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Arun Chaudhury said:

No role of interstitial cells of Cajal (ICCs) in genesis of inhibitory junction potentials
(1JPs): evidence from a novel mouse model of genomic ICC depletion

I sincerely thank the editor for kindly allowing me to present here an expanded version of
my Brief Communications Arising piece, as a response to alternate interpretations that
may be derived from the evidence presented by Klein et al (2013) in the manus cript:
Klein, S., Seidler, B., Kettenberger, A., Sibaev, A., Rohn, M., Feil, R., Allescher, H.D.,
Vanderwinden, J.M., Hofmann, F., Schemann, M., Rad, R., Storr, M.A., Schmid, R.M.,
Schneider, G., Saur, D. (2013) Interstitial cells of Cajal integrate excitatory and inhibitory
neurotransmission with intestinal slow-wave activity. Nat Commun. 4, 1630. doi:
10.1038/ncomms2626

Significance of Enteric neuromuscular neurotransmission and participating cellular
components: extent of a controversy in smooth muscle nheuromuscular neurotransmission

The passage of food through the gastrointestinal tract involves complex motor patterns of
the gastrointestinal smooth muscles to facilitate digestion, absorption and egestion.1-4
Motor nerve terminals form en passant like junctions as it courses through the gut
muscular bundles.5 Among many resident and transmigratory cells in the stroma
interspersed in the neuromuscular bundles, a mesenchymally derived cell, the interstitial
cell of Cajal (ICC), has received much attention, especially in relation to its plausible
function in neurotransmission.6 These arguments have mainly based on reports that ICCs
located in proximity to the nerve terminals possess receptors and signal transduction
apparati of both excitatory and inhibitory neurotransmitters released from the nerve
terminals, the same repertoire of receptors being also present within the smooth muscle
cells.7-10

The neurotransmitters, mainly acetylcholine and substance P, are excitatory in nature,
and causes smooth muscle contraction after depolarization of the smooth muscle
membrane, while the inhibitory neurotransmitters, purines like ATP and the
gasotransmitter nitric oxide (NO), causes smooth muscle relaxation by hyperpolarization
of the smooth muscle membrane.5, 11-15

Normally, it may be construed that neuromuscular neurotransmission would imply a
linear concept of communication between the motor nerve terminals and the smooth
muscle fibers after nerve stimulation. However, the presence of the intercalated ICC
within the neuropil, which appears closely apposed to the nerve terminals in two

dimensional sections of the gastrointestinal tract,16 has been the main basis for the
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hypothesis of their possible participation in transduction of signals from the stimulated
nerve terminals to the smooth muscles. Considerable debate exists regarding whether
direct communication occurs between nerve terminals and smooth muscles after
electrical stimulation, or whether any intermediary cell, like for example, the ICC,
transduces the neurotransmitter signals to the smooth muscles during
neurotransmission.6-7,15,17- 20 Inhibitory neuromuscular neurotransmission plays a
central role in gut physiology, as failure of the smooth muscles to relax may cause
obstruction of oro-aboral passage of gastrointestinal contents.7,13, 21-25

Evidence from Klein et al (2013) of recorded intact fast and slow inhibitory junction
potentials (f/sIJPs) after genomic depletion of interstitial cells of Cajal

In this online comment, I will focus on discussion of a paradigm-shifting evidence
recently obtained from a novel conditional knockout mice model which provides
convincing evidence of the lack of role of ICCs in direct purinergic and nitrergic
neurotransmission. I present an alternate set of interpretations based on Klein et al?s
data (Klein et al 2013).25 Utilizing the exquisite fidelity of the inducible site-specific
Cre/loxP recombination system,26 Klein et al (2013) demonstrate intact fast and slow
IJPs and normal post-electrical field stimulation (EFS) colonic mechanical relaxations after
acute interstitial cells of Cajal (ICC) depletion in tamoxifen treated c-KitCreERT2/+;LSL-
R26DTA/+ mice.25 Klein et al (2013) correctly identify the outstanding importance of
addressing the role of interstitial cells of Cajal in enteric neurotransmission.25

