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Abstract:

Background & Aims. Strategies are needed to increase gastrointestanait without
systemic pharmacologic agents. We investigated venetptogenetics, focal application of
light to control enteric nervous system excitapjltould be used to evoke propagating
contractions and increase colonic transit in mice.

Methods: We generated transgenic mice with Cre-mediat@dession of light-sensitive
channelrhodopsin-2 (CHR2) in calretinin neurons (2hR2 Cre+ mice); Cre—littermates
served as controls. Colonic myenteric neurons \@aedyzed by immunohistochemistry,
patch clamp, and calcium imaging studies. MotiWgs assessed by mechanical,
electrophysiological, and video recordiimgvitro and by fecal outpunt vivo.

Results: In isolated colons, focal light stimulation ofieinin enteric neurons evoked classic
polarized motor reflexes (50/58 stimulations),daled by premature anterograde propagating
contractions (39/58 stimulations). Light stimulaticould evoke motility from sites along the
entire colon. These effects were prevented by héloekade with tetrodotoxin (n = 2), and

did not occur in control mice (n = 5). Light stimatibn of proximal colon increased the
proportion of natural fecal pellets expelled ovBmiinutesn vitro (75 £ 17% vs 32 + 8% for
controls) P <.05).In vivo, activation of wireless light-emitting diodes irapted onto the

colon wall significantly increased hourly fecal leéloutput in conscious, freely moving mice
(4.17 £ 0.4 vs 1.3 £ 0.3 in control$)<.001).

Conclusions: In studies of mice, we found that focal activatadra subset of enteric neurons
can increase motility of the entire colomvitro, and fecal output vivo. Optogenetic control
of enteric neurons might therefore be used to nyagiit motility.

KEY WORDS: peristalsis, gut motility, colonic migrating motoomplex, myoelectric
complex



INTRODUCTION

Compared to all other internal organs the gastesiirial tract is unique in that it possesses an
independent nervous system, known as the enterionge system (EN$)? Comprising
similar numbers of neurons as the spinal cord BN& has intrinsic sensory neurons within
the gut wall, in addition to populations of inteanens and excitatory and inhibitory motor
neurons. Enteric neurons coordinate complex behavifully autonomous of the central
nervous system (CNS). Perhaps the best demonstratithis, is that isolated segments of
bowel are capable of generating propulsive gut liotvithout CNS inpul. ENS activity is
essential for the coordinated release of excitatmyrotransmitters onto smooth muscle,
facilitating contraction of smooth muscle and prgmn of ingested content. Optogenetics
has been well established in the CNS, but compatgtiess so in the peripheral nervous
system. The possibility of using focal applicatiohlight to control ENS excitability and
improve transit of content without using agonistattact in multiple organ systems with off-

target effects, is particularly attractive.

Calretinin is a calcium-binding protein encoded tme gene calbindin 2. Calretinin is
expressed by a subset of myenteric neurons invoivedyut motility. These include
cholinergic motor neurons, interneurons and putatsensory neurofis®. Propagating
contractions of the murine large intestine haswaleorigin (neurogenié) Intrinsic primary
sensory neurons, which express calretinin, maiateippropagating neurogenic contractions
We hypothesized that expression of the light-semsitation channel, channelrhodopsin2 in

calretinin neurons would enable control of colomszirogenic contractions.

In this study, we generated mice expressing chamoadpsin2 (ChR2) and enhanced yellow
fluorescent reporter protein (eYFP), in cells espieg calretinin CAL-ChR2™"; see

methods). Focal light-activation of calretiranteric neurons evoked polarized motor reflexes



and propulsive neurogenic contractiansvitro, leading to significantly increased expulsion
of natural fecal pellets botim vitro andin vivo. Parts of this study have been published in

abstract forrfi



METHODS
Animals

Calb2-IRES-Cre (B6(CgalbZ2™®413) and Rosa-CAG-LSL-ChR2(H134R)-eYFP-WPRE
(Ai32°, B6.CgGt(ROSA)26SEp3CACCOPIHISAREYFPIHEGY  \were obtained from Jackson
Laboratories (Bar Harbor, ME, USA). Mice expressrg-recombinase were crossbred with
Ai32 mice (Fig. 1c). Resultin€AL-ChR2™* progeny expressed the ChR2(H134R)-eYFP
fusion gene in cells expressing the CALB2 gene pcadCAL. All mice were housed under a
12-hour light/dark cycle with food and water praaidad libitum.Experiments were done by
observers blind to the treatments or genotypesnohals. All mice used for behavior tests
were genotyped and allocated to experimental grougentrol groupsCre littermates were
used as control in all experiments. Strictly match@ce (gender, age) were used at 8 to 12-
weeks old for all the experiments. Animal studige &eported in compliance with the
ARRIVE guidelines. All experiments were performedaccordance with the guidelines of
the National Institutes of Health and the Interovadil Association for the Study of Pain, and
were approved by the Animal Studies Committee atsgton University School of

Medicine.

