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ABSTRACT

This project had three aims: 1) to develop an animal model to investigate the
effects of radiation exposure on intestinal permeability; 2) to investigate the role of
altered intestinal permeability as a possible causal mechanism of radiation-induced
diarrhea; 3) to test the effect of a S-hydroxytryptamine type-3 receptor (5-HT,)
antagonist (BRL 43694) on intestinal permeability and radiation-induced diarrhea.

Ferrets received whole-body irradiation (5 Gy, gamma). At different times
post-irradiation (PIRR, 2, 24, and 48 hours), measurements of fluid and electrolvte
fluxes, and of the blood-to-lumen clearance of 3'Cr-EDTA, were compared between
in situ perfus:d loops of jejunum and ileum. Intestinal permeation of 'Cr-EDTA
wds increased (4x control) in both the jejunum and ileum at 2 hours PIRR. At 24
hours PIRR, 5'Cr-EDTA permeation was the same as control. At 48 hours PIRR,
jejunal permeation of *'Cr-EDTA was not statistically different from control animals,
whereas in the ileum, *'Cr-EDTA permeation was increased 10x control. Absorption
of luminal fluid was abolished 2 hours PIRR in the ileum. Sodium and chioride
fluxes were uraffected by radiation exposure, but at 48 hours PIRR there was a
significant secretion of potassium in the ileum. Diarrhea rarely occurred after the
first hour post-irradiation suggesting that although radiation exposure did alter
intestinal permeability, the changes in intestinal transport that were measured in this
protocol were not causal factors of radiation-induced diarrhea.

Serotonin, acting via 5-HT; receptors, was investigated as a possible mediator
of radiation-induced alterations in intestinal permeability. Pretreatment with the 5-
HT, antagonist and anti-emetic BRL 43694, significantly reduced the severity of
radiation-induced vomiting. Qualitative observations suggested that it offered some
therapeutic benefit to radiation-induced diarthea. However BRL 43694 pre-
treatment had no effect on intestinal permeability, suggesting that the regulatory
mechanisms that govern intestinal transport were not mediated by 5-HT, receptors.
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INTRODUCTION

Anatomical and Functional Review of the Gastrointestinal Tract

nization and Function of the Differen

The gastrointestinal (GI) tract is 2 modified hollow tube. Anatomically, the
major divisions of the GI tract are: mouth, esophagus, stomach, duodenum, jejunum,
ileum (the latter three comprise the small intestine), colon (large intestine) and
rectum. Common to the esophagus, stomach and intestines are four basic tissue
layers: the serosa, the muscularis externa, the submucosa and the mucosa (Figure 1).
The manner in which these tissue layers become modified, particularly the mucosa,
will determine the functional role of that region (Madara and Trier, 1987). |

The mucosa of the small intestine is arranged as folds known as plicae
circulares (valves of Kerckring). These folds, which are most prominent in the
jejunum, less so in the upper duodenum and distal ileum, increase the surface area
of the mucosa by approximately three-fold. Villi are found over the entire mucosal
surface of thi small intestine. These finger-like projections (0.5 - 1.0 mm in length,
20-40 mm?® in depsity, human dﬁta) of the mucosa, increase its surface area by
approximately 10-fold. Villi are shaped differently between the duodenum (leaf-
shaped), the jejunum (rounded), and ileum (club-shaped). These structural
differences partially account for functionzi differences between these organs (Madara

and Trier, 1987).



Figure 1
The general organization of the layers of the gastrointestinal tract. From Berne and
Levy, 1988, p. 743.
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The intestinal mucosa is divided into three layers. The innermost layer is a
continuous thin sheet of smooth muscle {muscularis mucosa) which separates the
mucosa from the submucosa. Because of its contractile properties, the muscularis
mucosa may be involved in villar movement. These movements may modify the
thickness of the unstirred water layer, overlying the villi, which is itself a barrier to
intestinal permeation (Csaky, 1984). The middle mucosal layer is the lamina propria
which is sandwiched between the surface epithelium and the muscularis mucosa. The
lamina propria has important immunological as well as structural functions (Doe,
1989). Within the lamina propria is a central arteriole which travels up the core of
the villus. At the villus tip, the arteriole divides, giving rise to the terminal capillary
network. This network in turn travels down the villus in close proximity to the basal
surface of the epithelium. These capillaries have diaphragm-covered fenestrations,
causing them to be very permeable. This middle mucosal layer is thus designed to
facilitate efficient removal of absorbed substances by strategic placement of
permeable blood vessels along the basolateral membrane of the enterocytes. Also
coursing up the villus within the lamina propria is a centrally located lymphatic vessel
("central lacteal”). The third layer of the intestinal mucosa is a continuous epithelial
layer surrounding both the villi and the crypts of Lieberkuhn. The epithelial layer
is one cell thick, and is in direct contact with the luminal contents. These features
of the third mucosal layer greatly facilitate movement of substances between the

lumen and the blood (Madara and Trier, 1987).
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The major {unction of the villus epithelium is the absorption of nutrients. The
cells that accompiish this task are the absorptive columnar epithelial cells, also called
enterocytes. Interposed between the enterocytes are mucus-secreting goblet cells
(very abundant in the colon) and a few enteroendocrine cells. Less frequenuy
observed cells in the villar epithelium are the cup cells, and the caveolated, or tft,
cells. The function of these cells is unknown, and it appears that their distribution
may be quite species dependent (Madara and Trier, 1987). |

The crypt epithelium is composed of a heterogenous population of cells.
According to the unitary theory of epithelial cell origin in the small intestine,
totipotent stem cells serve as precursors mainly for villar absorptive cells. but
probably for 2 number of other GI surface epithelial cells, in both the villi and the
crypts (Becciolini et al, 1985). Stem cells designated as precursors for the villar
epithelial cells differentiate and mature as the cells migrate up the villi from the
crypts. The movement of the cells up the viili can take anywhere from 2 to 6 days
depending on the tissue and on the species (Figure 2) (Gordon, 1989). Part of the
maturation process is that cells lose the ability to divide as they migrate up the villi,
but at the same time they incorporate new membrane proteins crucial for absorption.
Cells die and are sloughed off as they reach the tip of the villi, however they are
replaced by new cells which are continually migrating up the villi. This system
minimizes the villar area which may become denuded as the older cells are sloughed
off. Other cell types found in the crypt epithelium are mucus-secreting goblet cells,

Paneth cells, and enteroendocrine cells, in particular the serotonin-containing



Figure 2,

Migration of maturing epithial cells from the ciypt to the tip of the villi. From
Gordon, 1989.
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enterochromaffin (EC) cells. With the iarge variety of cells located in the crypts,

many functions are attributed to this area including exocrine secretion into the crypt
lumen (via the goblet, Paneth, and undifferentiated cells), electrolyte and water
secretion (via the undifferentiated cells), and endocrine secretion both into the
lamina propria and into the crypt lumen (via the endocrine epithelial cells), and as
previously mentioned the proliferative component of the crypt epithelium is critically

involved in epithelial cell renewal (Madara and Trier, 1987).

tructural nization of Ent

Enterocytes are characterized by a brush border at their apical (luminal)
domain, and a junctional complex that anatomically and functionally joins adjacent
cells (Figure 3). The brush border membrane is "highly contoured, forming
numerous closely packed microvilli which project into the lumen” (Madara and Trier,
1987). The microvilli increase the absorptive surface area approximately 25-forld.
Specialized transporters for electrolytes and nutrients are located on and within, this
microvillar membrane. The junctional complex consists of three components. The
most apically located component is the tight junction (zonula occludens) which
consists of a variable number of proteinaceous strands, that completely encircle the
apical end of each epithelial cell. The other components of the junctional complex,
are the gap junctions (intermediate junction, zonuia adherens) located proximal to

the tight junction, and the desmosomes (Madara and Trier, 1987).



Figure 3
Schematic diagram of an intestinal absorptive cell. From Madara and Trier, 1987.
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The junctional complex has several functions, which have been described as
bridge, gate, and feace (Diamond, 1977). The gap junctions act as the anatomical
and functional bridge between adjacent enterocytes, regulating solute movement
between cells (Diamond, 1977). The tight junctions have a dual role as both gate
and fence. As a gate, the tight junction helps regulate the diffusion of ions and
neutral molecules throush the paracellular (shunt) pathway (Gumbiner, 1987). Some
gates are stronger than others, i.e., some tight junctions are composed of a greater
number of structural strands, or have strands that are organized in a more regular
fashion. Strand number and organization are believed to be the basis for

classification of tight junctions into either "leaky" or "tight” (Diamond, 1977).

Intestinal Permeation

A simple yet sensitive measure of the gate function of tight junctions is the
transepithelial electrical resistance (Gumbiner, 1987). The transepithelial resistance
is directly proportional to the permeability of the epithelial layer to inorganic ions
(Gumbiner, 1987). These ions may permeate this layer via one of two transport
pathways: through the cell (transcellular), or between adjacent cells (paracetlular)
through the junctional complex (Figure 4; Csaky, 1984). Although there are a
pumber of physical and chemical barriers to permeation, the four major barriers to
permeation are: the apical membrane, the basolateral membrane, the tight junction,
and the intercellular space (ICS). The epithelium may be depicted as a simple

electrical circuit (Figure 5), and the major barriers to permeation represented as



Figure 4,

Routes of permeation across the intestinal mucosa. Although a bidirectional process,
this schematic illustrates permeation from the blood compartment to the luminal
compartment, i.e., secretion. Diagram modified from Csaky, 1984.
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Figure 5.

Equivalent circuit of enterocyte membranes. See text for details of equations. M
refers 0 mucosal surface, S refers to serosal surface. From Powell, 1981.

ima e - = -



10

TRANSCELLULAR M PARACELLULAR
ROUTE ROUTE
Ro
Co . M
 Res
Rb‘E:
)
S
Rc = Ra + Rb
RS = RT..I + RlCS
N ATGH
T Rc + Rs
Gr = G¢ + Gs
Gs | _Gs

Gr = G¢+ G



11

resistances (Powell, 1981). The major barriers to substances permeating via the
transcellular pathway are the apical and basolateral membranes. Together the sum
of the resistances of these barriers (R, and R,;) equals the cellular resistance (R,).
Likewise, the sum of the major resistances to substances permeating via the
paracellular route (barriers = JC and ICS) equals the resistance of the paracellular
(shunt) pathway (R,). Tissues with "leaky" tight junction (leaky epithelia) have a
tissue resistance (Ry.= (R)(R)/[R.+R,]) less than 1000 ohms/cm?, an R, greater
than R, or a shunt conductance (G,=1/R,) *veater than 50 % of the total tissue
conductance (Gr = G, + G,). Using these criteria, the small intestine, along with
the choroid plexus and renal proximal tubule, have been characterized as leaky
epithelia. In reference to its role as 2 gate, the tight junction in leaky epithelia is
"open” a greater proportion of the time than in tight epithelium (examples of tight
epithelia include gastric fundus and esophagus) (Powell, 1981). Progressing down the
intestinal tract, permeability decreases from the jejunum ("very leaky”) to the ileum
" ("moderately leaky™) to the colon ("moderately tight") (Table 1).

Table 1. Relative permeabilities along the intestinal tract.

Jejunum Ileam Colon

High permeability ~---------—-—> Low permeability
Low mucosal R > High mucosal R
Low PD > High PD

R = resistance, PD = poteatial difference
(Binder, 1989)



Permeability_vs Permselectivity

The term permeability refers to the magnitude of the barrier and it is this
property that is quantified by the transepithelial electrical resistance. The weaker the
barrier to substance "X, the greater will be the permeability (to substance *X*), and
this will be reflected by a lower transepithelial electrical resistance. The term
permselectivity is a qualitative measure of the barrier’s "ability to discriminate and
show preference for either cations or anions, and within a series of cations or anions"
(Powell, 1981). Permselectivity arises from both the tight junction’s role as a gate,
but also as a fence. As a fence, the tight junction forms a physical barrier,
segregating the apical domain from the basolateral domain. This segregation
prevents intramembranous proteins (such as transporters) from moving in the fluid
lipid bilayer from one domain to the other, thus restricting them to their respective
compartments. As 2 result of this "fencing" property, ion transporters have a
polarized distribution across the cell membrane resulting in the generation of
chemical and electrical gradients, and thus facilitating vectorial transport (Rodriguez-
Boulan and Nelson, 1989).

Permselectivities of the apical and basolateral membranes are a reflection of
the different transport mechanisms (carriers, pumps, conductance channels) that exist
in those domains (permeability would reflect the number of transporters that would
exist). Table 2 lists the major transport mechanisms that exist across the apical and
basolateral membranes of an enterocyte in the human small intestine (Armstrong,

1987).



Table 2. Major icn transport mechanisms across the apical and basolateral
membranes of small intestinal epithelia.

Apical mbran Basolateral Membrane
Suybstance Mechanism Substance  Mechanism

Electrogenic Na®-glucose co-transport  Na*-K* ATPase antiport
Na*-amino acids co-transport K+ conductance channel
Electronentral Na*-H* antiport- K*-Cr symport
CI“HCO;  antiport . CI-HCO,  antiport
Na*-CI symport
(Binder, 1989)

Enterocytes are Na* transporting epithelia. The primary active step of
transport across all polarized epithelial cells, is the active movement of Na* out
across the basolateral membrane via the Na*-K*-ATPase transporter. This
transporter is restricted to the basolateral membrane because of the fencing role of
the tight junction (Rodriguez-Boulan and Nelson, 1989). The gradient for Na* entry |
across ﬁ:e apical membrane is created by the action of the Na*-K*-ATPase, which
by actively extruding Na+ from the cell, generates a favourable electrochemical
gradient‘ for the apical entry of ﬁa* (Table 2). Although these apical Na*
transporters do not directly require energy for their activity, their function is
dependent upon the electrochemical gradients created by energy-dependent Na*.K*-
ATPase. Therefore, apical transporters ére often considered to be "secondary active”;

similarly, solute movement through the paracellular pathway, normally considered to
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be passive, can be called "tertiary active” (Moe et al., 1990).

At the apical membrane, permselectivities (PS) are PS,,, > PSg > PS,..
This order is reversed at the basolateral membrane, ie. PSy, > PS4, > PSy,..
While permselectivities of the barriers to the transcellular pathway are largely
dependent on the polarized Jistribution of transporters, the permselectivity of the
paracellular pathway is highly dependent on the negative charges (carboxyl,
phosphoric acid, or sulfuric acid radicals) that line the tight junction and intercellular
space. Hence permselectivity to the shunt pathway is cation selective, and generally

P8y, >> PSy,, > PSo. (Madara and Trier, 1987).

ion i nces in Intestinal n

The upper small intestine (duodenum, jejunum, and proximal ileum) accounts
for the bulk of fluid absorption, whereas the distal small intestine is more impcrtant
for conservation (absorption) of sodium (Na*) (Table 3). As well, some substances
are only absorbed in the upper small intestine (fat and water soluble vitamins), while
others only in the terminal ileum (bile salts, vitamin B,,). Although the colonic
surface epithelium is devoid of villi and plicae, it has a tremendous capacity to
absorb fluid. This efficiency of colonic fluid absorption is due to the characteristics
of the striated columnar cells lining the mucosa (Madara and Trier, 1987).

The combined effect of the permselectivities of the intestinal epithelial cell
barriers is to absorb large amounts of luminal Na* and to a lesser extent Ci- and K*.

Another important role of the small intestine is to conserve water. Normally the
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Table 3. Regional differences in intestinal transport

Tissue Transport M=chanisms

Jejunum 1° solvent drag secondary to monosaccharide
absorption
2° electrogenic, glucose-stimulated, HCOy'
stimulated

Tleum 1° electroneutrat Na*-H* and CI-HCOj’
exchange
2° electrogenic, solvent-drag very poor due
to relatively lower permeability to
jejunum

Colon Glucose and other non-electrolytes do not
stimulate Na* and H,O absorption
No active nutrient absorptive processes
Mineralocorticoid sensitive
i° electrogenic (distal colon)
2° electroneutral Na* independent CI-HCO;
exchange

(Binder, 1989)
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small intestine receives 9 L of fluid per day: approximately 1.5 - 2 L from ingested
food and liquids, the remainder from salivary, gastric, pancreatic, biliary, and

intestinal secretions. Roughly 44 9% of this fluid is absorbed in the duodenum and
jejunum, 39 % by the ileum, and a further 11 % by the colon. The actual cellular
route of fluid absorption is unknown but studies measuring the cell membrane water
permeability indicate that fluid moves priraarily, but not exclusively, through the
epithelial cell (Bind:  1989). Fluid permeates across an epithelium in response to
two major forcgs: by ..;ostatic pressures ("P") and osmotic pressures ("x") (Naftalin
and Tripathi, 1985). The proposed mechanism of fluid absorption is described below,

under the "Three compartment model of intestinal permeation.”

n ntestinal

Curran and Maclntosh (1962) developed a three compartment-double
membrane model to explain the mechanism of intestinal permeation (Figure 6).
| Compartments A, B, and C, respectively correspond to the epithelial cell, the lateral
intercellular space, and the capillary. The two membranes, aipha and beta,
respectively represent the basolateral membrane, and the more permeable capillary
membrane. This compartment model is very useful to explain the current theory of
fluid absorption from the intestina! Iumen. Secondary active transporters on the
apical membrane of enterocytes transport salts into the cell from the lumen. This
creates a localized osmmotic gradieﬁt inside the cell, causing luminal fluid to passively

enter the cell.  Some of the intracellular salts (Na* and CI') are then actively



Figure 6

Three-compartment model of intestinal permeation. The top portion of the figure
depicts a double-membrane model that can permit fluid to move from compartment
A to compartment C, against a concentration gradient. The bottom portion of the

figure depicts the proposed anatomical sites of the double-membrane model in
epithelia. From Binder, 1989.
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extruded across the lateral cell membrane into the lateral intercellular spaces (LICS),
again creating a localized osmotic gradient. Fluid will then flow out of the cell,
following the salt into the LICS. In response to the osmotic pressure in the LICS
(ycs), some luminal fluid will also enter the LICS via the paracellular pathway.
Although the entry of fluid into the LICS dissipates (or at least minimizes) the
osmotic pressure, it also increases the hydrostatic pressure inside this compartment
(Pcs)- Starling’s equation of transcapillary fluid flux’ may be used to show that the
combination of a high Py~ and a low =, relative to the values of these pressure
forces inside the capillary lumen (low P, high =), results in net absorption of fluid
from the LICS across the highly permeable capillary endothelium into the third

compartment, the capillary lumen (blood) (Curran and Maclntosh, 1962).

Methods of Investigation of Intestinal Permea:ion

Several methods exist for investigziing intestinal permeability (Table 4).
There are a number of in vitro preparations derived from isolated loops of intestine.
One of the most commonly used in vitro methods is the intestinal sheet method
developed by Ussing and his colleagues (1951). In the Ussing chamber method, the

gut is excised and opened, the muscle layer is stripped away and the resultant

1Starling flux equation: J, = Kgo(P, - Ppyey) - 04(m, - mpyes))
where J, is the net volume flow occurring across the microvascular wall, P, and Py g are the capillary
and lateral intercellular space hydrostatic fluid pressures, x, and =y~ are the capillary and lateral
intercellular space oncotic pressures. K is the capillary filtration coefficient and oy is the osmotic
reflection coefficient (Taylor and Townsley, 1987).



Table 4. Methods of investigation of intestinal permeability.

19

Y. In vitro Techniques:
A) Isolated Loops:
i) Uneverted loops
if) Everted loops
iit) Loops with mainly mucosa
iv) Intestinal rings
v) Intestinal sheets (Ussing Chambers)
vi) Intestinal villi
vii) Isolated enterocytes
viii) Isolated epithelial membranes

IL. In vivo Techniques:

A) Conscious Animals:
i) Thiry-Vella fistula
i) Method of Cori
iii) Blood/urine level after oral

load of substrate

B) Anesthetized Animals:
i) Closed system (tied loops)
ii) Open system (luminal perfusion)

(Csaky, 1984)
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mucosal tissue is mounted as a sheet between two sides of a chamber, such that the
mucosal and serosal surfaces are bathed with fluids of known compositioh. A very
useful modification of this technique is the application of the short-circuit current to
the system. Measurement of this current is an estimate of the net active ion
transport across the tissue. Isolated enterocyrs preparations, although technically
difficult, are another practical in vitro method, as only the cells that are involved in
transport are investigated. Jn vitro techniques allow the investigator to limit the
number of biological variables. The drawback of these techniques is that the results
are obtained from an artificial preparation, i.e. controlling or eliminating biological
variables that may participate in normal function. It was tlierefore decided to use
an in vivo model to investigate intestinal permeation in this thesis.

Currently there are three established models of intestinal permeation in
conscious animals (Table 4). (i) The Thiry-Vella fistula was developed in the mid
1800’s as a preparation for larger animals (usually dogs). Under anesthesia, an
intestinal segment with its blood, lymphatic and nerve supply intact, is isolated and
exteriorized. End-to-end anastomosis connects the rest of the intestine. Sulstrates
are injected into the exteriorized segment and their rate of disappearance is
quantitated as absorption. (ii) The Method of Cori is a similar application. In this
technique, a known volume and concentration of a substrate is gavaged. After a
period of time, the anima! is killed and the entire gastrointestinal tract is removed
and washed. Again, the disappearance of the substrate is quantitated as absorption.

(iii) The third application in conscious animals is one used routinely in clinical
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practice. An oral load containing a permeability probe is given to the patient. After
a defined time interval, a blood or urine sample is taken, and the rate of appearance
of the probe in the sample is quantitated as absorption. Generally, 2 urine sample
is taken, as it is less invasive than a blood sample.

A common disadvantage with the Cori Method and the oral loading method
is that information cannot be obtained about permeability defects in a specific region
of the intestinal tract. Experiments on anesthetized animals thougﬁ allow regional
comparisons to be made in the intestinal tract. One option is a closed system
designed such that loops or "sausages” of intestine of varying length, can be tied off
and filled with known volumes and substrates. The disadvantage with this system is
that the luminal fluid is static, and an increasing unstirred water layer may affect the
permeability of the segment. This method has been used experimentally to
characterize a neonatal disorder known as necrotizing enterocolitis (Miller et al.,
1990). The other method for investigating intestinal permeability in anesthetized
animals is the luminal perfusion of cannulated intestinal segments. This was the
method chosen for the present project and thesis. It is essentially identical to the
closed system preparation, except that the loops are perfused at a known rate,

minimizing the unstirred water layer and stabilizing the gradient.



Markers of Intestinal Permeability

There are a number of criteria for a substance to be considered a probe or
marker of permeability. The probe must be non-toxic, metabolically inert, absorbed
by passive diffusion, distributed in the extra-cellular compartment, water soliible, lipid
insoluble, rapidly excreted in the urine, and accurate and simple to assay (Jenkins et
al,, 1986; Hoilander et al, 1988). Table 5 lists some of the commonly used

permeability probes which meet these criteria.

Table 5. Molecular characteristics of permeability probes.

Weight Surface Area  Diameter
Probe (daltons) (angstroms®) (angstrom)
Rhamnose 164 166 83
Mannitol 182 186 6.7
Cr-EDTA 341 268 105
Cellobiose 342 313 103
Lactulose 342 313 9.5
(Hollander et al., 1988)

Routes of Intestinal Permeation of Permeabili

Much of the permeability literature falsely correlates the molecular weight of
the tested permeability probe with intestinal permeation. Computer-generated 3-D
models of the probes listed in Table 5, indicate that intestinal permeability is
inversely related to the cross-sectional diameter of the probe (Hollander et al., 1988).