Klein et al (2013) incorporates a novel technological tool to obtain reductionist
perspective of this highly significant area of investigation. Namely, the genomic
expression of diphtheria toxin specifically in the ICCs to cause cellular death is a highly
novel approach to selectively deplete the ICCs. Until now, mice models were available
with only patchy loss of ICCs, for example, loss of ICC-IMs within the neuromuscular
bundles in W/Wv mice.27 Klein et al?s (2013) generation of this novel genomic model
with only selective depletion of ICCs is a quantum leap that will enhance our
understanding of the signaling and other role of ICCs in enteric neuromuscular
neurotransmission.

Alternate interpretations to the central conclusions of Klein et al (2013) from the
presented key evidence: Inhibitory junction potentials (I1JPs), sine qua non of inhibitory
neuromuscular neurotransmission, can be recorded in the absence of ICCs

Notably, Klein et al?s (2013)25 results provide opportunity for alternate interpretations of
the central conclusions based on the presented evidence. The end-point
neurophysiological assay of inhibitory neurotransmission involves microelectrode
recordings of inhibitory junction potentials (IJPs) after galvanic nerve stimulation of
gastrointestinal smooth muscle strips in vitro.28 Intact IJPs are sine qua non of normal
enteric inhibitory neuromuscular neurotransmission that result in mechanical
relaxation.4,11-15, 22-24, 29-39 Hence, the central conclusion of Klein et al (2013) that
?acute TAM-induced depletion of ICC by conditional expression of DTA ??impairs
neurotransmission in the GI tract of adult animals? is in disconcordance with the
presented key evidence, viz. intact fast and slow IJPs and normal mechanical relaxation
of the gut in c-KitCreERT2/+;LSL-R26DTA/+ mice.25 In contrary, Klein et al?s results
(2013) using the specific ICC-depletion model provide paradigm-shifting evidence that
ICCs play no role in genesis of fast and slow 1JPs, the electrophysiological signatures of
neurotransmission of inhibitory signals from the nerve terminals to gastrointestinal
smooth muscles after EFS.



Although the P2Y1 receptor involved in transducing purinergic inhibitory
neurotransmission in the gut is accepted with consensus,22-24 there is confusion
regarding the cellular location of the purinergic receptor that mediates fast I1JP.
Suggestions have been made that the purinergic receptor mediating the purinergic 1JP is
localized on the PDGFR? ?broblast-like cells (FLCs) that mediate purinergic 1JP.40 This
may be a possible explanation why intact fast IJP was observed by Klein et al.25
However, confirmatory evidence regarding the role of these FLCs have yet to come, as
apamin sensitive outward currents reported in FLCs are also seen in smooth muscle
cells.40,41 Currently, there is not much technical expertise to image lowering of cytosolic
calcium after agonist stimulation, so alteration of calcium signals after P2Y1 agonism may
not be easily obtained. Recently, Tango imaging (Barnea et al 2008) of G protein coupled
receptors (GPCRs) has been reported.42 P2Y1 is a GPCR, and thus a reliable anatomical
reporter like TANGO may be utilized to obtain confirmatory evidence of P2Y1 receptor
activation in gut smooth muscle cells or FLCs after stimulation induced purinergic agonist
release. Also, biochemical evidence needs to be provided how the effector of purinergic
signaling is translocated from the FLC to the smooth muscles within the millisecond
timescale of genesis of the fast IJP. Nevertheless, Klein et al?s (2013)25 novel conditional
knockout approach can help address these issues and provide wealth of relevant
information in purinergic neurotransmission.15

Rationale against the role of interstitial cells of Cajal (ICCs) as a nitric oxide (NO) sink

The authors hypothesize that NO targets only cells in close proximity to its synthesis and
that ICCs act as a NO sink.25 However, there is no morphological evidence that ICCs
warp nerve terminals in 3D or blankets muscularis externa from the nerve fibers criss-
crossing its bulk.5 Nitric oxide diffuses in all three dimensions from its site of synthesis,
the diffusion distance can be as high as 500 microns and dependent on regional
scavengers including protein, lipid, haem or oxygen.43,44 The diffusion distance during
enteric neuromuscular nitrergic neurotransmission has never been estimated, but can be
reasonably presumed much less than 500um, thus the separation distance between the
nerve terminal and the smooth muscle probably not being a limiting factor in diffusion.

