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confocalendomicroscopy,basedonaresonantlyvibratingfiberora
fiberbundle,hasshownapotentialforcellularexaminationofthe
colon5,6.Thefront-viewconfigurationoftheinstrumentsrequires
directcontactoftheprobeperpendiculartotheintestinalwall.
Althoughsuchacontactprobewouldbeviableinahumanindi-
vidual5,ithasprovenverydifficulttomaneuverinsmallanimals,
suchasmice,becauseoftheirsmalllumendiameters.Noncontact
endoscopeshavebeendevelopedtoprovideafish-eyeviewsimilar
toconventionalclinicalcolonoscopy7,8.Butthisapproachrequires
alargedepthoffieldforagivenlimitedaperturesize,andtherefore,
microscopicresolutioncouldnotbeachieved.Microendoscopy
using graded-index (GRIN) lenses has been demonstrated for
imaging brain neural circuitry9 and muscle kinetics10 in mice.
However,thefieldofviewofsuchahigh-resolutionprobeistypi-
callyonly5%ofitscross-sectionalarea,seriouslylimitingthesize
oftissueinterrogatedatagiveninsertionsite.

Herewedescribeanewapproachbasedonaside-viewmicro-
probethatovercomesthelimitationsofcurrentendoscopesand
enableswide-areacellular-levelfluorescenceimagingoftissuein
livemice.Contactbetweentheviewwindowandluminalwall
makesiteasytonavigatealongthetractbyrotationandtransla-
tionof theprobe.This allowedus toobtaina comprehensive
mapoffluorescently labeledcellsandmicrovasculatureinthe
mucosain vivoatmultipletimepoints.Wedemonstratethenew
possibilitiesenabledbythistechnologyinmousemodelsofcolitis
andcolorectaltumor.

Tofabricateahigh-resolutionside-viewendoscopicprobe,we
modifieda1-mm-diametertripletGRINlensmicroendoscope9,11
andattachedanaluminum-coatedright-angleprismatthedistal
end(Fig. 1a).Wethensealedtheopticalunitinastainlessprotec-
tionsleevewithatransparentepoxy.Theassembledrigidendoscope
hasanouterdiameterof1.25mmandalengthof50mm.Weinte-
gratedtheendoscopeintoacustom-builtvideo-ratescanning-laser
confocalmicroscope11.Thelaserbeamisrasterscannedoverafixed
x-yplaneattheproximalend,soweusedasimpleimagerotation
toconvertthex-ydatatoacircumference-lumenframe(Fig. 1b).
Theendoscopehadafieldofviewof250µm×250µmandtrans-
verseandaxialresolutionofabout1and10µm,respectively,inthe
air.Theendoscopecouldberotatedendlesslytochangetheimaging
planealongthecircumference.Tochangetheviewplanealongthe
lumen,wemovedthemouseaxiallybyusingamotorizedtransla-
tionstage.Thefocaldepth(z)inthetissuewascontrolledexter-
nallywithouthavingtomovetheendoscopeormouse,simplyby
translatingthecoupling40×objectivelenstochangethedistance
totheendoscope(Fig. 1candSupplementary Fig. 1).
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In vivo imaging of small animals offers several possibilities 
for studying normal and disease biology, but visualizing 
organs with single-cell resolution is challenging. We describe 
rotational side-view confocal endomicroscopy, which enables 
cellular imaging of gastrointestinal and respiratory tracts in 
mice and may be extensible to imaging organ parenchyma such 
as cerebral cortex. We monitored cell infiltration, vascular 
changes and tumor progression during inflammation and 
tumorigenesis in colon over several months.