The smallest of the two listed probes, rhamnose and mannitol, are presumed to pass
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through small aqueous "pores” of high frequency located in the enterocyte membrane.
These pores are assumed to comprise the transcellular permeation pathway.
Lactulose {a disaccharide composed of galactose and fructose) and S'Cr-EDTA are
presumed to pass through larger aqueous "channels" of low frequency situated within
tight junctions and/or cell extrusion zones (Maxton et al., 1986). This dual transport
pathway hypothesis gained support by comparing the permeation of the probes in
response to different luminal stresses. Ingestion of a hyperosmolar or cetrimide-
containing solution increased the permeation of *'Cr-EDTA and lactulose but had
no effect on the permeation of rhamnose or mannitol. These stresses are known to
affect permeation of the paracellular pathway. As well, villous atrophy produced an
increase in permeation of the larger probes but a coincident decrease in the smaller

ones (rhamnose, mannitol) (Maxton et al., 1986).

Functional Significance of SICr-EDTA Intestinal Permeation

Alterations in the permeation of *!Cr-EDTA are believed to reflect
irregularities in mucosal morphology before they are revealed by histological
examinadon (Bjarnason et al., 1983; Elia et al,, 1987). As a radiolabelled probe,
SICr-EDTA is one of the easiest probes to accurately assay. For these reasons 3'Cr-
EDTA has become the probe most commonly used for gastrointestinal permeability
studies, in particular for models of ulcerative colitis and Crohn’s disease (Bjarnason
et al., 1983). This probe however has yet to be used to detect intestinal permeability

changes in response to radiation exposure.



Radiotherapy

It has been almost a century since ionizing radiation was introduced as an
effective form of cancer therapy. Up until the mid 1950’s, the radiation was
delivered using orthovoltage equipment, approximately 200 - 300 kilovolt X-Rays.
This equipment often resulted in burning of the skin, thereby limiting the
effectiveness of the treatment. Since the introduction in the mid 1950%s of
supervoltage (one megavolt or greater), radiotherapy has become increasingly
prominent and effective in the role of curative and palliative management of cancer
patients (Kinsella and Bloomer, 1980). The supervoltage equipment produces short-
wavelength, high frequency X-rays or gamma rays that are of sufficient energy to
produce ionization in body tissues that absorb the energy.

The rad and the Gray (Gy) are the units of measure for ionizing radiation.
One Gray equals 100 rads, and is the international unit for radiation energy. The
intensity of delivered or absorbed energy is expressed as a dose rate, i.e., SO0 many
rads (or Gy) per unit time. One Gray equals the energy deposition of one joule per
kilogram (Earnest and Trier, 1989).

Approximately 50 % of cancer patients will receive radiation therapy at some
time during the course of the disease (Kinsella and Bloomer, 1980). Radiotherapy
can be very effective in the primay treatment of cancers such as squamous cell
carcinoma of the cervix, carcinoma of the intrinsic larynx, and certain testicular
malignancies. Radiotherapy is also 2 component of the treatment regimen of other

curable tumors such as squamous cell carcinoma of the oral cavity, endometrial



25

adenocarcinomas, carcinoma of the breast, and certain forms of lymphoma and
pediatric tumors (Smith and DeCosse, 1986). Irradiation of gastrointestinal tissues
is often unavoidable in many of these procedures.

| For radiation therapy to be effective in the treatment of neoplastic disease,
it is necessary to deliver high doses of radiation. While the benefit of radiotherapy
is high, so too is the cost that normal tissues pay as a consequence of radiation
exposure. All cells that are exposed to ionizing radiation will sustain some damage
or effect. However some cells are more radiosensitive than others. As interference
(or even inhibition) of DNA synthesis is perhaps the primary lethal effect of ionizing
radiation, those cells that are rapidly dividing will be the most vulnerable to radiation
damage. This is the basis of radiotherapy; malignant cells have a very high mitotic
activity and are thus relatively susceptible to radiation injury. However, some normal
(non-malignant) cells are also rapidly dividing, including: lymphocytes, reproductive
germ cells, immature hematopoietic cells and cells of the intestinal epithelium
(Earnest and Trier, 1989). Unfortunately because of the high proportion of cancers
located in the abdominal and pelvic areas, the intestine can be frequently exposed
to ionizing radiation. Fora typical radiotherapy regimen, total dose delivered to the
abdomc;.n (Le. partial body mdiaﬁon) can be within the range of 50 to 60 Gy,
delivered over a number of radiotherapy sessions spanning several days or weeks
(Berthrong, 1986). Clinical complications subsequent to radiation exposure of the
intestinal tract are referred to as mdiaﬁon enteritis. Symptoms of this condition can

be classified into acute and chronic (long-term) side effects (Table 6).
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Table 6. Clinical manifestations of radiation injury to the small bowel.

Acute Chronic
Nausea Obstruction
Vomiting Perforation
Cramps Bleeding
Diarrhea Malabsorption
Tenesmus (straining) Tenesmus
Abdominal pain Abdominal pain

' Fistulas

(Smith and DeCosse, 1986)

The long-term complications, and mortality rate can be substantial for radiation
enteritis. However there are several factors which can influence the risk of
complications of radiation therapy (Table 7) and these should be considered when
considering the cost/benefit of radiotherapy, and in interpreting the data from

radiation experiments on biological systems.

Table 7. Factors which influence the risk of radiation therapy.

Technicai Clinical

Dose Tumor type and grade
Overall time Stage of disease

# of fractions Anatomic factors
Individual dose Age and sex of patient
Treatment volume Nutritional status
Beam quality Hematopoietic factors
Integral dose Previous surgery
Quality of technique

(Churnratanakul et al., 1990)



Effi f Radiation on Intestinal re an ion

Cellular Responses to Irradiation:

The severity of cellular damage depends to a large extent on what stage of the
cell cycle (Figure 7) the cells are in when they are irradiated (Earnest and Trier,
1989).

vy
v
q

Figure 7. The Cell Cycle

Cells are most sensitive to radiation injury during mitosis, the phase of active cell
division. Resistance to radiation injury increases during the first rest interval (G1)
after mitosis (M), reaches a peak during the DNA synthesis (S) phase, and then
rapidly declines during the second rest phase (G2). Cycling cells receiving a lethal
dose outside of M, can function apparently normally, until they enter M and die
(Eamest and Tric;r, 1989).
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The actual mechanism(s) of cellular death from radiation exposure has never
been confirmed, however one likely mechanism involves the production of free
radicals. The energy absorbed by the cell from the ionizing radiation can react with
intracellular water, producing free radicals (peroxyl radical (HO,-), hydroxy (OH-),
hydrogen radical (H-), and superoxide anion (O,-)), which are substances with a
reactive unpaired electron. The free radicals can then interact with DNA to interfere
with replication, transcription, and ultimately protein synthesis (Smith and DeCosse,

1986).

Intestinal Changes to Radiation Exposure.

Acute pathological changes induced in the intestine by radiation include
abnormal epithelial cell proliferation and maturation associated with decreased crypt
cell mitosis (Trier and Browning, 1966; Vigneulle et al., 1990). Consequences of
these changes include villus shorteﬁing and decreased mucosal thickness. Hyperemia,
edema formation, and extensive inflammatory cell infiltration of the mucosa can also
occur (Quastler, 1956; Buell and Harding, 1989). Depletion and impaired maturation
of villus absorptive cells leads to reduced brush border enzyme and ion transporter
activity (Thomson et al., 1989). As well, ionizing radiation can directly affect the cell
membrane, resulting in alterations in intestinal transporters (Quastler and Hampton,
1962; Curran et al., 1960). Also associated with the early phase of radiation exposure
is a predominant swelling of capillary endothelial cells, and an increase in capillary

luminal diameter (Abbas et al., 1990). Capillary and lymphatic walls may have an
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altered permeability as suggested by the presence of interstitial edema. These
vascular changes may be severe enough to cause mucosal ischemia, potentiating the
deleterious side effects of radiation on the intestinal epithelium (Earnest and Trier,
1989). All of these histopathological factors can disrupt the barrier function of the
surface epithelium, leading to an altered permeation of various substances (Earnest
and Trier, 1989). However, it is possible that radiation exposure may also alter
iniestinal permeability via physiological mechanisms. These could include direct or
indirect stimulation of enteroendocrine cells causing release of secretagogue
substances (Matsuoka et al,, 1962; Penttila et al., 1975), altered motility (Summers
et al,, 1987; Otterson et al., 1988), and alterations in intestinal blood flow (Kabal et

al,, 1973; Timmermans and Gerber, 1980).

mal Effects of Radiation

Prodromal effects simply refer to those symptoms which indicate the onset of
any disease. The prodromata following radiation exposure in humans and certain
other animals include nausea, retching, vomiting, diarrhea, and malaise (Harding,
1988). Nausea is the disagreeable sensation that frequently precedes vomiting.
Symptoms of nausea, which include pallor, sweating, excessive salivation, tachycardia,
and hyperventilation, are caused by changes in autonomic activity (Borison, 1989).
Several retches frequently precede the act of vomiting, hence retching has been
described as a "priming mechanism" for vomiting (McCarthy and Borison, 1974).

Retching is characterized by contraction of the respiratory muscles and the rectus
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abdominus against a closed glottis. This action forces the gastro-esophageal contents
and some of the upper proximal intestinal contents (which enter the stomach by
retrograde peristalsis) into tie reiaxed esophagus. The respiratory and abdominal
rr;uscles then relax, allowing return from the esophagus to the stomach. Vomiting
is identical to retching except that there is a sudden upward movement of the
diaphragm, which transfers the abdominal pressure to the thorax. This generates
sufficient force to propel the gastric conteats into the mouth via a relaxed pharyngo-
esophageal sphincter. Although nausea, retching, and vomiting can occur
independently of each other, they generally occur together and all are considered to
be components of the vomiting sequence (Barnes, 1984).

The area postrema is a circumventricular organ located on the floor of the
fourth cerebral ventricle. The.- pioneering work of Borison and Wang (1953) first
suggested that this is the site of a "chemoreceptor trigger zone" (CTZ) for emetic
stimuli borne in blood or in cerebral spinal fluid. Vagal afferents from the mucosa
and muscle layers of the gut wall can also relay information about irritating gu.t
stimuli, either chemical (eg. hypertonic NaCl) or mechanical (distension of
gastrointestinal organs), to the area postrema, to the nucleus tractus solitarius, and
to the .dorsa.l motor nucleus of the vagus. The vomiting center was originally
conceived as a discrete neural area that received vagal afferent or chemosensory
information, and coordinated and controlled the emetic process (Borison and Wang,
1953). Since then, however, there havé been numerous studies (Miller and Wilson,

1983) which suggest that there is no discrete vomiting center. Davis et al. (1986)
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have proposed an alternate organizational model, suggesting that vagal afferent fibers
and projections from the area postrema and other central sites, communicate with
sey;qrate effector muclei (respiratory and cardiovascular centres as examples), which
in turn elicit the emetic appropriate response via vagal efferent fibers.

Vomiting most likely evolved as a quick way to expel upper gut contents that
were potentially toxic. In an analagous manner, diarrhea may be considered as a
method to rapidly expel toxins sensed further down the gut. It is interesting that
many of the emetic stimuli also induce diarrhea (Andrews et al., 1988). There are
several types of diarrhea: osmotic diarrhea, caused by impermeant agents (such as
mannitol) in the intestinal lumen, diarrhea as a consequence of altered motility,
diarrhea due to ﬁ1alabsorption of water and electrolytes (as in some conditions of
intestinal inflammation), and, secretory diarrhea, caused by intestinal secretagogues

(examples include serotonin, and vasoactive intestinal peptide) (Binder, 1989).

e Role of Serotonin in In ina! Function

Synthesis of Serotonin

Serotonin (5-Hydroxytryptamine, 5-HT) is a monoamine synthesized from the
essential amino acid L-tryptophan. Tryptophan S-hydroxylase is the rate limiting
enzyme in 5-HT sjrnt.hesis (Thompson, 1971). The primary metabolic pathway of
serotonin is oxidative deamination by monoamine oxidase, forming S5-

hydroxyindoleacetic acid (5-HIAA) (Figure 8). Humans have approximately 10 mg



Figure 8
Metabolic pathway of the synthesis of serotonin (S-hydroxytryptamine, S-HT).
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Biosynthesis and Metabolism of Serotonin
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of serotonin, stered mainly in intracellular granules in various regions of the body:
platelets, mast cells, enteric neurons, and gut enterochromaffin (EC) cells (the
primary source of serotonin in some species) (Thompson, 1971). 5-HT is synthesized
in the cytoplasm of the EC cell and is actively accumulated, stored and released from

specific granules (Penttila and Kcrmano, 1971).

ni r ification

Serotonin receptors were originally classified into two groups called M and D
(Gaddum and Picarelli, 1957). The "M" receptors were so-named because they were
considered to be blocked by morphine. The "D" receptors were unaffected by
morphine, and were named based on the antagonistic action of dibenzyline.
However, subsequent to Gaddum and Picarelli’s work (1957), it has been established
that peither morphine nor dibenzyline act directly on the 5-HT; receptors (their
inhibitory effect may be on interneurons receiving synaptic inputs of serotonergic
neurons) (Gershon et al., 1990). Nevertheless, it is still possible to classify serotonin
receptors functionally into two main families: G-protein coupled receptors which
include 5-HT,, 5-HT,, and the putative 5-HT,, and ligand-gated ion channels for the
5-HT; receptor class. It has also been proposed that the 5-HT, receptor is the
equivalent of Gaddum and Picarelli's "D" receptor, while the 5-HT; receptor
corresponds to the "M" receptor (Hoyer, 1990).

Both 5-HT, and 5-HT, receptors have well characterized subtypes: 5-HT,,,

5-HT,p, 5-HT,o 5-HT)p, and 5-HT,,, 5-HT,5. The 5-HT, subreceptor has several
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features (amino acid sequence, pharmacological and electrophysiological profiles) in
common with the 5-HT,, and is now considered a subreceptor of the 5-HT,; family
(Schmidt and Peroutka, 1989). Further confusion in the literature involves the
classification of the 5-HT,p, subreceptor type, which is also referred to as the 3-HT,p
subreceptor. This subreceptor has a similar pharmacological profile to the recently
described non-classical serotonin receptor, 5-HT, (Dumuis et al., 1989). Currently
there is a debate as to whether the 5-HT,; and the 5~ 4 Teceptors represent distinct
entities. Both of these receptors, along with the 5-HT,, and 5-HT;,, are located on
enteric neurons (Dumuis et al, 1989; Gershon et al,, 1990). Resolution of the 5-HT}
and 5-HT, debate would be of great interest to gastrointestinal physiologists, as these
receptors have been shown pharmacologically to be involved in control of intestinal

motility.

S-HT; Receptors

While the 5-HT, ,, 5-HT,, and 5-HT, receptors have been cloned, sequenced,
and expressed, relatively little is known about the molecular structure of the 5-HT,
receptor (Hoyer, 1990). It has been estimated that in rat cortical membranes, the
molecular weight (MW) of the 5-HT; receptor is approximately 35 kDa, considerably
smaller than the MW of the G-protein coupled receptors 5-HT, and 5-HT, (Gozlan
etal, 1989). Like the nicotine, GABA,, and glycine receptors, the 5-HT, receptors
are an intrinsic part of an ion channel, possibly a calcium channel (Schmidt and

Peroutka, 1989) formed of multiple subunits (Hoyer, 1990). The receptor-activated
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channels are permeable to potassium and sodium, but not to chloride, and as
expected produce fast responses (fast excitatory post-synaptic potentials (EPSP)) that
desensitize very rapidly (Hoyer, 1990). These receptors have been found on sensory
nf;urons, sympathetic and parasympathetic neurons, and on neurons within both the
myenteric and submucous plexus of the enteric nervous system (Hoyer, 1990). Just
as with the other classical 5-HT receptors (5-HT, and 5-HT,), pharmacological
studies have suggested that the 5-HTj receptor has several subtypes (Richardson et

al., 1985), which have yet to be fully characterized.

Development of 5-HT; Receptor Antagonists

Initial classification of the 5-HT, receptor arose from the work of Fozard and
colleagues on the effects of 5-HT on the rabbit heast (Fozard and Mobarok Ali,
1978). One of the most potent antagonists to 5-HT blockade of sympathetic
neurones to the rabbit heart was (-)cocaine, while agonists and antagonists to the 5-
HT, and 5-HT, receptors were without effect. Fozard and his colleagues carried ouf
further studies to verify that local anesthesia was not responsible for the 5-HT,
antagonistic action of (-)cocaine. They discovered that procainamide, an
antiarrhythmic agent, was an effective 5-HT, blocker (in the heart) at concentrations
well below those causing local anesthesia (Fozard et al,, 1979).

Substitution of the benzene ring of procainamide produces metoclopramide,
a substituted benzamide with little zinalgesic activity or cardiac antiarrhythmic

activity. Metoclopramide is a substituted benzamide with dopamine D, receptor
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blocking activity. In Europe, metoclopramide has been prescribed as an anti-emetic
since the 1950°s, and it received federal approval in North America in the late 1970’s.
Metoclopramide is still clinically indicated for emesis associated with post-operative
care, gastritis, migraine, dysmenorrhoea, and for patients rec.eiving chemo- and
radiotherapy. Metoclopramide is also a prokinetic agent, i.e., it can increase gut
motility. It was believed that both the anti-emetic and prokinetic properties of
metoclopramide were associated with its D, receptor antagoniém. However
domperidone, a potent D, receptor antagonist with some anti-emetic activity, failed
to stimulate gut motility. Subsequently, attention turned towards investigating
alternative mechanisms (to D, antagonism) to explain the mechanisms of action of
metoclopramide (Sanger and King, 1988).

Fozard and his colleagues demonstrated that metoclopramide, was also a
potent antagonist of the sympathetic neuronal 5-HT; receptor of the rabbit heart
(Fozard and Mobarok Ali, 1978). Further studies demonstrated that this drug could
block certain neuronally-mediated actions of 5-HT, in isolated guinea pig fleum and
colon, events probably mediated by the 5-HT, or 5-HT, receptors and which probably
account for the prokinetic action (Sanger and King, 1988). From Fozard's cardiac
studies with (-)cocaine, substituted benzoic acid esters of tropine (a crystalline
alkaloid) were synthesized and tested, producing the first selective 5-HT, receptor
antagonist, MDL 72222. Other 5-HT, receptor antagonists were being synthesized
as indole esters of tropine, producing structures more similar to S-HT than to

metoclopramide. The von Bezold-Jarisch reflex is caused by stimulation of 5-HT,
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receptors located on coronary vagal afferents and it typically produces apnea,
hypotension, and bradycardia. Inhibition of this reflex in rats was used as a simple
and reproducible model to test the potency of newly developed 5-HT, receptor
antagonists. One of the most potent inhibitors of this reflex is an indole ester of
tropine, BRL 43694 (Granisetron; Beecham Pharmaceuticals). BRL 43694
incorporates a highly electronegative 2-N, and the amide link of metoclopramide,
which together promote stability of the compound (Figure 9) (Sanger and King,
1988). Although there are a variety of 5-HTj; receptor antagonists, which appear
different chemically (Figure 9), many contain some common salient features: a 6,5-
aromatic nucleus connected, via a carbonyl group and a 4-atom unit, to 2 basic
nitrogen atom. These functions may be relevant to the 5-HT, binding site (Sanger

and King, 1988).

Pathophysiological Effects Mediated by 5-HT, Receptors

Serotonin is a pain-producing substance, and experiments have established
that 5-HT; receptors mediate both the pain-producing and the pain-enhancing effects
of serotonin (Richardson et al., 1985). The 5-HT, receptor antagonist, MDL 72222,
proved effective in clinical trials of migraine headaches (Fozard et al., 1985).
Separate studies by Miner et al. (1987) and Costall et al. (1987) demonstrated tﬁat
5-HT, antagonists, acting on vagal afferents, were effective anti-emetics in models of
cytotoxic drug and radiation-induced emesis. This finding was clinically important

because the standard anti-emetic, metoclopramide, while very effective, can



Figure 9,
Chemical structures of some 5-HT, antagonists. BRL 43694 (Granisetron) is

illustrated in the bottom left, GR38032 (Ondansetron) is illustrated in the bottom
right. From Fozard, 1989.
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sometimes nave undesired extra-pyramidal side-effects related to its dopamine D,
receptor antagonism (Sanger and King, 1988). As the 5-HT, antagonistic property
of metoclopramide was exploited in its derivative compounds, the anti-emetic activity
was increased (Sangar and King, 1988). One of the 5-HT, antagonists, GR38032
(Ondansetron, Glaxo Pharmaceuticals), has just received federal approval in North
America as an anti-emetic in both radio- and chemotherapy patients, under the trade
name Zofran® BRI 43694 has federal approval in some European countries, and
is expected to receive federal approval in Canada shortly. While the anti-emetic
efficacy of thesé 5-HT, antagonists has been well characterized, their potential
beneficial role in other gastrointestinal pathologies, such as diarrhea, has yet to be
fully studied.
in n¢tion nin
Serotonin has been classified as a putative neurotransmitter (Gershon and
Erde, 1981) in the gastrointestinal tract. 5-HT-like neurons have been iocalized (by
immunohistochemistry) to both the myenteric and submucous plexus of the enteric
nervous system. Furness and Costa (1982) proposed that the 5-HT neurons could
play a role as interneurons in descending neuronal pathways within the intestinal
wall. As early as 1958 it was recognized that serotonin had a modulatory action on
intestinal motility of guinea pigs and rabbits (Bulbring and Crema, 1958), and that
this action was indeed a physiological response was confirmed recently by Hopkinson

et al, (1989). Serotonin’s action as a modifier of GI motility is interesting from the
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clinical perspective, as its levels are found to increase in the mucosa and circular
muscle of the sigmoid colon in patients with severe idiopathic constipation (Lincoln
et al,, 1990). Serotonin has also been reported to exert an inhibitory action on
vagally stimulated gastric acid secretion and motility in the rat (Stephens et al., 1989).

Serotonin can also elicit a prominent secretory response. Ussing chamber
studies have demonstrated that serotonin (2.6 x 10 M) added to the serosal surface
of rabbit ileum, caused a net reduction in NaCl absorption (Donowitz et al., 1980).
This group suggested that serotonin’s actions were confined to the electroneutral
Na*/Cl" co-transporter. Cholera toxin also mediates its secretory effect (at least
partly) by causing release of intestinal 5-HT (Nilsson et al., 1983). The combination
of 5-HT, and 5-HT; receptor antagonists has been demonstrated to completely
abolish cholera toxin induced intestinal secretion (Beubler and Horina, 1990). Such
data suggest that serotonin antagonists may be effective in controlling the secretory
diarrhea seen in cholera. The 5-HT, antagonist; Ondansetron, has also been
reported to be effective in controlling the diarrhea in irritable bowel syndrome
(Steadman et al., 1990).

While the secretory action of serotonin may deleteriously alter intestinal
permeability, pretreatment with a large dose of serotonin (20 mg/kg i.p.) a few
minutes prior to whole-body X-irradiation has been shown to dramatically increase
the survival time in rats (Gray et al., 1952) and mice (Bacg, 1954). It is believed that
this protective effect is related to the vasoconstrictor properties of 5-HT, producing

a transient tissue anoxia. The decreased oxygen tension in the tissues is believed to
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minimize the production of iree radicals (Gray et al, 1952) which are proposed

mediators of radiation-induced cellular death (Bacg, 1954).

imul f nin_Rel

There are several known stimuli for degranulation of EC cells and release of
5-HT. Luminal stimuli include hypertonic glucose (Drapanas et al., 1962), acid pH
(Fujita and Kobayashi, 1973), and increased luminal pressure (Bulbring and Crema,
1959). Vagal (Tansy et al,, 1971, Ahlman et al, 1976) and splanchnic (Burks and
Long, 1966) nerve stimulation are also known stimulators of 5-HT release from EC
cells. Vagal stimulation is mediated by both adrenergic and cholinergic mechanisms.
Ultrastructural studies of Pettersson et al., (1980) suggest the presence of adrenergic
nerve terminals at the base of EC cells. Pharmacological studies by Pettersson et al.,
(1980) and Gronstad et al., (1987) suggest that vagally-stimulated basal release of 5-
HT from EC cells is mediated by beta-adrenoceptors. Further work by Gronstad et
al.,, (1987) suggests that the luminal release of 5-HT (from EC cells), is under vagal
cholinergic control, and that this luminal release is qualitatively small in comparison
with the adrenoceptor-mediated basal release of 5S-HT. The ratio of intraluminally
to intraportally released 5-HT has been estimated to be less than 1:100. However,
the majority (roughly 90 %) of the serotonin released into the portal circulation is
rapidly bound to platelets, hence inactivated, while the 5-HT released into the
intestinal lumen remains bioavailable. The half-life of intestinal serotonin is between

6 and 12 hours, while that in the portal circulation is only a couple of minutes
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(Thompson, 1971). Therefore luminally-released serotonin may be of greater
biological significance than 5-HT released into the portal circulation (Gronstad et al.,
1987).

