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ABSTRACT

All atnrtifllts except birds and mimmals have the ability to
shunt blood Nitsi the lungs, bui [lit physiological fundion of
this ability is poorly understood, We studied the role of ihe
shunt in digesiion in juvenile American alligators in the fol-
lowing wayt Hirst, we characterized the shunt in tasting and
postprandial animals and found that blood was shunted past
the lungs, during digestion. Second, we disabled the shunt by
surgically scaling the left aortic orifice in one group of animals,
,tnd vie performed a sham surgery in another. We then com -
pared postprandial rales of gastric acid sccrelion at body tem-
peralures of" 130 and 17°(i and rates of digestion of bone at
27°C. Twelve hours after eaiing, maximal rales of gastric acid
secretion when measured sit 1?3 and 2770 were significantly
less in the ciftbiijJ ;:''oup than in sham-operated oninuts.
Twenty-four hours postprandial, a significant decrease was
found at 27\". but not al ty*C. For the first half nf digestion,
dissoluliun of cortical hone was significantly slower in the dis-
abled animals. These data suggest ihe right-io-Jelt shunt serves
tr>retain carbon dioxide in the body so Thai it can be used by
the gasirointeslinal system. We hypolhesi.".e ihat the foramen
of Psniiifl functions to enricb with owgen blood tJaat is Il---
lined for the gastrointestinal system to i>ou'c: proton pumps
and i ml cneigy deni.iiidiiu; proi.csses of digestion m;l ill.H
the right-to-left shun) serve' tn provide carbon dioxide to gas-
trointestinal organs besides ihe stomach, such as the pancreas,
spleen, upper -in;' I intestine, .in. | liver.

m O jrKfjinn[llit]" nurliur; ¢ nmIllurmcTtI'hwUigY.utflh.fdii.
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Introduction

The specilk aim of this study is to test the hypothesis that lhe
rigli<-10 -)eflshuri[ ofbiood past the lungs in American alligators
serves digestion by enabling high rates of gastric acid iecretinn
and that this process is highly sensitive to temperature. The
hrnad, long-term ohjecliviliii «j toiuribuie to our understand’
ing of the selective factors that have shaped the cardiopul-
monary system mt ;imniotes.

A central problem nf the study of the circtila>oryarrangement
of amniotes is understanding the factors leading to the fully
divided circulatory systems of birds and mammals and under-
standing [he reasons for the incompletely divided systems of
all other members of the group (GoodriJi 1930: Ewer 1950;
Foxon 1950). One advantage of the divided circulatory system
is IK>t high systemic blood pressures can be generated wilhoul
high pulmonary pressures (which can damage the vasculalute
in the lungs), and high pressures deliver more Mood to tissues
for a given resistance to flow. Kurlhermore, ihe divided system
prevents the mixing nf OEygen-rich ami oxygen-poor blood,
Because a primary function of the cardiorespiratory system is
lo deliver oxygen to tissues and to carry away carbon dioxide
and other “waste” producis of metabolism to sites where they
can lue eliminated from the body (e.g., the lungs, gills, skin,
kidneys), the completely divided system seems lo have many
advantages over ihe undivided system; so why then incomplete
separation found in only two groups, both ot which are en-
dnthermic? Animals with an undivided svsicm can reduce blood
llow to the Lungs, the primary site of gas exchange in amniotes,
cill i'l’ecr: ™ ~ lmmmd ;-n. |
rig-hl -lo-lelt shunt. Are there advantages to this pattern ofbiood

; «cirii; _ir. iil.r'mr,, lhe

flow, and are ihcrc Irade-offs or constraints in the evolution
of iliese systems?

Many functions for ihe shunl have been proposed. Shunting
may keep CO- out ot the lungs during (living, facilitating the
uptake of oxygen !n>m the lungs and saving ihe better-oxygen-
ated blood of the left ventricle for the brain and heart (Gteen-
field and Morrow 196'lf Webb 1979; Crigg 1989). The shunt
may suppress metabolism and extend (live limes tlficks and
Wang 1999); it may serve thermoregulAiory needs (Webb 1979);
it reduces pulmonary edema fRurggren 1982); it may facilitate
digestion (Jones and Shelton 1993); and il has been hypothe-
sized to speed recovety from a ineldbolic Jtidosis by seques-
tering hydrogen ions {H ') into the stomach and restoring blood
bit irbon.ittstore (farmer 201HI).

Carbon dioxide is the substrate for the formal ion of acid in
the oxyntic glands of the stomach, and an increase in theparlia!
pressure ol CO.on the basolateral side ofthese cells tan increase
the rale of gastric acid secretion (Kidder and Montgomery 1974;

lauser el & 1995). Work by Kidder and Montgomery (1974)
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suggests thal CO” diffusion to oxyruie cells is the rate-limiting
factor in maximal gastric acid secretion. Thus, theoretically,
shunting hypercapnic blood lo the siomach could ihtrtase lhe
m. 'lisiliL rates gastric acid se,. etion ovei wlat would bo
possible tirom glands perfused with arterial blood, Importantly,
gastric acid can be secreted when the oxyntic cells are perfused
hy rhe O~rich, COi-poor blood of (he left veilIride, as occurs
in ill birds and mammals, albeit theoretically at a slower max-
imal rate.

The crocodilian cardiovascular system is highly suitable for
studies of the shunt, which can be stopped by sealing the left
aortic orifice. The left aorta is a vessel that arises from the right
cardiac veniricie {Figs. 1. 2). The left cardiac ventricle giveirise
to a large vessel that subdivides ro form the fight aorta, the
common (primary) carotid, and the right .subclavian. After
leaving tile pericardium, the aortas loop over the primary bran m
chi anti then run eaudad to unite by a short, wide connection
eraiiiad to llie stomach in such a way that the right arch stems
to continue on as the dorsal aorta while the left arch seems tQ
continue on as the celiac artery. The ceiiac branches to supply
blood to the Stomach, spleen, liver, pancreas, and upper small
intestine (Reese 1915), The dorsal aorta supplies blood to the
mesenteric artery, llie lumbar arteries, the urogenital arteries,
and the arteries of rhe pelvis, hind lefij, and tail. Thus, (lie
majority <: Hoot! vessel; o! crocodilians originate liom the
right-dorsal aorta complex, while the left aorta appears to pri-
mal ily Mirve the stomach and oilier organs ol digestion. The
left and light at 'id', have another sile of i iTTnntiniciuion, an
aperture in the interaortic septum just distal to the bicuspid
valves, lhe foramen of Panizza JFig. M), The function of this
foramen is unk iov. i.