The gastrointestinal tract and respiratory airways are major
sitesofimmunologicalchallenge.Theinterplayamongmicro-
organisms,theepithelialbarrier,immunityandgeneticsiscritical
tocontrolorganismhomeostasis.Impairmentofoneorsomeof
thesefactorscanleadtohomeostaticimbalance,causingdisease
suchasinflammatoryboweldiseases1,dietproblems,infectious
lungdiseases2andcancer.Toinvestigatethecomplexmucosal
immunesystemanddiseasesrelatedtoit,smallanimalmodels,
particularlymice,havebeenwidelyused.Animalstudieshave
primarilyreliedonhistologicalexaminationsofexcisedtissues
ex vivo. Although well established, this approach provides
only static information at a specific time point and therefore
is inadequate for investigating dynamic longitudinal events
involved,forexample,inhost-microbialinteractions,immune
reactionsandtumordevelopment.Real-timeintravitalfluores-
cencemicroscopycouldbeapowerfultechniqueforvisualizing
suchprocessesinnaturalenvironments3,4.Untilnow,however,
in vivocellularimagingofthemucosainsmallanimalshasbeen
difficultowingtothelackofanoninvasiveendoscopicmethod
withhighresolutionandeasymaneuverability.

Recently, considerable effort has been made to realize high-
resolution,minimallyinvasiveendoscopyinmice.Laser-scanning
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Toperformwide-areaimaging,weusedrotationalandaxial
scanning;theprobescansalongtheluminallengthrepeatedlyat
differentanglesor,alternatively,alongahelicalpath.Duringscan-
ning,wecontinuouslyacquiredamovieat30framespersecond
(512×512pixelsperframe).Werotatedeachframeaccording
to the probe angle and applied image registration to display
the entire scanned area (Supplementary Fig. 2).We obtained
a wide-area vasculature image in the descending colon of an
8-week-oldmousein vivoafterintravenousinjectionoffluores-
ceinisothiocyanate(FITC)-dextranconjugates.Werendereda
three-dimensional imageofthemicrovasculature,constructed
fromatotalof60,000framesacquiredin2,000sovera12-mm-
longsection(Fig. 1d).Thedatasetcanbepresentedinvariousways
suchasaflythroughview(Fig. 1eandSupplementary Video 1)
andatwo-dimensionalpresentation.Thehighspatiotemporal
resolutionenabledquantitativeanalysisofvascularparameters
suchasflowvelocityandvesseldiameters(Supplementary Video 2  
and Supplementary Fig. 3).Thesmall-diameterprobewasalso
well-suitedforesophagealimagingviatrans-oralendoscopy(Fig. 1f
andSupplementary Video 3).Wealsoimagedtheextensivenet-
workofthevesselsandmucosaldendriticcellsinthesmallintes-
tinethroughagastric‘feeding’tube(Fig. 1gandSupplementary 
Fig. 4)andintheairwaybybronchoscopy(Fig. 1h).Thehighreso-
lutionoftheside-viewprobeallowedustovisualizetheinterac-
tionofmucosaldendriticcellswithfluorescentlylabeledantigens
(Supplementary Fig. 5 and Supplementary Video 4).

Tousetheprobeforquantitativecellularimaging,weperformed
wide-areacolonoscopyinFoxp3-GFPreportermice(OnlineMethods)
overthecourseofacutecolitisinducedbyaddingdextransodiumsul-
fate(DSS)tothedrinkingwaterfor5d.Inthesemice,theregulatory
T(Treg)cell–specifictranscriptionfactorFoxP3isexpressedalongwith
GFP.WevisualizedtheFoxP3+GFP+Tregcellsovera2mm(circum-
ference)×5mm(lumen)×50µmvolumeofthecolonicmucosa
repeatedlyonthefollowingdaysrelativetothestartofDSStreatment:
−1(normalcolon),3(acutephaseofcolitis),and7and14(recovery
phase).Inthenormalstate,Tregcellsweredistributedsparsely(Fig. 2a,b).
WeobservedasubstantialincreaseinthenumberofTregcellsduring
thecourseofDSS-inducedcolitis(Fig. 2candSupplementary Fig. 6),
whichsupportsarecentfindingthatabreachintheepithelialbarrier
enhancedtheexpansionofTregcellsinthecolon12.