Intestinal inflammation is a symptom of many intestinal pathologies, including
ileitis and colitis, as well as in radiation enteritis. Areas of inflamed bowel often
exhibit changes in mast cell number (Perdue et al., 1989). Degranulation of the mast
cells will result in release of a number of mediators of intestinal inflammation and
damage, including serotonin. Release of serotonin is also stimulated by whole body
exposure to radiation in small rodents (Matsuoka et al., 1962, Kockmierska-Grodzka
et al, 1976). The mechanism of radiation-induced serotonin release is still
undefined. Whether it represents a direct effect of ionizing radiation on the EC
cells, or a secondary reaction due to inflammatory processes, or nerve stimulation
remains to be determined. Histochemical and cytofluorescence studies of EC cells
from whole-body irradiated (4 Gy) rats (Penttila et al., 1975) and irradiated (10 and
30 Gy) exteriorized mouse jejunal loops (Penttila and Kormano, 1971) have
suggested that the EC cells are highly re;istant to radiation-induced degranulation.
However both these studies confirm that irradiation does cause a decrease in the
content of intestinal S-HT. These authors further suggest that the sburce of 5-HT
may be from cytoplasmic stores in the EC cell, the permeability of which may be

altered by radiation exposure.



Rationale for Study

The intestinal mucosa is considered to be a protective layer, or boundary,
separating the internal and external environments. Selective movement of fluid and
nutrients across the mucosa is regulated by the permeability and permselectivity
characteristics of the mucosa. These characteristics include the physical and chemical
properties of the mucosa (Jenkins et al., 1986). At present, it is unknown if radiation
exposure affects the intestinal permeation of S'Cr-EDTA, a permeability probe
considered to reflect irregularities in mucosal morphology before they are revealed
by histology. Therefore, an animal model was developed: to examire intestinal
permeation, to determine if physiological mechanisms (ie., release of the
secretagogue serotonin) could account for any observed radiation-induced changes
in intestinal permeation, and to determine if radiation-induced diarrhea is associated

with changes in intestinal permeability.

Animal el

The ferret (Mustela putorius furo) has been used for a variety of research
purposes involving aeurology, endocrinology, embryology, virology, bacteriology,
teratology, and reproduction (Fox, 1988), but it was not until Florczyk et al.’s study
i 1982 of cisplatin-induced emesis in the ferret, did the suitability of the ferret for
investigating gastrointestinal pathologies become apparent. Experiments using the
ferret as an animal model for radiation-induce emesis have been conducted since

the mid 1980’s. Separate studies by Gylys and Gidda (1986) and Andrews et al.
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(1986), suggested that the ferret’'s initial emetic response following radiation
exposure, occurred at a lower threshold and at an earlier latency than any other
species. These results (confirmed by King, 1988) indicate that the ferret’s emetic
response to X-radiation is more sensitive than any other species (Davis, 1988). Davis
{1988) characicrized the emetic dose-response of whole-body X-irradiated (0.50 - 16
Gy) ferrets. The ED,,, for vomiting of X-irradiated ferrets was 1.25 Gy. Ferrets
were also observed to have diarrhea in response to all of the tested doses (0.5, 0.75,
1.5, 1.25, 1.50, 2.00, 4.00, 6.00, 8.00, 12, and 16 Gv) of X-irradiation. The severity of
the diarrhea increased with increasing dose of radiation, becoming a profounci
mucoid or watery diarrhea by 8 Gy. The intensity of the diarrhea response peaked
at approximately 60 minutes post-irradiation, and generally lessened by 5 hours post-
irradiation (Davis, 1553). Based on their lower sensitivities to radiation exposure,
ferrets became the preferred animal for studies of emesis and testing of anti-emetic
compounds (Andrews and Hawthorn, 1987; Miner et al., 1987; Davis, 1988). The
recent use of the ferret in intestinal transport studies (Greenwood et al., 1990) also

favoured these animals as the animal model of choice for this project.

!
!
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Research Aims

Utilizing the ferret as a working mode! for the effects of irradiation in certain

radiotherapy patients, the following questions were asked:

1)

2)

3)

4)

3)

Does radiation exposure alter intestinal permeation {of the radio-
labelled probe *!Cr-EDTA, of fluid, and of electrolytes)?

Are there regional differences in radiation-induced permeation changes
along the intestinal tract ?

How do the radiation-induced permeation changes vary with the time
post-irradiation ?

Is radiation-induced diarrhea related to the radiation-induced
permeation changes ?

Would a 5-HT; receptor antagonist be therapeutic for radiation-
induced diarrhea, and would it effect the parameters of intestinal
permeation ?
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Animals

Adult male ferrets (1.0 - 1.5 kg, Figure 10), descented and castrated, were
purchased from Marshall Farms (New York State). The ferrets were given a
minimum of three days to rest and to acclimatize to the new environment before any
experimentation was done. Ferrets are very susceptible to viruses (Fox, 1983),
therefore a separate room with controlled access was provided for the ferrets. The
animals were housed individually in a metal cage (45 cm x 60 cm x 80 cm). The cage
had two wooden platforms, allowing the ferrets to climb and play. The housiﬁg
rooms had controlled lighting (12:12), temperatere (23 °C) and ventilation (15
changes/hour, humidity approximately 40-45%). Ferrets had continual access to
fresh cool tap water, and were fed daily in the afternoon. Diet consisted of 2 mix of
wet (Miss Mew Chicken Dinner) and dry (Purina cat chow) cat food. Food bowls
were placed inside the cage and remained there until the next feeding time. The
livter beds were changed three times a week. All procedures involving the ferrets
were conducted in accordance with the guidelines established by the Canadian

Council on Animal Care.

Experimental Groups
Phase 1:

The objective of phase 1 was t0 design an animal model which could assess
radiation-induced changes in intestinal permeation. A concise methodology for this
newly developed protocol is described in this chapter, more detailed information is

presented in Appendix L



Ficure 10
An adult male ferret (Mustela putorius furo)
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Phase 2:

In phase 2, the working protocol was used to establish baseline permeability

data in the irradiated ferret. Four groups of animals were investigated:

1) Control (Sham + non-irradiated)

2) 2 hours post-irradiation (PIRR)

3) 24 hours PIRR

4) 48 hours PIRR
Ferrets in the 2 hour PIRF. group were anesthetized immediately after irradiation
and collection of intestinal perfusates began approximately 2 hours post-irradiation
(* 20 min). Ferrets in the 24 and 48 hour PIRR groups were anesthetized either at
24 or 48 hours PIRR. Animals in the control group consisted of 3 non-irradiated and
3 sham-irradiated (one at each post-irradiation time point). Table 8 lists the number
of experiments that were performed in each experimental group of phase 2.
Phase 3:

The effects of the 5-HT, antagonist Granisetron (endo-N-(9-methyl-9-
azabicyclo[3.3.1]non—3-y10-l-r;lethyi-1H—indazole-3-ca:boxyamidehydrochloride;BRL
43694) on radiation-induced retching, vomiting, and diarrhea, and on intestinal
permeation were tested in Phase 3. As the results (permeation, fluid flux,
biochemistry) of the contrci “irradiated” ferrets of Phase 2 were not significantly
different from those in the 24 hour PIRR group, the 24 hour PIRR group was not
examined in Phase 3. The experimental groups in phase 3 were:

1) Irradiation Control

2) 2 hours PIRR
3) 48 hours PIRR



JTable 8. Experimental groups used in phase 2.

Prodromal Effects of Irradiation
Group n valye
Sham-Irradiated

24 hour PIRR 1

48 hour PIRR 1
Non-Irradiated

24 hour PIRR 1

48 hour PIRR 1
Control Irradiated = 4

24 bour PIRR S
48 hour PIRR 3

Total Irradiated = 10

Clearance of 'Cr-EDTA, and Net Fluid Flux (in brackets)

Toal #  Complete Experiments

Group

Sham-Irradiated
2 hour PIRR
24 hour PIRR
48 hour PIRR
Non-Irradiated
2 hour PIRR
24 hour PIRR

Contro%sl;rha%'irz;t?dBE
2 bours PIRR
24 hours PIRR
48 hours PIRR

22
1(1)
1(1)

2 (1)
1 (0)
1
8 (7)
9(9)
7(6)

9 (7)

Jejunumm  Ileum
1(1) 2(1)
1(1) 1(1}
1(1) 1(1)
1(1) 1{1)
1() 1(-)
o) 041)
5(5) 6 (5)
5(5) 6 (6)
6 (6) 6 (6)
5(5) 6 (5)

49

PIRR = post-irradiation

Total # refers to the number of experiments that were attempted

Complete Experimeats refers to the aumber of attempted experiments in which complete data were

obtained for both jejunum and ileum
Bracketed numbers indicate the numbers of jejunal and fluid flux cxperiments
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Only a single dose of Granisetron (0.4 mg/kg) was tested in this project. This dose
was selected based on the numerous scientific and clinical studies with Granisetron
as an anti-emetic compound. The dose of Granisetron used in animal studies ranges
from 0.5 mg/kg to 5 mg/kg, while in clinical studies (which have already completed
dose response curves for Granisetron as an anti-emetic) the current recommended
dose (as an anti-emetic) is 0.04 mg/kg (Cassidy et al, 1988). Granisetron was
injected subcutaneously (s.c., suprascapular) 30 minutes before the. start of
irradiation. The drug was delivered in 0.5 ml of 0.9 % saline, and was controlled
for by sham-injecting (SI) other ferrets with 0.5 mL of 0.9 % saline, 30 minutes
before irradiation. Granisetron was injected 30 minutes before irradiation to allow
sufficient time for the drug to be absorbed into the circulation. The mean half-life
of Granisetron in human plasma is approximately five hours, with plasma clearance
being primarily through hep;nic metabolism (Upward, 1990). Table 9 lists the

number of experiments that were performed in each experimental group of phase 3.

I iation tocol

All irradiations were total body, using a bilateral cesium (*’Cs) irradiation
unit (Gammacell 40, Atomic Energy of Canada Itd). A single dose of 5 Gy was
delivered at a rate of 1.22 Gy/min. This dose was selected for two reasons. First,
it is intermediate to the doses (2 and 8 Gy) used by Davis (1988), who established
the emetic responses of ferrets to X-irradiation (ED,y = 125 Gy). Davis noted that

with a dose of 8 Gy all ferrets still voniited (a greater number of times, and with a



Tabl ist of

rimental er

s in phas

Clearance of 2Cr-EDTA, and Net Fluid Flux (in brackets)

Group

Sham-Irradiated
Saline Injected (SI)
Drug Injected (DI)

2 hour PIRR
Saline Injected (SI)
Drug Injected (DI)

48 hour PIRR
Salire Injected (SI)
Drug Injected (DI)

Tortal #

0o Ln

Complete Experiments
Jejunum Jleym
4(3) 4(3)
5(3) 4(3)

4 (4) 3(3)

4 (3) 6 (6)
3(3) 3(3)
44 4(5)
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PIRR = post-irradiation

Total # refers to the number of experiments that were attempted

Complete Experiments refers to the number of attempted experiments which yielded data at all collection

times

Numbers in brackets refer to pumber of complete fluid flux experiments
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reduced latency), and in addition a profound mucoid (occasionally bloody) diarrhea
was also present. Second, the radiation protocol was designed to be within the

treatment range for some cancers (mainly leukemias).

Irradiation Proced

The cesium source is contained in two cylindrical sliding drawers located
above and below the sample cavity. When the source is activated, the source drawers
move by pneumatic piston cylinders from the shielded position to the irradiate
position. The dual location of the **’Cs source, above and below the sample cavity,
results in a bilateral beam of gamma radiation, a more efficient dispersal pattern
compared to unilateral sources, resulting in a more uniform distribution of the
gamma energy (throughout the animal). Ferrets were placed in a circular plastic
sample tray (305 cm diameter by 10.5 cm deep), fitted with ventilation holes.
Although the tray was not large enough to allow the ferrets to stand, the animals
could freely move about inside the sample tray. As ferrets are natural burrowers, a
darkened, relatively confined space was presumed to not present a severe stress.
Nevertheless, for the first 10 irradiation experiments, the ferrets were removed from
their housing cages, transported downstairs (two levels) to the room containing the
Gammacell, and were sham irradiated. This procedure was repeated two or three
times before the actual irradiation. As there was no difference in the experimental
results between animals that had undergone the sham irradiations prior to

irradiation, and those that had not, the practice of habituating the ferrets to the
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irradiation protocol was discontinued.

Dosimetry Experiments

A ferret (1.3 kg) that was to have been used in other experiments, died during
anesthesia. The ferret had been irradiated 24 hours earlier. In order to assess the
exact amount of gamma radiation delivered to the gut tissues, it was decided to use
this ferret for a dosimetry experiment. Small thermoluminescence dosimeters
(TLD's) were heat sealed within a 2 cm length of PE-(polyethylene) 260 tubing, The
TLD's were then glued within the lumina of various gut regions of the cadaver ferret.
The ferret was then irradiated as usual with a 5 Gy dose of gamma radiation from
the cesium source. Following irradiation, the TLD's were harvested and their energy
read at the Defence Research Establishment of Ottawa. Two other dosimetry
experiments were done in a similar fashion, except the cadaver ferrets had not been

previously irradiated.

Prodromal Effects of Irradiation

Quantifying the prodromal effects of irradiation can give important
information about the animal's radiosensitivity. Ferrets were directly observed for
a minimum of the first two hours post-irradiation. Some fzrrets (in all groups) were
directly observed for up to five hours post-irradiation, and a few were filmed cn
videotape for 48 hours PIRR. When ferrets could not be observed, the bedding in

the cages containing the irradiated ferrets was periodically checked (up until the time
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of the experiment) for evidence of vomitus or diarrhea. The prodromal events that
were recorded in this investigation were retching, vomiting and bowel movements.
In each case, the number of episodes, and the total number of events per episode
were recorded, and averaged over a five minute interval. An episode was defined
as a discrete time interval during which the ferret assumed and maintained the
stereotypic posture for that particular event. For example, when ferrets were about
to retch, they would generally orient themselves such that their heads were pointv;d
at one corner of a cage (61 cma x 41 cm x 38 cm). The ferret would lower the upper
half of its body and raise its lower half. A retching episode was therefore defined
from the moment the ferret assumed this posture, to the moment it assumed another.
The number of retches by the ferret while in the retching posture was counted as the
total number of retches per episode. Vomiting and diarrhea episodes were also
defined and recorded. A number of behavioral cues (burrowing, tongue-licking,
drinking, level of activity) of nausea in irradiated ferrets, described by Bermudez et
al. (1988), were also recorded in these experiments. Ferrets in the 48 hour PIRR
group were offered a couple of tablespoons of wet cat food at 24 hours post-
irradiation. The ferrets' reaction to the food was also used as an indicator of
radiation-induced nausea (Davis, 1988). During the second hour of post-irradiation
observation, the ferrets’ level of response was tested by a series of auditory stimuli:

clapping hands, running a pen along the edge of the cage, and normal ambient noise.
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Surgical Protocol

tiv

Ferrets were fasted (but had water ad Libitum) 18 hours before surgery. This
necessitated that animals in the 2 hour PIRR group were fasted prior to irradiation,
while those in the 24 and 48 hour PIRR groups were irradiated in a fed state. This
difference was controlled for by sham-irradiating ferrets (one at each PIRR time
point) in a fasted state. At the appropriate time post-irradiation, ferrets were initially
anesthetized with an intramuscular (i.m., hind leg) injection of 30 mg/kg ketamine
HCl (Rogarsetic, 100 mg/mL of ketamine HCl, Rogar/STP Inc.), followed by
halothane (3.0 - 5.0 %) delivered in oxygen (1.5 L/min) via a large anesthesia feline
plastic mask. Once surgical anesthesia had been achieved, halothane (2 %) was
administered via an endotracheal tube. A Vetrosan non-breathing anesthetic
machine (Bain circuit system, Summit Hill Labs., Model STL-3000) was used for all
of the experiments. The ferrets' fur was shaved (Oster Detachable Blade Electric
Clipper, Model AS5-08) around the neck and abdominal area. A YSI400 rectal probe
connected to a tele—thermometef (YSI), was dipped in mineral oil and inserted
approximately five cm into the rectum. Rectal temperature was maintained between
37 and 395 °C throughout the experimental procedure by means of a circulating
water blanket (American Medical Systems, Aquamatic Model K-20-C) set at 39 °C,
and by overhead heating from a study lamp (100 W bulb). Normal ferret body

temperature is between 37.8 and 40.0 °C (Fox, 1988).
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1 Vessel lation

Prior to the initial surgical incision, limb and jaw reflexes were tested to
assure that surgical anesthesia had been achieved. A midline cervical incision (5 -
6 .crn) was made from the suprasternél""nmch to just below the cricoid cartilage. The
left jugular vein and the right carotid artery were cannulated®. Both cannulae were
tested for patency by flushing with Leparin saline (100 U/mlL), and were secured in
place by ligatures. The neck wound was then closed with one or two surgical staples
(Royal Auto-Sutures, disposable skin sutures).

One end of the 3-way stopcock to which the jugular vein cannula was attached
was connected to a Minitan flow drip selector (Flashball Device, Baxter, Model
JC5402), set to deliver Lactated Ringer's (composiiion in mM: Na* 130, K* 4, Ca**
1.5, CI" 109, Lactate 28, pH approximately 6.5, mOsm/L approximately 272) at a rate
of 10 mL/kg/h. The tubing of the Minitan system and of the v:.~ous cannula were
positioned on the water blanket such that they could be warmed before entering the

circulation.

Jugular vein cannula: Polyethylene-60 tubing, id. = 0.76 mm, od. = 1.22 mm,
Carotid artery cannula: Polyethylene-50 tubing, i.d. = 0.58 mm, 0.d, = 0.965 mm.
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Bl Re¢ordin

The other free end of the venous stopcock was connected to a Statham
Pressure Transducer, which in turn was connected to a polygraph chart recorder.
The polygraph was calibrated for blood pressures from a minimum of zero, to a
maximum of 100 mmHg using a mercury manometer. Once the venous lines were
connected, the arterial cannula was also connected to the transducer. A continuous
chart recording of arterial pressure (AP)(systolic/diastolic), mean arterial pressure
(MAP) and heart rate (HR) was made throughout the experiment. It was necessary
to shut off temporarily the AP, MA¥ and HR recordings when either venous

pressures (VP) were recorded or when a blood sample was withdrawn from the

artenial line.

Abdominal Surgery

A midline laparotomy (7 - 8 cm long) was made just deep enough to expose
the linea alba. The linza alba was gently picked up with Toothed Adson forceps and
a small puncture wm;z.lé:l was made using surgical scissors. Six to seven cm of the
linea atha was cut, exposing the abdominal organs. A cloth, previously soaking in
warmed (38 °C) water, was used to cover the abdominal organs. In order to expos:
both kidneys, it was necessary to move the abdominal organs gently (mainly small
intestine) out of the way. Careful blunt dissection with a mosquito clamp was done
to expose partially both the renal vein and artery of the right and left kidneys. Both

renzl pedicles were ligated in order to prevent the rapid excretion of the small
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molecular weight probe *Cr-EDTA (vonRitter et al., 1988). To confirm that the
renal vessels were effectively ligated, a urine sample (200 pL} was collected from the

bladder (via a 20 gauge needle) at the end of each experiment and it was counted

for both 5'Cr and MC.

Pr ion_of the in sitn Luminal Perf
Intestinal Cannul

Three types of intestinal cannulae were used: an input cannula (to deliver the
perfusing solutions from the syringe pump to the cannulated segment), a drainage
cannula (to collect, by gravity, any fluid from the portion proximal to the cannulated
segment) and an output cannula (to collect, by gravity, the perfusates from the
cannulated segment). To facilitate collection of the perfusates, the output cannulae
were fitted with 2 - 3 side-ports located on the first 5 mm of the inserted end of the
cannulae. All intestinal cannulae were made from silicon tubing (Pharmacia, i.d. =
2.7 mm, o.d. 4.7 mm) and were fitted with a cuff (5 mm long) made of the same
tubing. The cuff was placed S mm from the insertion end and was used to secure the
cannulae in place. The soft, flexible silicon tubing is ideal material for the intestinal
cannulae as it causes minimal trauma dm:ing insertion. The disadvantage to cannulae
made with the silicon tubing is that because the tubing is so soft, it offers no
resistance to pressure, hence these cannulae cannot be used to measure the
transmural pressure (of the intestinal wall), an important parameter used to assess

changes in intestinal tone (Greenwood et al, 1990).



59
Rationale for Choice of Intestinal Segments

A regional difference in intestinal permeation of *'Cr-EDTA was described
by vonRitter et al. (1988). He and his colleagues found that the distal ileum of the
rat was most sensitive to luminal challenge with a chemotactic agent N-FMLP (N-
formyl methionyl-leucyl-phenylalanine), as reflected by a greater blood-to-lumen
clearance of *'Cr-EDTA in this region. As well, the effects of gamma radiation on
electrolyte transport have been studied in the terminal ileum of rabbits (Gunter-
Smith, 1986). Based on these studies, the distal ileum of the ferret was selected as
one of the intestinal segments in which to study *'Cr-EDTA permeation in response
to “challenge” with radiation exposure. In order to make a regional comparison in
radiation-induced changes in intestinal permeation, the jejunum was selected as the
second intestinal segment. The jejunum was selected based on the large number of
transport studies done on this tissue (Greenwood and Read, 1985; Nylander et al.,
1989; Greenwood et al., 1990; Crowe et al., 1990; Perdue et al., 1990; Holtug and
Skadhauge, 1991). It was not possible to study intestinal permeation in other regions
of the ferret iniestine for several reasons. First, both the duodenum and colon are
too short (roughly 8 cm and 6 cm respectively) to obtain a satisfactory length (10 cm)
of perfused intestine. Second, both of these segments are anatomically difficult (due
to mesenteric attachments) to cannulate with minimal trauma. Third, cannulating
and perfusing more than two intestinal segments simultaneously was considered to
be too invasive. Fourth, time did not permit repetition of the experiments using

different intestinal segments.



60

Identifyving an nnulating th n

The ileum of the ferret is approximately 120 ¢m long (An and Evans, 1988)
and there is most likely differentiation of function along its length. Therefore, to
minimize experimental errar, it was extremely important to be able to perfuse the
same length of ileum in each experiment. The first step in identifying the length of
distal ileum used-in this perfusion protocol was to identify the ileccolonic junction.
As there is no cecum in the ferret, positive identification of the ileocolonic (IC)
junction was made using other landmarks. First, there is a rather abrupt increase in
intestinal diameter from the terminal ileum to the colon. Second, the vascular supply
to the ileum is slightly greater than in the colon, causing the ileum to appear more
pink in colour, compared to the slightly greyer colon. The vascular arcades on the
ileal wall are also more visible than on the colon. Third, while the terminal ileum
is not attached to the abdominal wall, the colon is suspended from the dorsal body
wall by a short mesocolon (An and Evans, 1988). Fourth, the last 30 to 35 ¢m of
terminal ileum contain Peyer's Patches which generally extend right up to the IC
junction. Peyer's Patches (PP) were never observed on the colon.