Tissue preparation

Mice were sacrificed by cervical dislocation. THelamen was immediately opened and the
entire colon from caecum to terminal rectum wasaesd. In all experiments except the
imaging of natural pellet expulsion, the full lehgif colon was placed in a petri dish filled
with carbogen-gassed (95% (5% CQ) Krebs solution (25-30°C; in M concentrations:
NaCl 118; KCI 4.7, NakPO, 1; NaHCQ 25; MgClh 1.2; D-Glucose 11; CagP.5). Residual

pellets were gently flushed from the colon usinglk& solution and mesentery was removed.



For recording natural pellet expulsionvitro, the terminal rectum was occluded by tying off

with fine suture thread before the colon was remdvem the animal.

Immunohistochemistry

For immunohistochemical analysis, the colon was@ihinto Krebs-filled, Slygard-lined
petri dish. Preparations were made into a flat sslgecutting longitudinally along the
mesenteric attachment. Preparations were fixedrundgimal stretch in modified Zamboni’'s
fixative (2% formaldehyde, 0.2% saturated picricdan 0.1M phosphate buffer, pH 7.0) for
approximately 24 hours at 4°C. Tissue was cleardd thiree washes of 100% dimethyl
sulphoxide (DMSO), and stored in PBS at 4°C. Tormap visualization of myenteric
ganglia, the mucosa, submucosa and longitudinalckauayers were removed by sharp

dissection.

Preparations of circular muscle and myenteric pexere incubated with antisera to
calretinin (1:500, AB5054. Millipore), choline agktransferase (1:50, AB144P. Millipore)
or nitric oxide synthase (1:300, AB1529, Millipora} room temperature for two days.
Preparations were then rinsed three times using BB& incubated with appropriate
secondary antisera (1:300, donkey anti-rabbit,ncat711165152; donkey anti-goat, cat no.
A11055, Invitrogen, MA, USA or donkey anti-sheepat cno. 713095147, Jackson
ImmunoResearch Laboratories, Incorporated, PA, Uf8A)4 hours at room temperature.
After a final rinse with PBS, preparations were iglgrated with 50%, 70%, and 100%
carbonate-buffered glycerol, and mounted in 100%arzate-buffered glycerol (pH 8.6). All
antibodies were diluted in 0.1M PBS (0.3 M NaClptoning 0.1% sodium azide. Controls
were performed by omitting primary antibodies fradhe procedure and ensuring that the

associated secondary antisera no longer labelledtgtes in the tissue. Colocalization of



eYFP fluorescence and CAL, ChAT and NOS immunore#gtivas quantified in myenteric

ganglia from segments of proximal, middle and dlistéon.

I solation and short-term culture of mouse colonic myenteric neurons

The colon was placed in ice-cold Hank's balancédssaution (HBSS$?) containing, in 16M
concentrations: NaCl 137.9, KCI 5.3, NaHE®.2, CaCl 1.3, MgC}, 0.5, KHPO, 0.4,
MgSO, 0.4 NaHPQO, 0.3, and D-Glucose 5.6. Neurons were acutely diassd and
maintained as described in detail elsewherBriefly, a strip of longitudinal muscle with
myenteric plexus attached was removed from undeglygircular muscle of the colon.
Longitudinal muscle-myenteric plexus preparatiorerevdigested using collagenase type 2
and trypsin. Single cells were collected and plabedcoverslips. Following 24-48 h in

culture, neurons were used for calcium imagingeladtrophysiological recordings.

