μm for A,F,G;
12 μm for B; 10 μm for C-E.
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Figure 6.
Disturbances in autonomic function are common in the elderly and those afflicted with age-
related diseases. Excessive accumulation of alpha-synuclein, a protein implicated in the
development of Parkinson’s disease, results in compromised function in terminals and reduced
viability of neurons. Therefore, selective expression of alpha-syuclein in the extrinsic and
intrinsic nerves that coordinate different aspects of GI function could provide the basis for the
degeneration and subsequent loss of function described in the present review. Virtually all
vagal preganglionic projections to the stomach express alpha-synuclein, both in axons and
terminal varicosities in apposition with myenteric neurons (Phillips et al., 2008); whereas,
IGLEs do not (A). Furthermore, alpha-synuclein is expressed in a subpopulation of myenteric
neurons (B) with approximately 90% of those in the forestomach being nitrergic and 92% in
the corpus-antrum co-localized with markers for cholinergic neurons (e.g., calbindin and
calretinin; C). Dextran-Texas Red (D-TR; D-1863; 5%, MW 10k, lysine fixable, Molecular
Probes, OR) was injected into the nodose ganglia to label IGLEs in the stomach, followed by
immunofluorescent labeling of alpha-synuclein (1:2500; mouse; 610787; BD Biosciences,
CA) with ALEXA Fluor 488 (1:500; A11029; Molecular Probes, OR), and calretinin (1:16,000;
7699/4; Swant, Switzerland) with ALEXA Fluor 350 (1:500; S11249; Molecular Probes, OR).
Scale bars = 20 μm.
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