A ligature was placed around the ileum approximately 35 - 45 c¢m oral to the
IC junction (this distance was selected in order to avoid perfusing an intestinal segment
with PP)2. This ligature effectively isolated the intestinal segment from the distal

bowel, preventing reflux of intestinal secretions. All ligatures were pushed through

3The Peyer's Patches (aggregates of mucosal lymphoid follicles) are covered by specialized surface
epithelial cells, called the "M" cells, which are believed to participate in absorption of luminal antigens
(Madara and Trier, 1987). Thus the M cell presents a different type of barrier to intestinal permeation
than normal enterocytes. .
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mesentery, minimizing damage 10 biood vessels and nerves. A small cut just
proximal to the ligature was made with surgical scissors on the lateral surface of the
ileal wall, avoiding any visible blood vessels. The output cannula was then gently
inserted into the intestinai lumen, approximately 5 - 10 mm beyond the end of the
silastic cuff and then secured with a second ligature, placed just behind the cuff. If
the segment was sufficiently relaxed (low tone) or of large enough diameter, the
intestinal cannulae slipped inside the intestinal lumen easily. Usually, however, the
cut surface had to be gently lifted up with forceps in order to expose the lumen 2 bit
more fully to the cannula. A second cut was made approximately 13 cm proximal to
the end of the inserted output cannula. Both the drainage and input cannulae were
inserted into the same opening, the input cannula advancing distally, the drainage
cannula advancing proximally. Before the input cannula was inserted into the
intestine, it was connected to a 60 mL Becton-Dickinson (BD) syringe previously
filled with a balanced electrolyte solution (BES) (composition in mM: Na* 135, K*
5, CI' 115, HCO;' 25, mannitol 25, pH'd to 7.4) warmed to 40 °C. The BES was then
injected into the input cannula, in order to minimize perfusing air into the intestinal
segment. The opening for the input and drainage cannulae was made 13 cm
proximal to the output canmula, so that the input cannula could be inserted 3 cm,
leaving a 10 cm length of cannulated bowel for luminal perfusion.

Once the ileal segment was cannulated, the jejunal segment was identified.
The ligament of Treitz, connecting thé duodenum—jejunum junction to the dorsal

abdominal wall, is quite prominent in the ferret. A large branch of the superior
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mesenteric artery, hidden within the fat bed running along the inferior surface of the
jejunum, can complicate cannulation of this segment. If the ligatures for securing the
input and drainage cannulae were placed too proximally (i.e. around the branch),
they could greatly reduce blood flow to a substantial portion of small intestine.
Ligatures were secured approximately 2 cm distal to the ligament of Treitz, therefore
the output cannula was placed 13 cm from this region, as previously described for the
ileal segment. The input and drainage cannulae were placed such that the end of the
input cannula was approximately 10 ¢m from the end of the output cannula.

The jejunum is more vascularized than the ileum. Locating 2 region on the
jejunal wall relatively sparse of blood vessels is very difficult compared to the ileum.
Therefore the cut on the jejunal wall for insertion of the jejunal cannulae was made
slightiy differently than on the ileal wall. Whereas the cut on the ileal wall was
usually placed on the lateral surface (due to the pattern of the ileal vasculature), the
jejunal cut was usually made on the anti-mesenteric border. Once 2 suitable region
was found (sparse blood vessels), firm pressure was applied with a cool moist gauze
to the jejunal region where the cut was to be made. This normally resuited in a
short-lasting vasoconstriction of the prominent surface vessels on the jejunal wall.
The incision was then made with minimal bleeding. Excessive bleeding was

controlled with direct pressure from a cool moist piece of gauze.



Perfusing the Segments

Once all the intestinal cannulae were secured in place, the syringe pumps
(Sage Instruments, Model 341A) - one for each intestinal segment - were turned on,
and delivered the BES at a rate of 0.5 mL/min. As soon as the perfusates began to
drip out of the two output cannulae, the segments (and rest of small bowel) were
returned to the abdominal cavity. The perfused segments were placed as flat as
possible on top of the rest of the small intestine, trying to minimize any kinking of
cannulae or segment that could interfere with the delivery or collection of perfusates.
To minimize heat and moisture loss, the abdominal incision was then closed with one
or two surgical staples.

During the initial flushing phase (20 minutes long), both intestinal segments
were perfused with 40 mL of BES, followed by 65 mL of BES containing the volume
marker *“C-Polyethylene glycol 4000 (PEG4000). The balanced electrolyte solution
(BES) was made up as one litre volumes using distilled water, filtered through a 0.22
micron cellulose acetate membrane (Corning, disposable sterile filter system/stand)
and bubbled for five to ten minutes with 95% O,/5% CO,. The solution was made
to pH 7.40 with 0.1 Normal HC], and stored (4 °C) in a capped bottle until use.

To maintain the perfusing BES at physiological temperature, the input
cannulae delivering the pre-warmed BES were placed on the circulating water
blanket. As well, an overhead heating lamp (106 W bulb) was positioned
approximately 15 cm above the abdomen, warming the BES as it was delivered-to the

intestinal segments.
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When surgery was complete, the perfusion was carried out according to the

protocol outlined in Table 10.

Table 10. Experimental perfusion protocol.

Time Perfusate (P) Blood (B)
(min) (Sample) (Sample)
Flushing:  -80 = -60 — Bl = 095 mL
Inject S'Cr-EDTA =
Perfuse “C-PEG4000 = -60 = -45 El B2 = 0.55 mL
45 = -30 E2 B3 = 055 mL
30 = -20 E3 —
-20 - -10 E4 —
-10- 0 P1 B4 = 055 mL
0=-10 P2 —
10 =20 ' P3 B5 = 0.55 mL
20 - 30 P4 —_
30 - 40 P5 B6 = 055 mL
40 =50 P6 -
50 =60 P7 B7 = 0.75 mL

All perfusates were collected by gravity, dripping directly into plastic
disposable containers. During the first twenty minutes (-80 to -60 minutes) of the
perfusion protocol, the segments were flushed clean with BES. Immediately after the
flush, the BES was replaced with the BES containing the volume marker YC-
PEG4000. A bolus of 160 uCi *'Cr-EDTA in 1 mL of Lactated Ringer's was then
injected into the jugular vein. This amount of S'Cr-EDTA was sufficient to maintain
a siCr plasma count of at least 15 000 (cpm/mL plasma), a count considered to be
high enough to generate a gradient for S*Cr-EDTA intestinal permeation (Nylander
et al., 1989).
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Equilibration of “Cr-EDTA
The first two collected samples (E1 and E2) were collected in the so-cailed
equilibration ("E") phase, as this was the time period when the *!Cr-EDTA was
equilibrating within the blood volume (Figure 11). The counts of **Cr-EDTA had
been previously reported in the rat to drop rapidly within the first ;0 minutes of
injection and then stabilize (Ramage et al., 1988). In these experiments, the counts
of SICr fell rapidly between 15 and 30 minutes post-injection. There was a non-
statistically significant trend for plasma counts of !Cr in the 24 hour post-irradiation
group to be elevated. Plasma counts of 'Cr in the 24 hour PIRR group were still
declining rapidly within the 30 to 40 minute post-injection interval. Therefore,
another 30 minutes was allotted for equilibration (of 'Cr-EDTA) and stabilization
of the preparation (samples E3 and E 4). Therefore, as the S'Cr counts were
declining rapidly within the first 60 minutes of >*Cr-EDTA injection, samples E1, E2,

E3, and E4 were analyzed, but were not used in any final statistical analyses.

Analysis bf Collected Pe at

SICr-EDTA Clearance and Net Fluid Flux
After the equilibration period, all the remaining perfusates were collected at

ten minute intervals. A 200 uL aliquot was counted for !Cr in a gamma counter
(LKB Walilac, 1282 Compugamma, Universal Gamma Counter). Anctner 200 uL
aliquot was mixed with 10 mL of scintillation fluid (Cytoscint, ICN Biomedicals Inc.)

and counted in a scintillation counter (Beckman, Model LS 9000) to determine *C.



Figure 11,

Plasma excretion of S!ICr-EDTA at various times post-irradiation (PIRR). Values are

mean = SE, n value of control group is 7, while the three PIRR groups have an n
value of 6.
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Figure 12 illustrates how *!Cr-EDTA clearance and net fluid flux (J) were

calculated. Fluid flux values were calculated at 10 minute intervals. S'Cr-EDTA
clearance values could only be calculated at 20 minute intervals because this was the
frequenc;” of blood sampling. Because the perfusate counts of *Cr (cpm/mL) were
measured at 10 minute intervals, these values (the perfusate counts) were averaged
for two consecutive samples (2 20 minute interval) for the determination of clearance
(see Appendix II for sample calculations).

Both *Cr-EDTA clearance and net fluid flux were expressed per gram of dry
tissue weight (of the intestinal segment). Some investigators express these
measurements per gram of wet tissue weight (vonRitter et al., 1988) or per unit
length of intestinal segment (Krugliak et al., 1990). However both wet weight and
intestinal length measurements are difficult to standardize between experiments
because they do not control for differences in fluid content no: for differences in
intestinal tone. At the end of the experiment, the canaulae were removed and the
perfused segment excised. Excess fluid was removed by gently compressing the
segment. The segment was then patted dry with some gauze and wet weight was
1ecorded. The segment was then dried overnight in an oven (55 °C) prior to

determination of dry weight.

iochemical Anal
Generally, all biochemical analyses were done on the same day. When this

was not possible, samples were frozen (-20_°C) until analyzed.

L4



Figure 12,

Simplified schematic of intestinal loop preparation (modified from vonRitter et al,
1988) showing calculation of S'Cr-EDTA cicarance and net fluid flux (J). *C; and
M, respectively refer to the counts per minute (cpm) of *C in the initial perfusates
(pre-perfusion) and in the final perfusates (collected).
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*'Cr-EDTA Clearance = (cpm/mlL perfusate *Cr x perfusion rate)
(cpm/mL plasma *'Cr x tissue DW)

Net Fluid Flux (J) = perfusion rate x ([*C, / “C/] - 1)
tissue DW
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Fractional Excretion of Electrolytes:

The collected perfusates were analyzed for Na* and K* (Corning, Model 480,
flame photometer), and CI' (Chloride Analyzer, Corning Model 925). If the
electrolytes were expressed only as absolute concentration, then any change in these
values could be due to either: (1) a change in the net movement of the electrolyte;
(2) a change in the net movement of fluid. To resolve this ambiguity, electrolytes
were expressed as fractional excretion (FE), which will account for the movement of

fluid across the intestinal wall.

FE = [ionjcollected / [ion]stock x 100 %
[**Cleollected / [“*C]stock

[ion]collected and [“*C]collected = the concentrations of ion (Na*, K*, CI")
and ¥C in the collected perfusates.

[ion]stock and [“C]stock = the concentrations of ion (Na*, K*, Ci") and "*C
in the BES solution before it enters the intestine (i.e. in the bottle)
Thus expressing the electrolytes in terms of FE will indicate any changes in net
electrolyte movement across the tissue. Values of FE greater than 100 % indicate

net secretion of the ion (electrolyte), less than 100 %, net absorption.

Protein and Osmolality:
The collected perfusates were also assayed for protein content using a

standard spectrophotometric technique (Bio-rad). Osmolality of the perfusates was
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measured by freezing point depression (Precision Systems, Micro Osmometer).

Hemoglobin Analysis:

Blood in the perfusates (due 1o tissue injury during surgery) would most likely
contribute to high *'Cr-EDTA clearance values and possibly altered values for net
fluid flux and fractional excretion. Thus permeability daca from blood-contaminated
perfusates would probably not reflect normai infestinal permeation.' Therefore only
perfusates that were free of blood (determined by visual observation) were used for
analysis. However it was possible that even samples that appeared clear may have
had some blood in them. A standard spectrophotometric hemoglobin (Hb) assay was
done on the collected perfusates from selected experiments. Some of these
perfusates appeared blood-free, others were of different iniensities of pink
(suggesting the presence of Hb). The Hb results were then statistically compared

(simple regression analysis) with the permeation of !Cr-EDTA.

5-HT and 5-HIAA Assays:

Tissue samples from the stomach, jejunum, ileum, and colon were collected
from ferrets irradiated at the different PIRR time points (sham, 2 hours, 24 hours,
and 48 hours). The tissue assay for serotonin (5-HT) and its metabolite (5-
hydroxyindoleacetic acid, 5-HIAA) was adapted from the established
spectrofluorometric technique of Curzon and Green, (1970). See Appendix I for
methodological details of this assay.



Blood Analysis

Blood >as Analysis:

During the flushing phase, a 0.95 mL blood sample was withdrawn from the
carotid artery cannula. Half of this volume was used for blood gas analysis. The
blood sample for gas analysis was collected and capped in a 1 mL syringe, (to
minimize the air content of the syringe). Blood gas analysis was started immediately
after sampling. Blood pH was measured with a Ca** /pl Analyzer (Ciba Corning
Model 634). In order to obtain a plasma sample, the remaining blood sample (from
the pH analysis) was transferred to an Eppendorf microfuge tube and centrifuged
(14500 revolutions per minute) in a micro-centrifuge (Fisher, Model 235A) for three
minutes. Fifty uL of the plasma sample was then measured for total CO, (1CO,)
with a Carbon Dioxide Analyzer (Corning Model 965). The pCG, and HCO;
conceriration of the plasma sample were then calculated based on the measured

values of pH and tCO, (see Appendix IT for sample calculations).

Hematological Profile:

The other half of the original blood sample was transferred into a 3 mL Vacutainer
(Becton Dickinson) containing a drop of 2 7.5 % EDTA solution. This blood sample
was then read on the Hematology Series Cell Counter (System 9000, Baker Inst.) for

complete blood analysis. A few drops of this bloed sample were also
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used to prepare glass slides (stained with Wright's Stain) for differential counts of

neutrophils, lymphocytes, eosinophils and basophils.

Plasma Analysis:

The remaimng blood -samples of 0.55 mL (the minimum blood volume
necessary to accurately collect 200 uL of plasma for gamma counting of the *!Cr.)
were withdrawn to calculate the clearance of the S'Cr-EDTA from the plasma. A
larger volume of blood (0.75 mL) was withdrawn for the final blood sample, so that
greater plasma sample could be collected (roughly 350 xL). This final plasma
sample was combined with any extra plasma obtained from the other blood samples.

This combined plasma sample was analyzed for Na*, K*, Cl’, protein, and osmolality.

Euthanasia
After the last sampling of perfusate and blood, the ferret was euthanized by
injecting into the jugular vein cannula, a 4 mL bolus of Euthanyl (240 mg/mL

sodium pentobarbital, MTC Pharm.). Death of the animal was immediate,

Radiation Safety
All work with radioactive isotopes was in accordance with the safety
regulations as outlined in the "Manual of Radiation Hazards Control at the

University of Ottawa". Spot wipe tests for 5'Cr and C were done on a weekly basis.
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Statisti

All data are presented as mean = standard error (SE) if the n value is four
or greater, or * standard deviation (SD) if the n value is three or less.

The effects of Granisetron on radiation-induced retching, vomiting and
diarrhea were analyzed using the unpaired t-test. Clearance. net fluid flux and
biochemical data from the different post-irradiation groups were compared by one-
way analysis of variance (ANOVA). If the results from this test were significant (p
< 0.05), a multiple comparison test (Newman-Keuls, corrected for unequal n size
where appropriate) was applied. Statistical significance between post-irradiation
groups is indicated on the presented tables and figures as a "star® symboi.
Comparisons between the two tissues (jejunum vs ileum) were done using the
unpaired t-test. Any significance using this test is indicated on the presented resuits
as a "dagger” symbol. Data that were suspected as outliers (extreme observations)
were tested using Dixon's criterion (Snedecor and Cochran, 1980), and were rejected
or kept based on the probability result.

The clearance, net fluid flux, and biochemical results ¢f sham-injected (SI)
ferrets (Phase 3) were compared (unpaired t-test) to those results of non-injected
(NI) ferrets (Phase 2). When there was no significant difference between these two
groups, the data were pooled and this pooled group was used to make statistical
comparisons against the drug-injected (DI) ferrets of Phase 3. If there was a
statistical difference between SI and NI, then the results of the DI ferrets were

compared against the SI ferrets.
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Dosimetry
There was no significant difference in the delivered dose of radiation among
different gut regions (Table 11). Only the results of a single dosimetry experiment

are presented. The results of the two other dosimetry experiments were comparable.

Table 11. Dosimetry results of a 5 Gy irradiated ferret.

Tissue : Dose * 10% (Gy)
Esophagus 4.8
Stomach - Fundus 5.1
Stomach - Antrum 55
Duodenum 53
Jejunum (mid segment) 53
Proximal Heum 53
Ileum (mid segment) 5.1
Colon 53
Dorsal abdominal wall 53
Ventral abdominal wall 5.0
Background (Air) 0
i lar m

During surgery, control ferrets had an average mean arterial pressure (MAP)
of roughly 75 - 85 mmHg (80 - 95 mmHg systolic, 50 - 70 mmHg diastolic). Heart
rate was generally 180 - 220 beats per minute. Venous pressures were always
negative (-1 to -5 mmHg). These values were constant throughout the experiment
(except for a transient (approximately 30 seconds) increase in MAP by about 30 to
50 mmHg during ligation of the renal pedicles), and there was no difference between

the experimental groups.



Hematol ul

The hematology results presented in Figures 13, 14, and 15 are from non-
injected ferrets (Phase 2). The hematological profile of sham- and Granisetron-
injected ferrets was also assessed (Phase 3). There was no difference in the
hematology results between Phase 2 and Phase 3, therefore only the results of Phase
2 are presented.

The total white blood cell count (WBC x 10°/mm®) averaged 8.3 = 0.5 (n=6)
for control-irradiated animals (Figure 13). This value falls within the normal range
reported by Fox (1988), however the reported data <an have a substantial range: 1.7
to 11.9 (Fox, 1988), 7.7 to 154 (Lee et al., 1982). Total WBC dropped significantly,
by approximately 75 %, within the first 2 hours of exposure to 5§ Gy gamma radiation.
The white cell count remained at this depressed level for at least two days post-
irradiation. In control-irradiated ferrets, total polymorphonucleocytes (PMN)
accounted for approximately half of the WBCs. By 2 hours post-irradiation (PIRR),
PMN's had decreased from a control value of 4.3 x 10°/mm® = 1.1 (n=4) to0 0.6 x
10°/mm’® * 0.1 (n=4), an 85 % decrease, and accounted for only a third of the
remaining white blood cells. However, by 24 hours PIRR, there was a modest
increase in the total PMN count (1.9 * 0.2 x 10°/mm® at 24 hours PIRR). In
contrast, the lymphocyte population continued to decreas~ after 2 hours PIRR, such
that by 24 and 48 ﬁours PIRR, total lymphocyte count was effectively zero. At these
later stages of radiation exposure, PMNs accounted for almost 100 % of the white

blood cells (Figure 13). Monocytes also dropped to zero at 24 and 48 hours PIRR,



Figure 13.

Effect of whole body irradiation (5 Gy) on ferret differential blood counts. All
values are expressed as mean = SE, n values (% WBC):sham = 6,2h = 10,24 h

= 8, 48 h = 9; (% Polymorphonuclearcytes (PMN), % Lymphyocytes (Lymph), %
Monocytes (Mono): control, 2 b, and 24 h all have n=4; 48 b, n= 5.
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but this fall was not statistically significant compared to its low control value (0.6 =
0.4 x 10°/mm®) (Figure 13).

Platelets (PLT) and mean platelet volume (MPV) were unaffected by
radiation exposure in the ferret (Figure 14). Mean corpuscular volume (MCV) and
mean corpuscular hemoglobin concentration (MCHC), determinants of hematocrit
and total hemoglobin, were likewise unaffected by whole-body radiation exposure 10

the ferret (Figure 15).

Blood Gas Analysis

Table 12 lists the measured values of arterial pH and total CO,, and the
calculated values of arterial pCO, and HCO; of anesthetized ferrets. The control
values (non-irradiated + sham-irradiated) suggest that the animals experienced
respiratory acidosis (low pH, elevated pCO,). The blood gas values for the irradiated
groups were not significantly different from the control values, i.e. all animals had
respiratory acidosis. Again, the results are only presented for non-injected ferrets
(Phase 2). Blood gas analysis from ferrets in Phase 3 were not significantly different

from Phase 2.

Plasma Analysis
The major electrolytes (Na*, CI', and K*) and osmolality of ferret plasma
from control-irradiated ferrets were within the normal range reported by Fox (1988)

(Table 13). _These values were not affected by radiation exposure (Table 13).



Figure 14,

Effect of whole body irradiation (5 Gy) on ferret platelet values (mean * SE). n
values (Platelet (PLT) and Mean Platelet Volume (MPV): control = 6,2h = 10, 24
h=848h =238



78

Effect of 5 Gy on Ferret

PLT & MPV

15.0

(c) AdW ‘(cwwy/got) Ld

2h 24h 48h

Post~Irradiation Groups

Control

r
a



Figure 15,

Effect of whole body irradiation (5 Gy) on ferret hematocrit parameters, MCV
(mean corpuscuiar volume) and MCHC (mean corpuscular hemoglobin

concentration). All values are mean * SE, n values: control = 6,2h = 10,24 h =
8§48h =09
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pH
Control 72 £ 0.02
(n=7)
2ZhPIRR 73 = 0.02
(n=7)

24hPIRR 72 = 002
(n=11)

48 hPIRR 72 = 0.02
(n=10)

1C0, pCO;
262 =06 60.0 =30
249 = 05 545 =36
238 208 570 = 4.1
262 09 645 =42

HCO;
244 =+ 0.5

Values are expressed as mean = SE.
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Table 13. mposition of major electrolvtes in ferret plasma.

(mM) mOsm/keH,0
Growp  Na QL K+ Osmalality

Control 150=1 11321 63202 32=x2
(n=7)

2RPIRR 149x1 114=1  67=01 325
(a=7)

I+
o

24hPIRR 149 =
(n=6)

115 =1 6.5 = 0.1 328 =3

[

4hPIRR 1472 1132 6402 320=3
(n=3)
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Values are expressed as mean + SE, n values are indicated in brackets.
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Phase 2 (non-injected ferrets):

While nausea, one of the prodromata of radiation sickness, cannot be
quantitated in animals, Bermudez et al. (1988) have documented several behavioral
cues which suggest the severity of nausea: retching, drinking, defecation, posturing
to defecate, urgent backing movements ("backing”, related to defecation), urgent
tunnelling under the wood shavings in the cage ("burrowing”), and vigorous licking
(related to salivation). In this project, all irradiated ferrets (non- and sham-injected)
retched. While retching always proceeded vomiting, some of the behavioral cues
listed by Bermudez, very frequently proceeded retching. The most prominent
behavioral responses were urgent tunnelling (burrowing) and vigorous licking.
Burrowing was most frequent within the first 30 minutes post-irradiation, generally
when retching episodes were a few minutes apart. Each burrowing episode was
approximately 15 to 30 seconds long, and occurred just prior to retching. Vigorous
tongue-licking occurred in roughly 75 % of the irradiated ferrets. Sometimes this
response was so severe that the masseter and/or the temporalis muscles (of only one
side) could be seen to contract and relax. This response generally occurred between
30 to 90 minutes post-irradiation. After the first hour post-irradiation, all irradiated
ferrets appeared lethargic for several hours; most slept or dozed, | and were
unresponsive to auditory stimuli. The majority of ferrets in the 48 hour PIRR group
ate the food that was offered to them at 24 hours PIRR. The ferrets at this time (24

hours PIRR) were generally active and curious. This suggested that the animals were



“feeling all right" by this time post-irradiation.