Live-cell Ca?* imaging

Cultured myenteric neurons were loaded with caleaemsitive indicators by applying.¥
Fura-2 AM (Life Technologies, Carlsbad, CA, USAJ)arthe culture medium at 37°C for 60
minutes®. Cells were then washed 3 times and incubatedBi8$at room temperature for 30
minutes before use. CAlneurons were identified by an inverted microscefib a filter set
for eYFP visualization. Fluorescence at 340 nm 8B8 nm excitation wavelengths was
recorded on an inverted Nikon Ti-E microscope epged with 340-, 360-, and 380-nm
excitation filter wheels using NIS-Elements imagisgftware (Nikon Instruments Inc.,
Melville, NY, USA). Fura-2 ratios (F340/F380) refting changes in intracellular [Eawere

monitored and recorded. Values were obtained fro6:250 cells in time-lapse images from



each coverslip. The threshold of activation wasngef as 3 standard deviations above the

average £20% above the baseliti

Patch clamp electrophysiology

Whole-cell patch-clamp recordings were performedoam temperature (22-24°C) using an
Axon 700B amplifier (Molecular Devices, Sunnyval®d, USA) on the stage of an inverted
phase-contrast microscope equipped with a filter fe@ eYFP visualization (Nikon
Instruments Inc., Melville, NY, USA{. Pipettes pulled from borosilicate glass (BF 150-8
10; Sutter Instrument, Novato, CA, USA) with a 8utP-1000 pipette puller had resistances
of 2-4 MQ for whole-cell patch-clamp recordings when filledth pipette solution containing
in 10°M concentrations: KCI 140, Mg&l, Mg-ATP 3, EGTA 1, sucrose 10 and HEPES 10
with pH 7.3 and 315 mOsm/l osmolarity. Cells wemmtmuously perfused with standard
extracellular solution containing, in M concentrations: NaCl 140, KCI 5, EGTA 0.5,
MgCl, 1, CaC} 2, D-Glucose 10, and HEPES 10 (pH 7.4 and 340 nilOgssmolarity).
Whole-cell membrane currents were recorded usipgfigee recording at holding potential of
-60 mV. Data were acquired using Clampex 10.4 so#wMolecular Devices, Novato, CA,
USA). Currents were filtered at 2 kHz and digitizad 10 kHz. Data were analyzed and

plotted using Clampfit 10 (Molecular Devices, NavaCA, USA).

Combined mechanical and extracellular electrophysiological recordings

Full-length colon preparations were placed in agaarbath (volume ~50ml). The organ bath
was continuously superfused at a rate of ~4.6 mI'rt86°C). A stainless steel tube (diameter
1mm) placed through the lumen was fitted at eact ®mo L-shaped barbed plastic

connectors that were fixed to organ bath base.oFalkeand anal ends of colon were tied over
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the barbed connectors with a fine suture threaanless steel hooks (50 diameter) were
threaded through the gut wall of the proximal, nieddnd distal colon. A fine suture thread
connected each hook to an isometric force transd(Me&T050/D; ADInstruments, Bella
Vista, NSW, Australia) and set to a basal tensib®.6 g to record mechanical activity.

Activity was recorded at 1kHz (PowerLab 16/35, LaAb@ 8, ADInstruments).

During mechanical recordings, conventional extiatal recordings were made from the
colonic serosa between the middle and distal ftnaesducers (see Supplementary Figure 1
for a schematic diagram). Two Krebs-filled suctielectrodes (AgCl, 25@m) with heat-
polished glass capillary tips were used (0.86 mtariral diameter, 1.5 mm outer diameter;
cat# 30-0053, Harvard Apparatus, Holliston, MA, USAlexible Silastic tubing (Dow
Corning Corporation, MIl, USA) connected the glapstd the AgCl electrode. Signals were
amplified (ISO80; WHPI, Sarasota, FL, USA) and reeor at 1 kHz (PowerLab,
ADInstruments). The signals recorded were in ppleciassumed to represent extracellular

recording of changes in polarity along the surfaicthe smooth muscle cells.

Natural pellet expulsion and spatio-temporal mapping, in vitro

The full length of colon containing natural pelletas placed into a Krebs-filled, Sylgard-
lined organ bath (Sylgard 184, Dow Corning Corpgorgt Preparations were held in place
without obstructing the passage of pellets usiygetogical pind® (500 um diameter). The
suture was then cut free and expulsion of natuebéis was observed over 30 minutes. Light
stimulation (20 ms pulse width, 5 Hz, 20 secondnti@uration) was applied to the mid-
proximal colon at 3 minute intervals for 30 minut€sut movements were recorded by video
camera above the organ bath (Carl Zeiss Tessar,C88@ech International S.A., Lausanne,

Switzerland; 800 x 600 pixel resolution, 15fps)d&® records were transformed into maps of



circumferential gut diameter (diameter maps) udimg spatio-temporal mapping technique

described by Hennig et &l.