Qualitative evidence provided by Klein et al (2013)25 shows that incomplete decrease of
Prkgl (Protein Kinase G isoform 1?) in ICCs decreases sIJP amplitude. These results
would imply that ICCs are the major cellular site of Prkgl upregulation, which is thence
transported to smooth muscles. If such is the case, then it is not clear why or how
deletion of ICCs (which imperatively resulted in Prkg1ICC loss) 25 produced no effect on
sIJP. The maximum size of molecules that can pass through gap junctions is 1 kDa.45 It
is unlikely that Prkg, with approximate MW of 100 kDa, can pass through ICC/smooth
muscle gap junctions. The stained whole mounts show numerous areas of absent Prkg1l
staining in the smooth muscles, 25 raising the alternate possibility that this decrease of
Prkgl in smooth muscles may have resulted in inhibition of the sIJP amplitude. This
important issue merits being resolved in future studies.

A recent study reported that deletion of soluble guanylyl cyclase (sGC) by floxing the sGC
exons specifically within the ICCs produced no effect on smooth muscle relaxations.7 It is
unclear how then partial deletion of Prkgl in ICCs,25 which acts downstream of sGC,
result in diminished amplitude of the nitrergic slow IJP. In this case of floxed Prkg125,
despite the presence of ICCs, how could NO traverse the long distance to smooth
muscles? The key findings from these two recent publications7,25 are inconsistent ,
which merits to be addressed in future studies.

The predominant isoform of Prkgl in ICCs is Prkg1?,25 whereas the predominant isoform
of Prkgl in enteric smooth muscles is both Prkg1? and Prkg1?.8 Prkgl? is 10 fold more
sensitive to cGMP oscillations than Prkg1?.46 While Prkgl1? binds to IRAG to diminish free



calcium, Prkg1? interacts specifically with the myosin binding subunit of myosin
phosphatase, the major enzyme involved in molecular regulation of smooth muscle
relaxation,47 thus implying obvious direct role in smooth muscle relaxation.46 It is likely
that Prkg1?, the final mediator of smooth muscle relaxation, is elevated within the
sarcoplasm per se via direct NO signaling from the nerve terminals to the smooth
muscles. This important testable hypothesis may be achieved using the novel genomic
model and using imaging probes for cyclic nucleotide signaling.48

c-KitCreERT2/+;LSL-R26DTA/+ mice may provide detailed insights into excitatory
neurotransmission

Diminished off-contractions after ICC depletion are presented as the only evidence for
excitatory neurotransmission.25 Off-contractions have complex pharmacology and not
necessarily cholinergic mediated.49 Klein et al have not demonstrated atropine-
responsiveness of the fast EJPs in wild-type animals.25 Spontaneous and stimulated on-
contractions and fast and slow EJP pharmacology may be examined in this model25 to
obtain more rigorous evidence for integration of excitatory neurotransmission by ICCs.

Mechanical recordings are excellent methods to assay neurotransmission resulting in
contraction, as the risk of the expulsion of the recording electrode does not exist.
Important information may also be obtained by studying portions of the gastrointestinal
tract like the gastric antrum which are known to exhibit spontaneous contractions.50

Incomplete depletion of ICCs in TAM-treated c-KitCreERT2/+;LSL-R26DTA/+ mice:
implications on interpretations of the function of ICCs and slow waves

