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1. Interrelationships between the amount of water, solute concentrations in the hind-gut, plasma aldosterone 
concentrations, and the excretory cycle in the rabbit were studied as well as the effects of hormones generally 
implicated in electrolyte regulation. 

2. It appeared that the levels of water, electrolytes and volatile fatty acids (VFA) in the large intestine varied 
cyclicly with the excretion pattern: during the soft-phase, water, sodium, chloride and VFA were absorbed and 
potassium secreted as in other mammals; during the hard-phase two opposite phenomena occurred : secretion in 
the ascendant colon and absorption in the rest of the colon. Absorption of water, Na, K, chloride and VFA was 
increased and by this means only material without nutritional value was lost. 

3. Plasma levels of aldosterone showed a circadian rhythm parallel to hind-gut changes, i.e. the higher values 
were found during the hard-phase. Exogenous aldosterone enhanced secretive and absorptive processes, which 
occurred normally when hard faeces were elaborated. 

The mammalian large intestine is important for the maintenance of water and electrolyte 
balance. It absorbs water, sodium, chloride and volatile fatty acids (VFA) and secretes 
potassium and bicarbonate. Na, the main cation entering the colon, is absorbed by active 
transport. This active process is the primary activity driving the movement of fluid and other 
electrolytes through the paracellular pathway. The negative mucosal potential difference 
(PD) should favour chloride absorption and K secretion. Although there is general 
agreement that active Na transport is present, considerable controversy exists about the 
overall mechanism of K, chloride and bicarbonate transport in the large intestine 
(Edmonds, 1967,1969; Turnberg et al. 1970a, b ;  Giller et al. 1972; Binder & Rawlins, 1973; 
Frizzell et al. 1976; Schultz, 1977; Yorio & Bentley, 1977). For the rabbit the situation is 
complicated by the occurrence of an excretion pattern of two types of faeces generally 
described as hard faeces and soft faeces. To understand the discrepancies found in the 
literature we thought it necessary to examine the changes in the amounts of water, 
electrolytes and VFA along the hind-gut. The present study was designed to study (a) the 
relationships between water, electrolytes and VFA levels in the large intestine, plasma values 
of aldosterone and the excretion pattern of the rabbit, and (b) the effects of exogenous 
antidiuretic hormone (ADH) and aldosterone on water and solute transport in colonic loops 
of anaesthetized animals. 
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M A T E R I A L S  A N D  M E T H O D S  

Animals 
A total of thirty-eight male rabbits (Oryctolagus cuniculus) weighing about 2.5 kg were used. 
Animals were given oats, lucerne (Medicago sativa) and water ad lib. The experiments were 
carried out either between 04.00 and 07.00 hours (period of soft-faeces formation) or 
between 10.00 and 18.00 hours (period of hard-faeces formation). Therefore groups were 
selected on the basis of their excretion pattern: soft-phase when faeces elaborated in the 
colon were soft, hard-phase when faeces elaborated were hard. 

Experimental procedure 
Two types of experiments were performed. In the first, twenty-eight animals were divided 
into two equal groups: one group elaborated soft faeces, the other group elaborated hard 
faeces. On conscious rabbits, blood was obtained by puncturing the marginal ear artery and 
was collected into heparinized tubes. The animals were then killed and the large intestine 
was immediately removed and separated by ligatures into segments. The caecum was taken 
as one single segment but the colon was divided into five segments: ascendant (segments 
1-2), transverse (segment 3) portions of the proximal colon and distal colon (segments 
4-5). In the second experiment, ten rabbits were anaesthetized by administration of a 
nembutal solution (20 mg/kg) via the marginal ear vein. For the study of the effects of 
ADH and aldosterone on water and solute transport in the intestine, colonic loops were 
prepared after laparotomy from ascendant and transverse or descendant segments. Their 
contents were carefully washed out with physiological saline (9 g sodium chloride/l) at 38". 
The loops were filled with 5 ml of the test solution (Leng 8c Hornicke, 1975) containing 
2 g polyethylene glycol (PEG)/l and 20 ,uCi [1,2-14C]PEG (molecular. weight 4000; New 
England Nuclear)/l. At the end of the incubation period (60 min) loops were emptied and 
removed. Control studies have shown that exogenous aldosterone was predominantly 
effective during the hard-phase, thus experiments were performed when animals elaborated 
hard faeces. ADH (Postacton, Ferring) was injected via the marginal ear vein (2.5 IU/kg) 
and aldosterone (Serva, Feinbiochemica) was administered intramuscularly (30yglkg). 