Next,weusedside-viewcolonoscopytoinvestigatespontane-
ouscolorectaltumorigenesis.Weusedaninducibletumormodel13
inwhich the‘floxed’adenomatosispolyposis coli (Apc)gene is
inactivatedbyadministrationofadenoviralvectorencodingthe
Crerecombinase(adeno-Cre)intothecolon.Thismousemodel
mimicsthesomaticmutationobservedinmostindividualswith
colorectalcancerandenabledustocontrolthelocationandtiming
oftheonsetoftumorigenesis.Necropsytakenat16–18weeksafter
introductionofadeno-CrerevealedthatallofthefloxedApcmice
treatedwithadeno-Cre(n=13)developedafewlargeadenoma-
touspolypsinthedescendingcolon.Controlmicethatreceived
saline only (n = 4) did not have polyps.We performed in vivo
colonoscopyinthesemiceevery2weeksfromweek9untilweek
19andimagedthebloodvesselsinasegmentofdescendingcolon
about5to25mmfromtheanus.IntheApcconditionalknock-
outmice,butnotinthecontrolmice,weobservedregionswith

figure 1 | In vivo side-view endomicroscopy. 
(a) Schematic of a laser-scanning side-view 
endoscope. The raster-scanned beam in x and y 
dimensions is relayed by grade-index lenses  
in the probe and directed by a 90° prism to a 
side-view window. ζ and φ represent the axial 
and circumferential coordinates, respectively,  
in the imaging plane. θ denotes the rotation angle  
of the probe, or the angle between x and φ axes. 
(b) Coordinate transform between the proximal 
(x-y) and distal (ζ-φ) imaging planes. The trace 
of the raster-scanned beam is depicted in blue 
solid lines. (c) In the imaging setup, the laser 
beam emitted from the endoscope is projected 
to a stage. Dashed lines depict the outline of 
the beam diverging after going through the 
imaging plane. Inset, distal tip of the probe.  
(d) Three-dimensional rendered fluorescence 
image of the vasculature in the descending colon  
of a normal C57B6/L mouse. (e) A fly-through rendered image of d. The wall-to-wall diameter is 1.3 mm. (f–h) Fluorescence images of the microvasculature  
in the esophagus (f), vasculature of villi in the small intestine (g) and MHC-II–GFP expression in dendritic cells in the trachea (h). Blood vessels were visualized 
by intravenously injected FITC-dextran conjugates. In f–h, the horizontal axis represents the circumferential angle φ. Scale bars, 200 µm.
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b figure 2 | Visualization of FoxP3+ GFP+ Treg cells in a DSS-induced colitis 
model. (a) Map of GFP-expressing Treg cells taken before DSS treatment 
(day −1). (b) Magnification of the boxed area in a, showing Treg cells 
(green) and blood vasculature (red). Inset, close-up of the boxed region. 
(c) A typical image of Treg cells at day 7 in the recovery phase of colitis. 
Blood vessels in b were visualized by intravenously injected Evans Blue.  
Scale bars, 200 µm (20 µm in the inset).
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abnormalvasculature.Avascularimagetakenat11weeksrevealed
asmalllesion~500µmindiameter,characterizedbyvesseldilation
andincreasedspacingbetweenvessels(Fig. 3a).Inthesamemouse
imagedat13weeks,thisanomalousareahadgrowntoasizeof
~1.5mm;weobservedastrongfluorescentsignalfromfluorescent
tracer(FITC-dextran)thathadpresumablyleakedfromthevessels
andtransientlyaccumulatedinthemiddleofthelesion(Fig. 3b).
Weconfirmedtheformationoftumorsbyexaminingsectionsof
dissectedcolon(Supplementary Fig. 7).Inanothermouse,atweek17,
weobservedalargerlesion~4mmindiameterwithseverevessel
dilation,tortuousvasculatureandelevatedleakageoffluorescent
tracer(Fig. 3candSupplementary Video 5).Thesefeaturesaretypi-
calforangiogenicvesselsassociatedwithtumordevelopment,which
weconfirmedbyhistologyanalysis(Supplementary Fig. 7).