Early reports have demonstrated rhythmicity in smooth muscles, and its relation to nerve
activity.51 The cellular source of origin of slow waves is a matter of intense controversy
due to conflicting observations, with variability based on regions of the gut as well as
differences in species, with theories supporting either myogenic site of origin52 or within
the ICCs, and thereafter, electrotonically being conducted to the smooth muscles, and
both sources possibly being modulated by neural activity. It has been argued, based on
circumstantial evidence, of dual or parallel inhibitory innervation, i.e., a direct
pharmacomechanical coupling between the motor nerve terminals and the smooth
muscles, as well as a separate innervation of the ICCs by the nerve terminals.7,16 A full
treatise of this important topic is simply beyond the scope of this review and only a
fraction with relevance to re-discussion of Klein et al?s evidence is only considered here.
It has been discussed that the slow waves arise as a result of neurotransmission between
the nerve terminals and the ICCs.53,54. Very little is known regarding basal states of
enteric neuromuscular neurotransmission,55 or the characteristic of the spectrum of
summated responses that result in the release of inhibitory or excitatory
neurotransmitters during neuromuscular transmission.56-58 Slow waves were not
abolished after genetic deletion of ICCs but the frequencies and amplitude diminished or
were irregular (Klein et al 2013).25 This may be interpretive of an alternate provocative
possibility of either dispensable role of ICCs for genesis of slow waves but a pacesetter
like function in amplitude and frequency modulation, or may have resulted from the
incomplete deletion of the ICCs after conditional knockout.

TAM-c-KitCreERT2/+;LSL-R26DTA/+ mice, where only 50-60% of ICCs were deleted by
incomplete expression of the diphtheria toxin (Klein et al 2013), resembles W/Wv mice,
which also has patchy loss of ICCs.27 Deleter strain using CreERT2 show expression of
Cre in only about 70% cells in peripheral tissues.59 Klein et al?s investigative group
possess the necessary technical expertise to improvise on this efficiency of the knockout
model. Furthermore, future experiments with this animal model will provide us with



definitive insights into the role of ICCs in slow wave generation. Because slow wave is a
network output,60,61 the location specificity of the loss of ICCs becomes critical
information. This may be easily demonstrated by co-staining gastrointestinal tissues
obtained from c-KitCreERT2/+;LSL-R26DTA/+ mice with other reliable ICC markers like
TMEM16A.62,63

Integration of excitatory and inhibitory neurotransmission with slow waves involves
challenging simultaneous recordings of slow waves with superimposed spontaneous or
stimulated excitatory and inhibitory junction potentials (EJPs & I1JPs)

Klein et al (2013) concludes the study?s findings as ?integration of enteric excitatory and
inhibitory neurotransmission with slow waves by the ICCs?. There are only scant previous
studies where attempts have been made to obtain the challenging recordings of the
merging of slow waves with either spontaneous or stimulated IJP or EJP, based on which
any conclusion of integration may be derived.53,64,65 The current study (Klein et al
2013)25 has not provided sufficient evidence on the integrative roles of ICCs with
junction potentials.

In the rare simultaneous recordings of 1JPs superimposed upon slow waves, it has been
shown that the amplitude and duration of slow waves was altered after sIJP in the canine
colon, or that inhibitory junction potentials recorded with stimulation at the plateau phase
of the slow waves caused termination of the slow wave activity.53

Slow wave behavior has been demonstrated to model like a linear van der Pol
oscillator.66-68 How post-stimulation events result in desynchronization of the slow
wave, and how it regains resynchronization remains outstanding questions, which the
current genomic model may provide valued insights upon obtaining these superimposed
recordings and other focused studies. With future fine tuning of the genomic manipulation
and possibility of generation of a model with global loss of ICCs, greater insights shall be
obtained into the cellular source of slow waves, cellular sources of modulation of ion
conductance changes and their potential role in gastrointestinal motility.

The contribution of the neural activity in genesis of slow waves may also be examined
using mice models of exocytosis failure like Munc18-1 knockout69 or genetic knockout
mice models of nonvesicular neurotransmitter synthetic enzyme, for example, as has
been examined in the nNOS? knockout mice.70 Pharmacologic blockade of nitrergic
signaling in c-KitCreERT2/+;LSL-R26DTA/+ mice or creation of crosses with knockout
mice of different backgrounds will offer important insights into the genesis of complex
phenotypic characteristics like colonic migratory motor complexes.