Light stimulation apparatus

Blue light was generated fan vitro studies with a diode-pumped solid-state laseresyst
(473 nnm., 50 mW, Model number: CL473-050-0; CrystaLaser Réno, NV, USA). Trains
of light pulses (20 ms pulse width, 5 Hz, 20 sectvadh duration) were delivered focally via
glass fibre optic (200 um diameter; area of diamination: 0.0987 mrf). For experiments
in vivo, wireless subdermal optoelectronic implants wesedu(Neurolux, Champaign, IL,
USA; Fig. 8a). These devices were characterisefgiail previousl}?. Briefly, the main body
of the device comprised a ~9.8 mm diameter circatarductive receiver coil and surface
mounted capacitor and rectifier. A malleable inbarect trace carried metal lines for power
transmission from the coil tod.ED on an injectable needle (LED dimensiongum: 270 X
220 x 50; area of direct illumination: 0.0594 MmPower was transferred to the coil by
magnetic coupling to a transmission antenna thatr@ad each recording chamber and
emitted electromagnetic waves at radio frequen8y5@ MHz). TheuLED emitted 470 nrh
photons. In addition, aLED (C470DA2432; Cree Inc., NC, USA) driven by aiable power
supply was used to characterize the effect of lpgiwer density on the efficacy of stimulating
colonic motility in vitro. Pulse timing was controlled by a Powerlab via ablLopto-
isolator. The area of light emission was 240 x 320pum (0.0768 mr). Light power density
across a range of currents was measured 5 mm fienbED using a standard photodiode

power sensor (S120C; Thorlabs, NJ, USA) and a poveter (Thorlabs, PM100USB).

Stimulation of pellet output, in vivo

10



Mice were anesthetized in an induction chamber @Bfiurane) and maintained at 1% - 2%
isoflurane. The body of the wireless optoelectramiglant was inserted between the skin and
peritoneum. The implant needle, containing tl€ED, was inserted through an incision

(~2mm) in the peritoneum. The_.ED apposed the proximal colon, just distal to teeo-

colonic junction.

Mice were acclimated in custom recording chambersat least 7 days prior to surgery.
Following implantation, mice were supplied soft gelod (DietGel 76A, ClearH20,
Westbrook, ME, US) and placed on a warm plate duracovery. Mice were returned to
recording chambers 2-3 days after implantation @eitet output was recorded for 2 hours: 1
hour control and 1 hour with light stimulation (ZH00 ms pulse width). Recordings were
conducted orCre" and Cre (control) mice simultaneously in separate, paralleambers.

Pellets were collected and counted at the endaf baur recording period.

Statisticsand Analysis

Spatio-temporal maps were generated from videardeugs using computer script for Matlab
software (MathWorks Incorporated, Natick, MA, USA3cript was written in-house at
Flinders University (Lukasz Wiklendt, Flinders Uargity). Diameter maps are generated by
measuring gut diameter at each point along the gpadipn in every video frame and
converting diameters into grayscale pixels to @eat spatiotemporal map of diameter
changes. Regions of minimal diameter (contractame)represented as white pixels, whereas
maximal diameter (distension) are represented agkigbixels. This method was adapted from
what was described in detail elsewHéreDiameter maps were analysed manually using
PlotHRM software (Lukasz Wiklendt, Flinders Univigy} written in Matlab (Mathworks)

and JavaTM (Sun Microsystems, Santa Clara, CA, U&Kjracellular electrical activity of

11



colonic smooth muscle was analysed using LabChaan® Spike Histogram software
(ADInstruments). Action potentials and electricatitlations within neurogenic spike bursts
were discriminated to determine average firing satsing manually-set thresholds and
median filtering. Mechanical activities were analysmanually using LabChart 8 software

(ADInstruments).

Statistical analysis was performed by ANOVA (oneywa two-way), or Student’s two-tailed
t-test for paired or unpaired data using Prism @&f@BPad Software, Inc, La Jolla, CA, USA).
Statistical differences were considered signifigaft < 0.05. All data are presented as mean

+ SEM unless otherwise stated. Lower case “n” afnagicates the number of animals.