Crocodilians have significant control over the shunt. The sem-
ilunar bicuspid valve; arc leatleis, and when ventricular pressure;
exceed arterial pressures. the valves open and blood is ejected
into the aortas. However, in addition to these passive, pressure
operated valves, the pulmonary artery ol crocodilians lias an
actively controlled cog-teeth valve. Epinephrine opens the valve,
and then right ventricular blood is ejected into the pulmonary
anery iTramklin mid Ajcelssun 2fHWh Acetylcholine, gastrin-re
leasing peptide, sotalnl fan antagonist of/?-adrenergic receptors!,
substance P, and histamine cause a portion of the blood in the
right ventricle ro be ejected into the left aorta, rather than into
the pulmonary artery, by either inducing closure of rhe cog-teeth
vsjvc or causing constriction of intrapulmonary vasculaturc
(White 1956; Greenfield and Morrow 1961; White 1969; Grigg
and Johansen 1987; Axelsson et al. 1989, 1991; Grigg 19H9, 1992:
Holmgren cl al, 1989; Tones 1996; Hicks 199S; Franklin and
Axelsson 21HJ0). Hetause tile Wood that crocodilian™ shunt into
the left aorta from the right ventricle has nof passed through the
lungs, it is rich in H 1and CO. but poor in 0 3 compared with
blood ihal has passed through the lungs. Thus, the 1d? aorta
appear*, to serve as adirect and substantial conduit to shunt COj-
and H’-rich blood past the lungs and to the stomach, pancreas,
liver, spleen, and upper small intestine {Reese |IMfi; Webb 1979;
Grigg 19fi9; Jones and Shelton 1993; Jones 1996:." he evolution

of this highly specialized cardiovasculai system and lhe j*reat
degree of control that crocodilians have over lhis shunt su|\gests
that this svstem is uniquely tailored by natural selection to stive
important functions, bin incsc limedons remain pocrl) un-
deistood.

Material and Methods

Several groups of animals were used in a series of experiments
aiming to test the hypotfu sis that the right-to-left shunt serves
digestion and to gain insight into why (he ability to shunt is
found in ectothermic but nol endothermic amniotes. The first
st.'p was to determine whether a right to left shunt occurs ciur-
iiin ".he postprandi.,1 period, because ii the shunt doe< i,ot oci ur
al :his time, then ,i is impossible lor ii io s<rvi; digestion. Five
juvenile American alligators were u-.cd in these experiments,
referred to us the blood flosv study. In *iis study, a single blood
flow pr, 'be was placed on the left sora, because in crocodilians
it is po-.Mol< to reeogni/e i: right-to-kft sluint by this blood
flow lra:\l (Shelton and lon.-s 991; lows# md Shelton 1993;
Jones 1996; Fig. 2J-j. Once it had been established that a shunt
occurs throughout the postpiandial period, "he shunl was dis-
abled to assess the effeus of the shunt on gastric acid secretion
and, therefore, on digestioi .rid to examine dv.- importance of
temperature in processes.

To disable the -hunt, a oi.lure was pla.ed around lhe lelt
aortic orifice, afferent to tiie r'oranui o; P;;ni2?i ii if. Ifl'.
Catheters of polyethylene tubinp were placed in nther the right
atrium or the right ventri. le, md metal sutures were loosely
placed around the riyhr and left aortas so that the vessel! c iuld
be identified under tluoroscOpf, The sham surgery enuiled
placement oi the atria! or ventri, ulat Catlielers .md the marking
of the aortas, but the left aortic orifice was not sealed. The
effect ol Iliis occlusion v,as studied in two ways: (l; by direct
measurement of lates of gastnc acid secretion and (2) by ra-
diographic.iliv following rhe digestion of bone.

To study preferred body temperature :7.,i. programmable
temperature d.ira lowers tiRmron Thprmochrons, DS.142%,
Maxim Dallas Semiconductors v.ere plac< 1by oral route into
the stomachs oi :jtjuvenile alligators ranging in si/e tram 2.1
to 41 kg. The temperature sensors f :ve a range ot m0“ to
+81JC and are accurate to D.5BC. F.ach logger was 1.4 cm
in diameter and 1 cm 1lhi.k The anirmls were provided a
thermal gradient ranging from 15 to 40°C. These mimals had
not undergone surgery, After implantation of th-- probes, al-
ligators w- re retarned io the i .age, which was k<.it in a green-
house with an air temperature of approximate!) 23*C. Fxper-
imental housing consisted oi two tarn; -.lined together; each
tank was 12 in x 24 in x 0< m. Fresh tap w.ner constantly
flowed through one tank, w th a Thermal gi idu’nt from the fop
to bottom of the ia::k ringing ti'om 15 to 1L°( . The second
tank w.i* di v; and herit lai ipscreati.d a iheraial gradient ranging
from 23 ro -5:'C. fhe baskinp .ire.i; were large enough for all
of the animals to bask simultaneously, lhe alligators were
housed together and were free to move about these ihermal
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Fifture L Ventra] vk-w Af the cmcodilhun heart, fcrejt wssekLimd spiandliin. iirLiilalion. A, Schematic nf the hwrl rilld yrrai VL'SSelt [alter
Cirienfidd and Morrow IKXil). The inscl *hows an KriljrfiMmen! of a cutaway view Ot the k-fl ionic orifice. ]n this illustration. A leaflil ofthe
vulvt Ills betti ijilit and retracted .to reveal ihe loramen nf p 11771 Thhs foramen allows LOiiLiuumcalion between the rijjhl and left aort&S. B
Photograph Of 9 dilH ttion oJ 1lie li;jrt and great weiids of an American alligatnr. T he ytllu'., doii indicate the approximate ]<icjlion where /1
-isnurt was piai't'd 10 CKfluJe th<! left aorta afferent the foramen. (7, Schematic nf the spl-inchim: circuLjllon (after Reese 1315). M, F*hotcn;raph
of the spljtKk hnk circulation [he ieff aorta arises ftcun the right cardiac vertrifle and c.m fHereford cany 0 ; potu, hypercapnichiodd, ilk*lrafed
by blue coloring. ["hr rij*hl aortui ffdttl the left cardijc venfrk'le and carries O.-rnh bni L.O_ fiimr h|i>0iJ(* illustrated by red cdlfiralion
The left and rijjh* inTEfl's loop over the pritn.H'y hroiLihi jitJ (hen dive duraaii 10 unlfi’ hy jn anasfoitHMK M) lust dorsjd tt) the ape* of the
cardiac ventridt. Beyond ihc anastnmnsk, lhe vessels align itl Skid) a Way that (lie right aorta secrns Ki copnnibe oil ai the dorsal aorta

while tiic lett arch teem™* to continue inin the celiac artery ICIl. The cehac gjves nse iii ilir sjTI*rio-intestinsJ artery, which carries blood fo the



i.H C. G. Fanner, T.) Uriona, L= B. Olsen, M Steenblik, and K, Sanders

gradients. Data collection was postponed for | wk after han-
dling. Suhsequenlly core body fetnp(fltUtC was recoided every
13J min until the buffer was full, which occurred jfler 2,048
sample's were obtained, 14.2 d alter programming. The animals
had fasted fur 2 wk before being instrumented. Seven days after
data collection commenced, rhe animals were fed aU tlb. lo
mninety on whole mice. Al the end of the experimental period,
the dam Joggers were retrieved by gastric lavage. The last S d
of the fasting period Lind the first 3d of the postprandial period

were sdecred for analysts.