Retching commenced within the first 5 - 10 minutes following 5 Gy total body
exposure and peaked within the 15 - 20 minute post-irradiation (PIRR) intr:val
(Figure 16). An average of three to four retches were observed per retching episode.
After approximately thirty minutes of intense retching (5 to 35 minutes PIRR), the
retching response waned and only minor retching was observed occurring at
approximately ten minute intervals for the remaining two hours of observation post-
irradiation. Cortrol irradiated (sham + non) ferrets were never observed to retch.
The ferrets were frequently observed much longer than two hours PIRR. Five ferrets
were filmed on videotape for several hours (up to 24) post-irradiation, however this
practice was discontinued because the prodromal symptoms were very rare after two
hours, and because the quality of observatign from the videotape was poor.
Quantification of prodromata from only the first two hours PIRR was therefore
believed to be an accurate reflection of the prodromal effects of radiation. Three
ferrets were sham-irradiated and 3 were non-irradiated. One ferret from each group
(sham and non) was used for a 2 hour PIRR experiment. Therefore because of the
protocol (see Methods) for the 2 hour PIRR experiments, these ferrets could not be
observed for prodromal effects of irradiation. For this section post-irradiation
observations were limited to the control animals used in the 24 hour and the 48 hour
experiments, 2 from sham-irradiated ferrets, and 2 from non-irradiated ferrets.

Data were similarly obtained for vomiting (Figure 17) and bowel movements

(Figure 18). The posture for vomiting was very similar to that for retching. Usually



Figure 16.

Retching responses of irradiated ferrets (n = 10, values are mean = SE) observed

during the first two hours post-irradiation (3 Gy). Two sham-irradiated ferrets were
observed, neither retched.
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Figure 17,

Vomiting responses of irradiated ferrets (n = 10, mean = SE) observed during the

first two hours post-irradation (5 Gy). Two sham-irradiated ferrets were observed,
neither vomited.
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Figure 18,

Bowel resposes of irradiated ferrets (n = 10, mean * SE) observed during the first
two hours post-irradiation (5 Gy). On average, each irradiated ferret had two or
three "normal” bowel movements during the first 30 minutes post-irradiation. All
irradiated ferrets experienced a strained, pink mucoid diarrhea, starting around 25 -
30 minutes post-irradiation. Two sham-irradiated ferrets were observed, only one
had a normal bowel movement at 70 minutes post-irradiation.



86

(Ulw) uoljelpels|-}sod awi |

02k O 00t 06 08 0L 09 05 Oy 06 0c Ol

0

<=
S
#

aposid3 Jad
SJUBWAAO |amog JO Jaquiny

A 1 1 1 1 i ]

! _j_q Eﬁ_ﬁ_ﬁﬂ

0

™
=1
}

SJUBLIBACH jaMog

|
S @ © <
_—a o o

00

JI_L #___

$aposId] JuaWwaAol [omog

$}94494 pajeiped| jo

|

sosuodsay |emog

© = o
o -] o=
saposidg JuawaAol jamog JO #

<
=)

<
—



87

after a few retches, the ferrets (still in the retching posture) would arch their backs
even more, raise their lower body and head, and then vomit. Vomiting often
concluded the retching episodes, suggesting that retching was simply a primer for
vomiting. Like retching, vomiting began within the first 5 - 10 minutes post-
irradiation, and peaked within the first iS5 - 20 minutes PIRR. There was a one-to-
one relationship between the number of vomiting episodes and the total number of
vomiits per episode, i.e. the ferrets vomited only once while in the vomiting posture,
following which they assumed another activity. Control-irradiated ferrets were never
observed to vomit.

Bowel movement episodes were similarly defined, based on assuming and
maintaining posture. The posture was very similar to that for retching, except that
the ferret tried to position itself such that its feces (or diarrhea) would be deposited
in a corner of the cage. Of the four control-irradiated ferrets that were observed
post-irradiation, only oue (apparently normal) bowel movement was recorded during
the two hour observation period. During the first 25 minutes post-irradiation, ferrets
in the irradiated groups produced on average two or three bowel movements.
Although this represents an abnormal rate of defecation, there appeared to be no
urgency, minimal straining (tenesmus), and the feces, though soft, were well-formed.
The first bowel movement of this type generally occurred within the first 5 to 10
minutes post-irradiation (Figure 18). At approximately 25 to 30 minutes post-
irradiation, the pattern and the product of defecation changed. Urgency and

straining were apparent and there was no longer a well-formed stool, rather a mucoid
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diarrhea was excreted. This diarrhea would often appear pink, or have fine red lines
running through it, suggesting that either a direct or indiiect effect of irradiation
caused some bleeding into the intestinal lumen. This type of diarrhea response
reached peak intensity at approximately 45 to 50 minutes PIRR. Although there was
a decreased incidence of diarrhea after this peak response, pink mucoid diarrhea
accompanied by straining, occurred up to 100 minutes post-irradiation (Figure 18).
Ferrets observed longer than two hours PIRR were seen to have occasional mucoid
diarrhea up to five hours PIRR (data recorded on video tape). As with the vomiting,
there was a one-to-one relationship between bowel movement episodes and total
number of bowel movements (Figure 18).

Phase 3 (BRL 43694 injected ferrets):

Although BRL 43694 has been previously demonstrated to be an effective
anti-emetic in irradiated ferrets (Davis, 1988), it has never been tested at a dose
of 04 mg/kg in 5 Gy imradiated ferrets.  Pretreatment with the drug on
prodromata was measured in order to test the hypothesis that BRL 43694 drug
protocol could act as an effective anti-emetic with the radiation protocol used in
these experiments. Subcutaneous (s.c.) injection of the anti-emetic compound, BRL
43694 (0.40 mg/kg) 30 minutes before irradiation, significantly reduced the frequency
and severity (total numbers) of the retching response (Figure 19), but only during
the peak response (15 - 25 minutes PIRR). The latency was also increased by about
10 minutes. Only two of the six ferrets pre-treated with Granisetron retched, but
even in these animals the frequency of retching was reduced compared to non-
injected ferrets (Table 14). Granisetron also significantly reduced the number of
vomiting episodes and the total number of vomits (from 15 - 40 minutes PIRR), and
also increased the latency (Figure 20). Of the six animals that were pre-treated with

Granisetron and observed post-irradiation, only two vomited, but again with a



Figure 19.

Retching responses of irradiated ferrets (m»an = SE, n = 6) injected with BRL
43694 (dashed line) 0.4 mg/kg s.c. 30 minutes before irradiation. Retching was
observed only in 2/6 ferrets treated with Granisetron. For comparison, solid line
indicates the retching responses of non-injected ferrets of phase 2 (as presented in
Figure 16).
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reduced frequency compared to non-injected ferrets (Table 14). These data are
consistent with Granisetron's action as an anti-emetic.  Pre-treatment with
Granisetron significantly decreased the frequency of defecation art 45 - SO minutes
PIRR (Figure 21). The total number of bowel movements during the first two hours
post-irradiation was not statistically different between non-injected and drug-injected
ferrets (Table 14). However, an important but purely qualitative observation of the
Granisetron-treated ferrets was that the diarrhea appeared to be less mucoid, and
more watery. In addition, the volume of diarrhea excreted appeared to be lower
than the non- and sham-injected ferrets. The behavioral cues of nausea that were
frecuently observed in non- and sham-injected ferrets (the burrowing and tongue-

licking) were minimized in ferrets injected with Granisetron.

Table 14. Total number of prodromal events during the first two hours post-

lrradiation.
Retching Vomiting Bowel Movements
Epi Toal Epi.  Total Epi. Total

NI 13.6 535 149 149 51 S

2=10 (L1) (7.7) (1.0) (1.0) (0.7) (0.7)

DI 20* 6.7* 1.5* 15+ 32 32

a=6 (14) (4.8) (L1) (L1) 0.7) (0.7)

DI #1 2 8 7 7 2 2

DI #2 4 11 2 2 5 5

Values are expressed as mean = SE, SE indicated in brackets

Epi. = mean # of ~pisodes during the first 2 hours PIRR

Total = total # of events during the first 2 hours PIRR

NI = non-injected ferrets, DI = drug-injected (Granisctron) ferrets

* = statistically lower from NI ferrets (p < 0.001)

Only 2 of the 6 DI ferrets retched or vomited, their data are presented: DI # 1 and DI # 2



Kigure 20,

Vomiting responses of irradiated ferrets (mean + SE, n = 6) injected with BRL
43694 (dashed line) 0.4 mg/kg s.c. 30 minutes before irradiation. Vomiting was only
observed in 2/6 ferrets treated with BRL 43694. For comparison, the vomiting
responses of non-injected ferrets from phase 2 are shown in the solid black line (as
presented in Figure 17).



91

(Ulw) uojjelpell|-}sod awn |
Ock OH OOL 06 08 0L 09 0S5 Oy 0 0Z O 0

. . . _ A | 1 4 1T ...ﬂ. 138 * : '
—'H.l'— l.l* W-H-MIH\H- H -H‘*F— W .w m: -nm-.l—-:-“lurlq— -
I+ m ¥

T
apos|d3/sHWOA Jo Jaquinp :
T ¥ .H_ I
¥
9=u HE YiM :
- saposid3 Bujpuwop
Ol=u 48 INOYYM | T

Sialia4 pajejpeds| jo sesuodsay Buniwop

OCLWTONT O
SHWOA J0 #

© U T O NN T O
saposid3 BuijiwoA 10 #



Figure 21,

Bowel responses of irradiated ferrets (mean = SE, n = 6) injected with BRL 43694
(dashed line) 0.4 mg/kg s.c. 30 minutes before irradiation. Although all of the ferrets
treated with BRL 43694 experienced diarthea (commencing around 25 - 30 minutes
post-irradiation), it was less mucoid, and less volume was excreted. For comparison,
the bowel responses of non-injected ferrets of phase 2 are shown in the solid black
line (as presented in Figure 18).
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learance, Net Flgi ziad Biochemi

Resuilts for net fluid flux and biochemical analyses were calculated 2t 10
minute intervals of the 60 minute experimental perfusion phase, and at 20 minute
intervals for the clearance of *'Cr-EDTA. However because there were no statstical
differences in the results over the 60 minutes of perfusicn (see Appendix III),
suggesting the stability of the experimental preparation, for clarity of presentation the
results are presented only for the first sample (P1, collected at 0 minutes) and the
last sample (P7, collected at 60 minutes) of the 60 minute experimental perfusion.
Clearance (Permeation) of 'Cr-EDTA

Although the jejunum and ileum are both part of the small intestine, there are
histological and functional differences between them, which may account for regional
differences in permeability. Fordtran et al, (1965) and Loehry et al, (1973) have
both suggested that the jejunum is more permeable than the ileum, whereas under
experimental conditions (FMLP-induced intestinal inflammation) von Ritter et al,,
(1988) have suggested that the distal ileum is more permeable. Therefore, the
permeation of *'Cr-EDTA was measured in ferret jejunum and ileum in order to test
the hypothesis that there are regional differences in ferret intestinal permeability.
With the radiation protocol that was selected for these experiments, it is possible that
radiation exposure to the intestine could cause changes in intestinal motility and
blood flow, initiate inflammatory reactions, or stimulate release of secretagogues.
All of these factors could possibly alter intestinal permeability. Therefore, the
permeation of 'Cr-EDTA was measured at different times post-irradiation to test the
hypothesis that radiation exposure alters intestinal permeability.

Phase 2:

Both jejunum and ileum had virtually identical control values of *'Cr-EDTA
permeation (Figure 22). At 2 hours PIRR there was a significant increase in the
permeation of *'Cr-EDTA in the jejunum, the ileum had borderline significance, p=
0.06. Permeation at 24 hours PIRR was no different than control values. Clearance
of 5!Cr-EDTA was dramatically increased at 48 hours PIRR in the ileum but not in
the jejunum (Figure 22). This increased permeation was approximately 10-fold
greater than in control ferrets (Figure 23).



Figure 22.

S1cr-EDTA dlearance in perfusion samples P1 (collected at 0 minutes)

and P7 (collected at 60 minutes) of the jejunum (top) and ileum (bottom) of
irradiated ferrets. Values are mean = SE, n values for control, 2h,24 h, and 48 h
post-irradiation groups are (in order) for jejunum: 5, 5, 6, 5; for ileum: 6, 6, 6, 6.
+ indicates significant difference from ileum at the corresponding PIRR time point,
* indicates significant difference from other PIRR time groups within the same
tissue.
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Figure 23.

SICr-EDTA clearance in perfusion samples P1 and P7 in the jejunum (top) and ileum
(bottom) of irradiated ferrets. Values are expressed in relation to the control value
(of Figure 22), as mean = SE. n values for 2 h, 24 b, and 48 h post-irradiation
groups are (in order) for jejunum: 5, 6, 5; for ileum 6, 6, 6. T indicates significant
difference from ileum at the corresponding PIRR time point, * indicates significant
difference from other PIRR time groups within the same tissue.



Clearance (x Control)

Clearance (x Control)

1Cr=-EDTA Clearance in
Irradiated Ferrets

LA

20 :
Jejunum !
16 - |
}
}
I
12 1 |
:
I
8 :
b
4 - ! i T
1
l 7 #, |
P7
20

Heum

Perfusate Sample

Bl 2, PRR (3% 24h PIRR 48h PIRR



96
Phase 3:

When there was no statistical difference between non-injected and sham-
injected clearance results, these two groups were pooled and compared against the
drug-injected ("DI") group. This was the case for all but two groups of clearance
data. In one group (jejunum, sham-injected, control-irradiated for sample P1) the
clearance value (of S'Cr-EDTA) was statistically greater than in the corresponding
group of non-injected ferrets; in the other group (jejunum, sham-injected, 2 hours
PIRR for sample P1) the clearance value was significantly lower. Thus for some
unknown reason there may have been a placebo effect. For these two (non-pooled)
groups, statistical comparisons to the related DI group were made against the sham-
injected (SI) results alone. Beubler and Horina (1990) have reported that a 5-HT,
antagonist was effective in controlling the cholera-toxin stimulated intestinal
secretion. The 5-HT, antagonist, Granisetron, was therefore tested to see if the
radiation-induced secretion of **Cr-EDTA was mediated by 5-HT, receptors. In the
jejunum of control-inadiated ferrets, Granisetron pre-treatment caused a significant
decrease in the clearance of *Cr-EDTA (Figure 24). However, while this effect was
significant for both P1 and P7 (and for the other collected samples, P3 and P5), the
decrease may only be real for PS and P7, due to the placebo effect in P1 (the placebo
effect was also present for sample P3, but not for sample P5). Granisetron also caused
a significant increase in clearance in the ileum at 48 hours PIRR, but this occurred
only in the first collected sample (P1) - all other clearance values in this group (P3,

PS5, and P7) were statistically the same as control-injected (CI) ferrets.



Figure 24,

S1Cr-EDTA clearance in perfusion samples P1 (collected at 0 minutes) and P7
(collected at 60 minutes) of the jejunum (top) and ileum (bottom) of Granisetron
pre-treated ferrets. CI refers to control-injected (pooled non-injected with saline-
injected ferrets), SI refers to saline-injected ferrets, DI refers to drug-injected ferrets.
Non-injected and saline-injected results were pooled for all groups except for 2
groups in the jejunum: control, perfusion sample P1 and 2 hours PIRR, perfusion
sample P1. The data of these latter two groups are presented on the figure as saline-
injected (SI) results.

Values are mean * SE. Jejunum n values for control are: SI = 4,CI = 9DI
=5:2hPIRR:SI =4,CI =9 DI = 4; 48 h PIRR: CI = § DI = 4. Deumn
values for control are: CI = 11, DI = 4;2hPIRR: CI = 11, DI = 6, 48 h PIRR: CI
= 10, DI = 5. t indicates significant difference from ileum at the corresponding
PIRR time point, * indicates significant difference from all other PIRR time groups
within the same tissue. % indicates significant difference between DI and SI, or
between DI and CL
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Analvsis of >’Cr in the Urine

The necessity of ligating the renal vessels was confirmed by one experiment,
where the renal vessels were purposely left intact (not ligated), and the *'Cr-EDTA
was injected into the circulation. When the first plasma sample was taken 15
minutes after *Cr-EDTA injection, plasma counts of *!Cr were six times lower than
normal, and continued to decline rapidly throughout the experiment. The counts of
the S!Cr in the urine sample collected at the end of the experiment revealed that
virtuaily all of the injected !Cr-EDTA had been excreted by the kidueys. Normally
when the renal vessels were ligated, the urine counts of *'Cr (and “C) were at

normal levels of background radiation energy.

Fluid Movement in the Intestinal Segments
Phase 2:

In control-irradiated ferrets, both jejunum and ileum absorbed approximately
1.2 mL of fluid per gram dry weight of tissue, over the 10 minute perfusion interval
(Figure 25, negative flux values indicaie net absorption of fluid). In the ileum, fluid
absorption was reduced, but not significantly (p = 0.09), at 2 hours post-irradiation,
but had returned to control values by 24 and 48 hours PIRR. Compared to the
ileum, the jejunum absorbed significantly less fluid at the later stages (24 and 48
hours) of radiation exposure. At 48 hours PIRR, the jejunum was bordering on a

state of net fluid secretion (Figure 25).



Kigure 25,

Net fluid flux (J) in perfusion samples P1 and P7 in the jejunum (top) and ileum
(bottom) of irradiated ferrets. Positive J values indicate net secretion of fluid,
negative values indicatenet absorption of fluid. Values are mean = SE, n values for
control, 2 h, 24 h, and 48 h post-irradiation groups are in order: jejunum 3, 35, 6, 5;
ileumn S, 6, 6, 5. 1 indicates significant difference from the same post-irradiation
group in the ileum.
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Phase 3:

There was no statistical difference in fluid flux data between non-injected
ferrets of Phase 2, and the sham-injected ferrets of Phase 3. Therefore these groups
were pooled (now called "control-injected”, CI) and were statistically compared
(unpaired t-test) against fluid flux data from drug-injected ("DI", Granisetron) ferrets
(Figure 26). The only statistical effect of Granisetron pre-treatment was a modest
increase in fluid absorption at 48 hours PIRR in the ileuam. Fluid absorption
continued to be reduced in the ileum at 2 hours PIRR, however this was only
significant in the DI group of the final perfusion sample (P7). As well, at 48 hours
PIRR in the jejunum fluid absorption was reduced compared to control-irradiated
and 2 hour PIRR groups (signiﬁcant only in CI, P7), and compared to the same time

point in the ileum (significant only in the P7 groups) (Figure 26).

Biochemical Analyses
Fractional Excretion (FE)
Phase 2:

In non-injected (NI) ferrets there was no statistical difference in Na* FE
(Table 15) or in CI' FE (Table 16) between post-irradiation (PIRR) groups or
between tissues (jejunum vs ileum). The FE data for Na* and CI" suggest that
movement of both electrolytes were in a steady state. FE of K* (Table 17) had the
same trend as Na* and Cl” except that at 48 h PIRR there was a significant secretion

of K* in the ileum, where 4 of the 5 ferrets had a FE of K* > 120 %. The low n



Figure 26,

Net fluid flux (J) in perfusion samples P1 and P7 in the jejunum (top) and ileum
(bottom) of Granisetron pre-treated ferrets. Positive J values indicate net secretion
of fluid, negative values indicatenet absorption of fluid. CI refers to control-in;j=cted
(pooled non-injected with saline-injected ferrets), DI refers to drug-injected ferrets.

Values are mean = SE for n 2 4, mean = SD for nof 3. Jejunum n values
for control are: CI = 8, DI = 5;2h PIRR: CI = 9, DI = 3; 48 h PIRR: CI = 8, DI
= 4. Tleum n values for control are: CI = 11, DI = 3;2h PIRR: CI = 11, DI = 6;
48 h PIRR: CI = 10, DI = 5. t indicates significant difference from ileum at the
corresponding PIRR time point, * indicates significant difference from all other
PIRR time groups within the same tissue. « indicates significant difference from
corresponding control and 2 h PIRR groups.
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Table 15. Fractional excretion of Na®' in perfused intestinal
segments.
Jejunum Tleum

CONTROL

P1 104.2 = 2.9 {(6) 104.7 = 3.6 (6)

P7 106.5 = 3.7 (6) 108.0 = 4.0 (6)
2 h PIRR

P1 103.8 = 2.1 (5) 101.8 = 2.5 (6)

P7 1048 = 25 (5) 105.5 = 2.9 (6)
24 h PIRR

P1 1028 = 1.6 (5) 103.0 = 4.1 (5)

P7 1036 = 24 (5) 104.8 = 2.0 (5)
48 h PIRR

P1 1025 = 25 (6) 110.0 = 9.3 (5)

P7 1022 = 3.1 (6) 109.2 * 43 (5)

Values are expressed as percent mean = SE, n values are indicated in brackets.

P1 = initial perfusate collected at t=0 min of 60 min perfusion
P7 = final perfusated collected at t=60 min of 60 min perfusion
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Table 16. Fractional excretion of Ci~ in perfused intestinal

segments.

Jejunum
CONTROL

PI 977 = 76(3)
P7  99.7 = 10.0 (3)

2 h PIRR

Pl 1015 = 35 (2)
P7 963 +81(2)

24 h PIRR

Pl 1022 * 52 (4)
P7 1002 * 53 (4)

48 h PIRR

Pl 993 = 7.5¢3)
P7 953 = 11.6:3)

Tleum

97.7 = 5.7 (3)
107.0 = 10.5 (3)

99.5 * 82 (4)
1025 = 5.0 (4)

Values are expressed as percent mean = SE for n of 4 or greater, = SD for n of 3 or less.

n values arc indicated i brackets.

P1 = initial perfusate coiiecred at t=0 min of 60 mn perfusion
P7 = final perfusated collected at t=60 min of 60 min perfusion
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Table 17. Fractional excretion of K* in perfused intestinal segments.

Jeiunum Tleum

CONTROL

P1 109.8 = 3.6 (6) 109.2 = 3.1 (6)

P7 1142 = 5.2 (6) 113.3 = 5.3 (6)
2 h PIRR

P1 1106 = 26 (5) 1105 += 3.4 (6)

P7 1124 = 4.4 (5) 1175 = 4.6 (6)
24 h PIRR

P1 1084 = 2.3 (5) 108.8 + 58 ()

P7 110.8 = 29 (5) 110.2 = 3.9 (5)
48 h PIRR

Pl 1100 = 3.5 (6) ¢+ 146.8 + 154 (5) x

P7 1098 £ 34 (6) ¢ 1488 = 96 (5) =

Values are expressed as percent mean = SE, n values are indicated in brackets,

P1 = initial perfusate collected at t=0 min of 60 min perfusion

P7 = final perfusated collected at t=60 min of 60 min perfusion

* denoles statistical significance (by ANOVA, Newman-Keuls) from the other
post-irradiation groups (PIRR)

1 denotes statistical significance (by unpaired t-test) between tissues, but within -
the same PIRR group.
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values of CI" FE were due to temporary equipment failure of the Chloride Analyzer.

The samples for chioride analysis were frozen (-20 °C), but chloride measurements
on the thawed samples were so extreme (75 - 100 9% greater), suggesting an effect

of freezing, that they were not included in the statistical analysis.

Phase 3:

In many groups the unpaired t-test indicated significant difference between NI
and SI fractional excretion values for Na*, CI', and K*. Therefore the FE data were
not pooled and comparisons to DI were made against SI ferrets only. Generally, FE
values for the electrolytes were lower (i.e. more net absorption) for SI ferrets
compared to NI ferrets. Again, it is not clear how or why this apparent placebo
effect occurred. This difference probably accounted for the significant difference in
Na* FE at 2 hours PIRR between SI and DI ferrets (Table 18), and therefore it
should not be considered as a real drug effect. The greater absorption in saline-
injected animals may have also accounted for the differences in chloride movement
seen at 48 hours PIRR. The SI groups at this time point had significantly lower
absorpu'_on (almost secretion) in the jejunum than in the ileum. As well, this lower
absorption in the jejunum was significantly different from the FE of CI" in the jejunal
post-irradiation groups. No drug effect was seen in the FE of Cl" (Table 19). There
was also a placebo effect observed in the FE of K* (Table 20) and again this
probably accounted for the difference in FE of K* between SI and DI ferrets in the

2 hour PIRR group. Unlike in non-injected ferrets, there was minimal secretion of
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Table 18. Fractional excretion of Na* in perfused intestinal segments
of drug-injected ferrets.