Preparation of samples 
The material of each segment was weighed, homogenized and the water content of the 
intestinal matter determined by drying a portion at 110" for 24 h; the pH was immediately 
measured with a pH meter (Metrohm E 532), the wet material extracted with distilled water 
and the suspension centrifuged for 20 min at 10000 g. The supernatant fraction was filtered 
and concentrations of electrolytes and VFA were measured in the fluid obtained. Heparinized 
blood and the test solutions of colonic loops were quickly centrifuged under liquid paraffin 
(Eppendorf-Zentrifuge 3200) for 2 min. Bicarbonates were measured automatically (Corning, 
Model 960); activity was assayed in 100-pl of sample added to 10 ml Instagel (Packard 
Instruments) using a liquid-scintillation counter (Packard 460 C ) ;  Na and K were detected 
by flame photometry (Gallenkamp) and chloride by a colorimetric micromethod (Beckman). 
The VFA of the material and blood were determined after extraction as described by Rtmtsy 
(1973) and Remesy & Demigne (1974), while VFA of the test colonic solutions were 
measured after acidification of 1 ml of the sample with 100,ul formic acid; VFA were 
analysed by gas-liquid chromatography (Intersmat IGC 120 DSI). The plasma concentration 
of aldosterone was determined by a radioimmunoassay technique based on that of Bayard 
et al. (1 970). 
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Calculations 
For the hind-gut contents results are expressed as mM and in relation to the concentrations 
found in the caecum, which were taken as a reference (100%). In colonic loops, the 
variations of the net fluxes are expressed as a percentage of the initial concentration. All 
the results are presented as means with their standard errors. Differences were evaluated 
statistically using paired or unpaired Student’s t test, as appropriate. 

RESULTS 

Diurnal variations in the hind-gut contents 
Changes in the excretion pattern produced only small modifications in caecal contents 
(Table 1); during the hard-phase it appeared that K values were significantly higher than 
those during the soft-phase (P < 0.01). In contrast, during colonic transit, important 
changes occurred in the composition of the digesta. These changes were linked with the 
excretion pattern and location in the gut (Fig. 1). 

At the time of elaboration of soft faeces, water, Na, chloride and VFA values decreased 
significantly from caecum to transverse colon (P < 0.001); meanwhile K concentration rose 
markedly ( P  < 0.001). Conversely, the mean Na:K value dropped from 2.6 (SE 0.24) to 1.0 
(SE 0.24). During transit in the descendant colon there was very little further modification 
except for K which still increased ( P  < 0.001). Faecal Na:K was slightly reduced 0.9 (SE 
0.21). Mean values of pH along the hind-gut became slightly acidic, changing from 6.5 (SE 
0.14) to 6.1 (SE 0.18). 

When hard faeces were elaborated, characteristic profiles were found : water, K and 
chloride contents of digesta increased in the ascendant colon ( P  < 0.001), the Na level was 
practically constant and only VFA concentrations diminished. All indices measured 
decreased sharply during passage through the transverse and descendant colon. Faecal 
Na:K fell to 0.3 (SE 0.09). The pH values increased along the hind-gut from 6-5 (SE 0-23) 
to 7.7 (SE 0.10). In the descendant colon the composition of hard faeces differed significantly 
from that of soft faeces (P -= 0.001). 

Table 1. Concentrations (mM) of electrolytes and volatile fatty acids (VFA), p H  values 
and water weight (%) in the caecal contents of rabbits in relation to excretion pattern 

(Mean values with their standard errors; no. of observations in parentheses) 

Soft-phase (14) Hard-phase (14) 

Mean SE Mean SE 

Water 82.0 0.94 79.1* 0.75 
Sodium 78.1 6.80 89.0 9.00 
Potassium 33.6 2.79 42.4** 3.12 
Chloride 22.1 1.83 21.7 3.21 
Bicarbonate 14.5 7.76 16.8 6.91 
VFA 70.6 5.94 76.6 9.59 