R Wil

In Ik' hiood flow study, American alligators were used that
had been Hatched in the tab and reared inan animal tare facility.
In contrast, jgi the occlusion study and the preferred body
temperatone study, the animals had been caught from (he wild
at the Rockefeller Wildlife Refuge by the Louisiana Freshwater
Fish and Game Commission. They were transported to Utah.
AH animals were maintained on a diet of mice in 3.4 it -j.9-m
tanks containing areas for swimming and basking. 'ITiev ex-
perienced a natural photocycle. The masses of the animals can
It luni.l in Tablt I

[ARN

Before all surgeries, ihe animals fasted for i “i;. I;.-, wvki:
then Weighed, anesthetized with isollurane, intubated, and ven-
tilated (SAR-830, CWK, Ardmore, PA) with air that had pawed
rfrhpDgb a vaporizer fDrligpr, Lubeck, Germany), The vaporizer
was initially set tu -1% isoflurane to induce a surgical plane of
anesthesia hut was reduced to 0.5% and maintained at this level
ihcoughout the majority ot ihe surgery. The site where The
incision was to be made was scrubbed wilh Bctadine, and the
rest of the animal was covered with a sterile drape. Viie surgical
procedures differed between the studies and thus separate de-
scriptions are glued below; however, the recovery procedure
was the same. The animals were (liven 2 mo to fcoaVitf from
the surgery. During recovery, the site of incision was treated
with ifjpica! antibiotics (Neosporm), keptdry, ami covered with
clean bandages. The animals were also given aniibiotics (Hay-
trill inlramuscuiarly until the incisions were completely healed.
‘Illere wa* no sign of infection in any of the animals. The
indwelling vascular catheters were flushed every oi her day with
a sterile saline solution containing heparin (1U RI m ['1).
tilood ftm through the left norm. The left aorta was located
as it exits the pericaidiai sac. Here it wascieaitd ofsuirounding

connective tissue, and a loose filling ultrasonic flow probe
(Transonic Systems, Ithaca, NY) was placed around the vessel.
The i:.iudal end ol the sternum was cut approximately 2,54 cm
to a LV the v'Si I

Qctwsigh ofthe fefi aprtit. fourteen American alligators were
divided inlu two groups: five alligators underwent sham sur-
geries, and nine underwent experimental surgeries. The sham
Surgery consisted of a tnidline ventral incision to expose the
heart and great vessels. The caudai end of the sternum was cut
approximately 2.54 cm to expose the vessels. The left and right
aortas were cleared, and a metal suture [R&S 22 surgical steel
monofilament, JItiL stainless steel, Elhiconj was placed loosely
around each vessel as a marker. Polyethylene atrial or ventric*
ular catheters (PE-3U w.ib Hared end; were placed and secured
wuh purse-siring sutures. The callu'feri were filled with a mix-
ture of heparin lin ILT m1.') arid saline, ttmneSed suhcina-
neoilsly, uid <mterinii.\ J in a dorsal location. Die be. I wall
was closed with absorbable suture (0 Dexon (I green braided
poiyglycolic absorbable; Sherwood Medical, St. Louis, MO).
The skin was closed with individually pleictd silk sutures.

In the experimental group, the righl aort,i was marked wi(li
a metal suture. but the left aorta was occluded at two siles.
S'lrst, the 1-1 .ior'a was cleared efferent from ihe point at which
ihe leit, right, and pnimon.try vcsaclj share common walls and
occluded with a suture. Second, (he Fibrocarlilaginous supports
of the aortic and pulmonary valves were identified visually. A
lapered needle was used to place a second silk sutuie on the
Cardiac side Of [his support such that the left aorta was occluded
(Fig. \H). Nest, the right atrium or right vcntricle was randomly
selected for catheterization. The catheters were tunneled snb-
cutaneously and exteriorized in a dorsal location. The body
wall was closed with ahsorhable suture (0 Devon II), The skin
was closed with individually placed silk sutures.

Protocol for the Affentnenl of the Surgiail Technique

To assess the effectiveness of the surgical procedure (hat sealed
tlt< leit aortic orifice, a 1-J mL bolus of radio-opaque materia]
10 rienipaijue 3(10 [lobexoll; Novaplus, Amcrsham Health) was
hand injected through the catheters under fluoroscopy. 'iTien an
inLracardi.tc injection of acetylcholine |0.2 mg kg') was adinin-
isiered via the same ealhelers, and the (low patterns were studied

fywacal fur ihc MW W W M v) Gastric Acid Ser/TPii'cri

Alligators consumed a meal of chopped steak weighing 3% of
Iheir mass and were maintained at TAvt'ITC. Steak was chosen

Spleen and part of (he small intestine, lhe cdiac (h"n divide Togive rise to ihree Ulteries: the yastruhepatieu-iiltevUnal, Larrying hhmd lit the
ktuniiich, liver, and small intestine: the pancreo-inifffinal. Carrying blood to ihe pancreas and small Lnr«tirie; and the pastrLc. carrying blood
tu most «l the stumach. The rrst nfthe gastrointestinal sysiem is stippli® bl*od hy the dnral aoria, through tlie mesenteric artery and other

brunches df the tlnnal acirta. fT(7

cnmmm iaTr>tid, J.M = lefi pulmonan' artfry, fA = pulmonary artery, LAu = lelt aurta, RAo —right

aurn, RAL ~ ri(plt alrimn, fW- ffpitTIMr = rigfit afnal-venineular apirrlurc, HP/i — right pulmonary artery, ftS = right subclavian, RV =

i eiltriple, 'l —heart, ~ _ jtonracii.



t Second t Second

Tigurt 1 Blood flow mfirtiirah 1h*r croiedfliin h«n vjiihmir :.a, £, fl)
and with Jor faJ shun!- A. Il, Sfhemjtic nf blood flow. Wilburn
~Ashlinl Mi, lhe rifjil ventride IMO ejeclj. 0 :-puor» hypereapnic blood
(jilide) jntn the pulmonary Jrttry 'PA). while (lie Left vai[iill elcctb
0 -riJi blood frest) Inlu tilt tijilii .nirlu tfctoli whfch ffleM ri« tr
mam' other vtbsets sf tll-e L7 ily tf.J., riflht subclavian cnmmnmi
eaiolid [CC]). Tfeis "ixyg/cn.ited hinnd c*n itsverse lhe foramen (if
1i* m to flow into the lefl jiiN;i infteti .ind Shelton 1993; lidrib
Si pi: 199!i. AitdiiPn JTIti Kranlchn HW: Aieinsiin el *1. [I'-HTi. h
jhunl |3tj, the RV eject* Ihe hyperc.ipnit blctud into llie 1.Ao, which
in cnnliniKiii.-i with the celiac and gastric arteries. <7, D, ftjdiujjraphLC
imagfs of hlood flow patterns. Both images sliuw dtilveucli tete& UW
boli (I mL} ill radio-opaque mileihil (Omuipaque .l13tf, hjlilko!;
Koiraplus, Amtrsham Health) tint had been ciilused Into lhe RV. C,
The RV eit"Led euiilrast medium illto the PA {Up sltUfit). L\ Infusion
<H iitehkliuline 10.2 Itig kg lanimal Wight; Jolies rind Shellon