RESULTS

Immunohistochemistry

Immunohistochemically-detectable eYFP occurredmalsand large nerve cell bodies and in
varicose axons throughout the colonic myentericxyseof CAL-ChR2"™* mice, but not
littermate controls CAL-ChR2™ soma size: 190 + mim? 192 cells, n = 6). High
proportions of the nerve cell bodies containing BMike immunoreactivity (eYFP-LI) also

contained calretinin (CAL-LI; 97 + 3%, n = 6) anldatine acetyltransferase (ChAT-LI; 79 +

7%, n = 5), and a small proportion contained neairoitric oxide synthase (NOS-LI; 12 +

5%, n

7). Conversely, nerve cell bodies contgrelFP-LI comprised 98 + 2%, 87 + 6%
and 9 + 4% of all nerve cell bodies containing CAI-ChAT-LI and NOS-LI, respectively
(Supplementary Table 1). Representative micrograp@shown in Figure la. This suggests
the ChR2-eYFP fusion gene was predominantly expcessmong calretinin-expressing,

cholinergic neurons.
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Patch clamp electrophysiology and calcium imaging

Light-evoked transmembrane currents were observaderuvoltage-clamp conditions in
cultured myenteric neurons froB®AL-ChR2™" colon but noCre controls (2.8 + 0.9 pA/pF
vs 0.4 + 0.1 pA/pF, respectivel, < 0.05, independent samples t-test, n = 5; Fiegd, 2.
Under current clamp conditions, light evoked membrdepolarization (Fig. 2e) and action
potential discharge in neurons frof©AL-ChR2™* colon but not Cre controls
(depolarization: 13 + 2.2 mV vs 0.0 + 0.0 mV, resgpeely, P < 0.001, independent samples
t-test, n = 5; Fig. 2a-b). Consistent with thesecebphysiological data, calcium imaging
revealed light-evoked transients in myenteric nesrof CAL-ChR2™* but notCre control
colon (Fig. 2g-h). These data suggest myenterigamsuin CAL-ChR2™* mice expressed

functional light-sensitive channels.

Electrophysiological and mechanical recordings of colon

Intact tube preparations of the whole colon shoveedjoing, propagating neurogenic
contractions with intervals of 3-4 minutes (intdrvdl7 + 24 seconds, n = 7; Fig. 3,
Supplementary Fig. 2). This activity was TTX-sensitand thus deemed neurogenic (n = 2).
Neurogenic contractions occurred with bursts of atmomuscle action potentials and
electrical oscillations, whose characteristics wavasistent with “neurogenic spike bursts”,
described previously (interval: 240 + 19 seconds, duration: 39 + 3 selso mean firing rate:
2.0 + 0.04 Hz, n = 7; table 2; Fig. 3, Supplementég. 2). INCAL-ChR2"™* colon,the most
reliable and immediate effect of light stimulatiomere polarized motor responses
characterised by proximal contraction and/or distédxation, relative to the stimulation site

(50/58 stimulations, n = 7; Fig. 4). Polarized motesponses always occurred during the

13



stimulation period, with short latency (mean latefrom stimulus onset: 3.4 £ 0.3 seconds)
and the changes in tension caused by contractiassswgnificantly larger than those caused
by relaxations (contraction amplitude 0.57 = 0.1@gaxation amplitude 0.08 + 0.01B,<
0.01, paired samples t-test, n = 7). The effectgsrof light application in evoking polarized
motor reflexes was not statistically significanttifferent between the tested locations
(proximal: 13/16, mid-proximal: 13/13, mid-distdl6/17, distal: 8/12P = 0.067,° = 7.2, df
=3, n =7). In 39 of 58 stimulations (n = 7), a¢mature” neurogenic contractions and spike
bursts occurred after the polarized motor resp@dB86£39 preceded by detectable polarized
reflexes). Thirty five of 39 prematurely evoked tawtions propagated in a regular
anterograde direction (proximal to distal), regessl of the stimulus locatiop?(= 5.388, df =