Jejunum Tleum
CONTROL
P1 SI 933 = 5.5(3) 923 + 3.8 (3)
DI 99.4 = 5.3 (5) 912 = 2.1 (4)
P7 SI 943 = 2.5 (3) 95.0 = 1.0 (3)
DI 96.6 = 3.2 (5) 90.7 = 3.0 (4)
2 h PIRR
P1 SI 90.7 x25(4) ¢ 857 x127(33) ¢
DI  100.7 = 3.0 (4) 99.6 + 24 (6)
P7 SI 93.0 = 48 (4) 915 = 2.1(2)
o 95.7 = 7.6 (3) 992 = 18 (5)
48 k PIRR
P1 SI 1002 = 09 (4) ** 925 + 3.5 (4)
DI 1010 = 4.0 (3) 81.0 =89 (4)
P7 SI 100.5 = 3.5 (4) 937 +19@1)
DI 1007 = 6.6 (3) 855 45 (4)

Values are expressed as percent mean = SE for o of 4 or greater, = SD for n of 3 or less. n values
are indicated in brackets.

P1 = initial perfusate collected at t=0 min of 60 min perfusion

P7 = final perfusated collected at t=6) min of 60 min perfusion

** denotes statistical significance (by ANOVA, Newman-Keuls) from the 2 h SI post-irradiation
group (PIRR)

¥ denotes statistical significance (by unpaired t-test) from DI ferrets within the same PIRR group
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Table 19. Fractional excretion of Cl—in perfused intestinal segments
of drug-injected ferrets.

Jejunum Ileum
CONTROL
P1 SI 920 = 26 (3) 893 = 3.8 (3)
DI 96.4 = 42 (5) 920 = 2.1 (%)
P7 SI 91.7 £+ 25 (3) 91.7 = 0.6 (3)
DI 94.2 = 19 (5) 89.7 = 3.3 (4)
2 h PIRR
Pl SI 872 = 29 (4) 827 = 128 (3)
DI 97.0 = 34 (3 953 = 3.0 (8)
pP7 SI 905 = 53 (4) 885 = 21(2)
DI 020 = 79 (3) 056 = 2.1(5)
48 h PIRR
Pi SI 1027 = 21 (4) » ¢ 912 + 41 (4)
DI 96.3 = 5.0 (3) 78.0 = 8.7 (4)
P7 SI 103.2 = 29 (4) *= ¢ 92.0 = 25 (4)
DI 95.7 = 6.9 (3) 822 + 42 (4)

Values are expressed as percent mean = SE for a of 4 or greater, = SD for n of 3 or less. n valucs
are indicated in brackets.

P1 = initial perfusate collected at t=0 min of 60 min perfusion

P7 = final perfusated collected at t=60 min of 60 min perfusion

* denotes statistical significance (by ANOVA, Newman-Keuls) from the corresponding SI jejunal
post-irradiation groups (PIRR)

** denotes statistical significance (by ANOVA, Newman-Keuls) from the corresponding group at
2h PIRR

t denotest statistical significance (by unpaired t-test) from the corresponding ileal group
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Table 20. Fractional excretion of K in perfused intestinal segments
of drug-injected ferrets.

junum Ileum
CONTROL
P1 SI 98.7 = 64 (3) 96.3 = 2.8 (3)
DI 1074 = 7.1 (5) 95.0 = 2.4 (4)
P7 SI 99.7 = 3.1 (3) 99.7 = 1.5 (3)
DIl 105.8 = 5.7 (5) 942 = 3.7 (4)
2 h PIRR
P1 SI 975 34 (%) 93.7 = 12.7 (3)
DI 109.2 = 1.3 (4) 1053 = 25(6)
P7 SI 103.2 = 54 (4) 103.0 = 12.7 (2)
DI 106.0 = 0.0 (3) 106.0 = 2.3 (5)
48 h PIRR
P1 SI 106.7 = 22 (4) 108.7 = 7.2 (4)
DIl 111.0 £ 79 (3) 116.5 = 10.3 (4)
P7 SI 105.7 £ 3.1 (4) 111.7 = 7.8 (4)
DI 111.0 = 9.6 (3) 1222 2 65(4) *

Values are expressed as percent mean = SE for n of 4 or greater, = SD for n of 3 or less. n values
arc indicated in brackets.

P1 = initial perfusate collected at t=0 min of 60 min perfusion

P7 = Gnal perfusated collected at t=60 min of 60 min perfusion

* denotes statistical significance (by ANOVA, Newman-Keuls) from CONTROL greup,
P7 DI ileum,

% denotes statistical significance (by unpaired t-test) from DI ferrets
within the same group
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K* at 48 hours in the ileum from SI and DI ferrets (Table 20). In SI ferrets only 1

of 4, and in DI only 2 of 4 ferrets had a FE of K* > 120 %. Consequently in
injected animals only ferrets in the DI 48 h PIRR group have a FE of K* that was

significantly greater than in control DI ferrets.

Osmolality

Osmolality of the collected perfusates from both intestinal segments were
unaffected by radiation exposure and by Granisetron pre-treatment (Table 21).
Osmolality results are shown only for Phase 3. The results from Phase 2 were

similar,

Protein
Phase 2:

Protein content was significantly elevated at 2 hours PIRR ir the ileum of
non-injected (NI) animals (Table 22). There were no significant differences between

ileum and jejunum in NI animals.

Phase 3:

As there was no statistical difference in the protein content between NI and
SI groups, these two groups were pooled. This pooled group, referred to as control
injected (CI), was not different at any of the PIRR time points, from drug injected

(DI) ferrets. Protein content of the CI groups was only significantly greater at 2
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Table 21. Osmolality (mOsm/kg H.O) of collected luminal
perfusates.
Jejunum Ileum
CONTROL
P1 CI 294 =1(4) 292 = 2 (4)
DI 300 =6 (3) 289 = 2 (2)
P7 CI 298 =2(4) 295 = 2 (4)
DI 306 = 8 (3) 294 = 0(2)
2 h PIRR
Pl CI 290 = 2(4) 292 = 4 (3)
DI 292 = 4 (4) 296 = 2 (5)
P7 CI 299 =8 (3) 299 = 7 (2)
DI 297 = 8(3) 297 = 2 (4)
48 h PIRR
Pl CI 298 +6(3) 294 = 4 (3)
DI 208 =3(4) 293 = 2(5)
P7 CI 302 % 10(3) 301 £ 3(3)
DI 296 = 5(4) 299 = 3(5)

Values are expressed asmean = SEfornof4or >, = SDforn3or <.
o values are indicated in brackets.
CI = control injected (non-injected pooled with saline injected) ferrets.
DI = drug (BRL 43694) injected ferrets.
P1 = initial perfusate collected at t=0 min of 60 min perfusion
P7 = final perfusate collected at t=60 mir of 60 min perfusion



Table 22. Protein concentration (ug/mL) of collected luminal

perfusates.
Jeiunum Ileum

CONTROL

P1 469 + 13.9 (6) 175 = 88 ()

P7 204 = 127 (6) 9.7 +53(D)
2 h PIRR

P1 452 = 10.7 (6) 689 = 199(7) *

P7 486 = 75 (6) 624 = 16.0(7) =
24 h PIRR

P1 268 = 102 (5) 98.9 = 56.0 (6)

P7 31.8 = 15.8 (6) 37.6 £ 25.1 (6)
48 h PIRR

P1 20.1 = 8.6 (5) 25.1 = 69(5)

P7 16.8 = 94 (5) 417 = 123 (6)

Values are expressed as mean = SE n values are indicated in brackets.
P1 = initial perfusate collected at t=0 min of 60 min perfusion

P7 = final perfusate collected at t=60 min of 60 min perfusion

* = significantly greater than the corresponding CONTROL ileal group
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hours PIRR in the ileum (Table 23). In the control PIRR group, protein content was
greater in the CI jejunum than in the Cl ileun. Protein content was also greater in
the DI 2 hour PIRR jejunal group than in the corresponding ileal group. However,
protein content was significantly lower by P7 in the jejunum compared to the ileum

in CI 48 hour PIRR ferrets (Table 23).

Although perfusates that were used in the final analysis were clear, suggesting
the absence of blood, in order to confirm this, perfusates from three experiments
were analyzed for hemoglobin (Hb) content. By visual inspection, some of the
perfusates from these selected experiments were obviously contaminated with blood
(consequently they were not used for final statistical analysis). The hemoglobin (Hb)
concentration of these contaminated samples ranged from 0.04 mg/mL to 0.15
mg/mL. The perfusates that appeared clear, i.e. presumed blood-free, had 2 Hb
concentration that ranged from 0.01 to 0.05 mg/mL. Therefore even samples that
appear blood-free, have some hemoglobin in them. However, by regression analysis,

Hb concentration was not related to the calculated clearance of S'Cr-EDTA.

Tissue 5-HT and 5-HIAA
Serotonin (5-HT) and its metabolite 5-hydroxyindoleacetic acid (5-HIAA)
were assayed in the stomach, jejunum, ileum, and colon of irradiated ferrets (Table

24), in order to test the hypothesis that radiation exposure stimulates the release of
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Table 23. Effects of Granisetron on luminal protein concentration
(ug/mL) of collected luminal perfusates.

CONTROL
P1 (I
DI
P7 (I
DI
2 h PIRR
P1 (I
DI
P7 I
DI
48 h PIRR
P1 (I
DI
P7
DI

Jejunum
73.8 = 20.00 (10) ¢
60.0 = 21.0 (5
40.1 = 16.0 (10)
30.1 = 112 (49)

43.6 = 103 (11)
50.6 = 95 (4)

49.0 = 123 (11)
593 = 229 (3) t

241 % 96 (9)
274 * 172 (4)

140 = 62(9)t
44.6 = 222 (4)

lleum
19.2 = 5.8 (11)
46.9 = 46.9 (4)

10.8 = 3.9 (11)
0.0 = 0.0 (3)

61.5 + 15.2 (10) *
49.8 = 16.5 (5)

95.1 = 39.9 (9) **
8.1+ 49 (4)

196 = 52 (8)
48.8 + 31.1 (5)

43.6 = 10.7 (8)
286 = 265 (5)

Values are expressed as mean = SE fornof 4 or >, = SDforn 3 or <.
n values are indicated in brackets.
CI = control injected (non-injected pooled with saline injected) ferrets.
DI = drug (BRL 43694) injected ferrets.
Pl = initial perfusate collected at t=0 min of 60 min perfusion
P7 = final perfusate collected at t=60 min of 60 min perfusion

* = significantly greater than the P1 CI CONTROL and 48 b PIRR ileal groups.

** = significantly greater than the PIRR CI CONTROL ileal group
1 = significantly different from the corresponding group in the ileum
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Table 24. 5-HT and 5-HIAA concentration in the gut of irradiated

ferrets.
Group Tissue S-HT S-HIAA
Control Stomach 43 =09 (7) 534 = 23.0 (7)
Jejunum 33 =03(7) 175.7 = 55.5 (7)
lleum 3.1 = 04 (7) 2602 = 728 (7)
Colon 62=09(Mt 1314 = 47.6 (7)
‘2h Stomach 2.4 = 0.6 (6) 39.7 = 214 (6)
Jejunum 2.8 = 0.3 (6) 1284 = 452 (6)
lleum 24 £ 02 (6) 71.2 = 29.5 (6)
Colon 52+x12(6) 1 82.8 = 30.3 (6)
24h Stomach 53 = 20(6) 745 = 27.6 (6)
Jejunum 34 = 04 (6) 189.1 = 86.9 (6)
Ileum 23 + 0.3 (6) 69.4 = 18.8 (6)
Colon 70+ 10(6) £ 174.6 = 54.2 (6)
48 h Stomach 49 = 14 (6) 62.9 = 28.1 (6)
Jejunum 2+ 14 (6) x 209.8 £ 69.9 (6)
lleum 35+x02¢()" 95.7 = 68.0 (6)
Colon 74 = 09 (6) 85.6 = 14.2 (6)

Values are expressed as mean = SE, n values are indicated in brackets.

5-HT is expressed as ug of amine per gram tissue, S-HIAA is cxpressed as
ng of amine per gram tissuc
t = statistically greater than other tissues in the same PIRR group

t = statistically greater than the jejunum and ileum in the

# = statistically greater from all other PIRR time points
* = statistically greater from 2 and 24 hours PIRR groups

same PIRR group
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scrotonin from the ferret gastrointestinal tract. At 48 hours PIRR, the 5-HT content
was significantly greater in the jejunum (than all other PIRR groups) and in the
ileum (than the 2 and 24 hour PIRR groups). Among the tissues that were assayed,
the colon had the highest S-HT content. Radiation exposure did not have any effect

on tissue levels of serotonin's metabolite, 5-HIAA.

Other Findings
Bile-Contaminated Perfusates:

In control and 2 hour PIRR experiments, fluid was rarely collected from the
drainage cannulae. However in experiments from 24 and 48 hour PIRR ferrets
(particularly in the 48 hour PIRR group), usually 0.1 to 0.5 mL of bilious fluid was
collected from both the jejunal and ileal drainage cannulae. As well, intestinal
perfusates from 24 and 48 hour PIRR experiments were frequently tinged a light to
a dark yellow-green. These subjective observations suggested the presence of an
unusually high amount of bile (hypersecreted or malabsorbed) in the intestinal

lumen.
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DISCUSSION

Radiotherapy patients and radiation accident victims may present with
radiation-induced diarrhea in the first hours to days following irradiation (Anno et
al,, 1989). This side-effect, for both physiological and psychological reasons, can
result in an alteration of the radiation protocol so that the radiation-induced diarrhea
is minimized. Consequently, the therapeutic benefits of radiotheraby may also be
affected. This project was designed to investigate the rolz of intestinal permeability
as a causal mechanism of radiation-induced diarrhea. The post-irradiation time
poimts that were examined in these experiments were selected to permit comparisons
between the "early” (2 hours PIRR) and "late” (24 and 48 hours PIRR) effects of a
therapeutic radiation protocol. Ongoing histological studies in our laboratory of
irradiated ferrets demonstrated that with the radiation protocol used in these
experiments, there is minimal morphological damage in the ferret intestine following
irradiation (2t either 2, 24, or 48 hours PIRR) (unpublished observations). Although
villar height and intestinal mucosal surface area were reduced by 48 hours PIRR, the
epithelium was intact. Therefore, effects investigated in this thesis are more related

to pathophysiology than to histopathology.

Prodromal Eff iation Exposur

All irradiated ferrets (not treated with Granisetron) retched and vomited in

response to 5 Gy whole-body irradiation. Both retching and vomiting had similar
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profiles in terms of time to first response, time of peak response, and time of
diminution of response. It was frequently observed that vomiting often concluded the
retching episodes, supporting the concept that reiching is simply a priming
mechanism for vomiting (McCarthy and Borison, 1974).

Andrews and Hawthorn (1987) reported that abdominal vagotomy almost
totally abolished vomiting by ferrets during the first 30 m.inutes post-irradiauon (8
Gy, whole body X-irradiation). However, abdominal vagotomy was without effect on
the vomiting responses that occurred during the 30 minute to 60 minute PIRR phuse.
Retching responses by the ferrets were similarly affected. Andrews and Hawthorn
(1987) thus proposed that radiation-induced vomiting could be divided into a vagally-
dependent (0 » 30 minutes PIRR) and a vagally-independent phase (30 to 90
minutes PIRR). The resuits of the present project demonstrate that the ferrets
exhibited minimal vomiting and retching episodes more than 40 minutes post-
irradiation with a dose of 5 Gy. This suggests that the emetic episodes that were
recorded were mediated by the vagus and that the vagally-independent phase
reported by Andrews and Hawthorn (1987) was absent in this protocol. Worthy of
note is that when Davis (1988) tested the ferret vomiting responses to 2 Gy
irradiation, only the vagally-dependent phase was observed. These results suggest
that the dose of 5 Gy that was used in the present experiments was more similar to
the 2 Gy than to the 8 Gy used by Davis (1988).

The Zerret has been the primary animal model used to develop the new class

of serotonin type 3 receptor (5-HT,) antagonist anti-emetics (Miner et al., 1987).
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These drugs have proved to be potent and specific, and have implicated serotonin as
an important mediator of the emetic response. Andrews et al. (1988) have proposed
that radiation, through some as yet unknown mechanism, causes the release of
serotonin from enterochromaffin cells. Serotonin would thus be released in close
proximity to nerve endings {enteric interneurons, vagal afferent neurons) located in
the niucosa, bind to its specific receptor, and given sufficient stimulus, elicit vomiting.

Evidence supporting serotonin's involvement in emesis comes from recent
studies by Cubeddu et al. (1990). They found that chemotherapy patients {treated
with cisplatin) had a significant increase in the urinary excretion of 5-HIAA (the
metabolite of 5-HT). As well, the rise in 5-HIAA excretion paralleled the onset and
development of emesis in the patients. In the present experiments, the tissue assay
for 5-HIAA could not be adapted for urine measurements, therefore confirmation
of the results of Cubeddu et al. (1990) could not be obtained in the irradiated ferret.
However, tissue analysis suggested that at 2 and 24 hours post-irradiation, serotonin
content in the ileum tended to be lower than in control ferrets. Although not
statistically significant, this trend suggested that radiation exposure may in fact cause
release of serotonin from gut tissues, confirming the results of Matsuoka et al.
(1962); Penttila et al. (1975); and Kocmierska-Grodzka et al. (1976). The fact thﬁt
the 5-HT, antagonist Granisetron was effective in abolishing radiation-induced emesis
also suggested that serotonin was released post-irradiation.

Since vomiting is proposed to be mediated by 5-HT; receptors, Granisetron

was injected pre-irradiation. By blocking the 5-HT; receptors before serotonin can
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bind to them, radiation-induced emesis, and possibly other responses (as vet
unknown) mediated by these receptors, could be minimized or abolished. Radiation-
induced retching and vomiting were completely abolished in two thirds (4/6) of
Granisetron pre-treated ferrets, In the other two ferrets, the frequency and severity
of radiation-induced retching and vomiting were significantly reduced compared to
non-injected ferrets. These data support Granisetron's action as an anti-emetic drug
and its potential therapeutic benefit to radiotherapy patients and suggest that the
dose of Granisetron (0.4 mg/kg) was appropriate for the amount of emetic stimulus
(5 Gy irradiation) used in these experiments. Since Granisetron is a highly specific
5-HT; receptor antagonist, these data further support the role of serotonin in
radiation-induced emesis.

Recent evidence (Leslie et al., 1990) suggests that Granisetron may elicit its
anti-emetic action by binding to centrally-located 5-HT, receptors. Binding of the
5-HT; antagonist Granisetron in the medulla oblongata of the ferret brain is highly
localized to the dorsal vagal complex. The most concentrated binding is located in
the dorsomedial portion of the nucleus of the solitary tract, less so in the area
postrema and dorsal motor nucleus of the vagus (Leslie et al., 1990). Because the
dorsomedial portion of the nucleus of the solitary tract receives the largest number
of vagal afferent fibers from the stomach, it is plausible to assume that the
Granisetron binding sites are located on gastric vagal afferent fiber terminals. These
vagal afferent fibers relay information regarding the activity of the muscular wall of

the gut (Andrews et al, 1986), and the chemical nature of the luminal contents
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(Grundy, 1988). This afferent information concerns visceral sensations including
irritation, the extrinsic reflex control of gut function, and for the generation of
responses such as the vomiting reflex. Thus, 5-HTj; receptors are possibly involved
in modulating these effects (Leslie et al, 1990). However, simply because it is
documented that the anti-emetic, Granisetron binds to centrally located 5-HT;
receptors, it is not proved that this is the only, or predominant, site for anti-emetic
activity. It has also been hypothesized, that emetic stimuli released by radiation or
cytotoxic drugs, may activate 5-HTj receptors located on peripheral termini of vagal
afferents (Andrews et al., 1988). The binding profile of Granisetron to peripheral
5-HT; receptors has yei to be reported in the literature. Thus at the present time
it is undetermined wha. is the actual site of the anti-emetic action of Granisetron.

Bermudez et al. (1988), induced emesis by irradiating ferrets with soft X-rays
(greater than 1000 Roentgens’). The emetic response was comparable to the emesis
data obtained in this thesis. Bermudez et al. (1988) found that Granisetron
administered i.v. (0.5 mg/kg) 5 minutes before radiation exposure prevented vomiting
in all four animals tested. Further, emesis could be stopped if Granisetron (same
dose) was injected during the peak of an emetic period (i.e. post-irradiation). It was
also interesting that when the Granisetron was administered with the above
protocols, it dramatically reduced the incidence of the various behavioral cues for

nausea {Bermudez et al., 1988). These authors suggested that the 5-HT; antagonist

*Roentgens (R) are units of radiation exposure, and are related to the ability of X-rays to ionize air
(Hall, 1988).
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may be an effective nausea treatment for cancer patients. In the present study, it
appeared that Granisetron pretreatment did reduce the number of behavioral cues
for nausea. However, since these cues were only observed to precede retching or
vomiting episodes, their reduction may also be related to the decreased frequency of
retching and vomiting.

If vomiting can be considered as a defence mechkanism for clearing the upper
gut of potentially toxic substances, then diarrhea is the defence mechanism for the
lower gut (Read, 1989). Radiation-induced diarrhea could result from changes in
intestinal motility, altered active cellular transport mechanisms, or simply from
leakage of fluid and electrolytes caused by an altered mucosal permeability (Gunter-
Smith, 1986). The bowel movements experienced by the irradiated ferrts during the
first 20 to 30 minutes post-irradiation were characterized as normal, though the rate
of defecation was higher than in the sham-irradiated group. After 30 minutes PIRR,
the rate of defecation was still high among irradiated ferrets, and the feces was a
mucoid diarrhea. Thus irradiated ferrets had an abnormally high rate of defecation,
suggesting that normal intestinal motility patterns were somehow disrupted by the
radiation exposure.

The effects of radiation exposure on intestinal motility have been analyzed by
other investigators. Fractionated irradiation of the abdomen (9 x 2.5 Gy) significantly
increased the frequency of giant migrating contractions and retrograde giant
contractions in the dog (Otterson et al., 1988). This abnormal motor pattern may

have been responsible for the radiation-induced diarrhea which occurred as early as
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after the first dose of radiation (Otterson et al., 1988). Recent studies have reported
that 10 Gy whole-body irradiation accelerated pellet expulsion from the guinea-pig
colon (Moore, 1990, unpublished observations). The mechanism of radiation-induced
alterations in intestinal motility is not known, but serotonin may be a possible
mediator.

Serotonin can induce disruptions in intestinal motility. Serotonin released by
mast cell degranulation has been shown to inhibit intestinal motility and abolish the
migrating motor complex in fasted rats. This disruption in intestinal motility could
be reversed by pretreatment with 5-HT, and 5-HT, receptor antagonists (Bueno et
al,, 1991). In the rabbit, S-HT stimulated colonic circular muscle, (a direct effect on
the muscle 5-HT, receptors and indirectly through enteric nerves), with greater
efficiency than longitudinal muscle (Ng et al,, 1991). Clinical studies with the 5-HT,
antagonist Ondansetron (Zofran®, GR38032F) have demonstrated that this drug can
result in constipation (thought to be related to an increase in colonic transit time)
as a side-effect to anti-emetic therapy (Smith, 1989), and may be an effective
treatment for diarthea predominant irritable bowel syndrome (Steadman et al., 1990).