Lrtio iliu RV induced j stiiiitt and caused tfbfitfait material to he ei<Med
into the LAo. Animals thut had the twse of the 1An occluded showed
no sign of contrast medium m the 1LAo on infuiion of acelylcholine
and contrasl medium. H F, Kepieientalive triitcs from a lim probe
[Transonic, Ithitt, NY) thal Wa>yjjied around the LAo JJtd
ille electioeardiofcjiun 'i>Dtivn! ttfwffc E. The tlal ttilte (Ao ihuilt) in-
dicates Jlow Irum ihe RAu imo Ihe LAo through thefcnmflen of Panizza
(lout* and Shelton 19W1. F, Willi s shunt, Ihe !r,ire consists ofa largt
pills* indieslive of (Hreil ejection from thr kV into lhe 1-Ao. i =
(tomach; raL . - vtk flow i \ki: Irfl orlrL.

The Right-to-Ligft Shunt Serves Digestion 1. m

iaslead of mi<wu Ui Kvoid hiflir in tht ilomath. /Mdiough wt
found ihiil llie pAMjuandiiil pfefcrfcy iitidv tcinptralure is30“C,
pilol fv[:icrinieni:> inJic~trd that diu &Uijgar~ra wonlil nol Hill
fifir an hour Jt thin temperJture to Juve their ratef, of gaslric
to rcducc Iheir aclivih)'. Tivtlve and 24 h alLer the iliigatar? ale,
we inserted ;ssolid-.state pH ekun'KJe (Medtronics) orally info
h by
titration with NjHt'lIOjfFordtran and Waish 1975), Two weeks
Utter, this same pRKCUure WIS ft)llowed, escepl the budy lem-
PtraUires of lhe AriirTials wtjre rctlutnj u> )90C for li>e I-h

rhe ~tojitjch to measure raie<; of acid secretion for |

MU"iuiiemem [;eriod.s. During die measuneintni pericids, the
body tc]n|M?raiyi'es were feciirded with a thermocouple secured
iiT,idt the ckjJCJ I12f(i4'T J. Q7W mean jl| SEM,
111136 mein + SEM). Ur compuled the mean rate of acid se-
i.Tc'Htm that t>etumetlttvor [lie I-h thtMtjrvation prritid. We then

selected fhe 10-ntin interval of this hour that had rhe highest

Ifi.vrt,'

mean rate to determine maximal rates of acid sccnelion (Foret-

ime lit'"” Walsh \i)7V.

Protocol jb) A.<sasing Rah’$ of Digestion.
L:*ing Digital H.uiu i\r- v

Digital radifj*raphs were used to monitor (he ijtfetts of octlu-
Si. mii:1 i m i0 ® .= = m0i. 0 I -
were icd a meal cuntodning a single dclleshcd, ikelelally im-
iri*inre bovine caudal vi-ricln,! wpiyhmg *ppro)(ifTtalt;ly Oi35%
of the hody iria.'i' taf lhe ;dhg<itoi (Table Ii and a inais of r;iw
hamhur”er containing 27% lilt and weighing 5% of the body
mass oi the alligator. After feeding, Ibe ammais were given 20
min in a water b"ih to enisune that they were well hy-
drated The animals were then housed separately at 27\' The
first x-rays taken were on the day of*feeding. Subsequent images
delermintd lhe rate t>f digftsiirm of ilie hone on days J, fi; 9T
13, 15, \7, 19, 21, mid 23 following feeding. Twice a week the
animals were placed lor 20 min into a tank of water held al
yc m:
A Siemens. Axiom Arislus digital radiography unit was used
wiih standardized im.iging parameters io im’Inde a siibjet.t-
tibjtLt dMiUILC uf H)4 cm. and espthsutcs ur.ing 3n kV and 2
mAs (miJiamp seconds' The photoreceiver was kepr horizon
lal 1standard extremity radiography to nfignration! hi Ihal the
eifperimenial subjects could he placed directly on rhe surface
ol lhe receiver. Animals were allowed to rest in the prone po-
sition. Collimation was reslricled to the transverse widlh of the
animal and included the mierior Iposteriori half of the chest
and entire pelvis. An experienced musculoskeletal Fadtflleglim
was present to assess proper positioning and exposure of each
iirwge and to repeat the ima”in” as nccessary. M ore the Iranmifer
of Ihe digital images to the picture archive and communications
system IPACS5), animal identification numisers were correlated
wlrli time index data applied to the individual images by rhe
radiography unit. Once the images were transferred ‘n the
PACS, Ihe individual identifier codes were then manually ap-
plied to the images along with digital nieasurenient data. The

Lz (L' Ttuild doiisk.
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I: MiiS oi th" animals tnd the .audal vel'ii.'brae used in the lef- aorta occlusion study

Anitn,hi Bovine Cautlal  Vle.il Mass x Diys to Complete
Mavi (gj Vi rteLi- 3 (gj Alligator Ma*s 1 Digestion
Experimental surgery:
El 1. .003=. 17
[ 3,300 ... .0033 15
K 7..100 «1 .0040 23
Eft 1,500 = .0037 21
E? 200(1 9.4 .0041 "
i 2m> 7.0 .00°T. 21
Meaii + SE 2,41; il a.a;1+ .98 .0037 *.011 196 - 1.23
Si am surgety;
Cl s, i 9.7 .0036 lm
Cl 2,500 9.7 .0031 -i
[ 1] 1y -00J1
C3 1700 62 .0036 17
Mean * 5E 2:115 + 22% 818 ; M .0038 3 .0001 18.0 £+ (.91

Nnlf. No sigriiHk'.int djiferenct wut found bitwctn Ihc

ul ih«ar mimal. titai weTr Irti to the erpcfimrnu) ,md shjm groufi.fP =

ftnaJ annotated images were then transformed fnnn digital irti-
migirig anti communications in medicine format fDICOM) to
24-Inl KMP and transferred to an individual storage file from
which they were finally burned to compact disc

Iy~ An ,m ..