6, P =0.495; n = 7). These neurogenic contractionsiwed with a latency to peak amplitude
of 34 + 2 seconds from the onset of stimulatiorg(Fa, Fig. 5). The contractions were
deemed “premature” because their preceding inteveal outside, and shorter than, the 95%
confidence range of intervals of ongoing, spontasemntractions in the same preparation
(Fig. 5b). Stimulations were intentionally timed éwoke contractions that were premature
(~30 - 60 seconds following a spontaneous contmagtiThus, the intervals preceding the
light-evoked neurogenic contractions and spiketsugre significantly reduced compared to
regular spontaneous contraction interval€&L-ChR2™* colon @ < 0.05, Bonferroni post-
test, 2-way ANOVA,Cre" n = 7,Cre n = 4; Fig. 5¢, Supplementary Fig. 3, Supplemgntar
Table 2). However, the mechanical and electroplhygical characteristics of light-evoked
propagating contractions were not otherwise sigaiftly different to regular spontaneous
contraction (Fig. 5c, Supplementary Fig. 3, Supp@etary Table 2). Additionally, no
significant effects of stimulation on neurogeniataction intervals or other mechanical and
electrophysiological characteristics were obserirecontrol preparations (Supplementary

Fig. 3), nor were propagating contractions evokgdight stimulation in TTX (16 M; 11
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stimulations, n = 2; Fig. 3b). As with polarizedleges, the effectiveness of light application
in evoking premature neurogenic contractions was statistically significantly different
between the tested locations (proximal: 9/16, mimkpnal: 10/13, mid-distal: 13/17, distal:
7/12,P = 0.900,5° = 0.586, df = 3, n = 7). Light stimulations (5HX)ms pulse width, 20
second train duration) applied at varying powersiteas in additional experiments revealed
that stimulation efficacy was graded with light powdensity (1-40 mW/mfm n = 3;
Supplementary Fig. 4). Stimulations using light powlensities above 18.5 mW/rnvere
most reliable, evoking neurogenic contractions orenthan half of stimulations applied (see
Supplementary Fig. 4B and C). Local motor refleassessed in a single preparation could be
evoked by brief stimulations at light power demsitas low as 2.75 mW/nin5Hz, 20 ms
pulse width, 5 seconds train duration; Supplemgniag. 4D). Taken together, these data
suggest that activation of calretinin neurons ocaske polarized motor reflexes and premature

propagating neurogenic contractions, with simifficacy along the length of the colon.

Stimulation of colonic motility in vitro

Isolated mouse colons were set up in an in vitrgaorbath with natural content intact.
Colonic preparations initially contained an avera§e natural pellets on removal from the
animal CAL-ChR2™*: 3.8 + 0.7,Cre control: 4.4 + 0.4P = 0.377, independent samples t-
test, n = 5 and n = 9, respectively). Stimulatioveye applied at a pre-set interval of 3
minutes. After 15 minutes of light stimulation diet mid-proximal colon, 3 of AL-
ChRZ"™" preparations cleared all pellets, compared to @/ control preparations. On
average CAL-ChR2™" preparations had expelled 75 + 17% of startingefel compared to
32 + 8% inCre controls P < 0.05, independent samples t-t&te” n = 5,Cre n = 9; Fig.

6D). At 30 minutes the difference in output was siattistically significant, possibly because
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mostCAL-ChRZ2™" preparations lacked content after 15 minutes (1% and 37 + 11% of
pellets,Cre” andCre control, respectivelyP = 0.056, independent samples t-t€8€" n = 5,

Cren=9).

In addition to pellet output, neurogenic contracsiavere observed by video-imaging colonic
wall movements (Fig. 6A and 6B). Most neurogenintcactions propagated along the colon
in a proximal to distal directiorGAL-ChR2"™*: 38/39 contractions, n = &re control: 32/32
contractions, n = 9). Significantly more propaggtmeurogenic contractions occurr€dL-
ChRZ"™* preparations compared @re’ controls, when the identical light-stimulus regimen
was delivered to botlCAL-ChR2™* and Cre control mice (7.8 + 0.7 versus 3.8 + 0.9,
respectively,P = 0.007, independent samples t-test; Fig. 6C).niptes of light stimuli
applied toCAL-ChR2™* preparations an€re controls are also shown in Supplementary
Video 1 and 2. When the temporal and spatial chariatics of light-evoked contraction was
analysed it was found that propagating contractinf@AL-ChR2"™* preparations were more
closely associated with light stimulation, compatedhose inCre control preparations. On
average, propagating contractions @AL-ChR2™" preparations were initiated 29 + 5
seconds from the onset of a 20s stimulus, compax&® + 7 seconds i@re controls P <
0.005, independent samples t-t&+te’: 39 contractions, n = &re control: 32 contractions,

n = 9; Fig. 6E). The time difference between ordetontractions irCAL-ChR2"™* colons
and stimulation onset was also smaller when condpaoeintervals between randomly
generated times within the recording period and thearest stimulus (10 random times per
preparation; 28 + 4 versus 53 + 5 secoi@l -ChR2"™* and random times, respectively/<
0.005, independent samples t-test, n = 5). Thisneaghe case ilCre controls (10 random
times per preparation; 60 = 7 versus 63 * 4 secopagagating contractions and random
times, respectively = 0.723, independent samples t-test, n = 9). Témstractions irCAL-