In these experiments, pretreatment with the 5-HT, antagonist Granisetron
significantly reduced the frequency of diarrhea at the time of the peak diarrheal
response. The total number of bowel movements during the first 2 hours post-
irradiation however was not significantly different between non-injected and
Granisetron pre-treated ferrets. This latter finding may be explained by the fact that

radiation-induced alterations in intestinal motility may be partially mediated via 5-
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HT, receptors (Bueno et al. 1991, Ng et al.. 1991), to which Granisetron has ro
reported antagonistic action.

The increased rate of defecation following irradiation suggested that
hypermotility contributed to the diarrhea. Decreased transit time however results in
less intestinal absorption, and therefore the excreted product of hypermotility is
normally watery (Binder, 1989). Therefore, because the diarrhea was mucoid and
not watery in consistency, it is possible that altered intestinal secretion of mucus was
involved (Binder, 1989). Whereas the villus goblet cells are the primary source of
the normal mucous blanket, the crypt goblet cells are the major contributors to the
production of an emergency layer of mucus. This latter response occurs during acute
cholinergic stimulation (Kemper and Specian, 1991). Rzdiation has been shown to
accentuate cholinergic-mediated motility events in the intestine (Conrad, 1951), and
perhaps in these experiments, cholinergic transmission was affected by radiation
exposure.

Qualitative and subjective observation of the consistency of the excreted
diarrhea in pre-treated ferrets, indicated that Granisetron did offer some therapeutic
benefit concerning the radiation-induced diarrhea: the diarrhea was less mucoid, and
there was a decrease in excreted volume, suggesting that Granisetron had an anti-
secretory effect. Another 5-HT; antagonist (ICS 205-930, Sandoz) has been reported
to be effective in controlling the secretory diarrhea associated with the carcinoid
syndrome (Anderson et al., 1987). These results suggest that the radiation-induced

diarrhea may be a consequence of both altered motility and secretion. Therefore,
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Granisetron appears to be not only an effective anti-emetic, but may also offer
therapeutic benefit in radiation-induced diarrhea.

In this project, neither hematocrit, urine Na* and K”, nor plasma electrolytes,
were affected by radialion exposure. Severe vomiting and diarrhea can cause
reductions in plasma volume. In such circumstances, compensation is achieved by
the absorption of fluid and electrolytes first from the interstitial space and then from
the intracellular space. Severe redistributions in body fluids, can result in
hemoconcentration and hyponatremia (Geraci et al,, 1988). The results of the
present experiments indicate that there was no significant decrease in ferret plasma
volume following irradiation with 5 Gy. Most radiotherapy patients receive medical
intervention before vomiting and diarrhea c¢an result in these severe redistributions
of body fluids. Davis (1988) reported that a radiation dose of 8 Gy gamma
irradiation, caused ferrets to have vomiting and diarrhea (often bloody), that lasted
for several hours post-irradiation. Compared to those studies, the prodromal results
reported in this thesis are more representative of the prodromata experienced by
some radiotherapy patients. Therefore, these data indicate that vomiting and
diarrhea in this project were not severe, and support the argument that the radiation
protocol that was selected for these experiments was physiologically relevant to the
condition of the radiotherapy patient.

Fluid Flux

In these experiments, fluid absorption in the ileum was reduced to almost zero
at 2 hours post-irradiation. This decrease was only statistically significant from the
other PIRR groups at one perfusion time pint ("P7") in the Granisetron pre-treated
ferrets. Nevertheless, this reduced fluid absorption was a constant feature of all 2

hour PIRR' experiments, and may have been related to the radiation-induced
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diarrhea. Biochemical analysis of the diarrhea was not attempred, but its appearance
suggested that it consisted predominantly of mucus. Goblet cells synthesize and
secrete high-molecular weight glycoproteins known as mucins. Once secreted, the
mucins hydrate and gel, generating a protective mucus "blanket” overlying the
epithelial surface. Other components within the mucus gel are water, elecirolytes,
sloughed epithelial cells, and secreted immunoglobulins (Specian and Oliver, 1991).
When the ileal segments from 2 hour irradiated ferrets were prepared for
cannulation, it was observed that the initial perfusates were cloudy and that they had
a significantly greater protein content than in control-irradiated ferrets. It is possible
that the secreted mucus may have retarded normal fluid absorption at 2 hours post-
irradiation in the ileum, by increasing the thickness of the unstirred water layer, a
barrier to normal intestinal permeation (Csaky, 1984). Increased resistance of the
unstirred water layer has been previously speculated to be involved in malabsorption
syndromes (Westergaard and Dietschy, 1987).

In the present experiments, the time required for surgery, equilibration and
baseline data collection, dictated that 2 hours PIRR was the earliest possible time
to collect luminal perfusates for experimental analyses. However, retching, vomiting,
and diarrhea rarely occurred in un-operated animals at this time. Therefore direct
correlation analyses could not be made between permeability changes and prodromal
events. It is difficult to speculate to what extent the prodromal effects contributed
to the reduced fluid absorption and other permeability changes. It should be recalled

that the permeability studies in 2 hour PIRR ferrets were accomplished in animals
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anesthetized immediately after irradiation, and that they did not experience the

prodromal effects of irradiation.

Fractional Excretion of Electrolytes

In this protocol, there was no net movement of Na* and C!" across the
intestinal mucosa. Normally, the permeability characteristics of the small intestine
‘are such that both Na* and CI" are absorbed from the intestinal lumen: isosmotically
in the jejunum, and against a concentration gradient in the ileum (Powell, 1987).
Bidirectional movement of electrolytes across the intestinal wall is very rapid (Binder,
1989). Considering that the collected perfusates were analyzed for Na* and CI" in
an already physiological solution (the BES), detection of any change in their
concentration in the collected perfusates, may only occur if the net movement of Na*
and CI" across the intestinal wall was relatively high. It has been suggested that
normal, basal fluxes of the electrolytes canuct be determined by FE measurements
across the in sitw perfused intestinal segment, and perhaps in vitro experiments
(Ussing chambers) would be more informative regarding electrolyte flux post-
irradiation (Greenwood, personal communication). However, Curran et al. (1960)
used a similar intestinal perfusion technique to that used in the present experiments
{in situ perfused intestinal segments) and reported that there was a significant
reduction in Na* and fluid absorption in the rat distal ileum, but not until 4 days
following high dose abdominal X-irradiation (25 to 30 Gy). These investigators also

noted that there was a noticable, but not significant reduction in Na* and fluid
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absorption as early as 13 hours post-irradiation. This observation of "early” inhibition
of active transport could not be explained by epithelial cell death and the authors
suggested that radiation exposure had a direct effect on the active transport process
(Curran et al,, 1960). Five Gy whole-body irradiation was reported not to have any
significant effect on rabbit fluid and electrolyte flux studies in Ussing Chambers
(Gunter-Smith, 1986). It was not until this investigator irradiated the rabbits with a
dose of 7.5 Gy, that active secretion of fluid and chloride was observed (Gunter-
Smith, 1986). However, both these latter two experiments (Curran et al,, 1960 and
Gunter-Smith, 1986) used an animal model other than the ferret and there are
considerable differences in electrolyte and fluid permeability between species
(Powell, 1987). As well, the time to onset of radiation-induced diarrhea varies
between species: two to three days post-irradiation for rats and rabbits, but within a
few hours for both the ferret and man. Since the present experiments were the first
to examine the effects of irradiation on ferret intestinal permeability, comparisons
to other projects using the ferret as an animal model cannot be made.

Numerous studies have documented the effects of serotonin on elecirolyte
transport (Kisloff and Moore, 1976; Donowitz et al., 1977; Donowitz et al., 1980;
Hardcastle et al., 19&1). The serotonin receptor(s) that mediates these transport
changes is/are unknown. Therefore, the effect of a 5-HT, antagonist (Granisetron)
was assessed in the present expeniments. Pre-treatment with Granisetron was without

effect on any parameter of intestinal permeability: fluid flux, fractional excretion of

electrolytes, permeation of *'Cr-EDTA. As previously mentioned, possible binding
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sites of Granisetron are the abdominal vagal afferent fibers (Andrews et al., 1988).
Abdominal vagotomy significantly reduces radiation-induced emesis in the ferret
(Andrews and Hawthorn, 1987), an effect mimicked by pre-treatment with
Granisetron. Thus, Granisetron has been said to cause a chemical vagotomy and this
explains, at least in part, its anti-emetic properties (Davis, 1988). Therefore, unless
the factors that were responsible for intestinal permeability mediated their effects via
a similar afferent/efferent vagal pathway, they might be unaffected by Granisetron
treatment. It was surprising that fluid flux was not affected by Granisetron pre-
treatment, as the dorsal motor nucleus of the vagus (DMNV) and the nucleus tractus
solitarius (NTS) are the central regulatory sites for intestinal fluid absorption (Martin
et al, 1989). Thus experiments with other doses of Granisetron should be
considered.

The acid-base status of animals should be monitored during experiments of
intestinal permeation, as many of the intestinal transport mechanisms in the ileum
and colon are affected by changes in these parameters (Donowitz and Welsh, 1987,
DeSoignie and Sellin, 1990). Respiratory acidosis can increase Na* and CI°
absorption, and decrease HCO; secretion. These changes in electrolyte transport
may be due to intracellular availability of H* for the Na*-H*/CI-HCO; exchange
system (Powell, 1987). In this protocol all ferrets were diagnosed with respiratory
acidosis, presumably due to the effects of surgery and anesthesia (Booth and
McDonald, 1988) yet in most ferrets there was no detectable absorption of either

Na® or CI. This again may be attributed to species differences, as the work of
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Donowitz and Welsh (1987) and DeSoignie and Seilin {1990) is based on experiments
on animals other than ferrets. Some of the saline-injected ferrets of phase 3 had a
significantly greater absorption of these electrolytes than in the non-injected ferrets
of phase 2. This could not be attributed to the respiratory acidosis as the ferrets in
both phases had the same level of acid-base disturbance. The cause of this placebo
effect in phase 3 is undetermined.

Unlike Na” and CI', net movement of K* was detected in this protocol. The
FE of K* suggested that potassium was secreted into the ileum at 48 hours PIRR.
The intracellular concentration of potassium is relatively high (approximately 140
mEq/L). Therefore, a possible source of the luminal potassium was from sloughing
of surface epithelial cells. However, the protein content at 48 hours PIRR was not
significantly greater than in control animals, suggesting that there was minimal cell
loss. This suggested that there was an abnormal potassium permeability in the fleum
at 48 hours PIRR. Although normal ileal enterocytes are not known to have any
apical permeability to potassium, it is possible that (as a consequence of radiation
exposure), membrane defects occurred, and that these resulted in secretion of
intracellular potassium. Such membrane effects could include changes in hydroxy
fatty acids, increased intracellular cAMP and Ca?* levels, as well as villus adenomas
and intestinal inflammation (Powell, 1987). Wills (1970) has proposed three possible
mechanisms for radiation-induced membrane injury. Radiation exposure may: 1)
alter lipid conformation such that lipids are susceptible to autoxidative processes: 2)

destroy antioxidants (primarily vitamin E); 3) initiate membrane peroxidation by
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altering same membrane component so that it may become an effective catalyst for
peroxidative processes. Abdominal irradiation has been shown to increase the
phospholipid content of intestinal brush-border membranes in the rat (Keelan et al.,
1986). Other postulated mechanisms involved in radiation-induced altered transport
are changes in the fatty acyl constituents of the intestinal brush-border rnembrane,
as well as lipid peroxidation of this membrane (Thomson et al., 1989). Thomson et
al,, (1989) also reported that at three days post-irradiation (6 Gy, abdominal), the
villi of both rat jejunum and ileum expressed membrane transport molecules at an
earlier age, and at 2 position much closer to the base of the villi. Therefore, even
though there were a lower number of enterocytes (the villi are shorter), as an
adaptive response to irradiation, a greater proportion of the enterocytes were
involved in transport (Thomson et al., 1989). It is possible, therefore, that altered
membrane function may have also occurred in the present experiments (48 hours

PIRR in the ileum).

Radiation-In Al ions of *'Cr-EDTA Permeation

The increased permeation of *'Cr-EDTA observed at 2 hours and 48 hours
post-irradiation, occurred before substantial morphological alterations were observed
by light microscopy (Harding, unpublished observations). Alterations in the
permeation of !Cr-EDTA are believed to reflect irregularities in mucosal
morphology before they are revealed By histologicgl examination (Bjarnason et al.,

1983; Elia et al., 1987). At 48 hours post-irradiation, both the jejunum and ileum
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were absorbing fluid at the same rate as in the control animals, suggesting that the
mucosa was functional. Therefore, it is most possible that some "physiological”
mechanism was responsible for the increased secretion of 3'Cr-EDTA and that a
histopathological explanation (broken or incomplete mucosal barrier) is less likely.

Serotonin tissue levels determined in control ferrets corresponded 1o
unpublished results of Andrews' (personal communication). Confirmation of
Andrews's results validates the suitability of the serotonin assay used in these
experiments. At 48 hours PIRR, there was a statistical increase in serotonin content
in the jejunum. A post-irradiation increase in serotonin content has been previously
reported in the rat small intestine (Ershoff and Gal, 1962). The increase in serotonin
content may be caused by an increase in serotonin synthesis, or an impairment in its
release from cellular s.ores. The changes in serotonin tissue content however were
not related te the permeability changes that were observed at different times post-
irradiation, nor to regional differenc.es in permeability.

The cause of the increased permeation of *Cr-EDTA at 2 hours PIRR in the
jejunum and ileum is not known. Nor is it known why permeation was normal at 24
hours PIRR, and wiy only the ileum and not the jejunum exhibited the enhanced
permeation of *'Cr-EDTA at 48 hours PIRR. The counts of *'Cr in the luminal
perfusates were not related to the Hb concentration of the perfusates, reaffirming
that the measured counts (of chromium} were not simply due to the presence of
blood, but rather represented an actual permeation of >'Cr-EDTA. The increased

permeation may be a result of changes in several possible physiological factors,
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including intestinal blood flow, vascular permeability, malabsorotion of bile acids,

and inflammatory reactions. These are discussed below.

Blood Flow:

No quantitative techniques were used to measure intestinal blood flow in
these experiments. However, there was no macroscopic evidence of hyperemia or
ischemia. These subjective observations do net exclude the possibility that there
were changes in blood flow, perhaps attributed to radiation exposure or surgical
manipulation. Radiation exposure has been documented to affect blood flow, but
unfortunately the data assessing these changes are limited to supralethal doses of
whole-body irradiation (80 to 100 Gy). One study found that there was a significant
decrease in cerebral blood flow (Cockerham et al., 1986), while another study
examining intestinal blood flow, reported that there was a significant increase in
canine submucosal blood flow (Cockerham et al, 1984) at 90 minutes post-
irradiation. The relevance of these studies to this protocol, which used a
therapeutically relevant radiation dose, is uncertain. It is certainly possible that
radiation exposure at the dosage used in this protocol (5 Gy) was followed by release
of some vasoactive agents (for example, histamine, serotonin, norepinephrine,
prostaglandins, and leukotrienes) (Timmermans and Gerber, 1980).

Hypoxic tissues are more resistant to radiation-induced tissue damage (Earnest
and Trier, 1989). This property is related to the involvement of oxygen in the

production of free radicals, which are mediators of radiation-induced tissue damage
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(Earnest and Trier, 1989). Post-irradiation free radical generation is an acute event
which may be related to the permeation changes seen at 2 hours PIRR. The evenis
would not be evident at 24 hours. and this perhaps explains the normal values seen
in all tissues at this time.

Free radical generation is not a likely explanation for the large increase in
permeation seen at 48 hours PIRR in the ileum. The fact that there was no
permeation change in the jejunum at 48 hours PIRR supports the contention that a
region specific effect is involved. With the recent development of laser-Doppler
flowmetry, blood flow can now be measured instantaneously and continuously
(DiResta et al,, 1987). Such a technique is ideally suited for investigating the effects
of irradiation on intestinal blood flow, and will allow correlation analyses to be made
between intestinal blood flow and intestinal permeability changes, within and

between gut regions.

Vascular Permeability:

Although the vascular endothelium does not normally represent a physical
barrier to *'Cr-EDTA permeation (Nylander =t al., 1989), it is possible that upon
radiation exposure, changes in vascular permeability might alter intestinal permeation
of S'Cr-EDTA. Vascular corrosion casts, and light and transmission electron
microscopy studies of blood vessels from rat duedenal villi 3 days post-X-irradiation
(whole-body, 10 Gy) revealed that vessels became tortuous, vertical inter-capillary

distance was decreased, capillary lumen diameter was increased, the endothelium was
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irregular, and that there was evidence of plasma leakage (Abbas et al., 1990). An
increase in intestinal vascular permeability (as demonstrated by leakage of trvpan
biue dye) was demonstrated in X-irradiated (abdominal, 15 Gy) rats at 24, 48, and
72 hours post-irradiation. Histamine was implicated as the mediator of vascular
damage at 24 hours PIRR (Willoughby, 1960). Buell and Harding (1989) have also
demonstrated an increase in microvascular permeability in the irradiated rat. Such

experiments have yet to be done in the ferret.

Bile:
In these experiments, the luminal perfusates of both the jejunum and ileum

at 24 hours, but more frequently from 48 hour PIRR experiments, typically exhibited
a variable intensity of yellow colour. The feces of 48 hour PIRR animals were also
pigmented a dark green. These observations suggest that bile acids were prominent
in the lumen post-irradiation, perhaps because of increased bile salt synthesis,
hypersecretion of bile, or bile malabsorption. Normally bile acids are absorbed with
greater than 90 % efficiency in the small intestine, predominantly via active Na*
dependent transport in the terminal ileum. Disease or rescction of this segment
frequently causes bile acid malabsorption and subsequent diarrhea (van Tilburg et
al., 1990). Abdominal irradiation does affect the intestinal permeability of bile acids
in the rat. Cheeseman et al. (1984), and Mulholland et al. (1984) have reported that
luminal bile acids can enhance the small-bowel injury observed in radiation enteritis.
Therefore it is possible that the permeability changes that were observed in the ileum

at 48 hours.PIRR may have been due to the presence of an inordinate amount of
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bile acids.- It would be inieresting to repeat these experiments using a luminal

perfusing solution with the addition of a known amount of bile salt, and observe if

it would further alter the intestinal permeability.

Inflammation:

In control-irradiated ferrets, polymorphonucleocytes (PMN) comprised roughly
50 % of the total WBC count, and lymphocytes roughly 30 %. By 2 hours post-
irradiation, there was more than an 80 % decrease in the total number of PMNs in
the peripheral circulation. Buell and Harding (1989) have reported that within the
first few hours post-irradiation there was an emigration of PMNs (from the
peripheral circulation) into the mucosa of the rat jejunum and ileum, where they may
have contributed to local inflammatory reactions. Although in the present
experiments, histological sections of ferret intestine were nat stained for neutrophils,
perhaps the decrease in peripheral PMNs was also related to their emigration into
the intestinal mucosa, as occurred in the rat experiments of Buell and Harding,
(1989). Radiation enteritis and inflammatory bowel disease are both associated with
large numbers of PMNs infiltrating the mucosa. PMNs can be stimulated to
produce and release superoxide and hydrogen peroxide (H,Q,). As well, activated
PMNs secrete myeloperoxidase which catalyses the oxidation of chloride by H,0, to
yield hypochlorous acid (HOCI). All of these products can be cytotoxic to a variety
of cell types, and may be involved in enhanced mucosal permeability associated with

acute inflammation of the bowel (Milks et al., 1986; Buell and Harding, 1989;
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Grisham et al, 1990; Killackey and Killackey, 1990). *'Cr-EDTA intestinal
permeation has previously been reported to increase as the degree of intestinal
inflammation increases (Bjarnason et al., 1986; Jenkins et al., 1987). This effect can
be reversed by intraluminal adminstration of misoprostol, an analog of prostaglandin
E, (Bjarnason et al., 1989; Miller et al.,, 1991).

Lymphocytes in the peripheral circulation of the ferret were significantly
reduced at all PIRR time points. By 24 and 48 hours PIRR lymphocytes were barely
detectable in the peripheral circulation. This represents a certain compromise to
immune responses and could make the ferrets more susceptible to post-irradiation
infections. At present it is unknown if like PMNs, lymphocytes emigrate from the
circulation and permeate the intestinal mucosa. In patients with coeliac disease,
which is characterized by intestinal inflammation, there is an increase in
intraepithelial lymphocyte count in the intestinal mucosa. Separate studies have
found a significant correlation between the increased intraepithelial lymphocyte count
and increased mucosal permeability to S'Cr-EDTA (Bjarnason et al., 1983) and 1o
sugars (Strobel et al., 1984). However, this mechanism of altered intestinal
permeability is not a likely explanation for the effects observed here since numerous
studies have demonstrated that the mature lymphocyte is more sensitive to radiation-
induced death than any other cell type.

These studies and the present results suggest that the increased mucosal
permeation of *!Cr-EDTA that was observed here may be related, at least in part,

to radiation-induced intestinal inflammation. Future studies could be directed at
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quantification of inflammatory mediators (for example, leukotrienes, prostaglandins,
and thromboxanes) in ferret gastrointestinal tissue at the post-irradiation times used
in these experiments. This would give an estimate of the degree of intestinal
inflammation that occurred in these animals post-irradiation. and determine if the

increased permeation of >'Cr-EDTA was related to intestinal inflammation.

Regional Differences in *'Cr-EDTA _Permeation

No difference was observed in the S'Cr-EDTA clearance between the distal
ileum and the jejunum in control irradiated ferrets. There was no regional difference
(between jejunum and ileum) in *'Cr-EDTA permeation at 2 hours PIRR, nor at 24
hours PIRR. Both tissues had a similar increase in 'Cr-EDTA permeation at 2
hours PIRR (although only statistically significant in the jejunum), and a similar
return to control values at 24 hours PIRR. It was not until 48 hours post-irradiation
that large regional differences in *'Cr-EDTA permeation became apparent. Whereas
in the ileum there was a significant increase (10 times control) in S'Cr-EDTA
clearance, in the jejunum at 48 hours PIRR there was no statistical change from
control values. The different results between jejunum and ileum cannot be explained
on the basis of delivered dose, as the dosimetry experiments confirmed that all gut
tissues were exposed to the same amount of radiation (5 Gy).

It had been hypothesized based on the work of Fordtran et al., (1965) and

Loehry et al. (1973) that the jejunum would have a greater permeability than the



138
ileun, both in the control and irradiated states. Fordiran et al. (1965) expanded
Hober and Hober's (1937) original idea that the membranes of the intestinal mucosa
were perforated with water-filled pores through which small molecules can diffuse.
In order to simplify the pore theory, the intestinal barrier was considered as a single
membrane perforated by pores of uniform dimensions. This allowed an effective
pore radius of the intestine to be calculated. Using this model, it was conceptually
determined that the effective pore radius of the jejunum was twice as great as that
in the ileum. Powell (1987) has reported that the average pore radius of jejunum is
0.8 nm, while it is only 0.3 nm for the ileum. Reflection coefficients have also been
calculated for substances (mannitol, NaCl, urea, erythritol) placed in the lumen of
the jejunum and ileum. The reflection coefficient values for all of the solutes were
higher in the ileum than in the jejunum, further supporting the concept that the
jejunum has a greater basal permeability than the ileum (Fordtran et al., 1965).

An explanation for decreasing permeability along the length of the small
intestine was proposed by Loehry et al. (1973). They suggested that in the small
intestine, permeation routes are formed by many small pores, a moderate number
of medium-size pores, and a few larger pores, and that a greater number of these
pores are found in the proximal intestine compared to the distal intestine. Although
the surface area of the jejunum is approximately 25 % greater than the ileum (Fisher
and Parsons, 1950), by correlation analyses with permeability studies, surface area
does not solely account for regional differences in permeability (Loehry et al., 1973).