6.5 0.14 6.5 0.14 
0.21 

PH 
Na: K 2.6 0.35 2.2 

Mean values for caecal components in relation to excretion pattern were significantly different: * P < 0.05, 
** P < 0.01. 
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Fig. 1. Variations of water, electrolytes, volatile fatty acids (VFA) and Na:K in the hind-gut contents. 
Points are mean values for fourteen samples during the soft-phase and fourteen samples during the 
hard-phase. Values are expressed as a percentage of the concentration in the caecum. (e), Soft-phase; 
(A) hard-phase; segments 1-2, ascendant colon; segment 3, transverse colon; segments 4 5 ,  descendant 
colon. The standard errors (%) in the different regions were: water 0 9 1 . 7 ,  sodium 6.8-1 1.0, potassium 
2 6 - 1  1.6, chloride 1 4 2 . 9 ,  VFA, 1.9-6.6; Na:K, 0.1-0.2. 
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Fig. 2. Influence of antidiuretic hormone (ADH) and aldosterone on the net fluxes of water, electrolytes 
and volatile fatty acids (VFA) in (a) ascendant colonic loops and (b) in transverse and descendant colonic 
loops. Points are mean values with their standard errors represented by vertical bars for twenty 
observations in control experiments, ten observations in ADH experiments and ten observations in 
aldosterone experiments. Values are expressed as a percentage of the concentration of the test solution 
at the start of the experiment. ( ), Control; (m), ADH; (a), aldosterone. Mean values for control and 
ADH or aldosterone experiments were significantly different: * P < 0.05, ** P < 0.01, *** P < 0.001. 

Hormonal effects on the n e t j u x  of water and solutes in colonic loops 
Examination of Fig. 2 shows that during the hard-phase in the ascendant segment, there 
was a net secretion of water and bicarbonate (P < 0.001) and a net absorption of VFA 
( P  < 0.001); meanwhile net fluxes of Na, K and chloride had no definite direction (Fig. 
2 a).  However, in transverse and descendant segments all measured indices decreased 
significantly showing an important absorption of the corresponding substances (Fig. 26) .  
Exogenous ADH and aldosterone affected the colonic segments differently : in the ascendant 
segment after administration of ADH or aldosterone, net water secretion was enhanced 
(P < 0.05), net Na absorption was slightly but not significantly reduced and the net 
transport of K, chloride, bicarbonate and VFA appeared to show no difference from that 
seen in control experiments (Fig. 2a). In the rest of the colon, ADH augmented water 
absorption (P < 0.001) but the net flux for the other indices remained relatively constant. 
In contrast, the disappearance of water, Na, K, chloride and VFA was consistently higher 
after administration of aldosterone (Fig. 26). 
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‘Table 2. Concentrations ( m M )  of electrolytes, volatile fat ty  acids ( VFA) andaldosterone (ngll), 
pH values in arterial plasma of rabbits in relation to excretion pattern 

(Mean values with their standard errors; no. of observations in parentheses) 
~~ 

Soft-phase (14) Hard-phase (14) 

Mean SE Mean SE 

Sodium 
Potassium 
Chloride 
Bicarbonate 
VFA 

Na: K 
Aldosterone 

PH 

146.0 7.76 140.1 3.90 
4.6 0.41 4.1 0.19 

105.0 1.11 103.0 1.20 
30.5 0.84 28.0 1.12 
2.6 0.39 1.9 0.21 
7.6 0-15 7.5 0.09 

31.0 1.63 29.0 1.03 
200.0 31.50 500.0*** 61.20 

Mean values for plasma aldosterone in relation to excretion pattern were significantly different: *** P < 0.001. 

Diurnal plasma variations 
Mean values for plasma aldosterone showed variations in relation to the excretion pattern, 
concentrations were two times higher during the hard-phase than during the soft-phase 
(P < 0.001). It appeared that there were no detectable variations in pH values, levels of 
electrolytes and VFA in arterial plasma (Table 2). 

DISCUSSION 

Water, electrolytes and VFA obtained from the gut contents exhibit an irregular concen- 
tration gradient along the large intestine. There is a decline in the level of VFA during passage 
of digesta through the entire colon (Henning & Hird, 1972; Vernay & Raynaud, 1975; 
Bonnafous & Raynaud, 1978), however, because of the close relationship between VFA and 
Na and K transport in the colon (M. Vernay and J. Marty, unpublished results), regional 
irregularities in the VFA profile were found. It is interesting to note that water and 
electrolytes varied markedly with the excretion pattern as well as the site from which samples 
were obtained. 

During the elaboration of soft faeces, the rabbit colon conserves water, Na and chloride 
and secretes K as in the large intestine of man (Devroede & Phillips, 1969; Hawker et al. 
1978; McNeil & Cummings, 1979), rat (Edmonds, 1967, 1969; Edmonds & Marriott, 1967; 
Edmonds & Thompson, 1980), dog (Phillips & Code, 1966) and turtle (Halm & Dawson, 
1980). 