ChRZ"™* but notCre control colon were temporally closer to stimulatiothan would be
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predicted by chance. Spatially, the contraction€Ai_-ChR2™" preparations were initiated
closer along the length of the gut to the locatidrthe light stimulus than i€re control
preparations (9 £ 1 mm vs 16 £ 1 mmGnre control,P = 0.001, independent samples t-test, n
=5 and n = 9, respectively; Fig. 6F). Taken togetthese data suggest that light stimulation

evoked neurogenic contractions and effectivelyaased colonic motilityin vitro.

Stimulation of colonic motility in vivo

CAL-ChR2"™* andCre control mice were implanted with wireless LEDs piosied opposing
the proximal colon wall, just distal to the cecdesoc junction (Fig. 6G). Following a week
of recovery, mice were placed into recording chamlber a one hour acclimation, followed
by one hour of light stimulation. Pellet output welevated in the first hour, which is a well
characterised effect of exposure to a novel enwirt® ?° Importantly, there was no
significant difference in pellet output between ggpes CAL-ChR2™" and Cre control
mice: 7.3 + 1.8 pellets versus 8.2 + 1.7, respebtj\P = 0.669, paired samples t-test, n = 6).
Pellet output was reduced in the second hour. Hewepellet output was significantly
increased by light stimulation of the proximal aoia CAL-ChR2"™* mice, compared tGre
control (4.17 + 0.4 versus 1.3 £ 0.3 pelld?ss 0.001, paired samples t-test, n = 6; Fig. 8).
These data suggest colonic motility is increaseddiivation of calretinin-expressing neurons

in murine proximal colonn vivo.
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DISCUSSION

The current study is the first demonstration th@itbgenetic control of activity in the ENS can
modify gut motility and transit of natural ingestedntentin vitro and in conscious mice
vivo. Focal optogenetic activation of enteric neurcens ot only evoke local polarized motor
reflexes, but also anterogradely-propagating neammgcontractions along the whole colon,
leading to major physiological changes in fecallgtebutput. This is particularly exciting
because of the translational potential to improwuergotility without using pharmacological

agonists that act on receptors distributed in abingans or in central pathways.

Motor behavioursevoked by calretinin neurons

It has long been known that local activation of tBES mediates stereotypical polarized
motor responses characterised by oral (proximaijraotion and aboral (distal) relaxation in
response to focal mechanical or chemical stim@liBayliss and Starlifg proposed that

intestinal propulsion is due to focal activationpaflarized enteric neural pathways leading to
oral contraction and aboral relaxation. The foaivation of calretinin neurons in the present
study reliably evoked motor responses that mimidkesl classic behaviour. When blue light
was delivered to proximal colon, primarily aboralaxation responses occurred. However,
light delivered to the distal colon primarily evakeascending excitatory responses.
Stimulation of the mid colon evoked a combinatidrascending excitatory and descending
inhibitory responses. This suggests a role(s) faretinin neurons in the enteric neural
circuits that underlie polarized reflexes. Conti@ts on the oral side of the light stimulus
were of significantly greater amplitude than reléxa@s evoked on the anal side. This may
have contributed to by the preponderance of chineexcitatory motor neurons among

calretinin-expressing neurchs
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The second major pattern of neurogenic motor dgtevoked by stimulation of calretinin
neurons in the present study was propagating nearogontractions. This behaviour has
variously been referred to as “colonic migrating tanocomplexes®, “peristalsis®*® and
“peristaltic contractions® among others, and is the predominant form of miséhaviour in
murine colon. The generation of neurogenic contastin mouse colon involves many
thousands of myenteric neurons whereby the firingviies of large populations of
interneurons converge to become temporally synchedn Interestingly, evoked propagating
contractions in the present study occurred abowge8@nds after the onset of stimulation and
typically followed an initial polarized motor respge. Thus, it is possible that neurogenic

contractions were secondarily evoked by polarizetbmresponses.