Radiographic data from both studies wee irtiiyred with the
same procedure. Measurements at" the bone were made ming
digital calipers al a Phillips inturis PA(!S workitatiou that in-
tiudtd a high-resolution 4-megapixel monitor (1,536 x 2,048
pixels) made by NEC. The images were displayed two per
screen, with [he sagittal plane oriented verlk'ally. The images
were ihcn magnified twice and run through an edge-enhancing
filter in improve; (he conspicuity of lhe bone margins. The
lightness/darkness as well as contrast of each image was inter-
mittently adjusted for optimum visualization. Because the in-
gested caudal vcrtebrJt were not uniform cylinders, varying
degrees ul obliquity and notation affected their apparent di-
mension in the doisal to vcjftmiprojection. Measurementswere
therefore obtained parallel and jierjserulicuEar to the km” ajin
tjf the bouts. The lung antis was established by placing one of
the two Cobh angle lines along the <tdir;il long j vis, The second
line of the Cobb angle tool was then moved until the digirnl
angle measurement read 90", thus setting a reference perpen-
dicular line to the long mis. As these lines Could be moved to
any part of the image, accurate parallel measurements .;ould
be made by placing subsequent linear measurement tools/cal-
ipers un or uexl to these reference lines. Figure 3 shows how
the maximum length, maximum width, and minimum width
oi the ingo'ed vertebrae were measured Lii rel.iiio.i to the ref-
erence lines. The maximum length was measured from the most
protuberant surfaces of the epiphyses parallel ni the long axis.
Due to morphologic and orientational variances, thismaximum

ol llu- mtalj, esfp’ftsrfd a* a pctcnglaga HE ihf bixtv weight

1).7. iwo-Uildl Miml a®unring tkjnsl vannniYl.

length was frequendy not superimposed on the central long
axis. Alier fragmentation and separation of the epiphytes, the
maximum length was measured in thr ;,ime manner from the
most protuberant visible par' .* the :emaining metaphyseiil
ends. The maximum width wa( measured from the outer cor-
tical surfai es of the wider metiphySiS aiong the p{. *sndicular
reference lint The minimum width was measured :'om the
outer cortic-l surfaces of thu narrowest pin oi the diaphysetf
alon” the pnp”-.idicular refereru c linc. In the initial hill ol 1lhe
smdy, llie limiting In. tor for ni- u.-.urcu:e:i; icsolution w.., the
pixel dimension o! die monitor, which yielded reproducible
measurements of 0,1 mm
decreased con-.picuity of the cortical surface from digestion was
a larger factor. As the length ol lie bone shortened, th" position
ofthe minimum width measurement shifted. This hail the.effetf
of increasing 'he minimum width measurement as time pro-
ceeded during the latter pi .ise of difi -lion. If the bone assumed
an elliptical shape during digesiion, ihe minimum width mea-
surement wa-, dropped altogetl er and only maximum width
and length d.tia were collected.

To minimize the effect of ,;y "rrr. performam mvariation on
measurement accuracy, we % o obtained a maximum pelv:

In tlv.- latter hall of ihe ,:udy,

wilti; measurement to be nsed ;ik a stable length Deference,
-nice this measurement wa-, I ken from between the most pro-
tuberant later.-.! acetabular mai”~ins, it is inferred to ai ihe trans-
acetabuUr width ' I'AW) Th,: 1AW line generally fell along ihe
intervertebral spaa- ol 51 and S2 fFig. 31 Small degrees of
pelvic obliquity did affect the fAW measurement, and it is not
clear whether this may have inti' iduced more or less variability
to the measuremenLaccuracy than would have been seen with
normal fluctuation in the radiographv system itself.

The ingested bone measulement data ivere then converted
to a percentage of the TAW me? -urement obtained on the same
day of imaging. Since each animal i*similar in body propon ion



Htgure j. A, Ridiiijrjph nfin ingested vertebra illustrating lilt meaiLirenienli tticin: J, lurtt k*itt
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perpendicular axis; J, maximurn length;

V, msjtin*um widlh; n, minimum width. Note lliiil Lhe maximum length measurement is obtained parallel to bill laterally displaced Imm Lhc
lunf ajcis reference line in this wrlebru with asymmelrical morphology, Tile arrow indicate” an il:lidellally ingested 100111 0, The triLnsacetabuljr
line rxleiuLs berwedil Jle most protuberant lateral margins of the aeewbulii. Note !ltill the billC fails OYei llie itllerverleforal ioiilt of Ft and SJ,
and the spinous processes b! Ilie dorsal-.sacra)‘Caudal vertebra art centered oil this well-positioned image. Arrows indicate Scute* in the lateral
row. These semes may ovetlie rhe acehibula and obscure the late™ I margins

despite variation in mass, repet*rting vertebral measurements as
a percentage of t \w had ihe additional aivantage of elimi-
nating scale from the final data pattern.

The distribution nf these measurc-mml* as ptfEtiftaieii of
TAW w.is checked for normality, and a 0l.- tailed Student's r-
test 'wjs ttfed to determine whether the differences seen between
the control and “penmeni”! groups were significant 1F<
011-5). 0"i.: an individual alligator hud completed digestion,
that ammal was no longer included in the analysis.

Results

Preferred Body TimperatUte

Preferred Tj, was significantly greater and less variable after
+ 2.D2°C, mean *
OMt mean + SEM, N- 6

feeding than when fasting; Ty =
SBM, iV - 6; Thil - 3tT.I(P i
(P - 0.0028, two railed f-teil).

Rlovd fi'i

11 all five animals, the right-to-Lett shunt increased after con-
sumption ot a meal. Figure 4 shows representative data collected
bcioru -ind a'~r eatini- imm une a lima- w m.Ting 1kg. 1 .|
value is ihe mean rale nf shunts! hlood occurring over a 12-
h period.

t joVit . w SeaajrtH

The peak istes of gastric acid secret!mi (the maximum mean
value occurring during a 10 min interval during a | h period
i:r (iltSefVvation) an Oiown ii figtife 5A, ml mean rates mea-
sured over the entire observation periods (1 h each) are shown
in Figure 3tf. ANOVA testing the effects ot treatment (occlusion
of the left aorla) and teniperanire on rates of acid secretion al
24 i after eating sh >v.-d a si iiifii it effect of Trealrneni
Ifi,&, P m=0.0024) and temperature = 914, P =
O.OLfiit) as well as a significant interaction between the treatment
and temperature (ljs = P =0-01j. Ai 27°C, the control
group had significantly greater rates nfacid secretion than ihe
experimental group (a = 0.05, Donfcrroni pairwise compari-
son of ali treal inert |)y tern)'train re eff-et-ts}. No difference be-
tween the control (N = 3) and experimental (fJ = 3) animals
was totunl at |9°C (cr = 0.05). Then* was a significant decrease
in rates of acid secretion in the control cjtip at 19°C compared
with 27°C and in the experimental group at iy“C compared
witll 27a(1 (« —0,05), The decrease in rn(cs of gaslrit
acid secretion at I"C for the control Jjroup sti*esls this group
stopped shunting .it I w*uol tlrupjjlature.

tljj =

left A.-tti." ()cdusipn

Assessment of surgical technique. Spot fluorosccipy demonstrated
profound bndycardiji/transieiii asysloic wiihin.5—20 it of in-
ieltion of acetychrhliue, jit wliich Sim? a second ~ihihhsi Lujliis

was hand-injected. Closure of the pulmonary co®j valve and
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Day postprandial

Kigure 4. ftbod Illuw diruugh Jit left aorta |[L40) befort and afie<
eating, from one alligator that is representative of lhe fivp Individuals
studied. Each.symbol is 3 mean of 12 h af shunted Wood (low. Open
li-'i .j: filial nr la ]- mtpmndi-il