K concentration in the faecal fluid is relatively high, usually exceeding 60 mM. Although 
the PD favours development of an intraluminal K concentration several times that of the 
blood, it cannot be more than a minor factor in the intact animal, since in our study K 
level was greater than that predicted by the Nernst equation. In effect, in rabbit, the average 
normal PD is about 40 mV (Yorio & Bentley, 1977; Snipes et al. 1982), which can support 
an intraluminal K of only 20 mM. The fact that conditions are not at equilibrium is obviously 
important and the nature of the K secretory process is a matter of debate. In a series of 
radioisotopic studies of the isolated rabbit descendant colon epithelium, Frizzell et al. 
(1976), Frizzell & Schultz (1978) and Fromm & Schultz (1981) observed no net transport 
of K under in vitro short-circuited conditions and they concluded that K transport occurred 
by diffusion through a highly K-selective paracellular pathway. Other investigators, 
however, argue against a purely diffusional mechanism for K transport and Wills et al. 
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(1979), McCabe et af. (1982) and Wills & Biagi (1982) demonstrated that, in addition to 
paracellular movement, K can also be transported by transcellular mechanisms. An uphill 
movement of K is also found in the colon of man (Salas-Coll et af. 1976; Hawker et af. 
1978; McNeil & Cummings, 1979) and rat (Edmonds, 1967, 1969; Edmonds & Marriott, 
1967; Edmonds & Thompson, 1980). 

During the excretion of hard faeces, the electrolyte composition of the intestinal contents 
undergoes initial marked changes in the proximal colon where an important phenomenon 
occurs. The ascendant segment of the rabbit colon, in vivo, has been shown to secrete water 
and bicarbonate effectively from a saline solution corresponding to normal electrolyte caecal 
fluid. This colonic secretion is of great importance for the orientation of digesta towards 
hard faeces, it contains a lytic protein characterized by Bonnafous & Raynaud (1 968 a, 1969, 
1973) which is responsible for the steady fall in the bacterial population of the transverse 
and descendant colon (Bonnafous & Raynaud, 1970). Colonic secretion also permits 
dilution of the material and separation of two phases: a liquid phase with small particles 
and a solid phase, the former being refluxed into the caecum, the latter being voided with 
hard faeces (Bjornhag, 1972, 1981; Ruckebusch & Hornicke, 1977). By contrast, in other 
parts of the large intestine absorptive phenomena occur and they are responsible for the 
striking decrease in water, Na, K and chloride during the passage of material through the 
length of the colon. Paradoxically, when hard faeces are elaborated K concentration falls. 
This disappearance against an electrical gradient suggests that net K absorption requires 
an active uptake at the apical border with a diffusional exit step across the basolateral 
membrane. It is unlikely that this system is an ouabain-sensitive (Na+-K+)ATPase situated 
in the apical membrane, as suggested by the results of Husted & Steinmetz (1980) for K 
absorption in the turtle bladder, since luminally applied ouabain had virtually no effect on 
the net K absorption (Gustin & Goodman, 1982; Wills & Biagi, 1982). It appears that this 
absorptive system is coupled to the transpo’rt of other ions such as chloride, hydrogen and 
VFA (M. Vernay and J. Marty, unpublished results). Our findings are consistent with the 
work of Gustin & Goodman (1981, 1982). These workers showed that the rabbit colon 
brush-border membrane possesses a unique K+-stimulated, ouabain-insensitive ATPase, 
this enzyme being similar to the gastric (H+-K+)ATPase. It seems that K transport in the 
rabbit is mediated, at least in part, by two active-transport systems: a secretory and an 
absorptive one. It is possible that both these systems may work together to regulate 
intracellular K activity levels. The possibility of the existence of both mechanisms which 
are controlled by the metabolic state of the rabbit may explain some of the discrepancies 
found in the literature. Absorptive and secretory processes are also reported for in vitro 
colonic preparations of turtle (Halm & Dawson, 1980) and rat (Kliger et al. 1981) and in 
the colon of man in vivo (Giller et al. 1972). 