WethenengineeredthemousemodelsothattheApcinacti-
vation was accompanied by constitutive expression of GFP13.
Side-viewendomicroscopyenabledustoobservetheformation
ofGFP-expressingApc-knockoutcellsandtomonitortheirpro-
gressionovertime.WeidentifiedmultiplegroupsofGFP+cells
typicallywithinthefirsttwoweeksafteradeno-Creadministra-
tion(Fig. 3d).Fromz-dimensionstackimages(50µm),wecould
determinethevolumeofsmallnodulesovertime.Bythismeasure,
someoftheselesionscontinuedtogrow,whereasothersapparently
shrankorvanished(Fig. 3dandSupplementary Fig. 8).These
resultsdemonstratethepossibilityofusingourside-viewendo-
scopetomonitorthefateofthesecellsin vivofromthemoment
ofgeneticmutationtotheformationoflargeadenomas.

Inadditiontogeneticpredisposition,thestromalmicroenviron-
mentisimportantintheinitiationandprogressionoftumors4.
Side-viewendomicroscopycanbeusedtovisualizeavarietyof
events,suchasvascularchanges,matrixmodulationandcirculat-
ingcellinfiltration,duringdevelopmentandtreatment,andthus
weexpectittobeapowerfulresearchtoolinoncology.Also,itmay
alsobeusedtodirectlymonitorthetransportoforallyorsystemi-
callyadministeredtherapeuticagents,includingnanoparticles,
acrosstheepithelialandendothelialbarriersintheintestineand
otherorgans,providinginsightsintonewtherapeutics14.Finally,
‘needle’endoscopy9isaneffectivewaytoaccessinternaltissues
ofsolidorgans.Theside-viewmicroprobeoffersthepossibility
ofvisualizingtheentiretissuesurfacealongtheinsertionhole
(Supplementary Fig. 9),whichmayproveusefulininvestigating
braindiseasesandneuralsignaling15.

methods
Methodsandanyassociatedreferencesareavailableintheonline
versionofthepaperathttp://www.nature.com/naturemethods/.

Note: Supplementary information is available on the Nature Methods website.
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figure 3 | Longitudinal imaging of colorectal 
tumorigenesis. (a–c) Fluorescence image of 
colorectal vasculature in a floxed Apc mouse at 
11 weeks (a) and 13 weeks (b) after adeno-Cre 
administration, and of a large lesion at week 17 
in another adeno-Cre–treated mouse (c).  
(d) Fluorescence images of Apc-knockout GFP+ 
cells (green) and blood vessels (red) at the same site  
in the descending colon, observed at days 10, 
12, 14 and 28. Each image is a projection view 
of 50-µm z-dimension stack. The images show 
a GFP+ lesion that appeared to grow (*). Other 
GFP+ nodules shrunk (arrowhead) or vanished 
at day 28 (dashed circle). Blood vessels were 
visualized by intravenously injected FITC-
dextran in a–c and by tetramethylrhodamine 
(TAMRA)-dextran in d. Scale bars, 200 µm.
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Side-view endomicroscope.Wefabricatedtheside-viewendo-
scopesin-houseusing1-mm-diametergraded-indexlenses(NSG
America)andaluminum-coatedright-anglemicroprisms(base
length=0.7mm).Thelensunithadatripletstructurewitha
magnificationof0.84,comprisingaproximalcouplinglens(ILW,
pitch=0.25),a relay lens(SRL,pitch=1)andadistal imag-
inglens(ILW,pitch=0.16).Weattachedthemicroprismtothe
endsurfaceoftheimaginglens.Theassembledopticalunitwas
insertedintoastainlesssleeveandglued.UVepoxy(Norland81)
wasusedtocreateaprotectiveandtransparentwindowatthe
distal tip (Fig. 1). The finished endoscope was mounted on a
custom-builtx-y-ztranslationalandrotationalstageandcoupled
intoacustom-builtconfocalimagingsystem11.