[} =
pulmonary oulfiow iract spasm/constriction was observed in

all Successful 1.1 iol sub mmls showed distinct jet of
conirasi into the left aorla {shunling; Fig, 2jT>), while successful
m mliMni. | Wimah thawed pOL'lin® nf hjiiljuisl in thi
Ventfltk ~ilh

cog.valve and no visLij]|/.aliun ofthe left aorta (left aortic shunt

rijjlu

intermittent emptying through the pulrnimary

obstructed). Due to the delayed and partial righl atrial emptying
in subjects with itrial catheters, a greater tolume of contrast
and more runs were required in those animals with atrial cafh-
CttfS compared to those with ventricular tathclers. Atrial runs
showed Jto significantimprovement in ri*ht ventricular oulllow
opacificatmn in the supine versus prone position. Right ven
trieulai catheters yielded superitir-quiility angiograms. Images
were tnpitired with a Siemens Anion Sireskop SD flugrdsiup*
sti it 4 frsmti a :in angiography “iodine detection) tfjgjosiare
11T, Sohewil doses ranged from a minimum of 5 ml, to ;i
maximum oF 20 mL. There 00 perceivable reactionyirri-
tation to the animal subjects associated with the contrast in-
jections. Experimental animals showing signs ol ejection of the
radio-opaque material into the left aorta were not ijii’ludcd in
the study. At the end of the study, the animals were imaged a
second time to confirm that the left aorfa remained occluded
tin;'i /hoi-.t Y- stikly

Out of the nine animals that underwent the experimental
surgery, the left aortas of six were successfully occluded, and
these annuals were used in the study 1Table 1), All five of the
animals that underwen! * sham surgery were initially included
in (be mlludy. However, toward the end nf the study, one of the
Controls fCl-%) bit off and ate the tip of the tail of anollier
alligator during a period in which they were allowed to swim
together in the tank of water. Thus, this animal was excluded
from the sluciy.

Assessment of jatei of digestion, The dissolution and subse-
quent fragmentation of the ingested vertebrae followed a ste-

f. J. Unarm, D. B. Olsen, M. Steenblik, and K. Sanders
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ID*C Zr‘c
Figure 5. Raiej of acid secrelittn. Measurements were made for
I h, beginning at 12 illicit fwrfl and 24 (jrr]>c<( bars) h after the
animals mourned a meal ofchupjjed Sttiik. Except during Ihr hour
of mjeasurcmcni, the ammuls were housed at 27“C. The first .in nf
data was cullrcted al the iinijnais Were given 2 wk rest, and
iheu die experiments were repeated, but during die hour of mea-
surement, liody temperature wn?. lowered to 1iJ'C. Body temperature
was recorded with 4 thermocouple secured inside
+ 0.70°C mean * SF, Ifl.91" + O.0OSSt liwan + SEI. A
Means + SEs Of the 10-min perindi that gave ihe largest averse rate
were included in iltii analysts. A.NOVA tesiing the effects of treatment
(occlusion uf the left aorta 1and temperature on ratc.s nf acid secretion
1l 24 h after feeding showed a sigmlicarit effect nf trcatmcnl fi*.* =
US9, P = 0.(1024) and temperature (F,, = UiM, P = as wei)
iis 1 litflifvcsjll fntenctmfl bf.H-feen ihf treatment and lempetaluTC
(F,.i = 9.2, P= 0.0150). At ITC. the sham surgery group had sig-
nificantly gre.itei fates of acid secretion than the oceluded group
(c = dm Bonterrom Jjiiirwjse tumpirison of all trKnment by-lenv
perature e(fecti). After 24 h. HO didereiite hctween the sham -uid
OCtluded animals w.is found ;U \*C (u = 0.05). Theie was a s-i(cnif-
itanl decrease in rates of acid secretion in the Cpntiol grnup al 19°C
toiiipaied willi rales at 2TT “nrl in the occluded fjroup at 1"*C cam-
pared widi rates j!27*C jtt —211.Q5). llie sharp decrease eh ratei itf
gastric aeid secretion as 19“C for the shams at 24 h after Seeding suggests
this jtroup stopped shunting due 10 ihe prior exposure to the coo)
temperature al 12 h posifeeding. B, Means t Sts of'tlie mean rates
of arid measured over the entire hour. The solid and striped bars
represent measurements made 12 and 1A h after feeding. respee(ively.
iham snrgrrv grnup; i'lfifk lwr (jV = 3), diagonally stnped har {N "
3); occluded group: uVmr b”r (N = ?). hernzontall} striped Imr

W- ¥



rcotypical sequence (l:ig- 6). The first radiographically observ-
able changes included circumferential cortical thinning. As the
wider nietapbysis anatomically hid Ihe thinnest cortex, i( was
the first point ot cortical perfnntlion/lraying. This was closely
followed by fraying of the smaller nieiaphysis. The cartilage-
in the

covered epiphysis were Least affected initial stages of

dlgwtinn, and maximum length fttaytd relatively liable for the
first half of the digestion sequence, while boih maximum anti
minimum widths decreased at a conslant rale. In lhe last third
of lhe- digestion sequence, separation of the epiphyses with
fragmentation and continued cortical dissolution resulted in
an accelerated decrease in all three dimensions The shapes of
the morphonietric curves of this digestion sequence arc similar
between control and experimental animals as well «s between
rapid and slow digesfurs within these cohorts.

No sis'nilrcanl differtnces wete seen in the masses of the
vertebrae ingested with respect to lhe alligators' body masses
(Table 1). Furthermore, no significant differences in any of the
measurements of the vertebrae (maximum width, minimum
width, iength) were seen on the first or third days after feeding
(Fig. 7), Thus,

significantly different. However, tbe ways the meals were pro-

the meals ingested by each group were not
cessed differed between (he experimental and control groups.
Bv day 6, * highly ~tcnifkSMit = 0.QflZ, one-tailed J-test)
difference was found m the maximum width of the vertebrae.
Thinning o( the bone occurred faster in .this cunlrol gpoap al
animals compared W lilt experimental (ITig. 7). Significantdif-
ferences were seen in eithei [he maximuni or the minimum
measurements from day 6 through day 17 of digestion. How-
ever, by day 19, significant differences could no longer he de-
tected iTables 2, 3, and 4).

The total time required to completely digrsl Ihe hone was
highly variable in eat!" g/i>up (liable i), There was no significant
difference between the sham-operated animals and the exper-

The Right-to-Left Shun! Serves Digestion 13}

imental animals {ff>0.05}. The experimental animals were
slightly larger on average lhan the controls, and there was i
trend for (be larger animals lo fini.sh digestion more (.[incklv
than smaller animals. However, ANCOVA of the mass of the
alligator and the time to digest lhe bone siLl produced ofa P
mallLl >0.05.