Phenotypic similarity of c-KitCreERT2/+;LSL-R26DTA/+ mice with W/Wv mice

Gastric emptying was delayed in the TAM-treated c-KitCreERT2/+4;LSL-R26DTA/+ mice
despite the intact nitrergic slow IJP.25 There is significant variability in nitrergic
neurotransmission in the LES of W/W(v) mutant mice.71,72 This phenotype of the mice
generated by Klein et al25 again indicates similarity with W/Wv mice, wherein duodeno-
antral reflux, as reported earlier,27 may have resulted in residual gastric ICG
fluorescence.25 It seems that this new model may be of relevance to investigating
intestinal pseudo-obstruction, the pathophysiological basis of which is mostly unknown.

The c-KitCreERT2/+;LSL-R26DTA/+ mice also show segmented terminal portions of the
colon probably resulting from intraluminal fecal pellets, and thus, Klein et al?s (2013)25
model provides a unique opportunity to test the hypothesis whether myokymic
movements in the absence of slow oscillations and excitatory neurotransmission are
present and adequate for luminal content propulsion. This may provide valuable insights
into the functional redundancy that protects against frank intestinal obstruction in
disorders of neurotransmission. Preliminary reports of such ripple-like muscular
movements have recently been published.73



Translational significance of the differential role of ICCs and inhibitory neurotransmission
in gastrointestinal motility: pathophysiological rationale

Despite reports of alterations of numbers of ICCs in motility disorders, it may not directly
correlate with specific pathophysiology resulting from defective inhibitory
neurotransmission (Sarna 2008).17 For example, studies in mice models of defective
gastric emptying and human tissue biopsies show both reduction in ICCs and nNOS in
nerve terminals, and thus are not able to conclusively correlate the disease
pathophysiology with just alteration of ICC numbers and actually strongly suggests
comorbidities involving both ICCs and defective neurotransmission.74 ,75 Deficits in
inhibitory neurotransmission may result from deletion of nNOS?,21,27 or deficiencies of
its trans criptional activators76 or cofactors77,78 , or motor proteins critical for
nonvesicular and vesicular neurotransmission,79-81 or defects in the smooth muscles per
se.7,13,22-24,47,82

The significance of the neuromuscular apparati, its constituent cellular elements and their
neurophysiological functions has long been a topic of vigorous investigation.83-86 The
complexity of deficits of neurotransmitter functions now presents with even more tenets.
For example, while nNOS enzymatic functional defect has been related with changes in
gastric emptying, and correlated as a pathological explanation for diabetic
gastroparesis,87 the current model presents evidence of impaired gastric emptying even
with intact slow I1JP,25 which reveals impaired gastric emptying despite normal nitrergic
neurotransmission. Studies on a different gastrointestinal model of diabetic complications
have reported loss of nitrergic neurotransmission without alteration of ICC numbers.88
Clearly, we are now equipped with a new innovative tool, the c-KitCreERT2/+;LSL-
R26DTA/+ mice,25 which will tremendously bolster our understanding of the cellular
biology and electrophysiological properties of ICCs and contribute to our understanding of
the variability of gastrointestinal motor functions in health and disease.

Summary: No role of ICCs in genesis of IJPs, electronic signatures of enteric
neuromuscular neurotransmission

In summary, the unequivocal evidence of intact fast and slow 1JPs and mechanical
relaxations after genomic deletion of ICCs in mice provided by Klein et al (2013)25
rigorously support the conclusion of the lack of contribution of ICCs in inhibitory signal
transduction and genesis of inhibitory junction potentials, the hallmarks of EFS-induced
inhibitory neuromuscular neurotransmission. Rather, the data supports other recent re-
analyses of evidence which provided a logic for the lack of dual pathway of innervation
and lack of role of ICC in EFS-mediated generation of postjunctional responses recorded
from gastrointestinal smooth muscles.89
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