Imaging system.Ourimagingsystemwasbuiltonavideo-rate
scanninglaserconfocalmicroscopeplatformpreviouslydescribed.
Thesystemhastwocontinuous-wavelaserswithemissionatboth
491nmand532nm(Dual-Caylpso;Cobolt)and635nm(Radius;
Coherent),respectively.Forvideo-raterasterscanning,weused
acustom-developedscannercomprisedofanaluminum-coated
polygonal mirror (MC-5; Lincoln Laser) and a galvanometer
(6220H;CambridgeTechnology).Thescannerwasconfigured
toprovideafieldofviewof250×250µmatthefocalplaneofa
40×objectivelens(LUCPlanFl,numericalaperture(NA)=0.6;
Olympus).Theobjectivelenswasmountedonalineartransla-
tionalstageforfinecontrolofthedistancefromtheGRINprobe.
Threephotomultiplier tubes(PMT,R9110;Hamamatsu)were
usedas fluorescencedetectors,whichwereplacedaftermulti-
layercolorfilters(Semrock)andconfocalpinholes.ThePMTout-
putsweredigitizedbyan8-bit3-channelframegrabber(Solios;
Matrox)attenmillionsamplespersecondeachchannel.Images
weredisplayedonacomputermonitorataframerateof30Hz
(512×512pixelsperframe,3windows)andstoredinahard
diskinrealtimebyusingcustom-writtensoftwareandMatrox
ImagingLibrary(MIL9).

Wide-area image acquisition and processing.Weused image
registration to produce a wide-area image from the movie
acquiredbytherotationalandpullbackoperationofaside-view
endoscope.Thescanspeedoftheendoscopewascontrolledto
betypically100–200µms−1.Withaframerateof30framesper
secondandafieldofviewof250×250µm,thisensuredthat
thereissufficientoverlapinpositionbetweenadjacentframes
forimageregistration.Individualimageswererotatedaccord-
ingtotheangularpositionoftherotationalstageoftheendo-
scope(Fig. 1andSupplementary Fig. 2).Then,weappliedan
imageregistrationalgorithm16writteninMatlab(MathWorks)
tomergethe individual framestoproduceawide-area image.
Thisprocessenhancedimagecontrastbyaveragingthenoiseover
multipleframesandalsoeffectivelyremovedartifactsresulting
from tissue motion such as breathing (for more information,
seeSupplementary Fig. 2).Thethree-dimensionalpresentation
of vasculature images (Fig. 1d,e) was made using SketchUp
Pro7(Google).

DSS-induced mouse model of acute colitis.WeusedFoxP3-GFP
knock-inmice17(5weeksold,female).Weadded3.5%(wt/vol)dex-
transulfatesodium(DSS;36,000–50,000MW;MPBiomedicals)

todrinkingwaterfor5d.TheDSStreatmentwasterminatedfrom
day6toinducetherecoveryprocessfromtheinflammation.

Conditional Apc knockout model of colorectal tumor.Weused
floxed Apc mice13. The administration of adenoviral Cre into
thecolonepitheliacan inactivate theApcgene,whichmimics
somaticApcmutationinhumanindividualswithsporadiccolor-
ectalcancer.Apc-GFPmicewerehomozygousforafloxedexon
14oftheApcalleleandheterozygousforalatentGFPreporter
allele13,18.Foradeno-Credelivery,weanesthetizedthemouseat
theageof8weeksbyinhalationanesthesia(4%isoflurane,oxygen
flow1.5lmin−1)andmadea3–4-cmmidlineincisionalongabout
one-halfthelengthofthelowerabdomen.A5×0.8mm10g
pressurevesselclipwasplacedproximallyaroundthecolonabout
2cmfromtheanus.A3-cm-longpolyethylenetube(0.28mm
innerdiameter)attachedtoa1-ccsyringewasintroducedintothe
colonthroughanusuntiltheextentoftheproximalclip.Asecond
clipwasplaced1cmdistaltothefirstone.Weinfused100µlof
adenovirus(Ad5CMVCre;GeneTransferVectorCore,University
ofIowa)andincubatedfor30min.Afterremovingbothclips,
thewoundwasclosedwith4.0silksuturesintwolayers.Control
mice were prepared by the same surgical procedure without
adeno-Cretransduction.