Another possibility for regional differences in intestinal permeation is structural
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differences in the junctional complex. The junctional complex is not as well
developed in the jejunum as it is in the ileum. The depth and strand numbers of
villar tight junctions are greater in the ileum than in the jejunum (Madara et al.,
1980). This could possibly cause a greater permeation through the paraceliular
pathway in the jejunum than in the ileum. The data on regional differences in
intestinal permeability described and hypothesized by Fordtran et al., (1965) and
Loehry et al,, (1973), may be applicable only for normal, non-pathological states.

The data and literature discussed above suggest that the effects seen here in
the ileum warrant further study. Just as in the present experiments, vonRitter et al.
(1988) reported that the rat terminal ileum had a greater basal clearance of S'Cr-
EDTA than other more proximal intestinal regions and suggested that this may
explain why this intestinal region is predominantly affected in inflammatory bowel
disease.

In the present protocol, the blood-to-lumen clearance of 'Cr-EDTA in the
control ferrets was approximately 20 = 5 mL/min/g DW x 1072, while in vonRitter's
(1988) control rats, the basal clearance was roughly 40 = 5 mL/min/g wet weight x
10®. Experimental procedures were very similar between these two investigations,
suggesting that the large difference (a 50-fold) between the control values could be
attributed to species differences. The ferret's gastrointestinal system is more similar
to man's, than is the rat's (Davis, 1988). This suggests that experiments in the rats,
may underestimate the severity of permeability changes, and that the ferret should

be considered as a favoured animal model for permeability studies.
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vonRitter et al. (1988) challenged the rat terminal ileum with a chemotastic
agent (FMLP, 1 uM) and reported that the blood-to-lumen clearance of >!Cr-EDTA
was approximately 120 mL/min/gram wet tissue weight x 107, approximately three-
fold greater than the control value. In the present experiments in the ileum at 2
hours PIRR, the blood-to-lumen clearance of S'Cr-EDTA was approximately 4 times
greater than the control value. This permeability defect was 65-fold greater than
vonRitter's results obtained with luminal challenge by FMLP. If the species
difference accounts for a 50-fold change in *'Cr-EDTA clearance, then the 635-fold
difference between the respective challenges, FMLP (vonRitter) and radiation
(present experiments) represents an extra 1.5-fold change. Thus compared to luminal
challenge with FMLP, a standard model of acute intestinal inflammation, a
therapeutic dose of radiation results in a greater intestinal permeability defect.
The increased secretion of S!Cr-EDTA in the ileum at 48 hours post-
irradiation occurred at a time when the ferrets had no outward manifestations of
illness. It is possible that the permeability changes at 48 hours were transient, and
that at later times post-irradiation, intestinal permeability would return to control
values. However it is also possible that the abnormal permeation of :Cr-EDTA
would continue, or even become worse, at later times post-irradiation, and that
diarrhea might re-appear. Therefore, it would be interesting to pursue these
experime 1ts at 72 or 96 hours post-irradiation. These experiments at later times
post-irradiation however, introduce a complicating variable, that of a failing immune

system. Even in the present experiments, by 24 hours post-irradiation the total
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number of white blood cells in the circulation had dropped by approximately 70
percent. In addition, histopathoiogical effects in the intestinal mucosa will likely

become factors affecting permeation at these later time points.

Route of °'Cr-EDTA Permeation

The increased clearance in the irradiated intestine may be a result of an
exaggerated permeation through the same route as in non-irradiated ferrets, or it
may reflect permeation through an additional route uncovered subsequent to
radiation damage. Normally as older villar enterocytes are sloughed off, they are
replaced by new recruits. However, as a consequence of radiation expo;;ure and the
reduction of proliferation, the number of recruits will be reduced, and those that are
available will not be as well developed (Thomson et al., 1989). This could lead to
the development of cell extrusion zones, or intercellular gaps, through which
abnormal permeation may occur (Csaky, 1984). However, under light microscopy,
both tissues appeared to have an intact mucosa, suggesting that these permeation
routes proposed by Csaky (1984) were not available in these experiments.

Morphological studies of intestinal mucosa isclated from irradiated mice,
revealed a decrease in the integrity of the junctional complex between adjacent
absorptive and goblet cells (Porvaznik, 1979). Although comparable morphological
studies are not available for ferret tissue, such breaks in the strands of the junctional
complex could also serve as a route for *!Cr-EDTA permeation. However, this

would seem 1o be an unlikely permeation route, as such changes in the junctional
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complex would also lead to alterations in fluid and electrolyte flux, which were not
observed in these experiments.

It is not clear what the relative role of crypt versus villar czlls is, in 5'Cr-
EDTA permeation. The tight junctions of villi are composed of a greater number
of strands which are more highly structurally organized, than the strands of the crvpt
cells (Marcial et al,, 1984; Madara et al., 1980). Since it is generally accepted that
SICr-EDTA permeates the mucosa through large aqueous pores located in the
junctional complex, it is not known if the structural differences in the junctional
complex, along the crypt-villar axis and in the jejunal-ileal axis, can influence *'Cr-
EDTA permeation. Also, it is not known if the "pores” through which !Cr-EDTA
is assumed to permeate (Maxton et al,, 1986), vary in number along the crypt-villar
and jejunal-ileal axes. Further experiments must be completed to answer these
questions and to clarify the route of 3*Cr-EDTA permeation. The molecular
dimensions of **Cr-EDTA are comparable to monosaccharides (eg. sucrose).
Therefore, by quantifying the leakage of *'Cr-EDTA from the blood, these
experiments have also estimated the loss of nutrients following radiation exposure.
Although the permeation routes and barriers are considered to be the same
regardless of the direction of permeation (Csaky, 1984), it would be interesting to
repeat this protocol with the 'Cr-EDTA in the luminal perfusion solution. By
quantifying the permeation of *'Cr-EDTA from the luminal side, one could estimate
the severity of malabsorption and sepsis, which are potentially life-threatening

conditions post-irradiation.



CONCLUSIONS

‘The ferret is a superior animal model for the study of radiation-induced
intestinal pathologies. This project has reported for the first time the effects of
irradiation on *'Cr-EDTA permeation. Radiation exposure increased the permeation
of *'Cr-EDTA in both the jejunum and ileum at 2 hours post-irradiation. There was
a regional difference in permeation at 48 hours post-irradiation; only in the ileum
was there a significant increase in S'Cr-EDTA permeation at 48 hours post-
irradiation. Except for a significant secretion of potassium in the ileum at 48 hours
PIRR, radiation exposure had no significant effect on fluid flux or fractional
excretion of electrolytes. Morphological studies, conducted by others in the
laboratory, of the ferret intestina! mucosa, have shown that the mucosa wus not
significantly affected by radiation exposure and that histopathological mechanisms
could not explain the radiation-induced changes in 'Cr-EDTA permeation. These
experiments also supported Granisetron's anti-emetic effect in the irradiated ferret,
and suggested that it may offer some therapeutic benefit for radiation-induced
diarrhea. Granisetron did not have any statistically significant effect on fluid flux,
fractional excretion of electrolytes, nor on intestinal permeation of 3'Cr-EDTA,
suggesting that in this protocol, these parameters of intestinal transport were not
mediated by 5-HT; receptors. These studies further suggest that changes in intestinal
permeability consequent to radiation exposure, are not directly involved in radiation-

induced diarrhea.
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The first choice of anesthetic for this protocol was urethane, an injectable
anesthetic commonly used in ferret experiments (Greenwood and Read, 1985;
Greenwood et al., 1990). Urethane is also a carcinogen and this was the rationale
offered by the Animal Care Facility, University of Ottawa, for not permitting its use
in this protocol. An alternate choice was the injectable anesthetic Inactin, widely
used in renal microperfusion experiments. Like urethane, Inactin minimally
depresses cardiovascular parameters (Booth and McDonald, 1988). In
microperfusion experiments on inactin-anesthetized rats, mean arterial blood pressure
and heart rate are minimally depressed, ensuring good blood flow (hence solute
delivery) to the tubule being perfused. These same principles apply to the present
experiment. Changes in blood flow to the perfused intestine must be kept to a
minimum in order to maintain normal electrolyte and fluid flux across the bowel.
Unfortunately, at the time that this protocol was submitted, Inactin was no longer
being manufactured and an ensured supply for the duratior of this project could not
be obtained (Inactin production started again in the winter of 1990).

Isoflurane is a gaseous anesthetic known to have minimal cardiovascular
effects (Warren and Stoelting, 1986). However this anesthetic has recently been
shown to alter gastrointestinal motility (MacKay, 1990, personal observation).
Therefore, it was decided to use halothane combined with ketamine (as a pre-
anesthetic) ia the surgical anesthetic. This anesthetic combination was used in other

studies of radiation-induced emesis (Andrews and Hawthorn, 1987; Bermudez et al.,
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1988). It-must be noted though that anesthetics themselves are emetic stimuli
(Green, 1979), but it was recently suggested that at clinical concentrations (as used
in this protocol), halothane does not stimulate emesis in the ferret (Zunini et al.,
1990).
Bl Vessel Cannulation

The left jugular vein was isolated by blunt dissection. Compared to the rat
and dog, the ferret jugular was more difficult to cannulate: more sensitive to collapse,
surrounded by thicker, tougher connective tissue, and had numerous branches. To
cannulate the vein, it was extremely important to remove as much of the connective
tissue as possible from the area where the cut was to be made. The vein was
cannuiated proximal to any large branches. Once the vein was ready to be
cannulated, a single ligature was placed and secured proximally. To prevent the vein
from collapsing, it was necessary that a surgical assistant pump the vein in order to
fill it with blood. When the vein was engorged with blood, a pair of small forceps
was slipped underneath the vein where the cut was to be made. Using a pair of fine
dissecting scissors, a cut was made on the ventral surface of the vein, large enough
that the lumen of the vein was visible to the naked eye. Any excess blood was
quickly dabbed away. The upper proximal surface of the cut vein was gently lifted
up with a pair of fine forceps. With the other hand, the venous cannula previously
dipped in mineral oil, was inserted into the vein using a forward, twisting motion.
The venous cannula was 45 cm long and had a "blister” (made with a cannula heater

on the outer surface of the cannula to assist in proper positioning and attachment)



165

7 ¢m from the bevelled end. The cannula was inserted just beyond the bubble
(approximately 7.5 cm) and then a second ligature was secured around the
cannulated vein at this point, i.e., distal to the bubble. For cannulation of jugular
vein, King (1988) recommended that the tip of the cannula should be where the left
and right jugular veins join to form the precava, a distance of approximately 16 cm
of intravascular length. This was relatively difficult to achieve in our ferrets, hence
the compromise to 7 cm. The external end of the canuula was connected to a 3-way
luer stopcock via a 20 gauge tubing adapter (Becton-Dickinson). The cannula which
had been previously filled with heparin saline (100 U/mL, 0.9 % saline), was then
flushed and tested for patency. The cannula was then further secured in place by
using the distal ligature.

The cannula used for the right carotid artery was made from PE-50 tubing
(i.d. = 0.58 mm, o.d. 0.965 mm), and connected to a 3-way luer stopcock via a 22
gauge tubing adapter (Becton-Dickinson). In all other respects, the arterial cannuia
was constructed in an identical manner to the jugular vein cannula. Larger diameter
arterial cannulae were attempted (PE-60, PE-90, PE-120), but only the PE-50
cannula could be reliably advanced the minimum distance (7 cm) to within 1 c¢m of
the common carotid artery. To expose the right carotid artery, 2 midline incision was
made through the sternohyoid. Blunt dissection with pediatric mosquito clamps was
done on the right side of the trachea. The artery was attached relatively firmly to
the vagus nerve via connective tissue. Care must be taken to separate the artery

from the nerve, as mechanical stimulation of the nerve via handling, could result in
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altered heart rate, ventilation, and GI function. The carotid artery was cannulated
in the same manner as the jugular vein, except that initially three ligatures were
s ipped around the artery. Pumping the high pressure artery was not necessary, but
even the small diameter cannula must be well dipped in mineral oil in order for it
to be advanced past the bubble (7 cm).

ils of In:estin P ion

The input cannulae were 45 c¢m long, and both the drainage and output
cannulae were 15 cm long. To minimize plugging of the output cannulae, two or
three side-ports were constructed above and below the cuff.

An experiment was attempted to connect the input cannula to a Statham
pressure transducer, but because the silicon tubing was so soft, it offered minimal
resistnce to changes in pressure. If intestinal tone is to be assessed, in order to
determine if the output cannula is plugged (which would decrease collection rate and
cause distension of the segment), a more rigid material should be used for the
intestinal cannulae.

Intestinal perfusates were collected by gravity, dripping directly into plastic
disposable containers. For better accuracy, a few collection attempts were made
using a fraction collector. In order to use the fraction collector, the output cannulae
had to be connected to a smaller diameter tubing (PE-60). The connection to the
smaller diameter tubing introduced too many complications to the design of the
experiment (increased dead space of tubing, increased incidence of back pressure and

plugging), and therefore use of the fraction collector was discontinued.
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Approximately 1 out of every 15 cannulated segments either became blocked
or contaminated with blood, within the first 20 minutes of perfusion, the so-called
"flushing phase." A blocked segment was first indicated by a reduced or zero
collection rate. When this was observed, if the segment was already inside the
abdominal cavity, the abdomen was reopened, and the suspected blocked segment
examined. If the segment was plugged, it would appear inflated to a varying degree
depending on the severity of the plug, and on how long the segment had been
plugged. If it appeared to be a minor block (still collecting some fluid, minimal
distension), the segment was gently compressed with 2 moist gauze near the end of
the output cannula. Sometimes this manoeuver would force the clogging material
into or further down the output cannula, where it could then be carried away by the
stream of BES which could now flow freely. If this procedure failed, the flow rate
was tripled, in hopes that the increased flow rate would increase the driving pressure
sufficiently to overcome the block. This procedure was only done when the segment
was visible. If the increased flow rate did not remove the plug, then the segment
would very quickly become super-inflated. This increased stress on the intestinal wall
could result in changes of the permeability characteristics of the segment
(Holzheimer and Winne, 1989), thus influencing the permeability results. If it was
apparent that the block was not removed within a few seconds, the flow pump was
immediately turned off. If the blockage remained, the output cannula was removed
and rinsed clean. Beforé re-inserting the output cannula, the flow pump was turned

back on. If any large mucus globs were near the incision, they were gently removed
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with a moist cotton-tipped wooden applicator. Once the BES was observed to tlow
freely from the hole of the incision, the cannula was re-inserted and secured in place.
Changing the output cannula should only be donec as a last resort, as it creates
further trauma to the tissue, and often results in blood in the output cannula. This
latter case can occur when there has been excessive trauma to the tissue (as during
surgery), or spontaneously in what appeared to be a perfectly cannulated segment.
Only perfusates that were blood-free were used for analysis. Therefore if the stream
of BES moving out of the output cannula had blood in it (detected by visual
observation), the cannula was replaced and the segment recannulated as described
above. However, recannulating the segment increases the tissue trauma and may
exacerbate the bleeding. If on the third attempt, the output cannula still had blood
in its perfusates, the flow pump to that segment was turned off, and no samples from
that segment were used for analysis.

Preparation of “C-PEG4000

The “C-PEG4000 was obtained in powder form from New England Nuclear
(NEN, Dupont), 1.00 mCi/g. Four mL of BES was added to the PEG to obtain a
stock sclution of 0.0125 mCi/mL. Ninety-six 4L of this solution was then added 10
the 130 mL of the BES to obtain a final activity of 0.01 £Ci/mL.
Preparation of *'Cr-EDTA

The *'Cr-EDTA was also obtained from NEN, as a 1.0 mCi solution. This
stock solution was diluted in Lactate Ringer's, in order to obtain five or six 1.0 mL

samples of 160 uCi of *'Cr-EDTA.
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ils of nd S-HIAA Assay

At the appropriate time post-irradiation, ferrets were anesthetized with sodium
pentobarbital (0.4 mg/ 160 g body weight). Tissue samples were quickly harvested
and the animal sacrificed with overdose of sodium pentobarbital. Tissue samples
were weighed, minced and placed in cold culture tubes. One mL of acidified butanol
was added to each tube, and the samples homogenized on ice. Samples were then
centrifuged for 10 minutes at 3000 rpm. The top layer was quickly transferred to
another set of glass tubes (the bottom layer was discarded). One mL of heptane and
1.2 mL of 0.1 N HCI was added to each tube, and briefly vortexed. Samples were
again centrifuged at 3000 rpm for 10 minutes to separate organic layer (containing
5-HT) from acid layer (containing 5-HIAA).
S5-HT Reaction:

1. Add 200 gL diluent (blank), standard, sample

2. Add 200 L o-phthaldialdehyde in methanol (50%) (opt/met)

3. Add 1.5 mL of concentrated HC1

4. Vortex briefly

5. Place in preheated 75 °C water bath for 30 minutes (cap with

marbles)

. Cool to room temperature
. Read at 360/470 nm (excitation/emission) in Spectrophotofluorometer

~J Oh

5-HIAA Reaction:
1. Add 400 uL diluent (blank), standard, sample
Add the following, in the order given, vortexing between each addition
2. 50 uL 1% cysteine
1.0 mL of concentrated HC!
50 uL opt/met .
30 uL sodium metaperiodate
Place in preheated 75 °C water bath for 20 minutes (cap with
marbies)
Cool 1 room temperature
Read at 360/470 nm (excitation/emission) in Spectrophotofiuorometer

Sk w

~ o
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Appendix I1

Sample Calculations
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Calculations for Blood Gas Analysis
if,
pH = 7.386 at 37-38 °C
1CO, = 272
then factor = 0.6171 (from Blood pH Table, see following pages)
pCO, = 1CO, + factor |
pCO, =273 = 0.6171
pCO, = 4424 mmHg
dissolved CO, = 44.24 x 0.0301 = 1.33
HCO;, = tCO, - dissolved CO,
=273-133
= 25.97
lati - 1

From Experiment Feb. 11/91, Control Irradiated + Saline-Injected, lleum Samples

Perfusion Sample  %!Cr in Perfusates (cpm/mL)  Cr in Plasma (cpm/mL)
P2 180 —
P3 205 30000
mean= 192
S'{Cr-EDTA Clearance = S'Cr in Perfusates x Perfusion Rate

5'Cr in Plasma x Tissue Dry Weight

SICr-EDTA Clearance = 192 cpm/mL x 0.5 mL/min
30000 cpm/mL x 031 g

SICr-EDTA Clearance = 0.01 mL/min/gDW = 0.1 mL/10 min/gDW
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To Figure pCO; Divide MM. CO3 by Factor of Corresponding Given pH .,

FACTOR B FACTOR B EACTOR . pH  FACTCR
0726 .31 .1075 .77 .1709 7.03 .2
.0736 6.52  .1093 6.78  .1742__ 7.04 - .2
0746 6.53 .11l .79  .1775 7.05 . .2984 ;
0757 6.54  .1130 §.80  .1810 7.06 L3046
.0767 §.55  .1149 6.81  .184S 7.7 L.ae 0
.0778 6.56  .1169 6.82 .88l 208 s . |
0789 6.57  .1189 6.83  .191%  7.09 ':§243 b
0801 6.58  .1210 6.84  .1955 7.10 .311) '
.0812 ' 6.59  .1231 6.85  ..1994 7.11  :.3380
.0824 6.60  .1253 6.86  .2033 7.12 3482
.0838 6.61 .1275  6.87 .2073 7.i3 .3526 .
08¢ 6.62  .1298 6:88  .2115 7.4 .3601
.0861 6.63  .1321 6.89  .2157 7.15  .3678
L0874 6.64  .1345 630 .2200 7.16  .376L ,
.0888" 6.65  .1365% 6.31  .2245 7.17  .3828 '
.0901 6.66  .13%4 6.92-  .2290 7.18 L1920
.0916 6.67 L1419 6.93 - .2336 7.19 .4002
.0920 6.68  .l44>  6.94  .2383 7.20  .409L
.0945 6.69  .1472 -  6.95  .2432 7.21 -4181
.0960 6.70 .1499 6.96 .2481 7.22 " L4268 !
.0975 6.71  .1527 6.7  .2532 7.23 . .61 ;
.0991 6.72 .1556 6.9% .2534 7.24 | .4456
.1007 6.73  .1585 6.99  .2637 7.25  .4554
.1022 6.74  .1615 7.00  .2692 7.26  .4651 .
.1040 6.75  .1646 7.01  .2748 7.27 L4751 '
-1057 6.76  .1679 . i .280s 7.28 L4293

5



Formula:

pll = 6.1 + leg

Con -

L0301PCOn

.0301 vCCa
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[antilog (phi - 6.1)] (.0301 pCO3) = CO2 = .0301 pCO2

® .0301 pcOy [ Antilog (pH - 6.1))+ 1] = cop =—--pcop = €92
Factor

g FACTOR  pH  EACTER  pH  FacToR DE  FACTCR
7.29  .4963 7.52  .8217 7.35  1.375 7.98  2.313
7.30  .5071 7.53  .8404 . 7.76  1.4060  7.9%  2.368
7.31  .5181 7.54  .8591 7.97  1.4381  8.00  2.421
7.32 .5301 7.55  .8783 7.78  1.4707  8.01  2.1477
7.33  .s412 7.56  .8982  .7.79  1.5044  8.02  2.534 -
7.34 " .5831 7.57 ° .9184 ° .7.80  1.539 8.03  2.5%2
7.35 . .S651 7.58  .9391 7 7.81  1.5741  8.04  2.652
7.36  .5781 7.5  .96¢2  7.82  1.6097 . 8.05  2.713
7.37  .5908 7.60  .981% " -7.83  1,6465  8.06  2.775
7.38  .6039 7.61  1.0041 7.84  1l684 8.07  2.839 _
7.3%  .6171 7.62  1.0270 7.85  1.723 8.08  2.905 i
7.40  .6308 7.63  1.0499 7.86  1.7621  B8.09  2.9715 :
7.41  ..6447 7.64  1.0740 7.37  1.8024

@:.::  .ss90 7.6 1.0880 7.8 1.8439
7.43  .6736 7.66 1.1230 7.8  1.8861
7.44  .6890 7.67  1.1483 7.90  1.9297
7.45  .7040 7.68  1.1745 7.91 1.974
7.46  .7197 7.69  1.201 7.92  2.019
7.47  .7356 7.70  1.226 7.93  2.0652 _
7.48  .7522 7.71  1.2564 7.94  2.112 ;
7.49  .7630 7.72  1.2849 7.95  2.161 ° N
7.50  .7862 7.73  1.3142 7.96  2.2105
7.51 .8036 7.74  1.3440 7.97  2.261
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Appendix III

Detailed Results



Figure 27

S1Cr-EDTA clearance in the jejunum (top) and ileum (bottom) at 20 minute intervals of the
60 minute experimental perfusion time. Values are mean + SE, n values for control, 2, 24,
and 48 hours post-irradiation (PIRR) are in order for jejunum: 5,5,6,5; for ileum: 6,6,6,6.
+ indicates significant difference from ileum at the same PIRR time point. « indicates
significant difference from all other PIRR groups within the same tissue. -« indicates
significant difference from control and 24 hour PIRR groups within the same tissue.
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S51Cr-BEDTA Clearance in

Irradiated Ferrets
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Figure 28

Net fluid flux (J) in the jejunum (top) and ileum (bottom) for the four post-irradiation
(PIRR) groups. Positive J values indicate net fluid secretion, negative values indicate net
absorption of fluid. Values are expressed as mean * SE, n values for jejunum are 5,5,6,5

and for ileum 5,6,6,5 for the different PIRR groups, respectively control, 2h, 24h, 48h PIRR.
1 indicates significant difference from the same post-irradiation group in the ileum.
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Net Fluid Flux in Irradiated Ferrets
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