The threshold number of activated neurons requiveevoke neurogenic contractions is of
interest. Most estimates of myenteric neuron dgmsitmouse colon range 270 — 600 neurons
per square millimeté¥2® with calretinin neurons comprising ~ 3%9%Given the area of direct
illumination in the present study ranged 0.05940987 mnj, this suggests that on average 6
— 21 myenteric calretinin nerve cell bodies werediilluminated, in addition to other nerve
fibres and varicosities. It is possible that moeenons were recruited by photon scattering but
the degree to which this contributed in the presguatly is unclear. The observation that
induction of neurogenic contractions occurred ahigher threshold light density than
polarized motor reflexes, supports this possibikityd that higher numbers of calretinin
neurons may be required to initiate neurogenicraatiopns compared to polarized reflexes. In
addition, calretinin neurons occur in the colonibmucous plexds?® *¢ and are active
during neurogenic contractiotis Higher light power densities may more readily gteste

through to these cells. The possibility that catiatsubmucous neurons were activated in the

present study and contributed to generation ofognic contractions cannot be ruled out.
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Electrical versus optogenetic stimulation of colon

Transmural electrical stimulation can also evokesnpature neurogenic propagating
contraction¥, and neurogenic spike bursts in the murine cdlownjtro'®. However, specific
activation of calretinin neurons in the presentdgtproduced some qualitatively different
effects compared to electrical stimulation that rbayof therapeutic relevance. For example,
electrical stimulation evokes premature neurogeoictractions that propagates both orally
and anally along the gut from the point of stimiglat thereby producing anterograde activity
distal to the stimulus and retrograde activity pneedly®?. This effect can have undesired
consequences where electrical stimulation of thehgs been testeih vivo®™, leading to
approaches that use sequential activation of nliipplanted electrodes along the gut to
force anterograde activity In contrast, the evoked propagating contractionte present
study were predominantly in an anterograde directiegardless of the stimulation location.
This may represent an advantage over electricalusdtion. In addition, the efficacy of
electrical stimulation may be location-dependen€Electrical nerve stimulation of the
proximal colon was ineffective while distal colorstmulation was most efficacious, evoking
neurogenic contraction in about 66% of trials (&mto the overall efficacy of 63% in the
present study). Unlike electrical stimulation, aggnetic stimulation of calretinin neurons in
the present study showed a similar efficacy in @wplpropagating neurogenic contractions
from locations along the entire length of the col&alretinin-expressing neurons are
predominantly excitatory cholinergic neurons in ENS" > * % |t is therefore possible that
biased activation of excitatory enteric neuronsthe present study may underlie this
difference, or that electrical stimulation may lnitNS excitability distal to the site of
stimulation by recruiting large numbers of descegdinhibitory neurons (in addition to

ascending excitatory neurons).
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To date, localized effects on smooth muscle elsdttbehaviour has been demonstrated in
studies utilizing optogenetic control of entericurens” * Rakhilin et af® have
demonstrated ChR2-mediated activation of nitrergibibitory enteric neurons causes
localized inhibition of smooth muscle action potalstin the small intestine. Stamp et'al.
have shown that transplanted neural stem cellseegprg ChR2 were functionally integrated
into enteric neural circuits, generating local &dory and inhibitory junction potentials in
smooth muscle, as well as synaptic inputs to a¢ghégric neurons in response to light stimuli.
We report that in the whole intact colon, the fast@hulation of colonic myenteric calretinin-
expressing neurons is sufficient to evoke local anakeflexes, neurogenic propagating

contractions, and significant increases in feciepeutput.

Conclusion

We provide the first demonstration that the exdlitgbof the ENS and colonic motility in a

vertebrate mammal can be potently controlled bypggnetics. The findings reveal that brief
pulses of blue light to the colon GfAL-ChR2™* mice is sufficient to evoke a premature
neurogenic contraction which directly leads togmngicant increase in fecal pellet output both
in freely moving, conscious mice and in an isolatetct whole colonn vitro. This new

approach could prove very effective in improvingstgaintestinal transit in mammals that
have impaired transit, e.g constipation, withouhgsconventional agonists that commonly

stimulate not only the ENS, but also have off tagjge effects in other organ systems.
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