Discussion

The preponderance of these data indicates that the nght-to-
left shunt of crocodilians serves digestion. The mechanism re-
mains lo be demonstrated, but the shunt pmbabiy serves to
Carry CO. to the gastrointestinal tract, where it is then Used in
the formatlon of gastric acid. However, all atnniotes product
gastric acid, so it is not clear why the shuni is found In ec-
toihermic but not endothermic nmniotes. One possibility is
thar rales nl gastric acid secrmon art highly depeiidem nn hody
temperature fT,.1 and since ectotherms cannot always maintain
preferred fh, they may need lo secrete large amounts ot acid
while ar the appropriate temperature; time is of the essence, lo
crocodilians, competition tor basking sites can be fierce, with
larger individuals dominating the sites tCrijig and Seebacher
2000). Risking may also increase small crocodilians' risk of
predation, which is extremely high in the first two years of life
(Woodward et al. 19S7}. Thus, it may be especially critical tor
younger animals lo rapidly secrete acid when the opportunity
to obtain the requisite Tt arises. In contrast, endothermic lin-
eages can secrete acid independently of environmental lem

perMutc Humiliations and hashing resources. This hypothesis
predicts the following: fl) after feeding, reptiles will hask to
increase Th (21 rates oL gastric acid secretion will he highly
sensitive lo Th and (31 maximal rares of avid secretiun will in’
greater in ecrntherms than endotherms when at their respective
preferred 1],

Figure 6. Radionraphic appearance nf the rypieal digestion sequent of ingested bovine caudal wrl«hrs. The freshly ingesied vertebra displays
3 distinct and intact irnrtieal surface as indicated hy the arrnw in A. Al rhr end of the firsl week, ciirncil elision is evident along thf antler
pTTUfirtal me!laphvtis lumTiv; and tu s lesser extent in (he smaller distal melapliyiis [flrrcii'ftiiri/jj, as ihuwtf in B. C show* rhe di.stinel lairticnt
loss in hnlli metaphyyes (pruxinbally, rjrmu', and distally, UlfrswAiMfil), Seen al 9-13 J uf dijesiiocl. Al ihis jKtint, loiS i>! mineraliiaiion a[ lhe
physeal pliues is evident and epiphyseal separation is imminent In 0, the proximal epiphysis has separated, aiul there is accelerated erosion
of rhe i,-irtei Uccause lhe medullary cavity is now exposed to digestive lluids. This fading .iphic appeanme coirelates with the rapid increase
in Jigeitiuii rale iliai inarki ilje riope iraiisihoii in the last third 6f lhe digestion sequence, is depicted Lv maximum length/width pei nine
grapji. £, Th» last visible remnants of the cylindrical vertebral diaphysisr and a ghost of the separated distal epiphysis (iirrmtJi as seen In the

last 1.y; of digestiiin.
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Day Postprandial

Fijfute 7. Meani z: SEs uf rhe inlinwing measurement expressed as a
percentage Of the iraniacetaliuLir width; the milttiiUiiT) width of tlte
ingested vertebrae* the minimum width uf the ingesied vertebrae, and
the lenfEth ofthe incited vettebjae (see Fig. 3j. There was no significant
difference In rhes« measurements between ihe innrrol (rqidnrfj} anri
experimental (diamonds) groups when the hunts. were initially ingested
or 3 d after eating. However, by 6 d Alter feeding! a highly significant
iiffcj-rttft-1 P = D.DIJJIt, unpaired r-tesO between the experiimenial and
ihe Control groups was seen in Ibe first piPiof the bone to show signs
ol digeiiliun, the thinning of ihe maximum wndth of th*" veitebrae.
flaring tins ftrii phase i)i digestinn, [he width of the bonfs thinned
ii 1constant Tjtte. Thus, there was less overall variability in the mea-
surements, and significant differences (i3<0.115, unpaired f-tesi) be-
tween the groups were detected in one of bolli oi the width mea-
surements <m days (i, 9, 13, 1, and 17, However, when the epiphases
Separated, which nvccurrrd around day 1.1, thFbones began let Iragjrtertt,
And Some ol the animals rapidjy finished digestion It thii poillt. By
lia=* :y. onlv i™ iil:iuj's nf the contisrl jrronji retained bone (lkblei
1-4), limiting die power id statistical analysis, and on says '1 >nM ? \
no com fol animals remained, eliminating the ability to statistrally
aniimm i, ddi

We found that in American alligators, preferred was sij:
nificandy greater and less variable alier tceding than whei; last
inr- Although ou" results differ frdm those in prior research,
v,hich found no change in preferred body temperature with
feeding in a crocodilian (1Jitvi oaib W ia, 1?/ 'b ,in the for-
mer study, the animals were handled daily to introduce them
to the thermal gradient. Jf the mimals were unaccustomed to
this handling, it n'uld hav-- altered their behavior and may
explain the discrepancy between the studies. We also found a
pronounced dcctt-'ase m raU" ol ga-tr;.; add secrerion with
decreasing body (empe; slure. Although we initially attempted
to studv tato, of gastric acid r.-tion at the postprandial pre
ferred body temperature of , 4 his temperature, rhe an-
imals would not sit "mill lor a | n period for observation, and
thus we chose to ue Nevertheless, we measured signif-
icant greater rates of gastric acid secretion al 27 "C iri both
groups of animals. Th;lcffei i ot temperature is more complex
than a simple reduction in the turnover rates of enzymes with
temperature, because we saw Jess effect of temperature J,' h
into digestion than at 2! h. We suspect the prior cooling at P
h shut down digestion, and this betame apparent in our mea-
surements ill 24 h. The exa<A mechanisms by which this occurs
merit further study. Nevertheless as predicted by the hypoth-
esis, ratel ol gasinc acid secretion an' highly sensitive to body
temperature. Finally, we found that maximal rates of gastric
acid secretion are approximately an order of magnitude greater
in our control group of ;dligau>rs than ma>.irnal rate*, reported
for endotherms (postprandial humans wiih ulcers - J.9 mEq
kg'lh" Fordtran and Walsh 1973;. 't nns, all three predictions
of this hypothecs have proven correct.

However, other factors may ,dsc (aimporUnt and mjv merit
investigation. lor example, extremely high rates of gaslri. .nid
secretion may be especially ii poitsn ioranimali thatct-.isume
Inrgc meals. Witile endothermj fend to eat small but regular
ir/.ils, many .xtotherms consun'e large meall, for example,
American alligators will voluntarily eat meals that weigh 23%
of their body mass {Uriona and Farmer 2<>06J. High rates of

Table 22 Mean = SF of maximum width of the
vertebrar as a percentage nf ‘rans.tcefabular width in
thi left aorta occlusion study

Day Experimental 7 '>ntrol
Postprandial Mean + SE AY Mein % Sb N
0 $i9 4110 0 310 * 14 4
3 306 t .6 6 29.1 + 111 4
6 £6.4 4+ 80 6 227 .56 4
9 223 *t 114 6 184 * 19 4
13 17,1 ™ 137 ti 16.6 1.12 3
15 139 + 171 5 11.7 -+ 1.30 3
17 185 - 157 4 132 ® 37 2
19 1i6 I -.06 4 131 J .65 2
21 17H - 0) 1

I(j.4 ve 1



Table 3: Mean 1 SI7 of minimum width of the
vertebrae an a percentage of transact!abular width in
the left aorta occlusion study

ilav F.xperimental Control
Postprandial \fean t: SE iV Mean + SE VM
n 22A 1.19 6 20A L .16 4
3 189 + .78 6 180 1 [ 4
> .1+t a1 6 IS" £+ 71 L
\Y \1.: 96 6 135 + i1 4
1 12.: W hf3 6 + Ai 3
15 Li: oy 4 8X + 66 2
17 E02 + 104 3 94i 38 1
19 Y9 3 111 + 0 1
21 /0 . 0 ’

acid secretion may be important for maintaining an acidic gas-
tr ;i v rolHCTil to prevevir :hi relattion.