In vivo mouse imaging. Before in vivo imaging, mice were
anesthetizedbyintraperitoneal injectionofketamine-xylazine
anesthesia(90mgand9mg,respectively,perkilogramofbody
weight).Eyeointmentwasappliedtoprotectthecorneafrom
dehydrationduringanaesthetization.Themicewereplacedon
aheatedplateofamotorizedx-y-ztranslationalstage.Forvas-
culatureimaging,weinjectedfluorescenttracer intravenously.
Imagesweretypicallyacquiredwithin5–40minaftertheinjec-
tion.FITC-dextranconjugates(500µgin100µl,2,000,000MW,
FD2000S;SigmaAldrich)wasused for experiments shown in
Figures 1d–g,3a–c;TAMRA-dextranconjugates(500µgin100µl,
2,000,000MW;Invitrogen)wasusedfortheexperimentshown
inFigure 3d;andEvansBluedye(1µgin100µl;SigmaAldrich)
wasusedfortheexperimentshowninFigure 2b.GFP-expressing
cellsandtheFITCvesseltracerwerevisualizedbyexcitationat
491nmanddetectionthroughabandpassfilterat502–537nm
(Semrock). TAMRA was imaged by excitation at 532 nm and
detectionthroughabandpassfilterat562–596nm(Semrock).
EvansBluewasexcitedat635nmanddetectedat672–712nm.All
animalexperimentswereperformedincompliancewithinstitu-
tionalguidelinesandapprovedbythesubcommitteeonresearch
animalcareattheMassachusettsGeneralHospital.

In vivo esophageal imaging.Themousewaslaiddownonthe
heatedplate.Asmallblockofgauzewasplacedundertheneck.
Theplatewastiltedtomakeastraightaccessfortheendoscope
through the mouth into the esophageal tract.We opened the
mouthusingforceps,gentlypulledandpusheddownthetongue
usingacottontip,andinsertedaside-viewendoscopethrough
themouth.Carewastakennottoobstructtheairway.Breathing
ofthemousewasmonitoredduringimaging.

In vivo percutaneous imaging of the small intestine. Small-
intestineimagingwasdonevialaparotomy.Themousewaslaid
downon theheatedplate.Aftermakingamidline incision in
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theskin,weplacedthejejunumoverthecenterofthesurgical
openingbyusingcottontips.Salinewasappliedtotheexposed
jejunumregularlyduringimagingtopreventthetissuefromdry-
ingout.Withan18-gaugeneedle,wemadeasmallholeonthe
jejunum.Throughthehole,weinjected0.5mlofdistilledwater,
whichservesasalubricant,andinsertedaside-viewendoscope.

In vivo colonoscopy.Beforegastrointestinalimaging,micewere
starvedfor24hbeforeimagingtoavoidstrongautofluorescence
signal of mouse excrement and digested food.We dilated the
colonby injecting0.5mlofdistilledwaterviaenemausinga
rubber-tippedneedle.Theinjectedwateralsoservedasalubricant
duringendomicroscopy,avoidingtissuedamage.Weapplieda
smalldropof2%methylcellulose(Methocel;Dow)ontothetipof
aside-viewendoscope,whichalsoservedasalubricantandhelped
theendoscopepassthroughtheanus.

In vivo tracheal imaging.Beforeimaging,weperformedtracheo-
tomytoopenadirectairwayforbreathingthroughasmallinci-
siononthetrachea.Wetheninsertedaside-viewprobeintothe
tracheathroughthemouth.

In vivo brain imaging. We used a Hist1h2bb-GFP transgenic
mouse(12-weeks-old,female;JacksonLaboratory)inwhichall
the cell nuclei were green fluorescent.A craniotomy was per-
formedunderanesthesiabeforeimaging.Afterapplyingadrop
ofsaline,weinsertedaGRINside-viewprobedeepintothebrain.
Wethenperformedwide-areaimagingbyahelicalpullbackscan-
ningoftheprobe.

16. Guizar-Sicairos, M., Thurman, S.T. & Fienup, J.R. Opt. Lett. 33, 156–158 
(2008).

17. Bettelli, E. et al. Nature 441, 235–238 (2006).
18. Belteki, G. et al. Nucleic Acids Res. 33, 10 (2005).
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