A variety of hormones, ‘local’ hormones and neurohormones have been shown to 
influence the absorptive and secretory mechanisms of the large intestine. For the most part 
their significance remains obscure but for ADH and adrenal hormones there is considerable 
knowledge. After injection of ADH to well-hydrated rabbit tissue, there is no change in 
the direction of the net water and solute transport in the proximal colon, although ADH 
both increases the rate of fluid secretion in the ascendant segment and the rate of fluid 
absorption in the other segments. Such opposite action is probably mediated through a 
common final intracellular path, both the adenylate cyclase system (CAMP) and intracellular 
calcium may be involved as in other epithelia (Jard et af. 1975; Jard & Bockaert, 1975; 
Rasmussen & Goodman, 1977; Strewler & Orloff, 1977; Kretsinger, 1979; De Souza & 
Grosso, 1981). It has been demonstrated that cAMP increases water and Na absorption 
in absorptive epithelia such as toad urinary bladder, frog skin and renal tubule (Bourguet 
et al. 1976; Harmanci et al. 1978; Brown et af. 1979, 1980). By contrast, cAMP increases 
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water and Na secretion in secretory epithelia of stomach, salivary glands and pancreas 
(Harris & Alonso, 1965; Berridge & Patel, 1968; Harris et al. 1969; Case et al. 1969). The 
actions of CAMP in the intestine display a number of differences, some related to the species, 
others to the segment studied or to the experimental conditions imposed. Thus cAMP 
inhibits the net flux of Na in both parts of the rat colon (Yau & Makhlouf, 1974). However, 
Hornych et al. (1973) reported that cAMP stimulated Na absorption in the ascendant colon 
of the rat and inhibited it in the descendant colon. Addition of cAMP to the isolated ileal 
mucosa of man (Levitan & Mauer, 1968; Soergel et al. 1968; Donowitz & Binder, 1976), 
rat and guinea-pig (Kimberg et al. 1971) and rabbit (Field et al. 1969; Field, 1971 ; Frizzell 
et al. 1976) is followed by an increase in the short-circuit current and it is suggested that 
this messenger stimulates active secretion of chloride and provides a driving force for fluid 
secretion. We can suppose that these findings can be extended to the rabbit ascendant colon 
which can be considered as a mixed epithelia: absorptive during the soft-phase and secretory 
during the hard-phase; meanwhile the rest of the colon can be considered as an absorptive 
epithelia. Some doubt remains as to whether the glucocorticoids affect the colon (Duthie 
et al. 1964); however, Charney et al. (1 975) and Binder (1976) showed that these hormones 
were able to provoke an increase in water and Na absorption in the rat. Bonnafous & 
Raynaud (19686) and Kawakami er al. (1972) reported that there was a relationship 
between the plasma level of glucocorticoids and the excretion pattern : plasma values were 
higher when hard faeces were elaborated. However, it is well established that aldosterone 
plays an important role in the movements of the electrolytes, it reduces Na and increases 
K concentration in the faeces, stimulating Na absorption and K secretion by the epithelia 
(Levin, 1974). Furthermore, Charney et al. (1975) showed in the intestine of the rat that 
when electrolyte and water transport was induced by mineralocorticoid treatment, (Na+- 
K+)ATPase activity was significantly increased. Our results demonstrate a striking 
association between colonic electrolyte transport and plasma aldosterone levels, in effect 
the higher values of plasma aldosterone were recovered during the hard-phase when water, 
electrolytes and VFA transfers were increased. The enhancement of Na absorption was 
certainly responsible for the greater rectal PD found at the same time by Clauss & Hornicke 
(1979~). Indeed, the stimulatory effect of aldosterone is also found when this hormone is 
administered to rabbits; as with ADH it involves an increase in both secretory and 
absorptive fluid processes but, in contrast to ADH, the increasing absorption involves all 
the components studied, i.e. Na, K, chloride and VFA. In vitro experiments confirm that 
aldosterone elicits water and Na absorption on descendant colonic epithelium (Frizzell & 
Schultz, 1978) but there is a contradiction for K transport, since Schultz (1981) found that 
aldosterone increases K secretion. The fact that aldosterone acts differently in the various 
parts of the colon is also observed in vivo in the large intestine of the rat (Edmonds & 
Marriott, 1967) and in vitro in colonic preparations of the rabbit (Clauss & Hornicke, 1979b) 
and guinea-pig (Wirthensohn, 1980). 

Water, electrolytes and VFA in the digesta, absorptive capacity and sensitivity of 
transport processes to ADH and aldosterone all exhibit a discontinuous profile reflecting 
the diversity of structure and permeability along the rabbit hind-gut found by Snipes et al. 
(1982). Aldosterone plays an important role in colonic transfer of water, electrolytes and 
VFA ; exogenous aldosterone increases variations which occur normally when hard faeces 
are elaborated. 

The authors wish to thank Professor Ruckebusch and Mr Bueno (Ecole vtttrinaire) and 
Mr Guerre (Laboratoire privt d’analyses mtdicales) for allowing them to work in their 
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