Implications. lhe role of the siiur.i indigestion may explain
some ot the novel and curious features of the crocodilian cir-
wnl.ilion, including th< function of the foramen of Panizza and
Ihe allatter ic re;;u .ition ot hemoglobin. Ona- the atid-producing
cells of the stomach have created hydrogen ions, the ions ate
p-imprd inio .ic ;.istin luiilei. against o_ie of (In: gri-alest con-
cer.nation gradier.ls know to exist in the body of an animal.
These pumps require AI'P, and thus, fix ai d-pmth .:inf; cells
ceqijire oxygen in .iddition ;o carbon dioxide. Thi: pranien of
Panizza enables boLi of O.-rich blood to flow from the right
aorta into the left aorta and thus can enrich left-aortic blood
with this rnueh-needed oxygen. Furthermore, unique features
of'the blood will help unload this O- in the gastric circulanon.
Crocodilian hemoglobin is unusual in decreasing its affinity for
O, on bhinding bicarbonate ions /FICO, , r.uhei rh;‘ii on bind-
ing molecules of CO,; chloride ions (Cl ' competitively bind
to tie Mm:, site (Peiutz el al. 19811. Because ga;tric acid se-
irn on .mr the lilooiE ot CT but mnric i itwi i!ICO,,
this ailosteric regulation in suited to unloading O, to the acid-
sccreling glands of the stumach. A digestive function of the
ihu it a,s0 expla us the mli;'ini. :il regulation of :h,,, jlcod flow
panern. Many of the neural and endocrine i.mle... jles tb .l in-
di;a also (romole gastric acid secrtlion e.g., acetyl-
choline, gastrin-releasing peptide, hlstamltle) or have O0lher
roles in digestion (e.r , .substance P; White 195n, 19n0O; Green-
field and Morrow 11J6); Crige .rid Jobansrn 198/; Axelssigu et
al. T>HB, lo -i; ".rijig 1>"9, ! >, lloimgren C al. 1911$; Jones
1996; -licks 1998; l:iariklin anc Axebson 7.000}.

Our results have several other implications. First, the right-
to-Jeft shunt is probably essential for maximal rates of base
production, whii.li are predicted to be .qu. i lo tli- high rates
of j'.".c secretion iound in our -:idy. lhe egesta ut . ligators
jre noi highly ..-'du (C.G. Farmr r, personal ol.IServation.! and
therefore, the large volumes of gastric acid produced must he
neutralized in ihe gastrointestinal system by base. As is the case
for gastric acid secretion, maximal rates ol base setrelion have

The Right-toLeh .Shunt Serves Digestion J3>

'ween shown in studies of mammals o depend on blood-borne
CO, ..nd c.umot oi.-.:u: witfi the CO- available solely from en-
dogenous metabolism of the base-producing cells themselves
(Flemstrom and Isenberg .1001; Furukawa el al. 2005). Recall
that the left aorla is Continuous with the celiac artery, which
in lurn gives rise to the spleno-inleslinal artery {carrying blood
io li.i- spleen and pari of the small intestine), the r.iitro”®
hepatico-intestinal artery (carrying Mood to :lif stomach, livep
and small intestine), and to the pancreu-iritestinal artery (car-
rying blood to the pancreas and small intestine). Thus, maximal
rates of base production in The pancreas, liver, and small in-
testine *re probably dependcot on the right-to-left shunt.
Furthermore, we hypothesize that this shunt serves to pro-
vide carbon to the liver, small intestine, and spleen for the
synthesis of glutamine, lipids, uric acid, and hemoglobin. Car-
boxylation nf pyruvate to form oxaloacetate and the subsequent
formation of <i-ketogJutaraie (Delluva and Wilson 1946; Cuui-
son and Hernandez 1983; Stryer 1995} i«important to protein
metabolism; the ra-amino group of many amino acids is trans-
ferred to n-ketoflluterate to form glutamate. Glutamate can
then combine with ammonia to form glutamine. Glutamine
plays a key role in integrative metabolism; it is important to
acid-base homeostasis and the .synthesis of uric acid (Campbell
1991), as a precursor in nucleic acid and nucleotide biosyn-
thesis, i-i ilv svnthesis of amino sugars, in intraorgan transport
(Krebs 19801, and in red blood cell metabolism (Nihara el al,
1998). Coulsen and Hernandez (19&3) report that the ability
of the liver ofl*ards io convert CO, nnd pyruvate to glutamine
i- "without precedent!:" in that hvei ghUarninr lont.em ral lons
were increased 30-fold when the animals were given pymvale.
I-urlliermore, ihe fixation ot CO.. with pyruvate and the for-
mation of oxaloacetate cars be stopped by giving a carbonic
anhydrase inhibitor in caimans and lizards {Coulson and Her-
nandez 1963). Thus, carbonic anhydrase appears to be required
for this reaction lo occur in vivo, Finally, carbon dioxide is
?cquisite for fatly icit! .iyn_he;i.s. a process lhai begins with the
carboxylation of acctyl CoA to form maionyl CoA (Wakil 19R9;

Table 4: Mean = SE of the length of the vertebrae as a
percerttajgpfof transacetabular vVi\i:h in the eft aorta
occlusion study

Day E?ij;erirrientdi! Control
Postprandial ~Mean * SF N Mt- in ma SE Vv
0 822 + 270 6 78.6 =+ 4.49 4
3 80,8 *+ 238 L] 795 + 3.30 4
6 78.45 * 264 6 li.'" — 2,80 4
v 7453 h 273 6 5cn; 1541 4
13 H. - 554 6 64 . 1,60 3
15 530 12-12 5 43.1 19.37 3
i 5i,4 15.83 4 47.0 - 4.22 2
14 mm ® 970 4 222 + 13.04 2
21 44.; T .0 1

73 3h * .0 1
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Stryer 1995). This irreversible reaction is the committed step
in fatty acid synthesis. In summary, CO, is requisite to nu-
merous biochemical processes carried out by the stomach, pan-
creas, spleen, liver, and small intEstine. LU is probable Ibat all
of these pnuces'ses arc facilitated by blood-borne COj. Thus-,
the hypothesis rhat the right-to-left shunt ot reptiles serves these
digestive functions warrants Further investigation.
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